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Resumo

Atualmente, diversas técnicas e materiais estao disponiveis para a fabricagao de fibras Opticas,
guias de onda e sensores Opticos, mas ainda existem lacunas tecnoldgicas. Sensores com
menores custos € menores dificuldades de fabricagdo, processamento de sinais e viabilidade;
ou obtidos por metodologias menos agressivas como dispositivos biodegradaveis ou mais
ecologicos sao exigidos. No caso do monitoramento de processos quimicos € bioquimicos,
caracteristicas inerentes as fibras Opticas como resisténcia ambiental e eletromagnética também
sdao desejaveis, uma vez que condi¢des térmicas, quimicas € mecanicas severas geralmente
estdo presentes. Este trabalho propde, entdo, o projeto e fabricacdo de materiais e dispositivos
fotonicos nos quais nanotecnologia e tecnologia de fibra Optica sdo exploradas para obter
processos mais sustentaveis e dispositivos com caracteristicas interessantes para operagao em
linha. Novos nanomateriais fluorescentes da classe dos carbon nanodots (CDs, particulas com
didmetros da ordem de 10 nm ou menos) foram sintetizados a partir de trés fontes naturais
(xarope de cana-de-agucar, suco de laranja e leite UHT), e as particulas a base de cana-de-
acucar foram ocluidas em uma matriz de hidrogel (gelatina) para serem introduzidas em uma
fibra optica polimérica microestruturada. Assim, um guia de onda capaz de emitir e conduzir
luz visivel foi fabricado como uma alternativa “verde” a incorporagao de terras-raras ¢ metais
pesados na fabricacdo de fibras luminescentes. Outro hidrogel com melhores propriedades
mecanicas (agarose) foi dopado com nanocompositos de SiO>-CDs para obtengdo de um sensor
de pH fluorescente, biodegradavel e biocompativel, 1til na recuperacdo de informagdes para
analise offline. Nao bastasse, verificou-se que nanocompdsitos CDs-PMMA podem ser
combinados a células solares. Um aumento de 11.3% na eficiéncia de conversao das células foi
observado, revelando um grande potencial para aplicagdes em optoeletronica e energias
renovaveis. Sensores de fibra Optica também foram projetados e aplicados a importantes meios
quimicos e bioquimicos. Um sistema de sensoriamento capaz de detectar velocidade e indice
de refragcdo (IR) em misturas bifésicas gas-dgua, 6leo-agua e gas-6leo foi impresso (3D) como
um dispositivo milifluidico com uma fibra com rede de Bragg inclinada, mostrando importantes
aplicacdes em petroquimica. Um sensor de IR baseado em smartphone foi entdo projetado para
a avaliacdo em tempo real de fermentadores em batelada alimentada. O projeto atende a alguns
requisitos da “Industria 4.0”: o sensor ¢ destinado ao monitoramento em campo e fabricacdo
rapida no local, contando com um case simples impresso em 3D para acoplamento de fibras
oOpticas a camera e ao LED do celular. Um aplicativo € entdo responsavel por processar dados
de intensidade de luz e correlacionar as variagdes de sinal ao IR do caldo fermentativo, fungao
da concentragdo de sacarose segundo a lei de Fresnel. Finalmente, um sensor de espalhamento
dindmico da luz baseado em uma configuracdo de refletancia de Fresnel totalmente Optica
aplica redes neurais artificiais para detectar distirbios de concentracdo e realizar a avaliagdo
simultanea de concentragdo e velocidade de fluxo de nanofluidos. Esses nanofluidos foram
obtidos pela sintese de nanoparticulas de SiO; (diametro de 195 nm) e dispersdo delas em agua.
Da quimica, petroquimica e mineragdo tradicionais aos alimentos e biotecnologia avangada,
varias industrias precisam lidar com nanofluidos e suspensdes coloidais. Portanto, ha uma gama
de aplicagdes praticas importantes desse sensor no controle e monitoramento de instalacoes.

Palavras-Chave: Carbon nanodots; Fluorescéncia; Nanomateriais sustentaveis; Sensores de
fibra optica; Sensoriamento quimico e bioquimico; Monitoramento de processos industriais;
Redes neurais artificiais.



Abstract

Nowadays, several techniques and materials are available for the fabrication of optical fibers,
waveguides and optic sensors, but technological gaps remain. Sensors with lower costs and
minor difficulties of fabrication, signal processing, and feasibility; or obtained through less-
aggressive methodologies as biodegradable or greener devices are demanded. In the case of
chemical and biochemical process monitoring, characteristics inherent to optical fibers such as
environmental and electromagnetic resistances are also desirable, once harsh thermal, chemical
and mechanical conditions are usually present. This work proposes, then, the design and
fabrication of photonic materials and devices where nanotechnology and fiber optic technology
are explored to obtain more sustainable processes and devices with interesting characteristics
for inline operation. New fluorescent nanomaterials from the class of carbon nanodots (CDs,
particles with diameters in the order of 10 nm or less) were synthesized from three natural
sources (sugarcane syrup, orange juice, and UHT milk), and the sugarcane-based particles were
occluded into a hydrogel matrix (gelatin) for being introduced into a microstructured polymer
optical fiber. So, a waveguide capable of emitting and conducting visible light was fabricated
as a greener alternative to the incorporation of rare-earths and heavy metals on luminescent
fibers manufacturing. Another hydrogel with better mechanical properties (agarose) was doped
with Si02-CDs nanocomposites for obtaining a fluorescent, biodegradable and biocompatible
pH sensor useful for retrieving information for offline analysis. Moreover, it was verified that
CDs-PMMA nanocomposites can be combined with solar cells. An increase of 11.3% on the
cell conversion efficiency was observed, revealing great potential for applications in
optoelectronics and renewable energies. Fiber optic sensors were also designed and applied to
important chemical and biochemical media. A sensing system capable of detecting velocity and
refractive index (RI) in biphasic gas-water, oil-water and gas-oil mixtures was 3D-printed as a
millifluidic device with an inserted tilted fiber Bragg grating, showing important applications
on petrochemistry. A smartphone-based RI sensor was then designed for the real-time
assessment of fed-batch fermentors. The project attends some “Industry 4.0 requirements: the
sensor is destined to field monitoring and on-site fast fabrication, relying on a simple 3D-printed
case for coupling optical fibers to the phone’s camera and LED. Then, an application is
responsible for processing light intensity data and correlating signal variations to the broth RI,
which is function of the sucrose concentration according to Fresnel law. Finally, a dynamic
light scattering sensor based on an all-optic Fresnel reflectance setup applies artificial neural
networks for detecting concentration disturbances and performing the simultaneous assessment
of concentration and flow speed of nanofluids. These nanofluids were obtained by synthesizing
Si0; nanoparticles (diameter of 195 nm) and dispersing them in water. From traditional
chemical, petrochemical, and mining to food and advanced biotechnology, several industries
must deal with nanofluids and colloidal suspensions, so there is a range of important practical
applications of this sensor on facilities control and monitoring.

Keywords: Carbon nanodots; Fluorescence; Sustainable nanomaterials; Fiber optic sensors;
Chemical and Biochemical sensing; Industrial process monitoring; Artificial neural networks.
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Preface and List of Publications

This thesis is comprised of 11 peer-reviewed publications listed and numbered below: 2
patents; 3 international conference proceedings papers indexed in IEEE, Scopus or Web of
Science; and 6 full international scientific journal articles. It is divided into two main sections,
each one with its own motivation and containing several subsections. Each section may be read
completely independently: it represents a given study published as one or more papers and
contains its own introduction, methodology and conclusions.

Firstly, section “2. Design of Photonic Materials and Applications: Carbon Nanodots
and their Combination with Polymer Matrices” explores the publications [1] to [7] below,
presenting the design of photonic materials based on carbon nanodots and their applications.
Firstly, [1] and [2] show the synthesis of green-fluorescent carbon nanodots from sugarcane
syrup. Then, publication [3] demonstrates how this method can be extended to incorporate CDs
into gelatin matrices, allowing the immobilization of the nanomaterials into a microstructured
polymer optical fiber (mPOF) holes. This process is a sustainable alternative to the
incorporation of rare-earths and heavy metals when fabricating luminescent fibers. After that,
[4] demonstrates how this CDs synthesis from sugarcane syrup can be adapted to obtain
fluorescent nanoparticles from milk and from orange juice, broadening the portfolio of
sustainable raw materials that may be used.

Continuing the carbon nanodots work, article [5] presents a biodegradable and
biocompatible hydrogel (agarose) waveguide where hybrid silica-carbon nanodots particles
were occluded. This material was used for fabricating a soft and permeable pH-sensor based on
the shift of luminescent emission. This sensor is capable of retrieving information for posterior
offline analysis, an important feature for biochemical and biomedical applications. Finally,
publications [6] and [7] demonstrate the use of acrylic-based nanodots nanocomposites for
optoelectronic applications. These materials were used for coating photovoltaic cells, resulting
in a significant increase on the energy conversion efficiency. It is an improvement that could
be translated into enormous potential gains on large-scale solar (renewable) energy systems.

Section “3. Design and Application of Fiber Optic Chemical and Biochemical Sensors”
shifts the effort from the development of photonic materials to the design of photonic sensors
based on silica optical fibers. Firstly, publications [8] and [9] present a 3D-printed millifluidic
device with a tilted fiber Bragg grating sensor used for the simultaneous assessment of velocity
and refractive index on biphasic systems (air-in-oil, water-in-oil and water-in-air suspensions).
Such systems are present in many petrochemical processes where this sensor can be leveraged.
Then, [10] shows the development of a portable smartphone-based optical fiber sensing
platform for the online monitoring of fed-batch fermentation systems. This setup may be
produced on-site through 3D-printing and can be economically and industrially explored in the
context of “Industry 4.0”. Finally, article [11] demonstrates a dynamic light scattering sensor
that applies artificial neural networks and a simplified all-optic Fresnel reflectance setup for
nanofluids’ concentration and flow speed evaluation. Several industries must deal with
nanofluids and colloidal suspensions, so it is a system with a range of important practical
applications on facilities control and monitoring.
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1. Introduction

Nowadays, several techniques and materials are available for the fabrication of optical
fibers, waveguides and optic sensors, but technological gaps remain. Sensors with lower costs
and minor difficulties of fabrication, signal processing, and feasibility; or obtained through less-
aggressive methodologies as biodegradable or greener devices are demanded (ELSHERIF et
al., 2019). An important technological gap, on the other hand, is to combine the solution of
these problems with the environmental point of view, producing biodegradable devices and
less-aggressive processes. In this context, the use of biocompatible hydrogels arises as a
promising methodology for manufacturing photonic devices. In the case of chemical and
biochemical process monitoring, characteristics inherent to optical fibers such as environmental
and electromagnetic resistances are also desirable, once harsh thermal, chemical and
mechanical conditions are usually present (CHOI et al., 2013; OLIVERIO et al., 2017;
OMENETTO; KAPLAN, 2008; SHEPPARD; TUCKER; SALEHI-HAD, 1993).

Hydrogel-based waveguides combine the electromagnetic interference shielding to the
possibility of miniaturization, allowing the detection of different parameters with high
sensitivity (CENNAMO et al., 2016). They usually explore the properties of hydrogels on
suffering volumetric variations as response to different parameters, including: pH; temperature;
ionic strength; and concentration of analytes, such as glucose, proteins, and DNA. These
different potential applications in industrial biotechnology, environmental monitoring, and
biosensing (ELSHERIF et al., 2019; JIANG et al., 2018b; WOLFBEIS, 2008) can be also
increased by doping the polymeric matrix with luminous agents.

The doping strategy is based on the variation of the pattern of the light transmitted by
the waveguide due to luminescence and to other light-matter interaction phenomena. Studies
showed the possibility of producing step-index cylindrical optical fibers by coating a
polyethylene glycol (PEG) core with an alginate layer. These materials were doped with
fluorophores and Au nanoparticles and allowed the guiding of light inside living tissues and the
detection of avidin (CHOI et al.,, 2015). A PEG optical fiber was also doped with
functionalized-CdTe quantum dots (QDs) for monitoring Fe** (ZHOU; GUO; YANG, 2018).
Meantime, practical applications of these devices are still limited by the fact that inorganic
nanoparticles such as the semiconductor QDs usually present high toxicity (CHOI et al., 2013).

This work proposes, then, the design and fabrication of photonic materials and devices
where nanotechnology and fiber optic technology are explored to obtain more sustainable
processes and devices with interesting characteristics for inline operation. Thus, new
fluorescent nanomaterials from the class of carbon nanodots (CDs) were synthesized and
applied. The advantages of CDs when compared to inorganic QDs (considered superior
fluorescent emitters) include the fact that they are low-cost and environmentally safe materials
(PORPEVIC et al., 2018), and show good biological and biocompatibility properties, being
excreted in urine (HUANG et al., 2013; WANG; HU, 2014). Moreover, they present chemical
robustness and high solubility in water, and are easily doped and chemically modified
(ARCUDI; PORDEVIC; PRATO, 2016).

Carbon Nanodots are nanoparticles constituted by a carbon core and superficial
functional groups, notable for their quasi-spherical and discrete morphologies, usually with
dimensions lower than 10 nm (DORDEVIC etal.,2018; PARK etal., 2016; WANG; HU, 2014;
XIA et al., 2019). They present unique assets such as strong fluorescence both in solution and
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in the solid state, high photostability, low toxicity, high biocompatibility, high solubility in
water, chemical robustness, and are easily doped and chemically modified (HUANG et al.,
2013; PANWAR et al., 2019; SUN et al., 2006; TIAN; YIN, 2019; YUAN et al., 2016).

Interestingly, CDs exhibit excitation-wavelength dependent emission, and the emission
wavelength is strongly affected by the electronic bandgap transitions of conjugated m-systems,
surface defects, and by element doping (GAN; XU; HAO, 2016; YAN et al., 2019; ZUO et al.,
2016). It has been demonstrated that variations of the CDs’ sizes shift the maximum emission
wavelength: smaller particles usually emit at lower wavelengths, whereas larger particles tend
to emit at higher wavelengths (LI et al., 2010; ZUO et al., 2016).

The unique emission properties of CDs allied to their easily tailored nanosize and to the
high abundance of carbon sources have made them attractive for a wide variety of potential
applications including bioimaging, drug-delivery, sensors, optoelectronics, photovoltaic devices,
photocatalysis, renewable energy devices, and anti-counterfeiting materials (ARCUDI;
PORDEVIC; PRATO, 2017, 2019; CHEN et al., 2019; GAO et al., 2016; GUPTA et al., 2011;
Jletal., 2018; LIetal.,2018a; MENG et al., 2019; PANWAR et al., 2019; SHARMA; TIWARI,;
MOBIN, 2017; TIAN et al., 2017). Moreover, the semiconductor-like properties of CDs enabled
their incorporation into optical fibers to obtain optical devices with innovative features
(GONCALVES; DUARTE; ESTEVES DA SILVA, 2010; LIN; HUANG; DING, 2019).

Particularly, the CDs biomedical and biosensing applications are quite extensive and
interesting. Examples reported include the use of CDs: for the bioimaging and monitoring of
human breast cancer MCF-7 cells (CAO et al., 2007); as probes for several theranostics
applications and for the fluorescence-based monitoring of tissues in mice (DONG et al., 2020;
WANG; HU, 2014); as nanoprobes for single-molecular tracking and for real-time imaging on
biomedical analysis; as confocal microscopy fluorescent probes; and even as nanocarriers in
cellular transfection. Indeed, CDs functionalized with gold nanoparticles and plasmid DNA
(pDNA) allowed the gene delivery with real-time optical monitoring of the transfection process
(YUAN et al.,, 2016). Moreover, CDs with surface functionalized with biological molecules
were described for the optical fluorescence-based tracking and selective detection of DNA
(ZUO et al., 2016); and CDs obtained from the latex of Euphorbia milii were used for detection
of glutathione in human blood serum (BANO et al., 2019).

There is a continuous search for greener and cheaper methods to produce CDs with low
polydispersity from renewable sources (DEVI; DHAMODHARAN, 2018; DUARAH;
KARAK, 2017; RAN et al., 2018; RAVISHANKAR et al., 2019; WU et al., 2016). Nature
offers a plethora of carbon sources that has motivated the investigation of a wide variety of raw
materials to obtain CDs, including lignin biomass, waste paper, kitchen waste, starch, orange
peels, potato, grass, soy milk, papaya, eggs, coffee grounds, hair, cow manure, among others
(MENG et al., 2019; SHARMA; TIWARI; MOBIN, 2017; SURENDRAN et al., 2020; XU,
XIE; HAKKARAINEN, 2017; ZHANG; SUN; WU, 2015).

The use of specific routes and chemical precursors on CDs synthesis results in
nanomaterials with different photonic properties (ARCUDI; DORDEVIC; PRATO, 2019;
PORDEVIC; ARCUDI; PRATO, 2019; GONG et al., 2018). In fact, the conversion of organic
precursors containing carboxylic acids (or nitrogen as doping element) results in the formation
of CDs rich in carboxylic (or amine) surface groups with enhanced luminescence (PORDEVIC
et al., 2022). Martindale et al. (MARTINDALE et al., 2015), for instance, demonstrated the
application of citric acid CDs on the light-driven fabrication of chemical products, performing
an artificial photosynthesis by preparing a photocatalytic hybrid system (CD-NiP) for solar H>
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production. Also, Boobalan et al. (BOOBALAN et al., 2020) obtained CDs by hydrothermal
synthesis using oyster mushroom. Their material was capable of selectively sensing Pb>* ions
in aqueous solutions and presented antibacterial and anticancer activity. Also, Mn-doped CDs

with ultra-high quantum yield of luminescence were demonstrated for the selective detection
of Hg?" ions in water (XU et al., 2018).

CDs may also present energy applications, which include their use to increase the
efficiency of energy conversion in solar cells; to photosensitize or photocatalyze the conversion
of solar energy into fuels; or to employ their fluorescence to prepare light-emitting diodes
(PORPEVIC et al., 2022). Their fluorescence properties also find use in light converters for
photovoltaic cells and solar concentrators, and may replace dye sensitizers (TUERHONG; XU;
YIN, 2017; WANG; LU, 2022). Recently, advanced approaches like the use of
mechanochemistry, flow chemistry and laser synthesis in the liquid phase are widening the
range of properties and applications of these promising nanomaterials. Besides, these novel
synthesis methodologies present the advantage of being scalable. Finally, machine learning
could be also applied to go beyond the trial-and-error approach commonly used to explore the
chemistry of CDs (BARTOLOMEI; DOSSO; PRATO, 2021).

Thus, this work shows the synthesis of new fluorescent nanomaterials from the class of
carbon nanodots from three natural sources (sugarcane syrup, orange juice, and milk). The
sugarcane-based particles were occluded into a hydrogel matrix (gelatin) for being introduced
into a microstructured polymer optical fiber. So, a waveguide capable of emitting and
conducting visible light was fabricated as a greener alternative to the incorporation of rare-
earths and heavy metals on luminescent fibers manufacturing. Another hydrogel with better
mechanical properties (agarose) was doped with SiO2-CDs nanocomposites for obtaining a
fluorescent, biodegradable and biocompatible pH sensor useful for retrieving information for
offline analysis. Finally, it was verified that nanocomposites from CDs and
poly(methylmethacrylate), PMMA (CDs-PMMA nanocomposites) can be combined with solar
cells to achieve an increase of 11.3% on the cell conversion efficiency.

Fiber optic sensors were also designed and applied to important chemical and
biochemical media. Optical fibers are cylindrical waveguides formed by dielectric materials
with low loss of light power, which have a central core (where the light is guided) surrounded
by a cladding with refractive index slightly lower than the core’s. Light rays incident on the
core-cladding interface with angles greater than a certain critical value suffer total internal
reflection, being guided through the core without suffering refraction. Rays that do not follow
this critical angle condition are transmitted through the cladding: they suffer high loss of power
and are not effectively guided (SALEH; TEICH, 1991). In optical fiber-based systems, the
transmitted or reflected light is captured by a photodetector (KEISER, 2013). The detector,
then, converts the optical stimulus into an electrical signal to be electronically or
computationally processed (GHATAK; THY AGARAJAN, 2000).

Fiber optic sensors may be used on various types of measurements, like rotation,
acceleration, temperature, pressure, mechanical deformation, voltage and electric current
(UDD, 2002). The technical advantages inherent to the use of optical fibers include: typically
reduced mass of these devices; small dimensions of the sensors; low energy consumption by
the equipment; resistance to electromagnetic interference; and biocompatibility. Other
interesting optical fiber sensors properties are high: sensitivity; stability; measurement
resolution; bandwidth; and resistance to the environment, both from the chemical and from the
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thermal point of view, with possibility of remote operation and under aggressive conditions (LI
etal., 2018¢c; UDD, 2002).

Such features are very interesting for practical cases, once contemporary industry is in
a period of great expansion. It is the so-called “Industry 4.0”, where novel mathematical and
computer-based methods are leveraged to optimize and monitor the systems and processes, with
social, economic, and environmental repercussions on many human activities (PAN et al.,
2015). As a matter of fact, this new period relies on the development of new sensor technologies
capable of collecting, distributing, and delivering information by themselves.

In chemical and biochemical industries, the increase on the data availability and on the
portability of the monitoring devices has potential for enhancing safety; productivity; energy-
use efficiency; environmental sustainability; product quality; and general process performance
(REIS; KENETT, 2018). However, the analysis and evaluation of many chemical and
biochemical agents (from pesticides to pharmacological drugs) is still based on high-
performance liquid chromatography (HPLC); gas chromatography (GC); combined techniques
like GC coupled to mass spectrometry (GC-MS); and enzyme-linked immunosorbent assay
(ELISA). Such methods are sensitive, reliable, and precise, but demand expensive and bulky
instrumentation; highly trained technicians; and procedures with long times of analysis. The
use of compact and real-time sensors, on the other hand, allows the monitoring, control, and
screening of the best process conditions (JU; KANDIMALLA, 2008; REIS; KENETT, 2018;
SOARES et al., 2019¢)

Then, optical fiber sensors systems show several potential applications in chemical and
biochemical monitoring: detection of gases and vapors; chemical and biomedical analysis;
molecular biotechnology; environmental analysis (from the analysis of agricultural pesticides
to the monitoring of marine environments); industrial production monitoring; bioprocess
control; monitoring of the production of catalysts and other components in automotive industry
(WANG; WOLFBEIS, 2020; WOLFBEIS, 2008); and even monitoring of cell proliferation in
microfermentors (SOARES et al., 2019b, 2019e).

Traditionally, the set of optical fiber chemical sensing systems is divided into two main
classes: direct sensing schemes (called “label-free” sensors); and indirect ones, based on the
addition of indicators (e.g., a dye with fluorescence dependent on the presence of a target
analyte). In the first case, intrinsic optical properties of the analyte (e.g., its refractive index, its
absorption, or its emission) are assessed. In the second one, either the fluorescence or the color
of an immobilized indicator agent (the “label”) is evaluated; or another optical property of the
“probe” is selected for being monitored (WANG; WOLFBEIS, 2020; WOLFBEIS, 2008).
Some authors also consider that there is a subclass of chemical sensors called biosensors, but
there is no consensual definition regarding this subclass.

One useful definition of fiber optic biosensors is a set of devices derived from optical
fibers that use the optical field for the detection of biological molecules (including proteins,
antibodies, nucleic acids, and even cells). Such devices are commonly modified with biological
species to improve their selectivity (LEUNG; SHANKAR; MUTHARASAN, 2007; WANG;
WOLFBEIS, 2020; WOLFBEIS, 2008). Ideally, biosensors should not only respond to low
analyte concentrations, but also be capable of differentiating species according to the
recognition molecules attached to their surfaces. It is noted, therefore, that they have several
applications in the health area, including the detection of biological markers for clinical
diagnosis and the detection of pathogens and toxins in water and food (LEUNG; SHANKAR;
MUTHARASAN, 2007). So, as with CDs, there are many examples of optical fiber sensors
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already used for biomedical and biochemical monitoring, including: an optical fiber Etched-
SMS (single mode - multimode - single mode) immunosensor functionalized for the specific
detection of anti-goat IgG antigen in solution (CARDONA-MAYA et al., 2018); a Sagnac
interferometer based on a core-exposed microstructured optical fiber where the core was
functionalized with biotin, used for the detection of streptavidin biomolecules (LI et al., 2018c¢);
an optical fiber speckelgram sensor with very high sensitivity to DNA molecules, capable of
detecting concentrations of DNA as low as 10'® M in aqueous solution (FENG et al., 2018); a
flow cytometer capable of performing the continuous detection of microparticles, manufactured
as a fiber Bragg grating/Fabry-Pérot interferometer (JIANG et al., 2018a); and a Mach-Zender
interferometer based on a twin-core hollow optical fiber sensor functionalized with biotin for
detecting streptavidin in solution (YANG et al., 2018).

Thus, considering the importance of such photonic devices, another objective of this
work was the design of optical fiber sensors (OFSs) for applications on chemical and
biochemical systems. Firstly, a sensing system capable of detecting velocity and refractive
index (RI) in biphasic gas-water, oil-water and gas-oil mixtures was described. It was 3D-
printed as a millifluidic device with an inserted tilted fiber Bragg grating. The multiphase flows
are characterized by the simultaneous transport of immiscible substances, the dispersed and
continuous phases. They are observed in the oil and gas industries during the extraction of light
and heavy oils containing dispersed components like minerals, gases, and water (ANGELI,
HEWITT, 2000); in nuclear reactors (COLOMBO; FAIRWEATHER, 2015); and in biomedical
applications (YAO; TAKEIL 2017). So, this device provides reliable results with a
straightforward, easy-to-implement setup that may be applied to several industries. It presents
the advantage of employing a simplified interrogation system based on a single photodetector
where the response time only depends on the sampling rate of the data acquisition hardware.

Another system developed consisted of a smartphone-based RI sensor designed for the
real-time assessment of fed-batch fermentors. The project attends some “Industry 4.0”
requirements: the sensor is destined to field monitoring and on-site fast fabrication, relying on
a simple 3D-printed case for coupling optical fibers to the phone’s camera and LED. Then, an
application is responsible for processing light intensity data (retrieved as intensity of pixels in
captured images); and for correlating the signal variations to the broth’s RI, which is function
of the sucrose concentration according to the Fresnel law. The fed-batch mode was chosen for
the study because most of the alcoholic fermentation industries in Brazil operate with this
methodology (CARLOS; OLITTA; NITSCHE, 2011). The results were validated through
comparison with a handheld refractometer and with the Monod mathematical model.

Finally, a dynamic light scattering (DLS) sensor based on an all-optic Fresnel
reflectance setup applies artificial neural networks for detecting concentration disturbances and
performing the simultaneous assessment of concentration and flow speed of nanofluids.
Nanofluids are stable suspensions of nanoparticles in a base-fluid, and their physical and
chemical properties can be tailored according to the characteristics of both the dispersed and
the continuous phases (LI et al., 2009). In particular, silica-based nanofluids have been
developed for use in thermal conductivity enhancement (CHEN et al.,, 2008); in-vivo
fluorescence imaging (KOBAYASHI et al., 2013); and tunable optical filters (TAYLOR et al.,
2013). The assessment of micro- and nanoparticles subjected to flow and other dynamic
conditions (e.g., concentration gradients and disturbances) is essential not only for silica
nanofluids applications, but also for several other biochemical, biomedical, and food
engineering uses. Examples include the monitoring of red cells in blood streams (NILSSON;
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TENLAND; OBERG, 1980); the flow of polymeric particles (e.g., polystyrene) obtained by
chemical emulsion processes (CHEN et al., 1997); and the fabrication of food emulsions based
on the nanoencapsulation of nutrients (QUINTANILLA-CARVAIJAL et al., 2010).

Then, this research proposes an optical fiber DLS sensor for the evaluation of silica
nanofluids’ static and dynamic conditions. These nanofluids were obtained by synthesizing
Si0O2 nanoparticles (195 nm-diameter) and dispersing them in water. Firstly, the sedimentation
of colloidal silica in test tubes was done to create environments with different concentration
zones, allowing the evaluation of the dynamic response of the sensor in relation to concentration
disturbances. Finally, the OFS was applied to the detection of velocity of nanofluids with
different concentrations and flow conditions. Contrary to previous works, the present system is
capable of simultaneously estimating the sample concentration and flow velocity by using
artificial neural networks, providing a simple, minimally invasive, and nondestructive approach
to assess particles dispersions.

From traditional chemical, petrochemical, and mining to food and advanced
biotechnology, several industries must deal with nanofluids and colloidal suspensions, so there
is a range of important practical applications of this sensor on facilities control and monitoring.
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2. Design of Photonic Materials and Applications: Carbon
Nanodots and their Combination with Polymer Matrices

2.1. Motivation

Despite of all the different techniques and materials available for fabricating optical
fibers, waveguides and optical sensors, the development of devices with lower costs and minor
difficulties of fabrication, signal processing, and feasibility is still needed (ELSHERIF et al.,
2019). An important technological gap, on the other hand, is to combine the solution of these
problems with the environmental point of view, producing biodegradable devices and less-
aggressive processes. In this context, the use of biocompatible hydrogels arises as a promising
methodology for manufacturing photonic devices. Hydrogels are reticulated hydrophilic
polymers. Typically, up to ~30% of the hydrogel mass corresponds to water occluded into its
structure or adsorbed on the macromolecules’ surfaces. Silk-based hydrogels have already been
used for fabricating thin films, diffraction gratings, and organic photonic crystals. When
comparing photonic devices for biomedical applications, important advantages are observed
for hydrogel-based equipment, like the obtention of implantable sensors and the reduction of
undesirable effects typical from traditional optical fibers and other glass-based devices, like the
formation of sharp points that may inflame an implant region (CHOI et al., 2013; OLIVERIO
etal., 2017; OMENETTO; KAPLAN, 2008; SHEPPARD; TUCKER; SALEHI-HAD, 1993).

Hydrogel-based waveguides allow the detection of several physical and biochemical
parameters with high sensitivity (CENNAMO et al., 2016). They usually explore the properties
of hydrogels on suffering volumetric variations as response to different parameters, including
pH, temperature, ionic strength, and concentration of analytes, such as glucose, proteins, and
DNA. These different potential applications in industrial biotechnology, environmental
monitoring, and biosensing (ELSHERIF et al., 2019; JIANG et al., 2018b; WOLFBEIS, 2008)
can be also increased by doping the polymeric matrix with luminous agents.

The doping strategy affects the waveguide luminescence and other light-matter
interaction phenomena. Studies have shown the possibility of producing step-index cylindrical
optical fibers by coating a polyethylene glycol (PEG) core with an alginate layer. These
materials allowed light guidance through living tissues and were doped with fluorophores and
Au nanoparticles to selectively detect avidin (CHOI et al., 2015). A PEG optical fiber was also
doped with functionalized-CdTe quantum dots (QDs) for monitoring Fe** (ZHOU; GUO;
YANG, 2018). Meantime, practical applications of these devices are still limited by the fact
that the waveguides are usually doped with organic dyes; or with inorganic nanoparticles such
as QDs, which present high toxicity (CHOI et al., 2013). It is a drawback that could be
overcome by replacing the particles or dyes with carbon nanodots (CDs) (PORPEVIC et al.,
2018).

These carbon nanodots are emerging materials from the carbon nanotechnology family
(as well as graphene, fullerene, and carbon nanotubes). They present quasi-spherical
morphology; sizes lower than 10 nm (ARCUDI; PORDEVIC; PRATO, 2017; DPORPEVIC et
al., 2018); and are constituted by a carbonaceous core with plenty of functional groups on their
surfaces. Those groups allow their solubility in polar solvents, and may include hydroxyl,
amine, and carboxylic acids. The peculiar behavior of carbon nanodots is their fluorescence,
which arises from molecular domains that are formed during their syntheses (ARCUDI;
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DORDEVIC; PRATO, 2016, 2017; PORDEVIC et al., 2018; HUANG et al., 2013; SALEH;
TEICH, 1991; SUN et al., 2006; WANG et al., 2011; WANG; HU, 2014; YUAN et al., 2016).

This luminescent behavior of CDs may be modulated by different factors, especially the
excitation wavelength (SUN et al., 2006), pH (PAN et al., 2012), and solvent used (ZHU et al.,
2011). Moreover, the surroundings of the particles are responsible for the stabilization of the
fluorophore electronic states, and red-shifted emissions are expected when the neighboring
particles stabilize such states (solvatochromic effect) (SUPPAN, 1990). Due to these unique
features, CDs find applications into several fields, such as: biomarking; bioimaging; drug-
delivery; optoelectronics (in which they can be used for manufacturing LEDs with controlled
emission wavelength) (WANG et al., 2011; WANG; HU, 2014); covalent asymmetric catalysis
(FILIPPINI et al., 2020); photocatalysis; renewable energies (WANG; HU, 2014); luminescent
down shifting; and solar concentrator devices (CHOI et al., 2017; GONG et al., 2018).

CDs may show different photonic properties depending on the particular routes and
chemical precursors applied (ARCUDI; DORDEVIC; PRATO, 2019; DPORPEVIC; ARCUDI;
PRATO, 2019; GONG et al., 2018). Some examples include: small and highly fluorescent
nitrogen-doped carbon nanodots obtained from inexpensive L-arginine and ethylenediamine by
microwave-assisted hydrothermal carbonization (ARCUDI; PORDEVIC; PRATO, 2017);
citric acid CDs used on artificial photosynthesis by preparing a photocatalytic hybrid system
(CD—NiP) for solar H» production (MARTINDALE et al., 2015); CDs hydrothermally
synthesized from a green source (oyster mushroom) to fabricate a material capable of
selectively sensing Pb*" ions in aqueous solutions and with antibacterial and anticancer activity
(BOOBALAN et al., 2020); and CDs doped with Mn obtained from the hydrothermal treatment
(195 °C, 2h) of mixtures of sodium citrate, citric acid, and manganese (II) carbonate, showing
ultra-high quantum yield of luminescence and the possibility of being used to selectively detect
Hg?" ions in water (XU et al., 2018). A detailed review describing synthetic routes for obtaining
CDs from both artificial and natural sources (such as silk and grass); difficulties found by
researchers; and applications already demonstrated for those particles was published and is
referred to those interested in this topic (XU et al., 2019).

Thus, the goal of this work was to produce new photonic materials from the class of
carbon nanodots and to use them for fabricating non-conventional optical sensors and
optoelectronic devices. For that, CDs were synthesized from three natural sources (sugarcane
syrup, orange juice, and UHT milk). The sugarcane-based carbon nanodots were also occluded
into a hydrogel matrix (gelatin) for being introduced into a microstructured optical fiber. So, a
waveguide capable of emitting and conducting visible light was obtained, constituting a
sustainable alternative to the incorporation of rare-earths and heavy metals on luminescent
fibers production. Also, silica-carbon nanodots nanocomposites were used for doping agarose
and fabricating a fluorescent, biodegradable and biocompatible pH optical sensor capable of
retrieving information for offline analysis (a work performed in extensive collaboration with
groups from Italy and Spain). Finally, carbon nanodots were occluded into PMMA matrices
and the feasibility of using such nanocomposites for improving the efficiency of photovoltaic
cells was verified. It is a work with impactful applications in renewable energy systems, with
potential of enormous gains in terms of reduction of land-use and fabrication costs on large-
scale solar plants.
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2.2. Principles of Fluorescence of Carbon Nanodots

As mentioned, carbon nanodots show the interesting property of emitting visible
fluorescence (light) when stimulated by ultraviolet radiation. In other words: such particles are
capable of converting UV into visible, a property that may be explored for the development of
chemical sensors (ARCUDI; DORDEVIC; PRATO, 2019; BANO et al., 2019).

Basically, given that a CD is reached by a certain packet of radiant energy (a photon) in
the ultraviolet (frequency vi), Planck's Equation states that the energy of this photon is given
by hvi, where h is Planck's constant. A fraction of this energy is dissipated by the medium (e.g.,
water, solvent, or hydrogel matrix). The more conductive the medium is, the more energy will
be dissipated through this mechanism. In addition, electrical energy transfer can occur between
the atoms of the particle itself. Such processes that are not involved in the secondary emission
of radiation are denominated non-radiative decays. These non-radiative phenomena are always
present (JIANG et al., 2020; LAKOWICZ, 2006).

Thus, after the non-radiative losses, a smaller amount of energy (hvz) remains, and the
difference (hv; - hv;) is known as the Stokes shift. Since violet has the highest and red has the
lowest frequency in visible spectrum, this Stokes shift always results in a second energy hv>
closer to red, a phenomenon called “red-shift”. The hv, energy excites the electrons in the
outermost orbitals of the atoms that form the CDs, leading them to an unstable electronic state.
Then, to return to its stable state, the CDs re-emit a photon hv> to the external environment:
while the hvi photon corresponds to UV radiation, the hv, photon is usually visible light (JIANG
et al., 2020; LAKOWICZ, 2006).

The observed light emission is the fluorescence. The ratio between the total number of
photons that the particle re-emits and the number of photons it absorbs is called the quantum
yield (QY). QY is a very important parameter for evaluating the performance of light emitters
(LAKOWICZ, 2006). It is worth noting that fluorescence is an extremely fast phenomenon with
a lifetime of just nanoseconds, impossible to be detected by the human eye. Therefore, unlike
phosphorescence and delayed fluorescence (processes with lifetimes ranging from
microseconds to seconds), fluorescence seems to disappear as soon as the UV source is
interrupted (JIANG et al., 2020; LAKOWICZ, 2006).

2.3. Synthesis and Application of Carbon Nanodots from Sugarcane Syrup

The work published by the Institute of Electrical and Electronics Engineers (IEEE) is
presented here (SOARES et al., 2019a). It shows the synthesis of green-fluorescent carbon
nanodots from sugarcane syrup, a method that was patented for the intellectual protection of
the fabrication process (SOARES et al., 2019d).

This method was extended to incorporate the CDs into gelatin matrices, allowing their
immobilization into the holes of a microstructured polymer optical fiber (mPOF). This
approach was published by the open-source journal Gels from the Multidisciplinary Digital
Publishing Institute, MDPI (PERLI et al.,, 2022). Thus, an optical fiber with intrinsic
fluorescence was obtained, providing a sustainable alternative to the incorporation of rare-
earths and heavy metals when fabricating luminescent fibers.
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2.3.1. Introduction

Carbon Nanodots (CDs) are nanoparticles constituted by a carbon core and superficial
functional groups, notable for their quasi-spherical and discrete morphologies, usually with
dimensions lower than 10 nm (DORDEVIC etal.,2018; PARK et al., 2016; WANG; HU, 2014;
XIA etal., 2019).

CDs present unique assets such as strong fluorescence both in solution and in the solid
state, high photostability, low toxicity, high biocompatibility, high solubility in water, chemical
robustness, and are easily doped and chemically modified (HUANG et al., 2013; PANWAR et
al., 2019; SUN et al., 2006; TIAN; YIN, 2019; YUAN et al., 2016). In terms of charge transfer
chemistry, CDs have the particularity of acting as either electron donors or acceptors
(CADRANEL et al., 2019). These properties are intrinsic to CDs and distinct from other
carbon-based nanostructures such as graphene, fullerene, and carbon nanotubes.

CDs were discovered by Scrivens and co-workers as a fluorescent by-product from
single-walled carbon nanotube synthesis (XU et al., 2004). Since then, several methodologies
were developed to obtain CDs that involve top-down nanocutting procedures and bottom-up
organic approaches, which include arc discharge, laser ablation, electrochemical oxidation,
combustion methods, hydrothermal carbonization, templated carbonization, pyrolysis in
concentrated acid, and microwave irradiation (ARCUDI; DORDEVIC; PRATO, 2016; WANG
et al., 2011; WANG; HU, 2014; XIA et al., 2019). Some of these processes are difficult to
control, resulting in CDs with high polydispersity. The size, polydispersity, and surface
functional groups nature depend on the synthetic methodology used to obtain the CDs (WANG;
HU, 2014).

There is a continuous search for greener and cheaper methods to produce CDs with low
polydispersity from renewable sources (DEVI; DHAMODHARAN, 2018; DUARAH;
KARAK, 2017; RAN et al., 2018; RAVISHANKAR et al., 2019; WU et al., 2016). Nature
offers a plethora of carbon sources that has motivated the investigation of a wide variety of raw
materials to obtain CDs, which include lignin biomass, waste paper, kitchen waste, starch,
orange peels, potato, grass, soy milk, papaya, eggs, coffee grounds, hair, cow manure, among
others (MENG et al., 2019; SHARMA; TIWARI; MOBIN, 2017; SURENDRAN et al., 2020;
XU; XIE; HAKKARAINEN, 2017; ZHANG; SUN; WU, 2015). Since CDs obtained from
different sources were synthesized through diverse protocols, they present different properties
and size ranges, varying from 1 nm to 50 nm (MENG et al., 2019). Therefore, there is room for
improvement in terms of searching for reliable and renewable carbon sources and for the
development of greener, cheaper, and environmentally friendly synthetic protocols.

The molecular structure of the CDs has not been fully elucidated, but infrared (IR) and
Raman studies suggest that these carbon nanoparticles are not perfect crystals and that they
present a high degree of structural defects and peripheral functional groups (CADRANEL et
al., 2019). The structural defects on the carbon core and the peripheral functional groups are
both dependent on the synthetic protocol and have a strong influence on the photoluminescence
behavior of the CDs.

The mechanism involved in the CDs fluorescence is still under debate in the literature,
and some theories propose: (i) generation and recombination of electron-hole pairs; (ii)
quantum confinement effect; and (ii1) defective state emission (WANG; HU, 2014; ZHU et al.,
2015). CDs usually exhibit a strong absorption band in the UV region around 230 nm that may
be assigned to a m — m* transition concerning sp? carbons on the carbon core, and a tail
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extending to the visible region that might be attributed to a n — m* transition involving the
peripheral functional groups that bear electron lone pairs (BAKER; BAKER, 2010; LUO et al.,
2009).

Interestingly, CDs exhibit excitation-wavelength dependent emission, and the emission
wavelength is strongly affected by the electronic bandgap transitions of conjugated m-systems,
surface defects, and element doping (GAN; XU; HAO, 2016; YAN et al., 2019; ZUO et al.,
2016). It has been demonstrated that variations of the CDs’ sizes shift the maximum emission
wavelength, resulting in maximum emissions on ultraviolet (UV, around 350 nm), on visible
(400-700 nm), and on near infrared (NIR, about 800 nm) depending on the carbon core’s
dimensions (smaller particles emit at lower wavelengths, whereas larger particles emit at higher
wavelengths) (LI et al., 2010; ZUO et al., 2016).

The unique emission properties of CDs allied to their easily tailored nanosize and to the
high abundance of carbon sources have made them attractive for a wide variety of potential
applications including bioimaging, drug-delivery, sensors, optoelectronics, photovoltaic devices,
photocatalysis, renewable energy devices, and anti-counterfeiting materials (ARCUDI;
DORDEVIC; PRATO, 2017, 2019; CHEN et al., 2019; GAO et al., 2016; GUPTA et al., 2011;
Jletal., 2018; LIetal.,2018a; MENG et al., 2019; PANWAR et al., 2019; SHARMA; TIWARI,;
MOBIN, 2017; TIAN et al., 2017). Moreover, the semiconductor-like properties of CDs enabled
their incorporation into optical fibers to obtain optical devices with innovative features
(GONCALVES; DUARTE; ESTEVES DA SILVA, 2010; LIN; HUANG; DING, 2019).

2.3.2. Sugarcane syrup carbon dots synthesis and characterization

A green, sustainable, and simple methodology to obtain CDs from sugarcane syrup was
developed, as shown on Figure 1. The major components of sugarcane syrup are sucrose,
glucose, fructose, amino acids, lipids, and inorganic salts containing K, Ca, Na, Fe, and Mg,
among others.

Sugarcane syrup was obtained from a local plant (Usina da Pedra, SP, Brazil) in
commercial grade. Contrary to molasses, which is usually obtained as a residue from ethanol
production, the syrup is produced as a step from the sugar process: part of the clarified broth is
evaporated to concentrate the sucrose without crystallizing it.

The syrup (5 mL) was diluted with deionized water (5 mL) and placed into a ceramic
crucible. The mixture was heated in a domestic microwave oven (700 W, 20 L), using a two-
cycle process (1 min + 30 s): (i) 1 min; followed by (ii) a second cycle of 30 s. After the first
heating cycle, the microwave oven was carefully opened to relieve the internal pressure. After
the carbonizing process, the ceramic crucible was left to cool up to room temperature. The
carbonized solid was scraped out and redispersed in deionized water (30 mL) using an
ultrasound bath for 1 h. The ultrasonication process was repeated until the full consumption of
the carbonized bulk material.

The resulting mixture was filtered through filter paper to remove the bulk material,
yielding a homogeneous brownish solution. The filtered solution containing the CDs was
further filtered using centrifugal filter tubes with molecular weight cut-off (MWCO) of 3000
Da (Merck Millipore, Danvers, MA, USA). The ultracentrifugation process was carried out
under 7000 g (7873 rpm) for 15 min. Deionized water was added to the dispersion of CDs until
the centrifugal filtered water exhibits absorbance close to zero (absorbance < 0.005 UA). The
sample was lyophilized, resulting in 135 mg of a dark brown solid (yield of 67.5% in wt). Part
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of this solid material was subsequently redispersed in deionized water to generate a CDs
solution in a concentration of 32.3 mg/mL and the remaining material was characterized.

Fourier Transform Infrared Spectroscopy (FTIR) was used to detect and identify the
functional groups present in the CDs surface (Figure 1) using an Antaris FTIR-NIR Absorption
Spectrophotometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) in ATR
reflectance mode. For the FTIR analysis, the solid CD sample was directly placed onto the ATR
crystal.

Typical absorption bands for alcohol, carboxylic acids, amines, aldehydes, and ketones
were observed. The intense and broad band at 3360 cm™! corresponds to the stretching and
bending vibrations of O-H and N-H bonds present on amines, alcohols, and carboxylic acids.
The double band at 2850 cm™" is assigned to C-H stretching on aldehydes. The peak observed
at 1720 cm™! corresponds to the C=0 bending on carboxylic acids, aldehydes, and ketones. The
presence of amines is evidenced by the bands at 1650 cm™ (N-H bending) and at 1040 cm™ (C-
N stretching vibrations). The presence of these functional groups bearing lone electron pairs
contribute to the CDs fluorescence and makes these nanoparticles polar and water-soluble.
Moreover, these functional groups on the CDs periphery allow their further functionalization
through covalent attachment or interaction with other nanomaterials through hydrogen bonding.
The resulting CDs are fluorescent in solution and in the solid-state after lyophilization, which
was easily confirmed using an UV lamp with a wavelength of 254 nm (photographs of CDs in
solution and powder are shown in Figure 2).

The sizes of the CDs were analyzed in the solid-state by Atomic Force Microscopy
(AFM) using a Park NX10 Atomic Force Microscope (Park Systems, Suwon, Korea) with scan
width of 100 x 100 um, z-hub of ca. 15 pum, and out-of-plane resolution of 0.006 nm. The
samples were prepared by diluting the original solution of CDs (32.3 mg/mL) in deionized
water (100x dilution); dropping it on a freshly cleaved mica surface; and allowing it to dry for
24 h. Figures 3b-c show the 2D-AFM height image and the 3D-topographic AFM image of the
CDs on the mica surface. In the AFM equipment, spherical nanoparticles result in circular
bidimensional profiles observed on the image’s plane. Therefore, it is possible to infer that the
heights indicated by the color scale of the AFM image correspond to the diameters of the
individual particles. The AFM images reveal the presence of semispherical nanoparticles with
average dimensions of 3.0 nm (sizes vary between 2.0 nm and 5.8 nm).

Particle size distribution was also assessed through Dynamic Light Scattering (DLS).
The measurement was carried out at 25 °C on a Zetasizer Nano—ZS ZEN3600 instrument
(Malvern Instruments, Malvern, UK) equipped with a 4 mW He-Ne laser with a light
wavelength of 632.8 nm and backscattering angle of 173°, using a disposable DTS 1070 cell.
The solid sample of CDs was redispersed in deionized water at a concentration of 1 mg/mL.
Data are presented as % by number.

The DLS analysis (Figure 3a) reveals particles with an average hydrodynamic diameter
of 5 nm and low polydispersity. It is important to note that there is no evidence for the presence
of other populations of particles with higher diameters, demonstrating the efficacy of the newly
developed synthetic protocol.

When comparing the values obtained by DLS and AFM, it is possible to notice
consistency, since the size obtained by DLS refers to the nanoparticle’s hydrodynamic diameter
in solution, which includes at least one layer of surrounding solvent. AFM images, in turn, are
acquired in the solid state on a flat surface in which a slight flattening of the nanoparticles is
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expected due to their interaction with the mica surface and to their contact with the AFM probe
(ASTRUC; ORNELAS; RUIZ, 2009; ORNELAS et al., 2009). Moreover, the 3.0 nm size is
consistent with the dimensions of CDs with green emission obtained in previous reports (LI et

al., 2010).
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Figure 1. Schematic representation of the new methodology developed to obtain CDs from sugarcane syrup;
chemical structures of the major components of sugarcane syrup; schematic representation of the resulting CDs;
and FTIR spectrum of the CDs with the assignment of the most important bands.
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Figure 2. (a) Pictures of the obtained pure CDs as a solid (left) and in aqueous solution (right, falcon tube); (b)
pictures of the obtained pure CDs as a solid (left) and in aqueous solution (right, falcon tube) under UV light
(254 nm).
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Figure 3. (a) DLS data obtained for CDs in aqueous solution; (b) 2D AFM height image of CDs deposited on a
mica surface; (c¢) 3D topographic AFM image of CDs deposited on a mica surface (scale bar from zero to 5.8
nm).

2.3.3. Preparation of hydrogel-CDs nanocomposites and photophysical characterization

The fluorescent CDs were further immobilized into a hydrogel matrix (gelatin) to
produce a green-fluorescent polymeric nanocomposite. The idea was that the carbon nanodots
would be firstly immobilized using gelatin as the polymeric gelator to be used for the fabrication
of fluorescent optical fibers.

Gelatin is a natural high molecular weight polypeptide biopolymer derived from the
hydrolysis of collagen. Gelatin easily forms thermoreversible hydrogels in aqueous solutions
in concentrations as low as 1% w/w by constituting a micro-structural network (HAN; LV,
2019).

Gelatin possesses both positively and negatively charged amino acids. It is a unique
polyampholyte polypeptide, what confers an excellent versatility to this hydrogel material.
Also, this material presents a series of advantages when compared to the more common acrylic
and glycolic-based hydrogels such as: low-cost; wide commercial availability; low viscosity
(before curing); and spontaneous heat-induced curing. Also, it does not require aggressive
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crosslinking conditions like photocure equipment, extreme pH, radical initiators, or metal-
based catalysts (BUREY et al., 2008; CAMPIGLIO et al., 2019; ZHOU; GUO; YANG, 2018).

Moreover, gelatin hydrogels have been successfully used in fiber optic devices for
sensing applications (SCHYRR et al., 2015). For instance, a previous report showed that a
membrane formed by a gelatin-CDs nanocomposite performed as a fluorescence sensor for the
detection of potassium (RAHIMI; MAHANI; HASSANI, 2019).

The preparation of the hydrogel matrix started by dissolving 3 g of colorless and
odorless gelatin (food grade) in 94 mL of deionized water using a 250 mL beaker. The solution
was heated at 90 °C under magnetic stirring until the elimination of the air bubbles dissolved
in the solution (temperature control is crucial to avoid degradation of the polypeptide material).
Indeed, the presence of air bubbles is a common problem in hydrogel matrices and has a
negative impact on the optical properties of the final materials. Different strategies may be used
for minimizing this effect, including simultaneously heating and stirring, or treatment of the
suspension in vacuum chamber for eliminating the occluded air (CHOI et al., 2013, 2015).

Once more aggressive approaches could impact the properties of the nanocomposite and
increase the cost and complexity of the overall process, the simple heating and stirring under
relatively low temperature and velocity (for reducing the shear stresses) was used. To the
transparent gelatin solution, 6 mL of the CDs solution (32.3 mg/mL) were added and kept under
magnetic stirring for 5 min until the complete homogenization.

The resulting yellowish solution was cooled in the refrigerator at 10 °C overnight. A
thermoreversible hydrogel was obtained through the formation of a micro-structural
tridimensional network (DJABOUROYV, 1991). Above 40 °C, the aqueous solution of gelatin
behaves as a homogeneous solution of macromolecules with a typical molar mass of 2 x 10°
Da. The macromolecules assume random coil configurations (single polypeptide chains termed
a-chains) which may be entangled (BOHIDAR; JENA, 1993). When these a-chains are cooled
further, they undergo a coil-to-helix transition that leads to the formation of a tridimensional
network with water molecules and to the consequent gelation process (FINER et al., 1975).

During gelation, the CDs remained within the hydrogel matrix: they were probably
stabilized by hydrogen bonding between the terminal functional groups on the CDs surfaces
and the amino acids present on the gelatin polymer. The resulting hydrogel-CDs nanocomposite
presents a yellowish coloration that fluoresces upon irradiation with UV light (254 nm).

The refractive index (RI) of the hydrogel-CDs nanocomposite was evaluated with a
MISCO PA 202 Refractometer before and after curing (Palm Abbe, Cleveland, OH, USA). For
that, a liquid suspension is dropped on the analytical surface of the equipment, which indicates
the index. In the case of the hydrogels, there may be a slight variation of this index over time
due to temperature changes and to the curing process of the drop. Therefore, the value of the
index was evaluated immediately after dropping the solution on the equipment; and after the
reading became stationary, which usually takes from 15 min to 1 h depending on the
environmental temperature. On the other hand, due to the high amount of occluded water, the
indices are very close to the one obtained for water.

The analysis showed RI values of 1.3389 and 1.3390 before and after curing,
respectively. Such values are close to the one measured for DI water (1.3330) and lower than
PMMA'’s RI (1.49) (BEADIE et al., 2015). It indicates that the total internal reflection in the
PMMA-nanocomposite interface will prevent the fluorescence from leaking back into the
hydrogel-filled holes.
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The absorbance spectra in the UV-Visible range that were obtained for CDs, hydrogel
matrix, and hydrogel-CDs nanocomposite are presented in Figures 4a,b. Data were acquired
using a 1 cm cuvette in an Agilent 8453 UV-Vis Spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA).

The CDs present an absorption band with Amax at 279 nm that corresponds to the 1 —
m* transition assigned the sp? carbons from the CDs core, which is within the expected range
for CDs with 3-5 nm (Figure 4a). The CDs also present a shoulder at 360 nm with a tail
extending to the visible range assigned to the n — =* transitions involving the electron lone
pairs from functional groups present at the CDs periphery.

The absorption spectrum of the hydrogel matrix confirms the high transparency of this
material in the visible range (Figure 4b). In contrast, the absorption spectrum of the hydrogel-
CDs nanocomposite shows a higher absorption in the 360 nm region with a tail in the visible
region related to the absorption spectra of the CDs encapsulated in the hydrogel matrix (Figure
4b).

The emission spectra were obtained in a Varioskan LUX Multimode Microplate Reader
(Thermo Fisher Scientific, Waltham, Massachusetts, USA), by irradiating it with wavelengths
ranging from 300 to 430 nm with intervals of 10 nm. Results were normalized in terms of the
maximum detected fluorescence intensity.

The spectra collected for CDs in aqueous solution and in the hydrogel-CDs
nanocomposite are dependent on the excitation wavelength, which is a well-known
characteristic of CDs (Figures 4c,d). The emission spectrum in solution shows that the
maximum intensity of the fluorescence emission is around 450 nm, obtained when irradiating
the sample with an excitation wavelength of 360 nm. In contrast, the emission spectrum of the
hydrogel-CDs nanocomposite shows that the maximum intensity of the fluorescence emission
1s around 420 nm, obtained when it is irradiated with an excitation wavelength of 340 nm.

As a matter of fact, when comparing the nanocomposite with the dispersion of CDs in
water, it 1s possible to notice that the encapsulation into the hydrogel matrix broadens all
emission bands towards blue, but without a substantial change on the wavelength of the
respective peaks (i.e., the maximum emission intensities).

This broadening to the blue might be explained by the changes in the microenvironment
around the CDs. Emissions at shorter wavelengths are usually observed when the surrounding
environment destabilizes the excited state of the fluorophore groups on the nanoparticle’s
surface. Therefore, our data suggest that, upon immobilization inside the hydrogel
tridimensional network, new intermolecular interactions arise between the functional groups in
the periphery of the CDs and the amino acid residues in the polypeptide. Once these new forces
are weaker than those present in the aqueous medium, the particles are less stable in the polymer
matrix than in water. This loss of stability causes the blue-broadening on the emission spectra
(SUPPAN, 1990).
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Figure 4. (a) UV-Vis absorbance spectrum of the CDs in aqueous solution; (b) UV-Vis absorbance spectra of
hydrogel and hydrogel-CDs nanocomposite; (¢) emission spectra of the CDs in aqueous solution; (d) emission
spectra of the hydrogel-CDs nanocomposite.

2.3.4. Fabrication of Fluorescent Microstructured Polymer Optical Fibers (mPOF)

An innovative microstructured polymer optical fiber (mPOF) with intrinsic fluorescence
was obtained by incorporating the hydrogel-CDs nanocomposite into a double-clad optical fiber
with a newly developed design.

The mPOFs consist of waveguides containing well-defined hole patterns in their cross-
sections, allowing the control of the light-guiding through the appropriate design and
configuration of the holes (VAN EIJKELENBORG et al., 2001). The holes can be filled with
different materials and substances, providing direct interaction between the enclosed materials
and the evanescent field of the light throughout the whole fiber length (YANG et al., 2018).
Among the different possible designs for mPOFs, the double-clad fiber is one that patterns the
holes to create an internal clad (usually filled with air) for improving the guiding efficiency
(LIMPERT et al., 2003).

The double-clad design has been successfully employed in several applications,
including the fabrication of fiber lasers with enhanced Q-switching and high-efficiency
amplifiers. For these applications, the fibers are usually doped with rare-earth elements
(ZENTENO, 1993) such as Nd (CHEN et al., 1998), Yb (FILIPPOV et al., 2008, 2010;
HIDEUR et al., 2000; LIMPERT et al., 2005, 2003; YE et al., 2007, YONG WANG; HONG
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PO, 2003), Er (ABEDIN et al.,, 2014; AMRANI et al., 2009; DOYA; LEGRAND;
MORTESSAGNE, 2001), Tm (LIU et al., 2013; ZHENGQIAN LUO et al., 2014), and
combinations of Er-Yb (LAROCHE et al., 2002; SOBON et al., 2011) to explore the
fluorescence of those chemicals. Moreover, given the high efficiency to confine light, the
double-clad design also finds applications in fluorescence spectroscopy and biomedicine,
where it can be used for endoscopy, intravascular imaging, and optical coherence tomography
(LEMIRE-RENAUD et al., 2010; LIANG et al., 2012; WANG et al., 2007; YELIN et al.,
2004).

Despite their inherent versatility, these fibers are commonly combined with rare-earths
and other heavy metals with superior fluorescence, like inorganic quantum dots (QDs) of high
costs and toxicity. An alternative to this cost and toxicity problem is to substitute such materials
for the harmless CDs by properly immobilizing the nanoparticles into the fiber holes. For this
purpose, the hydrogel-CDs nanocomposite was used, since it is a green, sustainable, safe, and
biodegradable material obtained from biomass and with low production cost.

An innovative design of waveguide was proposed, which is essentially different from
the ones of other double-clad mPOFs previously fabricated. In other works, the reported cavities
are arranged according to hexagonal profiles (BELTRAN-MEIJIA et al., 2012; LIMPERT et al.,
2005, 2003); the fibers create a pattern of tangential circular cavities for field enhancement
(WIEDERHECKER et al., 2007); or the fibers present successive layers of non-tangential
cavities, both in hexagonal and circular patterns (ZHANG et al., 2017).

The design developed in this work presents advantages for the liquid matrix
incorporation. The presence of the central cavity of higher diameter and of the two tangential
layers of circular cavities (with four diametrically opposed holes of higher diameters) facilitates
the introduction of the hydrogel containing CDs by both external pressure and capillary forces
(Figure 5). That is due to the wide and symmetrical distribution of hollow spaces through the
cylindrical volume.

Figure 5. Newly developed design of double-clad optical fiber (quotes in millimeters).

The mPOF fiber was designed in the Laboratory of Specialty Fibers and Photonic
Materials from the University of Campinas, which has large experience in the project and
fabrication of polymer and microstructured optical fibers (CABRAL et al., 2019; CORDEIRO;
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NG; EBENDORFF-HEIDEPRIEM, 2020; FUIIWARA et al., 2020; TALATAISONG et al.,
2018). The fiber was obtained by pulling a structured poly(methylmethacrylate), PMMA,
preform on a POF draw tower in a two-step process. The preform started as a PMMA rod with
an external diameter of 70 mm. Using a CNC drilling machine, several holes were introduced
in the preform. This fabricated preform has two rings of 2.5 mm holes; the innermost ring has
36 equally spaced holes; and the outer ring has 44 holes. A group of 4 larger holes (5 mm
diameter) centered along the midpoint between the inner and outer rings are placed in the
cardinal directions. The preform also contains a 15 mm-wide central hole.

On the first step of the drawing process, the diameter of the preform is reduced from 70
mm to 12 mm, while the second drawing step reduces the 12 mm-preform to a fiber with
external diameter of ~500 pum. Drawing parameters for the first step are: furnace temperature
of 190 °C, preform feed speed of 0.5 mm/min, and drawing speed around 0.02 m/min. The
same furnace temperature was used for the second step, but now with 5 mm/min preform feed
speed and around 3 m/min of drawing speed.

The hydrogel-CDs nanocomposite preparation procedure was essentially repeated, but
now the curing took place inside the fiber. For that, a syringe was attached to one end of the
fiber to flow the gelatin-CDs heated suspension (which was not cured yet) through capillary
and external pressure forces. Thus, part of the solution was introduced into the holes of the
mPOF for curing. The two ends of the mPOF were sealed, and the system was left on the
refrigerator overnight for allowing the thermal-crosslinking of the matrix and the
immobilization of the hydrogel-CDs nanocomposite.

Figure 6 shows the cross-section of the final fiber obtained. Light is directed to the fiber
in a direction normal to its cross-section plane (the fiber’s circumference). It allows the light to
get transmitted through the holey structure and to excite the fluorescent material inside the
central hole. Due to the contrast of refractive indices (RIs), the fluorescence emitted by the CDs
is confined and guided through the inner PMMA ring (RI = 1.49) (BEADIE et al., 2015) and
can be captured by a photodetector or spectrometer positioned by the tip of the fiber.

Therefore, a (370 + 10) nm LED operated at 48 mA was positioned perpendicular to the
axis from a mPOF piece, and it was used to externally irradiate the fiber. The visible light
emerging from the tip was finally focused by an external lens to an HR4000 Spectrometer
(Ocean Optics, Largo, FL, USA) for detection and analysis. This full setup and a micrograph
of the mPOF cross section are also shown in Figure 6.

One could expect here that the detected power would be substantially inferior to the
LED nominal power. Considering the absorption properties of CDs and the immobilization of
the nanocomposite into the mPOF cavities, the light guided through the mPOF (including both
the UV excitation and the fluorescent emission) is expected to lose power due to the intrinsic
mechanisms of molecular absorption. Also, the guided light may lose intensity due to
attenuation or scattering by the macromolecules or by the nanoparticles themselves. Finally, it
is not the totality of the irradiated light that will penetrate the fiber structure for being guided.
Part of the light can be absorbed, scattered or even reflected back by the external waveguide’s
surface.
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Figure 6. Setup for evaluation of the mPOF fluorescence and a micrograph of the fiber’s cross section.

The application of the hydrogel-CDs nanocomposite for obtaining a microstructured
optical fiber with intrinsic fluorescence was verified by analyzing the light guided by the new
mPOF system. Once the internal volume of the cavities of the mPOF is very low (diameter on
the order of micrometers), the total number of luminescent emitters inside it is very reduced.
Thus, a relatively low total intensity was expected to be verified on the fiber tip, requiring the
experiment to be performed in the absence of environmental light.

The spectral data regarding the visible emission of interest that was collected from the
mPOF are shown in Figure 7. It is possible to notice that the fluorescence with the highest
intensity is on the range 445-550 nm, what was already expected from the hydrogel-CDs
nanocomposite emission spectra. Above this range, the fluorescence is progressively lower, and
no emission is observed above 650 nm. Specially for the maximum intensity range, there is a
substantial noise (e.g., at 470 and 475 nm) impairing the signal-to-noise ratio (SNR). It is
probably a consequence of the low number of fluorescent particles present in the
microchannels, which reduces the detected intensity as predicted.

The detection of the fluorescence on the range predicted by Figure 4 shows that the
immobilization into the fiber does not shift the emission and that the methodology of retaining
the CDs with hydrogel into the microstructured fiber is effective for the fabrication of a
fluorescent mPOF.

The fluorescent emission and the SNR could be further improved by using a higher-
powered LED; by increasing the concentration of CDs in the hydrogel-CDs nanocomposite; or
by increasing the diameter of the central mPOF hole (enhancement of the number of emitters).
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Figure 7. Fluorescence emitted by the mPOF with the nanocomposite of gelatin-CDs.

2.3.5. Quantum Yield (QY) evaluation

As previously observed in Section 2.2, the ratio between the total number of photons
that the particle re-emits and the number of photons it absorbs is known as its quantum yield
(LAKOWICZ, 2006). Quantum yields (QYs) for CDs in water and the hydrogel matrix were
calculated with Equation (1) (WILLIAMS; WINFIELD; MILLER, 1983).

Ye F-Agrn?
Y, = QYg F¢ 1;776 (1)
FrAcng

In Equation (1), QY is the quantum yield; ' is the area under the curve of the fluorescence
spectrum at 350 nm; A is the absorbance of the samples at low concentration (absorbance < 0.1
AU); and # is the index of refraction. Here, subscript C denotes carbon nanodots, whereas
subscript R denotes the reference sample. The reference sample is quinine sulfate in 0.1 M sulfuric
acid, which has a QY of 54.5% (BROUWER, 2011; LAKOWICZ, 2006).

Remarkably, the occlusion of the CDs into the polymeric matrix did not significantly
affect the quantum yield: QYc was reduced from 34.5% to 33.1%.

2.3.6. Conclusions from this study

This study resulted in a sustainable, cheap, scalable, and straightforward methodology
to obtain carbon nanodots with low polydispersity. The resulting CDs have average diameters
of 3 nm and are fluorescent upon irradiation with UV light. A fluorescent hydrogel-CDs
nanocomposite was obtained using cheap gelatin polypeptide as the polymeric matrix. The CDs
emission spectrum bands broadened towards blue upon incorporation into the hydrogel
tridimensional network; and the occlusion of the particles into the polymeric matrix did not
significantly affect the quantum yield, which reduced from 34.5% to 33.1%.

The new hydrogel-CDs nanocomposite was incorporated into the cavities of a double-
clad polymer optical fiber fabricated with an innovative design. This mPOF has a central empty
hole surrounded by a PMMA ring, which is, in turn, limited by two tangential layers of air-
filled holes, forming an external ring with lower refractive index. The fluorescent fiber showed
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similar emission profiles than the nanocomposite when UV-irradiated. Therefore, this work
demonstrates a potential alternative for the substitution of rare-earths and other inorganic heavy
metals (which present high costs and toxicity) for applications in luminescent microstructured
optical fibers.
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2.4. Synthesis of Carbon Nanodots from Orange Juice and UHT Milk

Here, the work published by Optica Publishing Group (SOARES et al., 2020a) is
presented, demonstrating the possibility of easily obtaining fluorescent nanoparticles from
ultra-high temperature processed (UHT) milk and orange juice. It consists on the adaptation of
the methods shown in Section 2.3 for synthesizing CDs from these two other natural sources.

2.4.1. Introduction

Carbon nanodots can be obtained directly from natural sources, allowing the use of eco-
friendly processes which apply renewable and biocompatible raw materials of low cost and
wide availability on nanoparticles syntheses. Moreover, since many of these natural sources
contain carbon and heteroatoms (e.g. N, O and S), no other chemical reactant is necessary:
doped CDs can be directly obtained from biomass waste, for example (ZHANG et al., 2018).

Even though CDs usually present diameters lower than 10 nm (ARCUDI; PORDPEVIC;
PRATO, 2019; DAS; BANDYOPADHYAY; PRAMANIK, 2018), particles with sizes up to
~50 nm are reported for the syntheses from natural products (ZHANG et al., 2018). For
instance, the hydrothermal treatment was applied to the fabrication of CDs from orange juice
(120 °C, 2.5 h) (SAHU et al., 2012) and from milk (180 °C, 2.0 h) (WANG; ZHOU, 2014).

Then, this work demonstrates a faster (2 min) and more energetically efficient approach
(microwave-assisted synthesis) for the fabrication of CDs using these last two natural sources,
orange juice and milk. Both raw materials are rich in organic acids (ascorbic and citric acids in
the orange juice, and lactic acid in milk), and milk also contains nitrogen sources (proteins). It
is known that the conversion of organic materials containing carboxylic acids (or N) results in
the formation of CDs rich in carboxylic (or amine) surface groups. These groups are considered
the major contributors for the luminescence (ARCUDI; PORDEVIC; PRATO, 2019).

2.4.2. Synthesis and characterization of carbon nanodots

10 mL of orange juice; and 10 mL from a solution comprised of ultra-high temperature
(UHT) processed whole milk powder dissolved in deionized water (concentration of 70 g/L of
milk in water) were separately submitted to an adaptation of the procedure previously reported
for the synthesis of CDs from sugarcane syrup - the one described in Section 2.3 (PERLI et al.,
2022; SOARES et al., 2019a). Both raw materials were of food grade and were used as available
in standard local markets. The orange juice was fabricated by fruit squeezing, maintaining
oranges’ original composition and organoleptic properties.

In both cases, the procedure consisted of putting the liquid solutions on a ceramic
crucible prior to heating them in a domestic microwave oven (700 W, 20 L). 2 heating cycles
of 1 min were performed; and the microwave was slowly opened between each cycle to relieve
internal pressure. After that, the crucible with carbonized material (brown color) was cooled to
room temperature; deionized water was added; and the solid was scraped out with a spatula and
redispersed. The colloidal dispersions were then: sonicated for 5 min; filtered in cotton for
removal of larger particles; and sonicated again for 5 min.

The suspensions rested in the refrigerator for 3 days (~10 °C); and were submitted to a
last filtering before being centrifuged under 7000 g (7873 rpm) for 15 min using centrifugal
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filter tubes with molecular weight cut-off (MWCO) of 3000 Da (Merck Millipore, Danvers,
MA, USA). Deionized water was added to the dispersions of CDs until the centrifugal filtered
water exhibits absorbance close to zero (absorbance < 0.005 UA).

An orange and a pale-yellow dispersion were obtained from the orange juice and from
the UHT milk, respectively, and both showed light green fluorescence when irradiated by a 254
nm UV lamp (suspensions under daylight and emitting luminescence under UV-irradiation are
depicted on Figure 8g).

The sizes of the CDs were analyzed in the solid-state by AFM using a Park NX10
Atomic Force Microscope (Park Systems, Suwon, Korea) with scan width of 100 x 100 pum, z-
hub of ca. 15 pum, and out-of-plane resolution of 0.006 nm. The samples were prepared by
diluting the original solutions of CDs in deionized water (100x dilution); dropping them on a
freshly cleaved mica surface; and allowing them to dry for 24 h. Figures 8a and 8¢ show 2D-
AFM height images for the CDs from orange juice and from milk, respectively; whereas Figures
8b and 8f present the 3D-topographic AFM images of the CDs on the mica surface for the
materials from orange juice and from milk, respectively.

It is possible to observe that the AFM analysis shows particles smaller than 5 nm for the
CDs obtained from orange juice and up to 53 nm for the ones from UHT milk. These results
are in accordance with those observed for other natural-derived CDs (ZHANG et al., 2018).
These diameters suggest a higher organic content for the milk and the possibility of optimizing
the heating time for fabricating particles with lower diameters and narrower dimensional
distributions (ARCUDI; DORDEVIC; PRATO, 2019; DAS; BANDYOPADHYAY;
PRAMANIK, 2018; ZHANG et al., 2018).

The solutions of carbon nanodots were also lyophilized for FTIR characterization with
an Antaris FTIR-NIR Absorption Spectrophotometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) in ATR reflectance mode. For the FTIR analysis, solid CDs samples were
directly placed onto the ATR crystal for the detection and identification of the functional groups
present in particles’ surfaces. Figure 8h compares the spectra collected for both materials.

The physicochemical characterization by FTIR showed spectra similar to the one
previously obtained from sugarcane syrup, with organic functional groups -C-O; -CN (only in
milk); -C=C; -C=0; -OH; -NH (only in milk); and carboxylic -OH. These last two (amine and
carboxylic acid) are usually considered the major responsible for the luminescent emission
(ARCUDI; PORPEVIC; PRATO, 2019; DAS; BANDYOPADHYAY; PRAMANIK, 2018;
PERLI et al., 2022; ZHANG et al., 2018).

The CDs derived from orange juice present an apparently more intense carboxylic -OH
signal. This was already expected due to the higher amount of organic acids usually observed
on citric fruit juice (ARCUDI; PORDEVIC; PRATO, 2019; LI et al., 2018b).

Finally, the original solutions (suspensions with no further dilution) of carbon nanodots
were simultaneously analyzed in liquid phase in terms of their fluorescence spectra using a
Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham,
Massachusetts, USA). For that, samples were irradiated with wavelengths ranging from 300 to
430 nm with intervals of 10 nm, and the results were normalized in terms of the maximum
detected fluorescence intensity. Figures 8c and 8d show the spectra collected for CDs from
orange juice and from UHT milk, respectively.
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The fluorescence spectra peak at 426 nm when the sample is irradiated at 350 nm
(orange juice-derived CDs, Fig. 8c); and at 425 nm when the sample is irradiated at 330 nm
(UHT milk-derived CDs, Fig. 8d). Both profiles show excitation-dependent behavior and
decrease of intensity as the peaks red-shift.

The variation of the wavelength correspondent to the maximum emitted fluorescence is
also similar for both profiles. However, substantially lower intensities are observed for the milk-
derived CDs. It is in accordance with other studies that compared CDs synthesized with similar
methodologies, but with different diameters. Indeed, a general tendency that is usually observed
is the reduction of the luminescent intensity when the particles’ diameters increase (ARCUDI;
PORDEVIC; PRATO, 2019; DAS; BANDYOPADHYAY; PRAMANIK, 2018; PERLI et al.,
2022; SAHU et al., 2012; WANG; ZHOU, 2014; ZHANG et al., 2018).
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Figure 8. CDs obtained from orange juice: (A) AFM; (B) 3D-profile of AFM; and (C) fluorescence spectra. CDs
obtained from UHT milk: (D) fluorescence spectra (inset shows the spectra under a different scale); (E) AFM;
and (F) 3D-profile of AFM. Suspensions compared: (G) under daylight (upper figures) and when emitting green
fluorescence under 254 nm (bottom figures; orange juice-derived CDs on the left); (H) FTIR spectra.

This reduction of the intensity may be also resultant from the lower content of
carboxylic acid groups (as predicted from chemical compositions and as empirically observed
on the FTIR spectra). It indicates that, among the organic groups present in these particles,
COOH is probably the main fluorescence contributor; and that the presence of amine groups in
milk-derived CDs is not sufficient for compensating for this effect.
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2.4.3. Conclusions from this study

This study showed the feasibility of extending the methodology used for the synthesis
of carbon nanodots from sugarcane syrup to other two widely available natural sources (orange
juice and milk), opening the possibility of applying a broad portfolio of natural raw materials.

Fluorescent organic nanoparticles rich in carboxylic groups and with excitation-
dependent behavior were obtained; and it was verified that the heating time (the main process
parameter) could be optimized for each raw material to obtain lower particle dimensions and a
consequent increase on the fluorescence intensity. This optimization would be particularly
important for the milk-derived materials, which showed high diameters. Such diameter increase
was possibly caused by a heating time excessively large for their total organic content.

Since the orange juice derived dots are rich in carboxylic groups and show higher
emission intensities, they are promising for use in applications that explore the chemistry of the
-COOH groups. Examples include the bounding of CDs to silica for fabricating nanocomposites
with applications on sensors and on the fabrication of fluorescent dyes for anti-counterfeiting
(AMATO et al., 2021).
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2.5. Design and Application of Agarose-Based Fluorescent Waveguide with Embedded
Silica Nanoparticle-Carbon Nanodot Hybrids for pH Sensing

This work presents a novel biodegradable and biocompatible hydrogel waveguide. It
uses agarose matrix and is fabricated through the incorporation of hybrid nanoparticles. Such
hybrids, in turn, are formed by the chemical combination of silica nanoparticles with carbon
nanodots derived from citric acid, showing tunable fluorescence sensitive to the external pH.

This project was conducted in close and extensive collaboration with the groups led by
Prof. Maurizio Prato (University of Trieste, Italy), Prof. Alejandro Criado (Center for
Cooperative Research in Biomaterials, Donostia San Sebastian, Spain), and Prof. Julio R.
Bartoli (School of Chemical Engineering, UNICAMP), resulting in an open-source publication
in ACS Applied Nano Materials, a journal from the prestigious American Chemical Society
(AMATO et al., 2021).

2.5.1. Introduction

Despite all of the different techniques and fabrication materials available for the
production of optical fibers, waveguides and optical sensors, the development of devices with
lower costs and minor difficulties of fabrication, signal interpretation, and practicality is still
needed (ELSHERIF et al., 2019). An important technological gap, on the other hand, is to
combine the solution of these problems with the environmental point of view, producing
biodegradable devices and less aggressive processes.

In this context, the use of biocompatible hydrogels arises as a promising methodology
for manufacturing photonic platforms. This approach allows obtaining implantable sensors and
reducing undesirable effects of the traditional silica optical fibers, such as the formation of
sharp points that may inflame the implant region. For instance, silk-based hydrogels have
already been used for fabricating thin films, diffraction gratings, and organic photonic crystals
(OLIVERIO et al., 2017; OMENETTO; KAPLAN, 2008).

Hydrogel-based waveguides combine, then, the electromagnetic interference shielding
to the possibility of miniaturization, allowing the detection of different parameters with high
sensitivity (CENNAMO et al., 2016). They usually explore the properties of hydrogels on
suffering volumetric variations as response to different parameters, including: pH; temperature;
ionic strength; and concentration of analytes, such as glucose, proteins, and DNA. These
different potential applications in industrial biotechnology, environmental monitoring, and
biosensing (ELSHERIF et al., 2019; JIANG et al., 2018b; WOLFBEIS, 2008) can be also
increased by doping the polymeric matrix with luminous agents.

The doping strategy is based on the variation of the pattern of the light transmitted by
the waveguide due to luminescence and to other light-matter interaction phenomena. Studies
have shown, for example, the possibility of producing step-index cylindrical optical fibers by
coating a polyethylene glycol (PEG) core with an alginate layer. These materials, which
allowed the guiding of light inside living tissues, were doped with fluorophores and Au
nanoparticles. Both types of doping allowed the sensor to selectively detect avidin (CHOI et
al., 2015). A PEG optical fiber was also doped with functionalized-CdTe quantum dots (QDs)
for monitoring Fe*" (ZHOU; GUO; YANG, 2018).
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Meantime, practical applications of these devices are still limited by the fact that
inorganic nanoparticles such as the semiconductor QDs usually present high toxicity (CHOI et
al., 2013), which could be overcome by their substitution with carbon nanodots (PORPEVIC
et al., 2018). CDs are constituted by a carbonaceous core with plenty of functional groups on
their surfaces, such as hydroxyl, amine, and carboxylic acids, allowing their solubility in polar
solvents. The peculiar fluorescent behavior of carbon nanodots, in turns, arises from molecular
domains that are formed during their syntheses at high temperatures (ARCUDI; PORPEVIC;
PRATO, 2016, 2017; DPORPEVIC et al., 2018; HUANG et al., 2013; SALEH; TEICH, 1991;
SUN et al., 2006; WANG et al., 2011; WANG; HU, 2014; YUAN et al., 2016)

It is known that this luminescent behavior of CDs may be modulated by different factors,
especially the excitation wavelength (SUN et al., 2006); pH (PAN et al., 2012); and solvent
used for dispersing them (ZHU et al., 2011). Moreover, the surroundings of the particles are
responsible for the stabilization of the fluorophore electronic states, and red-shifted emissions
are expected when the neighboring particles stabilize such states (solvatochromic effect)
(SUPPAN, 1990).

The advantages of CDs when compared to inorganic QDs (considered superior
fluorescent emitters) include the fact that they are low-cost and environmentally safe materials
(PORDBEVIC et al., 2018), and show good biological and biocompatibility properties, being
excreted in urine (HUANG et al., 2013; WANG; HU, 2014). Moreover, they present chemical
robustness and high solubility in water, and are easily doped and chemically modified
(ARCUDI; PORPEVIC; PRATO, 2016).

CDs have been produced with different photonic properties that rely on the particular
routes and chemical precursors applied (ARCUDI; DORDEVIC; PRATO, 2019; PORDPEVIC;
ARCUDI; PRATO, 2019; GONG et al., 2018). Some examples of syntheses include the one
from Arcudi et al. (ARCUDI; PORDEVIC; PRATO, 2017), who obtained small and highly
fluorescent nitrogen-doped carbon nanodots (NCNDs) using a bottom-up approach by
microwave-assisted hydrothermal carbonization, starting from inexpensive L-arginine and
ethylenediamine. The study from Martindale ef al. (MARTINDALE et al., 2015), in turns, has
shown the application of citric acid CDs on the light-driven fabrication of chemical products,
performing an artificial photosynthesis by preparing a photocatalytic hybrid system (CD-NiP)
for solar H» production.

Also, previous studies showed that CDs can be easily fabricated in domestic microwave
ovens using sugarcane syrup, a low-cost and renewable source (SOARES et al., 2019a).
Boobalan ef al. (BOOBALAN et al., 2020) obtained CDs by hydrothermal synthesis using
another green source, oyster mushroom. The fabricated material is capable of selectively
sensing Pb?" ions in aqueous solutions and presents antibacterial and anticancer activity. CDs
may even be doped with Mn by submitting mixtures of sodium citrate, citric acid, and
manganese (II) carbonate to the hydrothermal treatment (195 °C, 2h). These Mn-doped particles
present ultra-high quantum yield of luminescence and may be used to selectively detect Hg?"
ions in water (XU et al., 2018). A detailed review describing synthetic routes for obtaining CDs
from both artificial and natural sources (such as silk and grass), as well as some applications
already demonstrated for these materials was published and is referred to those interested in
this particular topic (XU et al., 2019).

In the work presented here (Section 2.5), in turns, carboxylic acid carbon nanodots
obtained from the thermolysis of citric acid were used to produce amorphous nanohybrids
(named Silica-Cdots) by coupling CDs to silica, and the particles were tested for pH detection.



61

Then, particles were occluded into agarose to produce a waveguide with intrinsic fluorescence,
obtaining a device suitable for pH sensing. The use of the hybrids instead of the net CDs is
related to their physical properties: since the hybrid nanoparticles present slightly higher
densities and are less hygroscopic, they are easier to manipulate under larger scales.

The chemical attainment of the silicon dioxide-CD hybrids was based on the report from
An et al. (AN et al., 2007). These authors described a method to assemble silica nanoparticles
into silicon wafers through the direct amidation between the amine group of the silicon surface
and the carboxyl groups of modified silica nanoparticles. More recently, a second route was
proposed by An et al. (AN et al., 2020), which consists on the hydrothermal synthesis of hybrids
of carbon dots/SiO> and gold nanoclusters. They showed that the particles were suitable to
detect Ag" in water.

In a very comprehensive review about the incorporation of CDs into different polymer
and ceramic matrices, Jiang ef al. (JIANG et al., 2020) concluded that matrices with a plethora
of sites containing hydroxyl and other oxidized groups can stabilize the excited state of the
carbon dots. In particular, the authors highlighted the composites of polyvinyl alcohol (PVA),
in which hydrogel networks may form numerous hydrogen bonds with the polar groups of CDs,
stabilizing the emission.

Thus, agar was selected as the material for fabricating the waveguides because a similar
stabilization of the CDs’ emissions related to the presence of C-OH and C-O-C groups of
agarose was expected (BUREY et al., 2008); and due to the large availability of this material,
which may be usually bought at local markets in food grade. Agar also shows satisfactory
mechanical properties for many biomedical and monitoring applications, with the possibility of
thermal curing. This last characteristic facilitates the manufacturing and reduces costs, since no
curing agent or equipment is needed (BUREY et al., 2008; JIANG et al., 2020; ZHOU; GUO;
YANG, 2018). Finally, ions and molecules from the external environment may diffuse through
the matrix, allowing the chemical sensing (BUREY et al., 2008; ZHOU; GUO; YANG, 2018).

Even though some studies have already reported the pH assessment based on the use of
fluorescent nanoparticles, there are important peculiarities that distinguish them from this
research. These differences include the synthetic routes and chemical identities of the obtained
particles; and difficulties and complexity of their interrogation strategies or of their integration
and application in biosystems. For instance, Wang ef al. (WANG et al., 2018) hydrothermally
synthesized crystalline (graphitic) CDs by introducing a solution of 1,2,4-triaminobenzene and
NaOH into an autoclave (heating under 180 °C for 12 h). The dots were firstly dispersed in
water to be used on the colorimetric analysis of pH: the solutions were excited with either
daylight or ultraviolet (UV) and analyzed by UV-Visible and fluorescence spectroscopy. Then,
the particles were loaded into pH test papers to obtain a colorimetric pH sensor interrogated by
image processing. Not only pH paper is not as easily integrated to biosystems as hydrogels, but
it is also a device that is not designed to conduct light.

In turn, this approach is similar to the one used by Zhang et al. (ZHANG et al., 2019),
who obtained core-shell CDs from the hydrothermal treatment of an aqueous solution of 5-
amino-1,10-phenanthroline and citric acid (heating in a Teflon-lined 50-mL autoclave under
200 °C, over 7 h). After being purified with a dialysis membrane, the particles were applied to
color-based pH detection by dispersing them in water, or by printing that solution into filter
papers, which were further stuck onto A4 papers. As in the study from Wang et a/ (WANG et
al., 2018), the samples were excited by either sunlight or UV light, and then image processing
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was used to obtain the luminescence intensity. Finally, the intensity was correlated to the pH
through calibration curves.

Both studies (WANG et al., 2018; ZHANG et al., 2019) experience some concerns, as
the colorimetric analysis of samples’ images may be influenced by external factors. Examples
of factors that may affect this type of assessment are: variation of the camera’s position or of
the object’s location; oscillations of the environmental light or of the brightness level of the
recorded images; sensitivity and resolution of the image detector; differences among the focal
length of each lens; and particular methods chosen for image calibration and distortion
correction. Additionally, the detection often requires the removal of samples from the analyzed
medium (for off-line analysis), as well as constant recalibration procedures when applying the
sensor to practical applications. This is not observed when an optical waveguide sensor is used
as in this study. That is because wavelength interrogation and other optical fiber sensing
technologies are usually robust regarding the above-mentioned factors (SKIBICKI;
GOLIJANEK-JEDRZEJCZYK; DZWONKOWSKI, 2020; SOARES et al., 2018b).

An important final example to be mentioned is the fluorescent pH sensor reported by
Chen et al. (CHEN et al., 2020). They fabricated inorganic CdTe QDs (particles with
environmental and safe issues) and mixed then to CDs hydrothermally obtained from an
aqueous solution of chitosan and hydrogen peroxide (heating under 180 °C for 5 h). The CDs-
QDs dispersions were used for the ratiometric detection of pHs ranging from 3.0 to 11.0. For
that, CDs-QDs suspensions under different pHs were obtained, and samples from these
mixtures were collected and introduced into quartz cuvettes to be analyzed in a fluorometer.
Then, the ratios between the maximum intensity peaks corresponding to the emissions from
each nanoparticle were obtained and correlated to the pH. Again, this is a system that is not
easily integrated to simple standard optical instrumentation. Besides, it does not show neither
the possibility of on-site monitoring nor the biocompatibility characteristic of the hydrogel.

2.5.2. Silica-Cdots nanohybrids synthesis and characterization

Carboxylic acid terminated carbon nanodots, denominated here as o-CDs, were
synthetized from the thermolysis of 200 g of citric acid (Fluka, 99.5%). The synthesis was
performed in a muffle furnace under air atmosphere at 180 °C for 40 h (MARTINDALE et al.,
2015). A yellow-orange powder was obtained after the thermal treatment, as represented in
Figure 9 and shown in Figure 10.

Amino-functionalized silica nanoparticles (a-Si0Oy), in their turn, were prepared from
commercial amorphous fumed silica nanoparticles treated with 3-aminopropyltriethoxysilane
(APTES). Briefly, 206 mg of commercial fumed nanosilica (Aerosil 300, Synthetic Amorphous
Silica, average primary particle size ~7 nm, Evonik) previously dried for 2 days at 105 °C were
added to ethanol (50 mL), and the mixture was stirred for 3 min. Then, APTES (5 mL, Sigma-
Aldrich) was added and sonicated for 5 min, and the dispersion was stirred at room temperature
(r.t.) overnight (o0.n.). After this step, the mixture was purified by centrifugation and was then
dispersed in ethanol (procedure repeated three times). The dispersion was lyophilized, leading
to the a-Si0O2 nanoparticles. Then, the hybrid silica-Cdots were synthetized through an amidic
coupling reaction between a-SiO; and the carboxyl rich a-CDs, as also depicted in Figure 9.

For this last synthesis, 223 mg of o-CDs dispersed in 10 mL of anhydrous
dimethylformamide (DMF) were mixed with 50 mg of a-SiO2 under inert environment (Ar) and
with 200 mg (1.04 mmol) of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
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(EDC-HCI, Alfa Aesar). 120 mg (1.04 mmol) of N-hydroxysuccinimide (NHS, Sigma-Aldrich)
were also added. Finally, this mixture was sonicated for 10 s and stirred at 70 °C for two days
at r.t. DMF was removed through azeotropic distillation with toluene under reduced pressure,
and Milli-Q water was added. In order to purify the product, two cycles of centrifugation (20
min at 3000 rpm) were performed, followed by freeze-drying. The changes of color of the three
dried materials (a-SiO2, a-CD and silica-Cdots) are shown in Fig. 9.
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Figure 9. Synthesis routes of a-CDs; amino-terminated SiO; nanoparticles; and hybrids of a-CDs coupled to a-
Si0».

a-CDs a-Sio, Silica-Cdots

Figure 10. Different visual aspects observed for the nanoparticles.

The images of the a-SiO;, a-CD and silica-Cdots nanoparticles were obtained by
Transmission Electron Microscopy (TEM) on a Philips EM 208 (FEI, operation under 100 kV,
magnification of 50 x 10° times). The samples were prepared by dropping the nanoparticles
aqueous dispersion onto a carbon-coated copper grid. Additional TEM analyses were
performed for the a-CD nanoparticles using a Field-Emission Gun (FEG-TEM) JEOL JEM-
2100F (80kV - 200 kV), Ultra High-Resolution pole piece, under low electron dose conditions
and equipped with a TVIPS F216 CMOS camera (2048 x 2048 pixels resolution). The a-CDs
samples were negative stained with ammonium molybdate, which allows the formation of an
uniform, consistent and high contrast staining. The specimen preparation was: a-CDs powder
diluted in 30% (v/v) DMF (1/3 DMF : 2/3 H>0), sonicated for 90 min; afterwards centrifuged
with a small table centrifuge for 10 min, using the supernatant as a sample and negative-staining
with 2% of ammonium molybdate. Conventional bright field TEM images were acquired for
the a-CDs negative stained specimens.
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The TEM image of fumed silica-carbon nanodots hybrids (silica-Cdots), Fig. 11, shows
aggregates (~50 nm) formed by primary amorphous particles with sizes around 6 nm. Since the
carboxylic acid carbon nanodots (a-CDs) are amorphous, they are hardly identified by TEM
analysis. Nevertheless, variations on diameter and morphology were observed by TEM for the
a-CDs, a-Si0», and silica-Cdots particles (Figures 12 to 14). The sizes of a-CDs found are in
accordance with Martindale ef al. (MARTINDALE et al., 2015), who obtained an average size
of 6.8 = 2.3 nm for amorphous carboxylic acid carbon nanodots and a relatively broad size
distribution. It is also in accordance with the average primary particle size reported for the used
amorphous fumed silica (Aerosil 300), 7 nm measured through dynamic light scattering
(AEROSIL 300 TECHNICAL DATASHEET, [s.d.]).

The TEM images of the a-CDs (Fig. 12a) showed dispersed primary, spherical,
amorphous nanoparticles with diameters around 6 nm. The images of amino-terminated silica,
a-SiOz (Fig. 13), showed dispersed primary particles and aggregates of around 6 nm and 100
nm, respectively. The primary particles of fumed silica do not occur just isolated or evenly
dispersed; they also merge to form aggregates (AEROSIL 300 TECHNICAL DATASHEET,
[s.d.]). They are held together because of weak interactions, such as van der Waals forces or
hydrogen bonds. Consequently, amorphous silica-Cdots hybrids are not seen as dispersed as a-
CDs (Fig. 14), showing overlapping or agglomeration of particles aggregates (100 - 300 nm)
and primary particles (~ 6 nm).

FEG-TEM high resolution images of carbon nanodots (a-CD) were also obtained after
negative staining of the nanoparticles (an attempt to make the morphology visible). They are
seen as dark blob-alike spots embedded in the grey background (Fig. 12b-c). No lattice fringes
or contrast lines were observed, as expected for amorphous particles. The appearance is typical
of objects composed of very light elements negatively stained with ammonium molybdate. The
carbon nanodots appear in sizes between approximately 4 nm and 10 nm. Very tiny white dots
that become visible everywhere in the images are considered grains derived from ammonium
molybdate. Brighter grey islands much bigger than the dark blobs (sometimes also containing
even bright tiny spots) could be formed by sodium. EDX analysis confirmed that Na is present
in the TEM sample. The origin of this Na is likely from the staining solution containing Na
from pH adjustments.

50 nm

Figure 11. TEM images of Silica-Cdots aggregates (~50 nm) and primary particles (~6 nm).
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Although it is difficult to distinguish carbon dots in the TEM images of the silica-Cdots
due to their amorphous nature, their presence was confirmed by the several analyses presented
below:

e UV-Visible (UV-Vis) absorbance analyses of aqueous suspensions of a-CDs in NaOH
0.1M and of silica-Cdots in NaOH 0.1M. The analyses were performed at room temperature
with a Cary Ellipse-Varian Fluorescence Spectrophotometer (Agilent Technologies);

e X-ray Diffratometry (XRD) using a Philips X’ pert PRO automatic diffractometer operating
at 40 kV and 40 mA, secondary monochromator with Cu-Ko radiation (A = 1.5418 A),
PIXcel solid state detector, scan speed 0.01°/s at room temperature;

e Fourier Transform Infrared Spectroscopy (FTIR) using a 2000 Spectrometer (Perkin
Elmer). Transmission spectra of the powder samples were recorded using KBr and
resolutions of 3 and 10 scans;

e X-ray Photoelectron Spectroscopy (XPS), with a SPECS Sage HR 100 spectrometer
equipped with a 100 mm mean radius PHOIBOS analyzer (SPECS Surface Nano Analysis).
A MgKa X-ray source was used, and XPS data fitting was carried out using CasaXPS
software;

e Raman Spectroscopy using a Renishaw inVia Confocal Raman Microscope at 532 nm, 633
nm and 785 nm laser lines, 10% laser power, 10 s exposition time;

e Thermogravimetric Analysis (TGA) using a TGA Q500 (TA Instruments) was performed
by imposing an isotherm at 100 °C for 20 min, followed by a ramp of 10° C/min under N>
at flow rates of 90 and 10 mL/min on the sample and balance, respectively.

The UV-Visible absorption spectra of both the a-CDs and of the silica-Cdots (Fig. 15)
show maximum absorbance at 300 nm, corresponding to the m — " transition of the sp? carbons
of the CDs cores. The a-CDs spectrum shows a shoulder at 360 - 390 nm with a tail that extends
to the visible range, assigned to the n — 7" transitions involving the electron lone pairs of the
carboxylic surface groups. On the other hand, when compared to the a-CDs, silica-Cdots
showed a relative increase in UV-Vis absorption from 350 to 600 nm and no shoulder.

The XRD spectra of the SiO2, a-SiO», a-CDs and silica-Cdots nanoparticles (Fig. 16)
confirmed their amorphous characteristics. There are only amorphous halos and no XRD
reflections typical of crystalline structures were observed. The diffraction patterns of
nanoparticles have the following characteristics:

e SiO2: the amorphous halo of the fumed Si0O:> is observed at around 26 = 21.5°.

e 0-CD: the amorphous halo observed around 20 = 18.5° could be due to some oxidized
graphitic species. In turn, the presence of graphitic species is imperceptible, as only a very
smooth tail is observed around 26 = 30°. Diffraction patterns for graphite and oxidized
graphite are expected as strong reflections at 27° and 16°, respectively.

e a-SiOx: two amorphous halos are observed around 20 = 8.5° and 20 =21.5° due to the amino
group and SiO», respectively.

e silica-Cdots: the amorphous halo of SiO> (~ 21.5°) overlaps the a-CD halo (shoulder at ~
18.5°) and some contribution of the amino group is observed (~ 8.5°).
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Figure 12. Micrographs of a-CD primary nanoparticles, with sizes between ~4 nm and ~10 nm: (A) TEM
image; (B); (C); and (D): negative stained FEG-TEM images (color inverted to facilitate viewing).

Figure 13. TEM images of a-SiO, aggregates and primary particles (magnifications: (A) 63 x 103 times; (B) 80
x 107 times).
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100 nm |

Figure 14. TEM images of silica-Cdots aggregates and primary particles (magnifications: (A) 50 x 10° times;
(B) 32 x 10° times).
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Figure 15. UV-Vis absorption spectra from a-CDs (in red) and from silica-Cdots (blue).
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Figure 16. XRD patterns of the SiO, a-SiO», a-CDs and silica-Cdots nanoparticles.
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Figure 17. FTIR spectra collected for fumed silica, amino-functionalized silica, a-CDs, and silica-Cdots.
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The infrared spectra presented on Fig. 17 and Fig. 18 demonstrate the amino-
functionalization of the SiO; particles. The spectrum of silica exhibits typical absorption bands
at the wavenumbers: 473 cm’!, due to bending motions of Si-O; 1107 and 804 cm™!, assigned
to the asymmetric and symmetric stretching of the Si-O-Si bonds, respectively; and there is a
3437 cm’! broad band due to Si-OH and -OH stretching (SILVERSTEIN; WEBSTER;
KIEMLE, 2005; UCHINO et al., 2004). There is also a band around 1630 cm™!, which is due
to scissor bending vibration of the -OH groups of adsorbed molecular water (BEGANSKIENE
et al., 2004).

The FTIR spectrum of the amino-functionalized silica (a-Si0>) reveals the presence of
the C and N groups expected from the reaction between SiO> and APTES (Figure 9). Typical
amine vibrational absorption bands are observed at: 690 cm™ (N-H wagging); 1044 cm™ (C-N
stretching); 1445 and 1600 cm™! (N-H bending); and at 2881-2932 cm™! (C-H stretching). Again,
the presence of molecular water originates an -OH bending band around 1630 cm
(BEGANSKIENE et al., 2004; SILVERSTEIN; WEBSTER; KIEMLE, 2005; UCHINO et al.,
2004).

The carbon nanodots’ spectrum, in its turn, displays typical carboxylic acids vibrational
absorption bands. There is a very broad and intense O-H stretching absorption in the region of
3300-2500 cm! with a long-wavenumber side of the O-H band due to overtone of fundamental
bands at high wavenumbers. The intense stretching vibrations bands of C=O are located in the
region 1767-1718 cm™!. The absorption band at 1409 cm™ is referred to the bending vibration
of C-O-H; the band at 1278-1197 cm™! is due to the stretching vibrations of C-O; the band at
925 cm! is due to the out-of-plane bending vibration of O-H; and the -OH bending of water is
present at ~1630 cm™! (BEGANSKIENE et al., 2004; SILVERSTEIN; WEBSTER; KIEMLE,
2005; UCHINO et al., 2004).

Once the hybrids are expected to show both the groups from the amino-functionalized
silica and from the carbon dots, the silica-Cdots FTIR spectrum was compared with the data
collected for the a-SiO> (Fig. 19) and for the a-CDs (Fig. 20). Indeed, the characteristic
absorption bands of the amino-silica and of the carboxylic acids are observed in the Silica-
Cdots spectrum (Fig. 17, Fig. 19 and Fig. 20): Si-O and Si-O-Si (473 and 804 cm™); C-O at
1222 cm™! overlapped with the Si-O-Si at 1107 cm™; C-O-H, C=0 and C-H at 1386 cm’!, 1715
cm™ and 2930 cm!, respectively. Besides, the intense band of the Si-O-Si (1107 cm™) has a
shoulder at 1044 cm™! due to the C-N stretching (BEGANSKIENE et al., 2004; SILVERSTEIN;
WEBSTER; KIEMLE, 2005; UCHINO et al., 2004). When comparing Fig. 17 and Fig. 19 to
Fig. 20, the OH stretching band (around 3400 cm™') appears to be more intense and broader
after the coupling reaction.

Raman spectra of a-CDs and silica-Cdots nanoparticles (Fig. 21) did not show any
scattering signal and only fluorescence effects were observed. The broad luminescence arises
from the strong photoluminescent (PL) emission of carbon nanodots excited at the wavelength
of 532 nm. The same behavior was observed at 633 nm and at 785 nm (laser lines also used in
this study), covering any likely very weak Raman band. In turns, the non-noticeable D or G
bands in the Raman spectra indicate disordered carbon atoms, another evidence of the
amorphous morphology of the a-CDs and of the silica-Cdots nanoparticles.
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Figure 21. Raman spectra (@ 532 nm) of the a-CDs and silica-Cdots nanoparticles.

TGA analysis is shown in Fig. 22. It detected almost no mass variation for SiO. This
was expected, since the applied thermal range is inferior than the temperatures required for
silica phase transitions; and also because there are no organic groups to degrade (GOTZE;
MOCKEL, 2012; ILER, 1979).

On the other hand, TGA assessed the significant organic content of the silica after the
amino-functionalization (a-SiO2) and after the coupling reaction with the carbon nanodots
(silica-Cdots). The TGA profile of silica-Cdots shows an event between ~140 and 350 °C,
which is due to the thermal degradation of amorphous a-CDs (BOOBALAN et al., 2020;
DORDEVIC; ARCUDI; PRATO, 2019). Both the a-Si0O; and the silica-Cdots show mass losses
between ~350 and 560 °C that are related to the decomposition of alkyl-amino groups. No
additional mass variations were found after 650 °C.

The percent residual masses at 750 °C were around: 97%, 60%, and 40% for the Si0O»,
a-Si02, and silica-Cdots nanoparticles, respectively. The relative amounts of SiO2 and a-CDs
in the hybrid nanoparticles were around 40% and 25%, respectively. Thus, the a-CDs/Si02
mass ratio was estimated at ~60%.
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Figure 22. TGA of nanoparticles of fumed silica, amino-functionalized silica, and silica-Cdots hybrids.
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In addition, X-ray photoelectron spectroscopy (XPS) analysis was employed to provide
the chemical compositions of a-SiO2 and a-CDs, and thus to evidence the formation of silica-
Cdots. The XPS spectra and atomic quantification of a-Si0,, a-CDs, and silica-Cdots are shown
in Figures 23-25 and Table 1, respectively.

The spectra of the nanoparticles are characterized by the chemical moieties: C-C, C-O,
C-N, C-NH;" and Si-O for a-SiO; (Fig. 23b to 23¢); C-C, C=C, C-0, and C=0, for a-CDs (Fig.
24b to 24e); and C-C, C=C, C-0O, C=0, N-C, N=C, NH-(C=0) and Si-O, for silica-Cdots (Fig.
25b to 25¢).

As expected, N (4.3%) and Si atoms (1.5%) were detected in the hybrid sample silica-
Cdots. There is a significant increase in the C/Si ratio on the surface of the hybrids (49.5) when
compared to the a-SiO» (1.6), which is 30 times lower. This indicates that the number of silicon-
based particles is lower in the hybrids when compared to the a-SiO»; and/or that the silicon
particles are located at the core of the hybrid system. In addition, the deconvolution of Si2p
core level showed two peaks at 101.9 and 102.3 eV, which correspond to the Si-O bond in the
Si0; structure (Fig. 25¢) (CASAMASSIMA et al., 1991).

Besides, the deconvoluted N1s core level exhibited an intensive peak at 399.5 eV, which
can be assigned to the amide bond NH-(C=0O) between the amino-functionalized silica with the
carboxylic acid surface groups of the carbon nanodots (Fig. 25c) (EDERER et al., 2017). So,
the XPS analysis confirmed the coupling reaction between a-SiO, and a-CDs resulting in the
silica-Cdots hybrids.

Tougaard (TOUGAARD, 2018) revisited an issue in quantitative XPS analysis based
solely on measured peak intensities. The intensity attenuation could be consequence of the
distance traveled by the photoelectron in the sample, which is an issue for samples where the
atomic concentration varies over the outermost ~5 nm. Indeed, this is the depth range for many
of the nanostructures such as the primary particles of the silica-Cdots hybrids. Therefore, the
combining of these XPS surface results with the bulk information from KBr-FTIR and TGA
corroborates the coupling reaction between a-SiO> and a-CDs. In short, the hybrids presented
both intense Si-O-Si and C=0O FTIR bands (typical of a-CDs); and around 40% and 25% of
S10; and a-CDs relative mass, respectively.
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Table 1. Atomic percentages of samples obtained by high-resolution XPS spectra.

Sample C/at% O/ at% N/ at% Si / at%

a-CDs 68.1 31.9 - -

a-Si0» 39.3 273 8.2 253
Silica-Cdots 74.3 19.9 43 1.5
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Figure 25. (A) XPS spectrum for silica-Cdots; and XPS high resolution spectra: (B) Cls; (C) N1s; (D) Ols; (E)
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2.5.3. Photophysical characterization

The aqueous dispersions of nanoparticles had their photoluminescence (PL) spectra at
room temperature observed with a Cary Ellipse-Varian Fluorescence Spectrophotometer
(Agilent Technologies) at excitation wavelengths from 300 to 430 nm, 600 nm/min scan speed,
and excitation and emission slits of 5 nm.
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Figure 26. Fluorescence spectra of (A) a-CD; and (B) silica-Cdots.

The photoluminescence (PL) emission spectra of a-CDs recorded in water (Fig. 26a)
show a maximum emission at 465 nm when the sample is irradiated at 360 nm. When the
excitation wavelength changed from 360 to 440 nm, an emission dependency with the
excitation was observed with a concomitant loss of intensity.

The PL spectra of the silica-Cdots in water (Fig. 26b), in turns, show approximately the
same behavior. The emission is dependent on the excitation-wavelength, but the coupling
caused an increase on the noise of the intensity signal. The maximum fluorescence intensity is
still observed when the sample is excited by 360 nm (and still corresponds to the emission at
465 nm). It indicates that there is no loss of the stability of the excited state of the fluorescent
agent caused by the silica coupling (SUPPAN, 1990).

Moreover, the fluorescence emission peak of the hybrids shifts from 465 to 513 nm
(green) when the excitation changes from 360 to 430 nm. The peak intensities also decrease as
they red-shift, a behavior previously observed for other CDs (MARTINDALE et al., 2015;
SOARES et al.,, 2019a). Again, the organic groups present on the surface of the CDs
significantly affect the fluorescence properties (ARCUDI; PORPEVIC; PRATO, 2017;
MARTINDALE et al., 2015).

2.5.4. Application of aqueous suspensions of hybrids on pH sensing

Due to the presence of carboxylic groups, the possibility of applying the hybrids for pH
assessment was evaluated. In this analysis, a dispersion containing 1.2% (m/m) of silica-Cdots
(~12 g/L) in deionized (DI) water was progressively alkalinized by the drop-by-drop addition
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of NaOH 0.01 M. The initial pH verified just after the dispersion of the hybrids in water was
lower than the DI water’s: pH = 4.3 was verified for the hybrids suspension.

After each NaOH addition, the sample: had its pH quantified; was introduced into a
cuvette (length of 1 cm); and was excited by a 403 nm LED with full width at half-maximum
(FWHM) of 12.2 nm. Then, the fluorescence spectrum was recorded with a hand-held
spectrometer (HR4000, resolution of 0.3 nm, Ocean Optics) to obtain the wavelength of
maximum fluorescence. After raising the pH to ~12, the opposite procedure was performed.
The pH was reduced until ~2 by adding HCI 0.01 M to the dispersion (drop-by-drop addition);
and the luminescent spectra were collected analogously.

The nanohybrid concentration of 1.2% (m/m) was chosen for providing an adequate
balance between the total fluorescence intensity and the LED attenuation by the particles.

When selecting the light source for exciting the hybrid particles, there are 4 main factors
that need to be considered: optical power, wavelength, cost, and safety. Taking into account
these parameters, a 405 nm nominal wavelength (actual peak wavelength at 403 nm) high power
(3 W) LED source with a full-width at half-maximum (FWHM, a measure of the broadness of
the emission spectra) of 12 nm was chosen.

With this configuration, most of the optical power being emitted by the LED is in the
390-415 nm range. Moreover, about half of the optical power is in the visible range, providing
more safety when handling a relatively high-powered UV source. The bulk of the emission
spectrum of the LED is in a range that produces a good fluorescence response (as noticed on
Fig. 26) with a strong signal around 390 nm. The high maximum power (up to 3 W), in its turn,
ensures that a strong response is observed even when not using a narrowband laser source near
the peak excitation wavelength.

Finally, the LED used had an approximate cost of 20 USD, while a narrowband laser
would increase the cost by at least 1 to 2 orders of magnitude. Since the objective was to design
a sensor for being used in daily laboratory situations, the selection of this source allows the user
to perform experiments without the necessity of elevated investments in both a specific source
and in the high-performance UV-protection safe glasses necessary to handle it.
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Figure 27. (A) Setup for the pH evaluation using the aqueous hybrids dispersions; (B) wavelength of maximum
emitted fluorescence as function of pH for the dispersions of hybrids. The inset shows the linear portion of the
curve (pH ranging from 6 to 10).
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The use of silica-Cdots hybrids instead of simpler carbon dots for pH monitoring tests
has advantages, since the powder is easier to handle. It is due to the fact that hybrids are less
hygroscopic than a-CDs. Besides, silica-based nanoparticles doped with fluorophores are
interesting hybrid nanosystems that intrinsically combine the mechanical properties of silica
with the optoelectronic properties of carbon nanodots.

In particular, the use of hybrids can favor the large-scale manufacture of fluorescent
agarose waveguides as pH sensors. In turn, the fluorescence intensity measurements of a-CDs
are relatively smaller than those of hybrids (Figures 26a and b), a trend observed at other
wavelengths used (300 to 430 nm). Considering the excitations in which hybrids fluorescence
emissions were slightly more intense, it appears that silica protects a-CDs from some quenching
effects related to interactions with water.

The pH-monitoring tests with aqueous dispersions of silica-Cdots (initial pH of 4.30)
were performed accordingly to the setup shown in Fig. 27a. Briefly, the dispersions had the pH
modified by firstly adding NaOH, and then the pH was reduced with HCI. For each tested pH,
the dispersions were introduced into cuvettes and were irradiated with the LED to have the
emission spectra analyzed. The wavelengths corresponding to the peaks of maximum emitted
intensities were retrieved, and data were correlated to the pHs. Fig. 28 shows photographs from
one sample during the test and under daylight.

Figure 28. Assembled system with aqueous dispersions of silica-Cdots under UV-excitation, and under daylight
(inset).

The results are shown on Fig. 27b. They were fitted by a cubic polynomial relating the
maximum wavelength to the pH (wavelength = 467.23 + 20.17(pH) - 3.45(pH)* + 0.20(pH)?,
adjusted R =0.91), proving that it possible to optically monitor the acidity. It is also interesting
to notice that the increase in pH leads to a red-shift of the emitted fluorescence. Besides that,
the fluorescence is stable and reversible regarding the pH. Indeed, the wavelength of maximum
emitted intensity easily returns to its previous value by simply reversing the pH change.

This red-shift verified when increasing the pH may be interpreted in terms of the
interactions between nanoparticles and solvent, which results in modifications of the excited-
state stability. According to Sciortino et al. (SCIORTINO et al., 2016), CDs emission energies
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show a notable and systematic dependence on solvent characteristics, as well as a strong
response of the photoexcited particles to the presence of hydrogen bonds. As consequence, CDs
may be used as solvent polarity nanoprobes to monitor neighbor ions and molecules.

The authors verified that the CDs’ emissions blue-shifts as the solvent polarity is
reduced. They observed the lowest emission wavelengths for water, what is related to the
stabilization effect of the hydrogen bonds. Their conclusion was that both the nitrogen and the
carboxylic acid groups that may be present on the CDs’ surfaces act as efficient hydrogen bond
acceptors. This is due to their electron lone pairs, and thus the fluorescence mechanism is
closely related to the presence of these N and -COOH groups on the sub-nanometric surface
shell around the carbon nuclei (SCIORTINO et al., 2016).

In turn, Bano ef al. (BANO et al., 2019) used latex as raw material for the production of
CDs containing carboxylic acid groups on their surfaces. They verified that the increase in the
medium’s acidity led to the protonation of the dots’ carboxylic surface groups. Consequently,
the particles’ negative charges decreased (or were even neutralized) in lower pHs, leading to
the loss of colloidal dispersions’ stability. This ultimately resulted on the aggregation of the
CDs and on the extinction of the fluorescence. A similar effect was observed by Chandra et al.
(CHANDRA etal., 2019), but it was analyzed in terms of the UV-Visible absorbance spectrum:
in basic media, the deprotonation of the surface acid groups of CDs caused an intense decrease
in the radiation absorption.

In the case analyzed in this Section 2.5, the silica-Cdots present chemical and structural
differences in relation to the a-CDs that may impact their interactions with the solvent. The
most important ones are: the slightly superior dimensions of the particles, a factor that
influences the sizes of the formed dynamic cavities/first solvent shells (REICHARDT, 1994,
2005); and the fact that there may be less carboxylic groups, since -COOH reacts with a-SiO».

On the other hand, Figure 9 shows the presence of lone pairs on the hybrid surfaces that
are not present in 0-CDs. There are lone pairs from: the amide group formed between SiO2 and
a-CD; the Si-O- bonds between silica and the a-CD nanoparticle; and the possible presence of
other -Si-OH and -Si-O-O-Si- groups, since these are structural defects commonly observed on
SiO; surfaces (GOTZE; MOCKEL, 2012; ILER, 1979).

Therefore, the silica-Cdots hybrids surface groups could selectively detect Na™ or CI
ions present in the controlled pH solutions. Again, the main chemical groups of the hybrids
identified by XPS are: -COOH of the carbon nanodots (a-CDs); NH-(C=0) from the amide
group (bond between Si0> and a-CD); Si-O- bonds between silica and a-CD; and other silicon
bonds such as -Si-OH, -Si-O-Si- and Si-O. The wavelength of hybrids fluorescence (measured
at the highest emission intensity) is selectively shifted and quenched because of the interactions
among these surface groups and ions in the aqueous solution.

At this moment, considering that the pH of the initial aqueous solution is clearly acid
(4.30) and that there are still several groups capable of hydrogen bonding (stabilizing the
excited states), it is possible to consider that the hybrids behave as the other acid carbon
nanodots cited (BANO et al., 2019; CHANDRA et al., 2019; SCIORTINO et al., 2016).

Therefore, analogous conclusions can be made for the results of wavelength shifts with
the pH depicted in Fig. 27: as the pH gets more basic, the deprotonation of the carboxylic groups
of the hybrids surfaces increases their negative charges and, consequently, enhance the
hydrogen bond interactions between the particles and the solvent (water). Since this effect
causes the stabilization of the fluorophores, the red-shift is observed (JIANG et al., 2020;



80

SCIORTINO et al., 2016). The possibly lower number of -COOH groups is not necessarily a
problem here: it is known that basic pHs (higher than 10) usually deprotonate colloidal
nanostructured silica’s silanol groups (CANNAS et al., 2019; ILER, 1979; SOARES et al.,
2019c¢), what would create extra negative charges on hybrids’ surfaces.

The inset of Fig. 27 shows a portion of the curve between pHs 6 to 10, which can be
fitted by a linear polynomial (wavelength = 480.95 + 4.53(pH), adjusted R? = 0.95). This is the
region of maximum variation of wavelength with pH. Therefore, the derivative of this linear
portion allows the calculus of the sensitivity (i.e., the rate of variation of the signal in relation
to the measured parameter) (SALEH; TEICH, 1991) of the liquid-phase silica-Cdots
dispersions on detecting pH changes: 4.53 nm/ (pH units).

Moreover, one can notice that, as the pH gets closer to 2, the curve reaches a signal
baseline. It leads to a drop in the sensitivity and makes it difficult to perform readings for more
acid media. As the pH is raised to 12, in turn, one can observe an increase on both the noise of
the observed fluorescence spectra and on the dispersion of data on Fig. 27b.

However, this is not an issue for industrial purposes. That is because only the use of the
linear range with highest sensitivity is indicated for these practical situations, since it facilitates
the design of the automation system (BAILEY; OLLIS, 1986; STEPHANOPOULOS, 1983).
Therefore, considering these results, it was decided not to test pHs lower than 2 or higher than
12 for the agar waveguide doped with hybrids.

2.5.5. Design and fabrication of agarose waveguide doped with hybrids

Two types of cylinders were prepared by gelling precursor solutions containing agarose
in DI water. The first solution contained 300.0 mg of agarose (food grade, acquired in a local
market) and 31.0 mg of hybrids (silica-Cdots) dispersed in 10 mL of water, resulting in
concentrations of 30.0 g/L (agarose) and 3.10 g/L (hybrids). The second solution was fabricated
for comparison: it contained the same concentration of agarose in DI water (30.0 g/L), but no
nanoparticles.

The solutions were heated close to their boiling points for initiating the agarose thermal-
curing process. This process consists in a cold-setting mechanism related to the formation of
double-helixes between the polymeric chains. After being heat above ~85 °C, cross-links are
observed between the macromolecules, resulting in the gel formation when the system is
cooled. Thus, this reticulation is favored by imposing lower cold temperatures during the
cooling step (BUREY et al., 2008).

So, immediately after the first signs of boiling (i.e., formation of small bubbles and of
visible aqueous vapor above the liquid surface), the precursor dispersions were introduced into
3D-printed cylindrical molds (7 mm of inner diameter) made of glycol-modified polyethylene
terephthalate (PETG) filament (3D-printer Ultimaker 2+, Ultimaker BV). The molds were
sealed on their end-faces and left overnight in the refrigerator at ~10 °C for curing.

This process forms hydrogels with the same geometry of the internal mold walls, and
these hydrogels can be easily demolded by removing the sealing and the two cylinder’s bases
(the mold caps are pluggable). After removing the sealing, the hydrogel is left to dry under
ambient conditions, so the loss of water diminishes its diameter and provides the loss of contact
with the inner walls. After being removed, the formed materials are again put in contact with
DI water for recovering the original diameter of 6 mm.
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The refractive indices (RIs) of both the agar and the agar with occluded hybrids were
evaluated with a MISCO PA 202 Refractometer (Palm Abbe), with a 589 nm high precision
LED (resolution of 10 nm). All samples were measured at ~25 °C and room atmosphere. For
this, small volumes of the preheated precursor solutions (heated until boiling) were dropped on
the sample window. The reading of the RIs was performed after the complete curing and
thermal stabilization of the systems at 25 °C.

The obtained refractive indices were both n = 1.3334, which is very close to the DI
water’s index (n = 1.3330, evaluated using the same equipment). This is due to the high
adsorption of H>O on the hydrophilic polymers and on the hybrids’ surfaces. This RI is also
higher than the air’s (n = 1), so light may be guided through total internal reflectance as in
conventional optical fibers (SALEH; TEICH, 1991). This light guiding mechanism is
represented in Fig. 29.
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Figure 29. Agarose waveguide doped with the hybrids.

The efficiency on guiding the light may be quantified in terms of an indicator called
Numerical Aperture (NA). For a cylindrical waveguide, NA may be calculated using Equation
(2), where ngqq 1s the refractive index of the cladding and n.,,. is the waveguide’s core RI
(SALEH; TEICH, 1991).

NA = \/ncore Z— Nclad 2 (2)

In the case of the waveguide shown in Figure 29, no coating procedure was performed,
so the atmospheric air may be considered the cladding. Thus, n.g,q = ngi = 1.0000 is the
refractive index of the air (considered the cladding); and ncore = Npyaroger = 1.3334 is the
refractive index of the doped hydrogel (considered the core). This simplifies Equation (2) to
Equation (3).
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NA = Jnhydrogel 2 — Ngir 2 (3)

The substitution of the refractive indices values on Equation (3) results in NA = 0.882,
which is fairly high. It indicates that the doped waveguide has an elevated capacity of capturing
and guiding the luminescent radiation from the CD-doped hydrogel (SALEH; TEICH, 1991).

If the waveguide is supposed to be used immersed in water, then n,;, should be
substituted by n,,4¢er = 1.3330 in Equation (3). It would lead to NA = 0.054. Even though this
value is substantially lower than NA = 0.882, it still shows the capability of guiding the light
(i.e., it is still possible to operate the waveguide immersed in water).

The transmission spectra of both waveguides (the doped agarose used as pH sensor and
the net agar used as reference) were analyzed by exciting them with a supercontinuum laser
(SuperK Compact, NKT Photonics) in one extremity and collecting the light at their end-faces
with a spectrometer (Fig. 30). For comparison, the spectrum of the light source is also presented.
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Figure 30. (A) Emission spectrum of the light source. (B) Intensity of light transmitted by the waveguides
(excitation with the supercontinuum laser). The dashed region corresponds to the fluorescence of the hybrids.

The photographs obtained for the waveguides under daylight and when transmitting the
supercontinuum laser are shown in Fig. 31. This last figure shows that the occlusion of the
hybrids gives a brown/orange color to the waveguides and reduces their transparency to the
visible.

Before analyzing the results, it is interesting to discuss the selection of this particular
concentration of hybrids (3.10 g/L of hybrids with 30.0 g/L of agarose in aqueous solution). In
fact, different proportions of silica-Cdots, agarose, and water were tested.

Since NA increases with the polymer’s refractive index (enhancing the light guiding
efficiency, as shown in Equation (3)), the first tests consisted in evaluating whether the agar
concentration significantly changed the RI of the mother liquor. For that, the refractive indices
of solutions containing different concentrations of agar in DI water were collected.

As shown in Figure 32, very low variations (in the order of only 10 refractive index
units, RIU) were observed when increasing the agar concentration. In addition, the RI of the
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precursor solutions did not reach values higher than 1.3334, which is very close to the water’s
(1.3330). Then, the amount chosen for the fabrication of the doped cylinder (30 mg of agar/mL
of water) was the one that not only resulted in the higher RI, but also in a waveguide with
mechanical consistency and with sufficient optical transparency. Another requirement was that,
after being doped, the waveguide should allow both the stimulation of the hybrids by the
external light source and the further collection of the fluorescence by the spectrometer.

However, increasing nanoparticles concentration severely enhances the opacity of the
waveguides because of additional mechanisms of absorption and scattering of the light. It was
verified that, for agar concentrations higher than 30.0 g/L, there was sufficient transparency
only when working with low concentrations of hybrids. These low concentrations, in turn,
resulted in low luminescence and difficulty of detection.

So, additions of agar beyond 30 g/L were actually tested, but the opacity of the final
materials progressively grown, resulting in significant increase of the light attenuation. On the
other hand, the use of these higher concentrations of agar resulted in very low variations of the
mother liquor’s refractive index, always in the order of only 10 refractive index units (RIU).
In fact, the RI variation associated with the curing process showed to be more significant than
the one associated with the increase of the agar concentration in the precursor solution.
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Figure 31. (A) General aspect of the agar waveguide; (B) cross-section of the agar waveguide; (C) agar
waveguide transmitting the supercontinuum laser; (D) general aspect of the waveguide with occluded silica-
Cdots hybrids; (E) cross-section of the waveguide with occluded hybrids; and (F) waveguide with occluded

hybrids transmitting the supercontinuum laser.
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Figure 32. Refractive index of the waveguide as function of the agar concentration in the liquid precursor. The
variation is in the order of only 10 refractive index units (RIU).

The selection of the silica-Cdots concentration was analogue: 3.10 g/L (~10% m/v) was
the value that resulted in the highest luminescent signal. Increasing even more the concentration
would lead to a result opposite to the desired: the device would get so opaque that no
luminescence could be observed. Then, light sources with much higher power would be
required. Since this would also impact the selection of the excitation wavelength, it was decided
to apply the concentration of 3.10 g/L. Finally, as mentioned before, the solution of Equation
(3) resulted in a high NA (0.882) for the RI of the doped agar after curing (RI = 1.3334, air-
cladding); and Fig. 31f indeed shows the excitation and guiding of the luminescence.

The intensities of light transmitted by the net agar and by the silica-Cdots doped agar
waveguides as function of the excitation wavelength are shown in Fig. 30b. These light
intensities were obtained after exciting the waveguides with a supercontinuum laser and then
collecting the transmitted light at the waveguides end-faces (Figs. 29, 31c and 31f).

When comparing the transmission profile obtained for the agar containing no
nanoparticles with the spectrum of the source (shown separately in Fig. 30a), one can notice
that they present essentially the same format, with almost no attenuation. It could be concluded
that there is no emission in this situation (as expected, since no fluorescent particles were
added). Besides, the interaction between the polymer and the light does not appear to broaden
or to distort the transmission profile.

That is not the case for the doped agar, though. Firstly, the maximum intensity peak
appears to be shifted from 680 nm (the wavelength of maximum intensity emitted by the source,
as shown in Fig. 30a) to 705 nm.

It is also possible to notice that, until ~700 nm, the doped-agar waveguide (red curve of
Fig. 30b) follows approximately the same pattern of the light source, but with attenuated
intensity when compared to the material containing only agar (blue curve of Fig. 30b). This
was already expected from the increased opacity. Then, after 700 nm, the curve for the doped
waveguide overcomes the agar curve, as evidenced by the pink dashed region on Fig. 30b. From
700 nm, the light spectrum collected at the end-face of the waveguide doped with silica-Cdots
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is clearly broader and more intense than both the spectra transmitted by the device containing
only agar and by the supercontinuum laser (Fig. 30a).

On the other hand, Fig. 26b already showed that excitations higher than 400 nm resulted
in fluorescent emissions extending over 700 nm for the particles dispersed in water. Also, shifts
of the spectra were expected when modifying the medium from water to agar.

If the excited particles were better stabilized in the new medium, then the red-shift of
the spectra would result in emissions at even higher wavelengths (BANO et al., 2019;
CHANDRA et al., 2019; JIANG et al., 2020; REICHARDT, 1994, 2005; SCIORTINO et al.,
2016). Moreover, the intensity profile collected at the end-face of the waveguide is actually a
resultant from the combination of the luminescence with the light interactions with all the
chemical species present in the system (JIANG et al., 2020; LAKOWICZ, 2006; SALEH;
TEICH, 1991; SKOOG et al., 2014).

Therefore, it is possible to conclude that the occlusion of silica-Cdots in the polymeric
matrix modifies the agarose’s transmission profile. Additionally, the new spectrum is broader
and more intense after 700 nm. This new spectrum is resultant from the balance between the
light source excitation, the fluorescence emitted by the nanohybrids, and the absorption,
scattering, and other attenuation mechanisms by the polymer, adsorbed water molecules, and
hybrids themselves (JIANG et al., 2020; LAKOWICZ, 2006; SALEH; TEICH, 1991).

2.5.6. Application of the doped agarose waveguide on pH sensing

The waveguides containing occluded silica-Cdots were submitted to the same pH tests
previously performed with the aqueous dispersions of nanoparticles (i.e., the irradiation with a
403 nm LED followed by the analysis of the fluorescence spectra).

The experimental setup remained basically the same (only the cuvette was removed)
and took advantage of the material’s very high affinity with water. Firstly, the waveguide was
kept in the aqueous medium under stirring and in a given pH. Due to the high hydrophilicity of
both the agar and the hybrids, the intumescence degree (and, consequently, the solution’s pH)
took no longer than 30 s to stabilize after each pH modification. At this moment, no more
variation of the waveguide’s diameter could be observed under naked eye.

After the pH reading got stable, the agar waveguide was rapidly removed from the
aqueous medium. It was put into the same place previously occupied by the cuvette and was
stimulated by the LED. The light emerging from both the end-face and from the air-agar side
interface were collected and analyzed. After each measurement, the waveguide was returned to
the aqueous medium for repeating the process under a different pH. Again, the pH was firstly
raised to ~12 by adding NaOH 0.01 M, and then it was reduced by dropping HC1 0.01 M.

The pH limits (from 2 to 12) applied to both the tests with the aqueous dispersion and
with the doped waveguide were chosen to include the range commonly observed on living
organisms and biochemical systems (generally from 4 to 8). In addition, these pHs do not
present security risks for the experimenters; and mitigate the risks of damaging either the
agarose matrices or the optical instruments (BAILEY; OLLIS, 1986). All of the pH experiments
were performed at room temperature (constant, ~25 °C) and air atmosphere. The collected
results are shown in Fig. 33.
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Figure 33. (A) Comparison between the fluorescence spectrum collected for silica-Cdots dispersed in water and
the spectrum obtained for particles occluded into agarose (excitation of 403 nm and pH 4.3). A clear red-shift of
the peak’s wavelength is observed. (B) Wavelength of maximum emitted fluorescence as function of pH
observed for the agar waveguide. The inset shows the linear portion of the curve (pHs from 6 to 10).

As discussed, the pH of the dispersion of hybrids in DI water was acid (4.30) before the
first addition of NaOH because of the presence of the carboxylic groups (Fig. 27). The pH of
the DI water used to keep the doped waveguides swollen (i.e., the water maintained in
equilibrium with the waveguides prior to the sensing tests), in its turn, is less acid (pH = 5.59).

The agarose molecular structure does not contain groups that directly change the pH
(only C-OH and C-O-C groups) (BUREY et al., 2008). Thus, this pH variation was not expected
from the polymer’s chemical structure. It is probably a consequence of the lower concentration
of hybrids used for the fabrication of a waveguide with suitable transparency (3.10 g/L) and of
the influence of the hydrogel matrix on the acidic equilibrium of the nanohybrids. Since this
equilibrium analysis is beyond the scope of this study (which aimed to fabricate and to test the
performance of the waveguide on the pH assessment), this investigation is a topic suggested for
future research.

Once both the agarose and the hybrids are very hygroscopic, the waveguides’
intumescence degree and the aqueous phase pH readings take no longer than 30 s to stabilize
when base or acid are added. Then, the waveguides were kept immersed and under stirring (25
°C) to ensure the homogeneity of the aqueous medium. Again, the pH was firstly raised to ~12
(addition of NaOH 0.01 M) and then reduced to ~2 (dropping of HCI 0.01 M). When the pH
reading got stable after a given addition, the waveguide was rapidly excited with the LED to
have its fluorescence spectrum collected (as in Fig. 29).

It is important to mention here that the wavelength interrogation is independent from
the total amount of fluorophores, an important advantage of this approach when compared to
intensity-based sensing techniques (LAKOWICZ, 2006; SALEH; TEICH, 1991; WOLFBEIS,
2008). Therefore, as the signals obtained for all of the tested pH ranges (Fig. 27b and Fig. 33b)
were sufficient for retrieving the wavelength of the peaks of maximum fluorescence, it was not
necessary to correlate the measurements with the added volume of acid or base. The evaluation
of quenching mechanisms due to the presence of metal ions (LAKOWICZ, 2006) was also
beyond the scope of this study. Thus, since all the tested media allowed the data collection,
different concentrations of cations were not deliberately added.
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All experiments shown in Fig. 33b were conducted under the same temperature and
atmospheric air conditions. Then, the modifications of the spectra could be correlated to the
changes in solvent polarity, as in the other mentioned reports (BANO et al., 2019; CHANDRA
et al., 2019; JIANG et al., 2020; REICHARDT, 1994, 2005; SCIORTINO et al., 2016).

Interesting conclusions are also obtained when comparing (for a same pH) the
fluorescence spectrum collected for the doped waveguide with the one obtained for the aqueous
dispersion of silica-Cdots (i.e., when comparing the spectra used for obtaining the information
shown on Figure 27b with those used on Fig. 33b). An example of the general observed
behavior is shown in Fig. 33a, where the spectra collected for the pH 4.30 are compared (both
systems excited by the 403 nm LED).

Fig. 33a shows that the peak (maximum intensity of fluorescence) of the hybrids
occluded into the hydrogel matrix is red-shifted when compared to the one observed for the
aqueous dispersion of silica-Cdots. This indicates an increase in the stability of the excited
states (JIANG et al., 2020; LAKOWICZ, 2006; SUPPAN, 1990) - this same shift was observed
for all the other pHs. It is also possible to verify on Fig. 33a that the signals collected for the
doped waveguide present higher noises (here, the noise is taken as the difference between the
signals and the average fitted curves of the figure) (SALEH; TEICH, 1991).

The solvatochromic shifts resulting from the enclosure of fluorescent species into rigid
media are complex phenomena, as extensively discussed by other researchers (BANO et al.,
2019; CHANDRA et al., 2019; JIANG et al., 2020; LAKOWICZ, 2006; REICHARDT, 1994,
2005; SCIORTINO et al., 2016; SUPPAN, 1990). The observed shifts depend, for example, on
the method used for preparing the matrix and on the particular technique applied to the
incorporation of the fluorophores (SUPPAN, 1990). For soluble polymers, in particular, an
increase on the medium’s polarity or on the intensity of the solute-matrix hydrogen bond
interactions may result in the reduction of the energy difference between the ground and the
excited states, red-shifting the emission (JIANG et al., 2020; SCIORTINO et al., 2016;
SUPPAN, 1990).

So, the red-shift observed on Fig. 33a may be explained analogously as performed by
other authors who analyzed the increase on the nanoparticles’ excited state stability when the
CDs are incorporated into hydrogel matrices with plenty of oxygen and hydroxyl groups. For
polyvinyl alcohol (PVA), for example, the matrix networks form many hydrogen bonds with
the polar groups of CDs, stabilizing the emissive states (JIANG et al., 2020).

Therefore, van der Waals forces and hydrogen bonds between the agarose’s C-OH and
C-0O-C groups (WANG et al., 2018) and the silica-Cdots’ oxygen and nitrogen groups (Figs.
17-20) are expected to lead to increased stabilization of the excited states. According to Jiang
et al. (JIANG et al., 2020), some hydrogels may show interactions between matrices and CDs
so intense that they even result in composites with phosphorescence or delayed fluorescence.

Fig. 33b summarizes the correlation between the wavelengths of maximum emitted
intensity (the peaks) and the pHs of the aqueous media where the doped waveguides were
immersed. Contrary to what was observed for the aqueous dispersions (Fig. 27b), the agar
waveguides show a critical point for the results, which is again probably due to the interactions
between the hybrids and the hydrogel matrix (BUREY et al., 2008; JIANG et al., 2020).

The critical point corresponds to the initial situation: it is the pH (5.59) of the water
initially in equilibrium with the agar (i.e., the water that was used to keep the device swollen
before adding NaOH or HCI).
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Once the wavelengths of maximum emitted fluorescence have been obtained as function
of a given pH (Fig. 33b) by firstly raising and then reducing the pH, it is shown that the
measurements present reversibility regarding the pH: they easily return to previous values after
adding HCI (return the lower pHs); or NaOH (return to higher pHs).

Then, results were quite repeatable. Again, they were fitted by a 3"-degree polynomial
correlating the maximum wavelength to the pH. This polynomial was given by: wavelength =
474.21 + 48.50(pH) - 7.03(pH)?> + 0.30(pH)?, adjusted R? = 0.83. Despite the fact that no clear
baseline was reached, the light intensity signals suffer substantial decreases as pH gets closer
to 2 or 12, indicating that the sensor is not adequate for monitoring pHs beyond these values.

This pH range (2-12), however, is wider than the one obtained by Zhang et al. (ZHANG
et al., 2019): only pHs from 2 to 7 could be assessed in their study. It is also wider than the
range achieved by Chen et al. (CHEN et al., 2020): as mentioned, they obtained a system able
to detect pHs from 3.0 to 11.0, but using a more complicated sensing strategy (ratiometric
analysis). In their study, dispersions combining CdTe QDs and CDs in aqueous phase and under
different pHs were introduced into a fluorometer, where the data were collected. Each tested
pH resulted in two different curves correlating the emitted intensity to the emission wavelength:
one curve for the QDs, and other for the CDs. The two peaks of maximum intensities were
obtained by the fluorometer, and the ratio between these peaks was calculated. Finally, a
calibration curve correlated this peaks’ ratio to the pH.

As in Fig. 27b, Fig. 33b shows a linear portion with maximum rate of variation (inset
of Fig. 33b). This region corresponds to the pH range from 6 to 10 and may be fitted by a 1°-
degree polynomial (wavelength = 610.35 - 5.61(pH), adjusted R? = 0.84). The derivative of this
polynomial is negative, contrary to the observed for the aqueous dispersions (inset of Fig. 27b).
The modulus of the derivative was took as the sensitivity (SALEH; TEICH, 1991) of the silica-
Cdots/agarose sensor in relation to the pH, and it was calculated as 5.61 nm/ (pH units).

It is interesting to notice that the applied setup (Fig. 29) could be easily adapted to
perform the online evaluation of the pH directly on the liquid medium. This would be done by
transporting the light with external optical fibers (CHOI et al., 2013): one fiber would guide the
light from the LED to one extremity of the agar waveguide; and a second one would collect the
light at the end-face of the waveguide to guide it to the optical analyzer.

The clear drawback is that this adaptation would lower the NA and, consequently, the
guiding efficiency: as calculated for Equation (3), NA decreases to 0.054 in water. On the other
hand, the small lengths of the agarose waveguides used in this study (until ~70 mm) lead to low
power losses, as discussed when analyzing Fig. 30. Then, the reduced NA is not expected to be
an impeditive factor to this setup modification (SALEH; TEICH, 1991).

However, it was decided not to proceed with this adaptation because it would not allow
the evaluation of the sensor capability in retaining information even when it is removed from
the assessed medium. This last feature is particularly important, since there are several practical
applications where a waveguide capable of retaining the medium information is required. In a
biomedical environment, for example, it may be necessary to remove the sensor from the
medium to analyze other parameters besides pH. This situation has been reported and analyzed
in studies where hydrogel matrices are simultaneously used as waveguides and as scaffolds for
growing cells (CHOI et al., 2013, 2015), with need for posterior cell counting.

In the standard cell counting procedure, samples are periodically collected from the
analyzed biosystem to be observed and counted on the microscope using specific devices, such
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as the Neubauer chamber (SOARES et al., 2019¢). If the waveguides can be removed and their
volumes are known, the chambers may be substituted by the waveguide itself. Then, the cellular

environment would not be disturbed, reducing the risk of causing cell death during counting
(CHOI et al., 2013, 2015).

As Fig. 33 shows, the pH information is actually retrieved by the silica-Cdots/agarose
waveguide when it is removed from the aqueous medium. Therefore, since the waveguide can
be removed and analyzed off-line, this novel device has potential for monitoring other
important biochemical parameters in addition to pH (e.g., the number of cells, previously cited,
or the morphological characteristics of the doped agar).

A final important comparison to be performed is with the commercial pH-meters. As
mentioned, a decrease of the detected fluorescence intensity was noticed as the pHs got closer
to 12, preventing the detection beyond this condition.

However, many commercial pH-meters also show loss of signal intensity or other
difficulties when evaluating very alkaline media. Indeed, it is widely known that the traditional
devices may lose precision when submitted to such conditions (ASTM E70-19, 2019;
METHROHM, [s.d.]; SCIENTIFIC; THERMO SCIENTIFIC, 1991; SKOOG et al., 2014).

That is because these devices commonly show substantial interference caused by the
presence of Na' ions on pHs > 12, erroneously interpreting Na™ as H" ions (SCIENTIFIC;
THERMO SCIENTIFIC, 1991; SKOOG et al., 2014). For minimizing this problem, many
manufacturers provide tables that correlate the detected pH to the ionic concentrations, allowing
the analyst to estimate reading corrections (SCIENTIFIC; THERMO SCIENTIFIC, 1991).
Alternatively, some manufacturers indicate devices specifically designed for operation under
higher pH ranges or under more drastic conditions (ASTM E70-19,2019; METHROHM, [s.d.];
SCIENTIFIC; THERMO SCIENTIFIC, 1991).

Lastly, the recovery of fluorescent silica-Cdots hybrids embedded into the agarose after
the device discard is technically feasible. Since the agarose is biodegradable, it can be
solubilized in water and the hybrids separated by centrifugation. It would be interesting to carry
out a study to verify the technical-economic feasibility of the hybrids recovery, considering that
they are low-cost and environmentally friendly materials.

2.5.7. Conclusions from this study

This study resulted in an efficient methodology for the fabrication of biodegradable,
biocompatible, and fluorescent cylindrical waveguides doped with hybrid amorphous
nanoparticles (silica-Cdots).

The fluorescence spectra of the amorphous a-CDs and of the hybrids dispersed in water
were analyzed, and it was verified that the coupling caused a red-shift of the wavelength
corresponding to the maximum emitted intensity. The hybrids are easier to handle than non-
coupled carbon nanodots since they are less hygroscopic. Therefore, they are more adequate
for the fabrication of large volumes of agarose waveguides.

The aqueous dispersion of silica-Cdots showed sensitivity regarding the pH, 4.53
nm/(pH units). Then, agarose was doped with these particles for the fabrication of the pH
Sensor.
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The obtained hydrogel-based waveguide showed stable and reversible behavior
regarding pH, and maximum sensitivity of 5.61 nm/ (pH units) when excited by a 403 nm UV
LED (sensitivity calculated for the pH range from 6 to 11).

Since the pH information is retrieved when the waveguide is removed from the aqueous
medium, the system offers a low-cost, disposable, and simplified pH sensor that can be used on
multi-parameter biomedical analysis. Moreover, commercial pH-meters present the practical
disadvantage of being commonly made of high-fragile glass (ASTM E70-19, 2019;
METHROHM, [s.d.]; SCIENTIFIC; THERMO SCIENTIFIC, 1991; SKOOG et al., 2014).

In fact, there are already crystal and polymer pH-meter membranes available, but most
of the commercial electrodes used on general applications (including biological,
pharmaceutical, and petroleum emulsions applications) still rely on glass membranes. These
membranes, in turn, must be maintained under strict temperature conditions and have to be
stored immersed in appropriate saline solutions, usually KCI 3M in water (ASTM E70-19,
2019; METHROHM, [s.d.]; SCIENTIFIC; THERMO SCIENTIFIC, 1991).

Since the proposed sensor is made of an elastomeric material (the hydrogel), it presents
higher tenacity than the commercial glass devices, with lower risks of mechanical fracture
(BUREY et al., 2008; OMENETTO; KAPLAN, 2008; SKOOG et al., 2014).

The verification of the solvatochromic shifts related to pH variations and to the
occlusion of the silica-Cdots into agarose is also of particular importance. That is because these
data provide insights regarding the interaction mechanisms between fluorescent nanoparticles
and their media. As mentioned by Sciortino et al., there is still a lack of research analyzing (or
even verifying) the effects of the incorporation of carbon nanodots into different solid media
on the luminescent emission mechanisms (SCIORTINO et al., 2016).

Finally, the synthesized amorphous hybrids could also be very interesting as new
materials for applications in optoelectronic devices, optical fibers sensors, and solar cells.

Suggestions for forthcoming studies include the exploration of the direct coupling
between carboxylic acid terminated carbon nanodots and the amino functionalized silica surface
ofno-core optical fibers (basically, a silica cylinder) for the fabrication of a fluorescent cladding
with sensing applications on media of different polarities.
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2.6. Fabrication of fluorescent PMMA-Carbon Nanodots nanocomposites: improving the
efficiency of solar cells through sustainable low-cost materials

This section presents the manufacturing of fluorescent acrylic-based carbon nanodots
nanocomposites, a research published by IEEE (SOARES et al., 2023a) and by the Brazilian
Journal of Chemical Engineering from Springer Nature (SOARES et al., 2023b). Suggestions
and perspectives are given for future works, which may explore the unique properties of these
materials on optoelectronics.
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Nitrogen-doped carbon nanodots synthesized from L-arginine and ethylenediamine
(NCNDs); citric acid-derived carbon nanodots with carboxylic surface groups (a-CDs); and
Silica-Cdots hybrids produced through coupling a-CDs to SiO2 nanoparticles were used for the
fabrication of fluorescent PMMA-CDs optical films. PMMA naturally emits luminescence
when irradiated by 300-320 nm and the nanoparticles occlusion allows the conversion of a
broader UV bandwidth to the visible: emissions around 450 nm are observed for excitations
from 330-360 nm.

Since this photoluminescence could increase the efficiency of solar energy
concentrators and generators, photovoltaic cells were coated with films obtained with the blue-
emitting NCNDs. Even using a setup with low contact of the optical polymer film with the
silicon surface, a promising increase from 4.24% to 4.72% of the energy conversion efficiency
was observed. It could be translated into enormous potential gains on large-scale solar
(renewable) energy systems, showing the potential of these environmentally friendly materials.

2.6.1. Introduction

Carbon Nanodots (CDs) are fluorescent nanoparticles characterized by various surface
functional groups and sizes below 10 nm (KANG; LEE, 2019; WANG; HU, 2014). The
conversion of organic precursors containing carboxylic acids (or nitrogen as doping element)
results in the formation of CDs rich in carboxylic (or amine) surface groups with enhanced
luminescence (PORPEVIC et al., 2022).

Beyond the low-cost, CDs are environmentally safe materials (BOAKYE-YIADOM et
al., 2019; PORPEVIC et al., 2022) with good biological and biocompatibility properties, being
excreted in urine (HUANG et al., 2013; WANG; HU, 2014). The emission properties of CDs
are altered by tuning their bandgaps, resulting a plethora of applications, such as: imaging and
sensing; fabrication of optoelectronic devices, perovskite solar cells, and graphene
phototransistors; photocatalytic splitting of water; CO> reduction reactions; drug delivery; and
gene transfer (DORDEVIC et al., 2022; TUERHONG; XU; YIN, 2017; WANG; LU, 2022).

Energy applications also include the use of CDs to increase the efficiency of energy
conversion in solar cells; to photosensitize or photocatalyze the conversion of solar energy into
fuels; or to employ their fluorescence to prepare light-emitting diodes (PORPEVIC et al.,
2022). Their fluorescence properties also find use in light converters for photovoltaic cells and
solar concentrators, and may replace dye sensitizers (TUERHONG; XU; YIN, 2017; WANG;
LU, 2022). Moreover, they can be combined with polymeric materials to obtain luminescent
nanocomposites containing CDs (AMATO et al., 2019, 2021; BOUKNAITIR et al., 2019;
GONG et al., 2018, 2022; LI et al., 2023; PERLI et al., 2022). Such polymer nanocomposites,
in turns, may be produced through several techniques, including in-situ polymerization, cross-
linking, solution blending, immersion precipitation and melt intercalation or exfoliation
(AFFONSO NETTO et al., 2022; ALEXANDRE; DUBOIS, 2000; BRESSANIN; ASSIS
JUNIOR; BARTOLI, 2018; FISCHER, 2003; MAZZUCCO et al., 2016; PRADO; BARTOLI,
2018; REMANAN et al., 2020). When nanoparticles dimensions are within the molecular levels
of polymer chains, these nanocomposites may exhibit enhanced physical properties.

For optical devices applications, poly(methyl methacrylate), PMMA, is a particularly
interesting polymer for designing transparent nanocomposite matrices (AFFONSO NETTO et
al., 2022; BRESSANIN; ASSIS JUNIOR; BARTOLI, 2018; PRADO; BARTOLI, 2018).
PMMA is a highly transparent thermoplastic and an amorphous polymer in an intermediate
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position between commodities and engineering thermoplastics. It presents relative low cost,
good mechanical strength and high optical transmittance (ALI; KARIM; BUANG, 2015;
CORSARO etal., 2021). Thus, PMMA-CDs nanocomposites with fluorescence properties have
potential applications in Light-Emitting Diodes (LEDs) (STEPANIDENKO et al., 2021),
Luminescent Solar Concentrators (LSCs) (MA et al., 2019), Dye-Sensitized Solar Cells (DSCs)
(MOHAN; BORA; DOLUI, 2018) and Organic Solar Cells (OSCs) (BOUKNAITIR et al.,
2019; KWON et al., 2013; LIN et al., 2016; MAXIM et al., 2020; WANG; HU, 2014; ZHAO
et al.,, 2022). In such cases, the polymer matrix is not only responsible for the device’s
mechanical support, but also for the dispersion of the nanodots and prevention of the solid-state
quenching (KWON et al., 2013).

In competition with CDs, organic dyes or inorganic quantum dots have been much more
used as PMMA doping substances (HUANG et al., 2023; WALDRON et al., 2017; ZHOU;,
WANG; ZHAO, 2015). However, the stability of organic dyes and toxicity of inorganic
elements (CdTe, PbSe) (ALBALADEJO-SIGUAN et al., 2021; BOTTRILL; GREEN, 2011;
MANSHIAN et al., 2017; MOON et al., 2019; WU; TANG, 2014) pose significant concerns.
Furthermore, investigations on improving the luminescence quantum yield (QY) of CDs (ratio
of emitted to absorbed photons) is currently a very active field of study in modern chemical
science, through specialized synthesis routes to produce new doped carbon dots and to obtain
unconventional luminescence profiles (AMATO et al., 2019; ARCUDI; PORPEVIC; PRATO,
2016, 2017; CACIOPPO et al., 2020; CADRANEL et al., 2018; PORDEVIC et al., 2020;
DORDEVIC et al., 2022; DORDEVIC; ARCUDI; PRATO, 2019; GHOSH et al., 2022; XIA
etal., 2019; YAN et al., 2023).

Recently, advanced approaches like the use of mechanochemistry, flow chemistry and
laser synthesis in the liquid phase are widening the range of properties and applications of these
promising nanomaterials. Besides, these novel synthesis methodologies present the advantage
of being scalable. Finally, machine learning could be also applied to go beyond the trial-and-
error approach commonly used to explore the chemistry of CDs (BARTOLOMEI; DOSSO;
PRATO, 2021).

Therefore, improvements in the energy conversion efficiency of solar cells can be
achieved with LSCs or Luminescent Down Shifting (LDS) devices using low-cost and
environmentally friendly fluorescent carbon dots instead of organic dyes or inorganic quantum
dots (CHOI et al., 2017; GONG et al., 2018; LI et al., 2017; ZHAO, 2019). Considering these
aspects, this work investigates the fabrication of PMMA optical films doped with fluorescent
carbon nanodots. CDs exhibit a good solubility in polar solvents like methanol, whereas PMMA
is very soluble in chloroform. As it was previously demonstrated that 2:1 (v/v) is the best ratio
between chloroform and methanol to dissolve CDs chloroform (AMATO et al., 2019; SOARES
et al., 2023a), this proportion was applied to the solutions of PMMA to produce functionalized
films by drop-casting. Three different kinds of CDs were synthesized and tested regarding the
fluorescent emissions. Finally, solar cells were coated with these nanocomposite films for
proof-of-concept experiments on increasing their energy conversion efficiency.

2.6.2. Nitrogen-doped carbon nanodots synthesis

Blue-emitting nitrogen-doped carbon nanodots (NCNDs) from L-arginine (Fluorochem;
>98%) and ethylenediamine (EDA, Sigma-Aldrich; >99.5%) are obtained through the bottom-
up procedure previously described in literature (ARCUDI; PORDEVIC; PRATO, 2016).



94

Two organic precursors at 1:1 (mol/mol) ratio are mixed to ultrapure water (>18 MQ
Milli-Q, Millipore): 87.0 mg of arginine are mixed to 33.0 uL EDA in 100.0 uL Milli-Q water
and this solution is introduced into a CEM Discover-SP microwave oven with controlled
conditions (240 °C, 26 bar and 200 W) for 180 seconds (reaction represented in Figure 34a).
The microwave treatment converts the transparent medium into a brown-colored solution
(Figure 34b), which is then diluted in water and filtered through a 0.1 pm microporous
membrane for separating a deep yellow liquid (Figure 34c). As shown in Figure 34d, this
filtered solution emits a strong blue fluorescence when irradiated with 365 nm ultraviolet (UV)
light (PORPEVIC; ARCUDI; PRATO, 2019). Finally, the yellow solution is dialyzed against
pure water through a dialysis membrane with molecular weight cut-off of 0.5-1 kDa (Spectrum
Labs) for 2 days (water refreshed every 6 hours; membranes previously activated with a
solution of 0.2 L of ethanol in 1.8 L of water for 8 min) (AMATO et al., 2019).

The dialyzed solution of NCNDs is lyophilized using a bench-top freeze-dryer
(LaboGene ScanVac CoolSafe; -49 °C; 72 h of vacuum). Each synthesis results in 23.0 mg of
a brownish solid, so eleven batches are run to obtain 250 mg of NCNDs. It is demonstrated that
this procedure is quite reproducible, and previous characterizations reveal that the obtained
fluorescent NCNDs present relative quantum yield (QY) of 0.17 (ARCUDI; PORPEVIC;
PRATO, 2016); narrow distribution of diameters (1.0-4.5 nm); and plenty of surface traps and
functional groups that allow tuning the luminescent emissions. Besides, nitrogen doping has
been reported to give excellent optical properties and usually blue-shifted fluorescence
(ARCUDI; PORDPEVIC; PRATO, 2016). The NCNDs fluorescence shows a broad emission
peak at 356 nm when excited at 300 nm and a bathochromic shift from 356 to 474 nm as the
excitation changes from 300 to 420 nm (ARCUDI; PORPEVIC; PRATO, 2017; PORPEVIC;
ARCUDI; PRATO, 2019).

It is worth noticing that these NCNDs were previously submitted to the Photoelectron
Spectroscopy (XPS) characterization by Arcudi et al. to provide their chemical composition
(part of the characterization protocol applied to each CD synthesized in the laboratories of the
Carbon Nanotechnology Group) (ARCUDI; PORDEVIC; PRATO, 2016). It was reported the
detection of C (68.0%), N (16.1%) and O (15.9%) with peaks at 286.8 eV (Cls), 400.33 eV
(N1s) and 532.34 eV (Ols), respectively. The chemical moieties of C and N were further
analyzed by deconvoluting their spectrum. Cls was deconvoluted into five surface components:
sp? (C=C) at 274.5 eV, sp? (C-C and C-H) at 285.5 eV; C-O/C-N at 286.2 eV; C=0O/C=N at
288.3 eV; as well as COOH at 290.5 eV. In turn, N1s spectrum was deconvoluted into four
peaks centered at 398.3; 399.6; 400.5; and 401.9 eV, corresponding to C=N; NH»; C-N-C; and
N-GC;3, respectively. The presence of primary amino groups was confirmed by a positive Kaiser
test (ARCUDI; PORPEVIC; PRATO, 2016).

2.6.3. a-CDs and Silica-Cdots hybrids production

Citric acid-derived carbon nanodots (a-CDs) and the nanocomposites formed by
combining them with SiO> nanoparticles (Silica-Cdots) are used as produced and characterized
in a previous (open access) report (AMATO et al., 2021).

Briefly, a-CDs with sizes from 4 to 10 nm (mostly around 6 nm) are synthetized from
the thermolysis of citric acid (200 g, Fluka, 99.5%) in a muffle furnace under air atmosphere at
180 °C for 40 h. In turns, commercial fumed silica nanoparticles (206 mg Aerosil 300, primary
particle size ca. 7 nm, Evonik) are dispersed in ethanol (5 mL) and treated with 3-
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aminopropyltriethoxysilane (APTES, 5 mL). This dispersion is stirred overnight at room
temperature (r.t.) before being purified by centrifugation; dispersed in ethanol (three times);
and lyophilized for obtaining amino-functionalized silica nanoparticles (a-Si0O5).

Finally, a-SiO> (50 mg) is mixed to the oa-CDs (223 mg) dispersed in dry
dimethylformamide (DMF, 10 mL) in the presence of I1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (200 mg, EDC-HCI Alfa Aesar) and N-hydroxysuccinimide (120
mg NHS, Sigma Aldrich). This mixture is stirred at 70 °C for 2 days under inert atmosphere
(Ar), and DMF is removed through azeotropic distillation with toluene. Milli-Q water is added,
and the system is purified by centrifugation (two cycles of 20 min at 3000 rpm) for obtaining
Silica-Cdots nanohybrids with sizes on the order of 50 nm, nitrogen and oxygenated surface
groups, and excitation-dependent fluorescence (Figure 9). The maximum intensity is observed
for the 360 nm-excitation (emission at 465 nm), and the emission shifts from 465 to 513 nm
(green) as the excitation changes from 360 to 430 nm. FTIR, TGA, XPS, XRD analysis and
Raman spectra of the a-CDs and Silica-Cdots nanoparticles are readily available in the
Supporting Information document accompanying the reference (AMATO et al., 2021).

i 240 °C, MW
HN N OH *+ HN~MH2  — —

NH, H,O
(180 sec)

(b)

Figure 34. (a) Scheme of formation of blue-emitting NCNDs; (b) brown-colored solution obtained after
microwave-assisted synthesis; (c) yellow solution obtained after filtering; and (d) emission of blue fluorescence
by the filtered solution when it is irradiated at 365 nm UV light.
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2.6.4. Preparation of doped-PMMA optical films

The synthesized carbon nanodots are used to prepare nanocomposites with PMMA by
solution blending: PMMA pellets are dissolved in chloroform, whereas previously lyophilized
nanodots are dispersed in a solution of methanol and chloroform. The solutions are mixed, and
thin films of nanocomposites are finally prepared by drop-casting on a glass substrate (Petri
dishes).

PMMA pellets (Plexiglas VO 52, Arkema) are dried in an oven for 4 h at 80 °C and
subsequently cooled to room temperature in a vacuum chamber with drier agent. For the
preparation of a PMMA optical film by casting, a ratio of (21.5):1 (mL/g) of chloroform
(Sigma-Aldrich) to PMMA is used. For instance, an optical film with diameter of 50 mm and
thickness of ~100 um is obtained with 232 mg of PMMA. Then, 5 mL of chloroform are added
to the PMMA pellets, and the system is left under magnetic stirring for 2 h at room temperature,
followed by 20 s of ultrasound bath.

Lyophilized carbon nanodots are dispersed in a mixture of chloroform and methanol 2:1
(v/v) (best ratio previously demonstrated (AMATO et al., 2019)) and subsequently kept in an
ultrasound bath for 10 min. One example of dispersion prepared with this procedure is shown
on Figure 35, where a-CDs (5 wt%) are observed under daylight and under 365 nm UV light.

Figure 35. Lyophilized a-CDs (5 wt%) dispersed in a mixture comprised of chloroform and methanol
(proportion of 2:1 (v/v)) observed under: (a) daylight; (b) UV light (A = 365 nm).

Figure 36. PMMA-NCNDs (5 wt%) solution (before casting) observed under: (a) daylight; (b) UV light (A =
365 nm).



97

After that, the CDs dispersion is added to the PMMA-chloroform suspension and mixed
in an ultrasound bath for 10 min. Different CDs-PMMA systems are prepared according to the
desired concentration of CDs, from 0.1% to 5% in mass (for instance, Figure 36 shows the
aspect of the solution obtained for the system PMMA-NCNDs (5 wt%)).

Next, the optical films are produced by solution casting onto Petri dishes, slowly
pouring (drop-by-drop) the CDs-PMMA solution with a pipette. For this step, the dishes are
kept at level to evenly maintain the thickness of the casted volume. Finally, the Petri dishes are
left to dry in an atmosphere saturated with chloroform vapor (room temperature) for 48-72 h to
avoid formation of microvoids due to rapid volatilization. The saturated atmosphere is created
by placing several vials containing chloroform close to the Petri dishes, keeping the set covered
to ensure isolation from the room. A PMMA casting film with no carbon nanodots (pristine
sample) is also prepared through this same procedure. The optical films formed on the Petri
dishes are weighed after 24 h, 48 h and 72 h, until the mass losses due to the evaporation of
chloroform are stabilized. Figure 37 shows the aspect and the blue fluorescence observed (A =
365 nm irradiation) from a PMMA-NCNDs (5 wt%) film formed in the Petri dish.

Figure 37. PMMA-NCNDs (5 wt%) films on the Petri dishes after drop casting: (a) frontal aspect, under
daylight; (b) side aspect, under daylight; (c) frontal aspect, under UV light (A = 365 nm); (d) side aspect, under
UV light (A =365 nm).

2.6.5. Films’ fluorescence and photovoltaic characterizations

The PMMA-CDs film is cut with a scalpel from the bottom of the Petri dish in the shape
of a 45 mm x 13.5 mm rectangle. Then, the dish is taken to the freezer for 1 to 2 min to allow
the polymeric film to be released from the dish (a spatula may be used to remove the film).
Thus, the film’s mass and thickness are measured before the fluorescence evaluation. Figure 38
shows the aspect of one film formed with PMMA and NCNDs (0.5 wt%) when the material is
observed under daylight and under 365 nm-UV light.
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Figure 38. PMMA-NCND:s films (0.5 wt%) observed under: (a) daylight; (b) UV light (A = 365 nm).

PMMA films had their photoluminescence (PL) spectra analyzed at room temperature
with a Cary Ellipse-Varian Fluorescence Spectrophotometer (Agilent Technologies) at
excitation wavelengths from 300 to 360 nm, 600 nm/min scan speed, and excitation and
emission slits of 5 nm. For that, quartz cuvettes (High Precision Cell Suprasil, light path 10 x
10 mm, Hellma Analytics) were adapted for solid analysis, allowing rectangular films to be
inserted into the cuvettes’ diagonal positions (13.5 mm). Since the films are thin and flexible,
they may show a curvature after their insertion into a cuvette. Thus, it is necessary to verify if
the modification of the curvature direction (concave or convex) has any effect on the PL spectra
for a given film. A Fluorolog 3 Fluorescence Spectrophotometer (Horiba) equipped with
sample holders for thin films was also used in the characterization of the produced optical films.

Photovoltaic measurements were performed with in-house silicon-based solar cells
(laboratory scale, usually destined to didactic purposes) with dimensions of 25 mm x 25 mm
and maximum efficiency of 5%. The tests were conducted by positioning and holding the
pristine PMMA and doped PMMA-CDs optical films on the surface of the solar cells. The cells
were tested on a bench designed for photovoltaic measurements (STEM, 2007) equipped with
a solar simulator where the light source is a xenon XPS 300 (Solar Light) adjusted for an
incident intensity of 1000 W/m?. A thermostatic bath keeps the cells temperature constant at 25
°C, and the I x V curves of the photovoltaic devices are measured with a digital multimeter HP
34401A (Hewlett Packard) and Lab Tracer 2.0 (Keithley) software. Also, the measurement
system uses a standard solar cell with short-circuit current Ic = 66.40 mA for reference
purposes. The solar cells and the testing bench are shown on Figure 39.
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Figure 39. (a) Silicon solar cell; (b) bench for photovoltaic measurements; (¢c) PMMA-NCNDs (0.5 wt%)
optical film positioned on the solar cell; (d) Measurements of I X V curve and obtention of photovoltaic
parameters with Lab Tracer 2.0 software.

2.6.6. Characterization of films fluorescence emission

The pristine PMMA film exhibits a natural fluorescence emission when irradiated from
300-320 nm (broad emission peak around 450 nm), but there is no luminescence for irradiations
at longer wavelengths (Figure 40a). If compared to the pristine material, the PMMA-NCNDs
films reveal additional emission bands for excitations longer than 320 nm (Figures 40b-d).
From the films produced using chloroform/methanol 2:1, it is possible to discern the PMMA
typical bands without spectral shifts along with the CDs ones with lower intensities. The lower
intensity of CDs emissions can be explained by several phenomena: (i) low number of light
emitters in the matrix (GONG et al., 2018; JIANG et al., 2020; LAKOWICZ, 2006; PERLI et
al., 2022); (i1) low fluorescence quantum yield of the emitters (related to the type of carbon dots
used) (LAKOWICZ, 2006); (iii) matrix-related effects and the quality of nanoparticles
dispersions (modification of the emissive domains on each dot) (JIANG et al., 2020); and (iv)
solvatochromic effects (BANO et al., 2019; CHANDRA et al., 2019; REICHARDT, 2005). In
addition, quenching phenomena can occur, as carbon dots can act as electron donors or
acceptors in their excited states (CACIOPPO et al., 2020; PORDEVIC et al., 2020). The
composition of the solvent mixture (type of CD and its concentration) is a major factor in
modulating the fluorescence emission of the film (Figures 40c-d). This is illustrated by the
matrices obtained for chloroform/methanol ratios of 3.3:1 and 4:1 showing PMMA emissions
alongside broader NCNDs emission bands with undistinguishable maximum (~400-450 nm).
From this data, the solvent mixture ratio 2:1 resulted in the best compromise in terms of NCNDs
emission for this study.

To verify the hypotheses that the intensities could be related to the concentration and
nature of the occluded carbon nanodots, higher concentrations of NCNDs (5 wt%) were tested
and compared against the same concentrations of a-CDs and Silica-Cdots. The PMMA-a-CDs
solution used in this study (before casting) is shown on Figure 41, whereas the PL results are
presented in Figure 42.
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Figure 40. PL spectra: (a) PMMA pristine film; and different volumetric proportions of chloroform to methanol
for producing PMMA-NCNDs nanocomposites (0.1 wt% of CDs). Proportions of: (b) 2:1 (selected as standard);
(c) (3.3):1; and (d) 4:1 (v/v).

Figure 41. PMMA-a-CDs (5 wt%) solution (before casting) observed under: (a) daylight; (b) UV light (A = 365
nm).

Increasing NCNDs nanoparticles concentration resulted in more well-defined and
intense emission bands for the dots emissions, even reaching levels slightly higher than the
PMMA matrix. Now, the maxima for emissions from 330-360 nm excitations are clearly
centered at 450 nm. Thus, the presence of fluorescent nanoparticles extends the range of UV-
to-Visible conversion in PMMA (here, it was verified for excitation wavelengths up to 360 nm).
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Superior spectral energy conversion was obtained when testing a-CDs and Silica-Cdots
hybrids in relation to NCNDs, with several emission peaks showing higher intensities than the
emissions from the matrix. The peaks are still centered at 450 nm, and Figure 42b (a-CDs)
presents all CDs emissions above the PMMA’s (peaks increasing with the excitation
wavelength). Emissions observed for 350 and 360 nm excitations overcame 1000 a.u. (arbitrary
units) and saturated the detector, so they were omitted from Figure 42b. Lastly, Figure 42¢
shows lower intensities for the hybrids when compared to a-CDs. This is most likely related to
the very larger dimensions of the hybrids and to the modification of the surface functional
groups originated from the coupling reaction between the a-CDs carboxylic acids and the SiO»
nanoparticles, which removes some of the free -COOH. Such structural differences modify the
interactions between the dispersed phase and the acrylate matrix and can lead to changes in the
quenching mechanisms and emissive domains on each nanodot (AMATO et al., 2021; BANO
etal., 2019; CADRANEL et al., 2018; JIANG et al., 2020).
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Figure 42. PL spectra of films produced by doping PMMA with different amounts of nanoparticles
(concentration in mass): (a) 5 wt% of NCNDs; (b) 5 wt% of a-CDs (emissions for 350 and 360 nm were
omitted, since intensities overcame 1000 a.u. and saturated the detector); and (c) 5 wt% of Silica-Cdots hybrids.

To avoid further detector saturation issues, the previous analysis was repeated, but the
excitation and emission slits were reduced from 5 to 2.5 nm. As shown on Figure 43, the slits
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reduction results in spectra with much lower intensities. As a matter of fact, only the PMMA-
a-CDs system could be analyzed, showing intensities that increase with the excitations from
340 to 370 nm; and a clear emission maximum at 425 nm, which corresponds to the excitation
at 370 nm. This increase of the intensity with the excitation wavelength was not observed on
the other systems.
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Figure 43. Photoluminescence spectra obtained for PMMA-0-CDs (5 wt%) optical films when reducing the
excitation and emission slits from 5 to 2.5 nm. The collected intensities considerably decreased, allowing the
observation of the spectra with no saturation.

The films observed under daylight and under UV radiation (A = 365 nm) are shown in
Figure 44. Their absorption and transmittance properties, in turn (obtained with the
spectrophotometer), are compared in Figure 45. In Figure 45a, the UV-Visible absorption
spectra collected for the nanodots nanocomposites show maximum absorbance at 250 nm,
corresponding to the m — m transition of the sp? carbons of the CDs cores. Shoulders at 275 -
300 nm with tails extending to the visible range are present, assigned to the n — ©" transitions
involving the electron lone pairs of the carboxylic and nitrogen surface groups (AMATO et al.,
2021; PERLI et al., 2022). The pristine sample presents almost no absorbance on the analyzed
range, whereas the PMMA-a-CDs is the nanocomposite with highest capability of absorbing
ultraviolet light. This behavior is approximately opposite to the observed for the transmittances
(Figure 45b): until 300 nm, pristine has a transmittance considerably higher than the
nanocomposites, whereas the PMMA-a-CDs shows a slower sigmoidal increase of the
transmittance, reaching a value close to 100% only for wavelengths longer than 500 nm. The
Silica-Cdots nanocomposite has the highest transmittance on the visible, which may be related
to inherent optical properties of silicates (SALEH; TEICH, 1991; SANTOS et al., 2011).
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Figure 45. (a) Absorbances; and (b) transmittances obtained for the different optical films.

2.6.7. Screening of the photovoltaic properties

Carbon nanodots show interesting applications in photocatalysis and renewable energies
and can be used in solar concentrators (LSC) or converter (LDS) devices. These devices are
designed to collect solar light by absorbing incident photons and reemitting them through an
optical waveguide (STEPANIDENKO et al., 2021; WANG; HU, 2014; ZHAO et al., 2022).

In general, the LSC collector is comprised of thin plates or sheets of a transparent
material doped with luminescent species. Incident sunlight excites these species, and then their
reemissions are collected with a waveguide and directed to the photovoltaic cells, improving
the energy conversion efficiency (BARIK; PRADHAN, 2021; LIU et al., 2020; REISFELD et
al., 1988). In turn, solar converters (LDS) are films or photoluminescent layers deposited and
adhered on the surface of solar cells or photodiodes. LDSs have the same function of shifting
the solar spectrum to longer wavelengths (down shifting), converting UV radiation to visible
light (AHMED et al., 2012; CHOI et al., 2017).

Due to its great optical properties, PMMA is one of the most applied materials for
manufacturing LSCs (REISFELD et al., 1988) and LDSs (CHOI et al., 2017). In general, these
LSCs use organic dyes or inorganic quantum dots as fluorescent species, showing
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disadvantages such as the photodegradation of the organic dyes or the toxicity of the inorganic
nanoparticles (AHMED et al., 2012; WALDRON et al., 2017; ZHOU; WANG; ZHAO, 2015).
Thus, the photoluminescent behavior of the PMMA-CDs matrices could be exploited to
improve the External Quantum Efficiency (EQE) of photovoltaic cells, considering the large-
scale systems’ production costs (REISFELD et al., 1988).

Carbon nanodots-based nanocomposites have already been leveraged on solar energy
applications (CHOI et al., 2017; GONG et al., 2018; LI et al., 2017). In these studies, PMMA-
doped films were used as luminescent solar collectors and cells’ top-layers, converting UV to
visible light. That is because silicon-based solar cells show poor light harvesting performance
under UV-irradiation, leading to poor quantum efficiencies in the UV region (AMATO et al.,
2019; TSAl et al., 2016).

Most of the incident UV photons produce photogenerated carriers (electron-hole pairs)
close to the surface, which could easily recombine with defect sites in the depletion region, the
intermediary zone of the solar cell’s p-n junction where the electric current is generated. In this
context, NCNDs could facilitate the down-conversion effect on silicon cells: photons with
longer wavelengths (in the visible range) could be absorbed and excite carriers in the depletion
region for immediate photogenerated carrier separation due to the built-in electric field, leading
to increased photovoltaic effect (AMATO et al., 2019; CHOI et al., 2017; TSAI et al., 2016).

Therefore, as PMMA-CDs nanocomposites are promising candidates for solar cells
applications, NCNDs-doped optical films were used in proof-of-concept experiments on the
improvement of cell efficiency by positioning the doped films on the external surfaces of
silicon-based solar cells with dimensions of 25 mm % 25 mm. Figure 46 shows a representation
of this setup for the blue-emitting NCNDs-PMMA, indicating that part of the visible range from
the solar radiation is directly converted by the cell. The UV is not converted, though, and could
even degrade the device. So, by converting part of the UV to visible, the NCNDs not only
increase the bandwidth from the solar light that can be used for electricity generation, but also
protect the cell from UV-degradation. It ultimately leads to economic gains related to the
improvement of both the efficiency and the total cells’ life cycles (WANG; HU, 2014).

The photovoltaic results (current I versus voltage V for a given incident irradiance
power Piy) obtained for the cell with pristine are compared to the NCNDs-doped (0.5 wt%)
optical film in Figure 47, and the experimental parameters obtained are shown in Table 2. Here,
Isc is the short-circuit current, which is the maximum current that may occur on the cell (zero-
voltage condition). This current is due to the generation and collection of light-generated
carriers. For an ideal solar cell at moderate resistive loss mechanisms, it is identical to the light-
generated current (HONSBERG; BOWDEN, 2019a). The open-circuit voltage Vo, in its turn,
is the maximum voltage available for a solar cell, occurring at zero current. It corresponds to
the amount of forward bias on the solar cell due to the bias of the cell junction with the light-
generated current (HONSBERG; BOWDEN, 2019b).

Voc presents a complex non-linear relation with temperature. Another important
characteristic of V. is that it increases with the bandgap, while Isc decreases with this gap. In
an ideal device, Vo is limited by radiative recombination (electron-hole) (HONSBERG;
BOWDEN, 2019b). Is, on the other hand, depends on a series of factors, including: (i) the area
of the solar cell; (i1) the number of incident photons or the power of the incident light source
Pin; (ii1) the spectrum of the incident light; (iv) the optical properties (absorption, transmittance
and reflection) of the solar cell; and (v) the minority-carrier collection probability of the solar
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cell, which mainly depends on the surface passivation and on the minority carrier lifetime in
the cell’s base (HONSBERG; BOWDEN, 2019a).

For both Isc and V. conditions, the power produced by the cell is zero. So, to determine
the efficiency of the cell, a third parameter called fill factor (FF) is analyzed in conjunction with
Isc and V. It is given by the relation between the maximum power Pmax of the cell and the
product between Isc and Vo, as in Equation (4) (HONSBERG; BOWDEN, 2019c).

hv

D

Figure 46. Scheme of solar cell coated with doped-PMMA.: CDs convert part of the UV to visible, enhancing
the solar radiation bandwidth that may be used for electricity generation; and protecting the cell from UV-
degradation.

Pmax
FF = —"% _ (4)
Voc X Isc)

FF may be understood as a measurement of the "squareness" of the solar cell’s [ x V
curve and is also the area of the largest rectangle which may be inscribed within this plot. The
FF from a solar cell can be determined by differentiating its power with respect to the voltage
and then finding the maximum Pmax (dP/dV = 0): the rectangle area is obtained by multiplying
the V of maximum power by the correspondent current value retrieved from I curve
(HONSBERG; BOWDEN, 2019c¢). From these parameters, the efficiency of the solar cell n
may be finally calculated as Equation (5) or, in percentage, as Equation (6) (GONG et al., 2018).
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_ Usc X Voc X FF)

5 (5)

_ Usc X Voc X FF)
P;

x 100% (6)

The short-circuit current density Js is related to the cell’s transmission and to the amount
of excited photoelectrons in the device, presenting a great influence on the overall efficiency of
the system (CHUNG et al., 2012). Moreover, previous studies with carbon nanodots-doped
light solar concentrators indicate that both Jsc and V. should increase with the concentration of
nanoparticles. Since the total of excited photoelectrons is associated with the doping
concentration, the intensity of the emitted fluorescence increases with CDs’ concentration.
Gong et al. (2018) argue that such an increase is not indefinite, though, so the concentration of
nanoparticles has an optimal value. This comes from overlaps between the absorption spectra
and the fluorescence emission spectra of carbon nanodots leading to reabsorption of emitted
photons by the CDs themselves. Finally, as the fluorescence quantum efficiency must be
smaller than 1 (LAKOWICZ, 2006), the final emitted fluorescence intensity is necessarily
smaller than the absorbed intensity, resulting in a loss of energy in the conversion process.
Therefore, if the doping concentration exceeds the optimum value (a condition that must be
determined empirically), the fluorescence intensity and the solar cell’s efficiency will start
decreasing (GONG et al., 2018).

In Figure 47 and Table 2, the I X V curve and the photovoltaic parameters are presented
for a PMMA-0.5 wt% NCNDs and pristine optical films of ~35 um thicknesses. An increase in
the solar cell efficiency is observed for the NCNDs-doped matrix, from 4.24% to 4.72%.

Even though at first glance this 11.3% increase might seem of low significance, it can
be translated into substantial savings of economic and environmental resources on commercial
systems. For instance, a typical panel has an efficiency of 15% and a surface area of 1 m?,
producing about 150 W of electrical energy (VOURVOULIAS, 2023). Employing such panels,
the National Renewable Energy Laboratory (NREL - USA) estimates that 2.8 acres of panels
are needed to supply 1000 households with electricity for a year (1 GWh), what corresponds to
the operation of a solar farm with 32 acres of land (BUSINESS, 2013; ONG et al., 2013). Thus,
an efficiency increase of 11.3% would bring the net panel efficiency up to 16.7%, reducing the
total area of the panels to 2.5 acres (10.7% reduction); and lowering the total land needed for
the solar plant to 28.7 acres (10.3% reduction).

Furthermore, the current experimental setup is based on the simple partial superposition
of the optical films on the cell’s surfaces. It is an assembly strategy that limits the efficiency
gain due to factors like the poor interface contact conditions and the possible formation of an
intermediate air layer (dielectric). Light reflections may be observed on a setup like this, as the
PMMA layer is not adhered on the cell surface and the film thickness is not optimized for
interferometric anti-reflexive properties. Spurious reflections reduce the conversion efficiency
by partially rejecting light back to the external medium. Therefore, the reduction of the film’s
reflectance could be a strategy for improving the energy conversion (SALEH; TEICH, 1991;
TAYLOR, 2002). Naturally, the use of the most-efficient carbon nanodots (a-CDs) is also
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expected to lead to better results, since they present the most intense emissions.
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Figure 47. Curves of current versus voltage for the solar cells covered with: pristine (black); and PMMA-
NCNDs (pink) optical films.

Table 2. Photovoltaic data obtained for the two tested solar cells covered with pristine and PMMA-NCNDs
optical films.

Pristine PMMA-NCNDs
Isc (mA) 23.87 26.55
Vo (V) 0.6069 0.6098
Jsc (mA/cm?) 9.95 11.06
Pmax (mW) 10.18 11.32
FF 0.703 0.699
n (%) 4.24 4.72

2.6.8. Conclusions from this study

Three typologies of carbon nanodots (NCNDs, a-CDs and Silica-Cdots hybrids) were
applied to the fabrication of fluorescent PMMA optical films. The films significantly enhance
the PMMA’s natural fluorescence and allow the conversion of a wider UV window to visible,
increasing solar cells’ efficiencies.

Initial testing showed an 11.3% increase in efficiency by employing fluorescent films,
even considering their use in non-optimized conditions. When compared to the power obtained
with regular panels, this gain would be translated in up to 10.3% of land use reduction. It is a
result that clearly demonstrates the feasibility and potential application of these low-cost
sustainable materials.
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Upcoming works will focus on optimizing the usage of a-CDs (that present the highest

UV-to-Visible conversion) as the standard for fluorescent film fabrication, further enhancing
the efficiency gains. Since these nanoparticles are formed by thermolysis in simple muffles,
they are particularly adequate for large-scale manufacturing due to requiring simpler, cheaper,
and easily scalable equipment. In addition, as very high UV absorbances are observed for a-
CDs (Figure 45a), doped PMMA films will help protect the cell against UV-induced
degradation on the passivation layers, increasing the lifespan of panels and leading to reduced
maintenance costs. Methodologies for direct coating the cells with doped films will also be
investigated to eliminate the extra dielectric layer (air gaps) and to minimize reflection losses.
Potential avenues to accomplish this are drop-casting the PMMA-CDs chloroform solutions
directly on the cell’s surface and spin-coating.
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3. Design and Application of Fiber Optic Chemical and
Biochemical Sensors

3.1. Motivation

Optical fibers are cylindrical waveguides formed by dielectric materials with low loss
of light power. They have a central core (where the light is guided) surrounded by a cladding
with refractive index slightly lower than the core’s. Light rays incident on the core-cladding
interface with angles greater than a certain critical value suffer total internal reflection, being
guided through the core without suffering refraction. Rays that do not follow this critical angle
condition are transmitted through the cladding: they suffer high loss of power and are not
effectively guided (SALEH; TEICH, 1991). This is the idea previously explored on Fig. 29.

The principles of light transmission in optical fibers are essentially the same as those
applied to planar waveguides, except for the cylindrical geometry. Moreover, light propagates
in the form of modes throughout the fibers. It is worth noting that it was exactly the
development of these light guidance techniques that allowed the conduction of light to positions
inaccessible to traditional instruments (lenses and mirrors). It also allowed the confinement of
light in optoelectronic devices of reduced dimensions, enabling the miniaturization of such
systems (SALEH; TEICH, 1991).

The discovery of the laser in the early 1960s, in turn, motivated the application of the
light spectrum in communications (i.e., motivated its use as an extension of the radio and
microwave spectra), what allowed the transmission of information at much higher rates than
hitherto used. Thus, there was a stimulus to the development of optical fiber-based
communication systems in which transmitted or reflected light is captured by a photodetector
(KEISER, 2013). The detector, then, converts the optical stimulus to an electrical signal that is
electronically or computationally processed (GHATAK; THYAGARAIJAN, 2000).

The most common configuration of optical fiber is the so-called “step-index fiber”: it
consists of a central dielectric core (index of refraction n1) covered by a cladding of material
with index of refraction nz, where n2 < nj. In addition, other fiber configurations are possible
(GHATAK; THYAGARAIJAN, 2000; SALEH; TEICH, 1991): fibers may present refractive
indices that vary continuously with the distance from their central axis (“‘graded-index fibers”);
or they may even show complex microstructures that contain cavities filled with air, vapors or
liquids (LI et al., 2018c; OLIVEIRA et al., 2016; PETERS, 2011; YANG et al., 2018).

The growth of optoelectronic and telecommunication industries led to the advent of the
fiber optic sensor technology, which was the alternative found by these industries so that they
could produce themselves the monitoring and control components for their manufacturing
processes (UDD, 2002). The great technical progress observed in these sectors from the 1980s,
on the other hand, made miniaturized and low-cost light sources and photodetectors
commercially available. Finally, the production of high-quality optical fibers allowed the
development and use of the fiber optic sensors in applications beyond communications, such
as biomedicine (WENCEL; ABEL; MCDONAGH, 2014).

So, as component prices were reduced and quality improvements were achieved, fiber
optic sensors started replacing traditional instruments used for various types of measurements,
like: rotation, acceleration, temperature, pressure, mechanical deformation, voltage and electric
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current (UDD, 2002). Also, technical advantages inherent to the use of optical fibers were
observed, including: typically reduced mass of the devices; small dimensions of the sensors;
low energy consumption by the equipment; resistance to electromagnetic interference presented
by optical devices; and biocompatibility. Other interesting optical fiber sensors properties
noticed were high: sensitivity; stability; measurement resolution; bandwidth; and resistance to
the environment, both from the chemical and from the thermal point of view, with possibility
of remote operation and under aggressive conditions (LI et al., 2018c; UDD, 2002).

Sensors with such characteristics show several potential applications in chemical and
biochemical monitoring: detection of gases and vapors; chemical and biomedical analysis;
molecular biotechnology; environmental analysis (from the analysis of agricultural pesticides
to the monitoring of marine environments); industrial production monitoring; bioprocess
control; monitoring of the production of catalysts and other components in automotive industry
(WANG; WOLFBEIS, 2020; WOLFBEIS, 2008); and even monitoring of cell proliferation in
microfermentors (SOARES et al., 2019b, 2019¢).

Traditionally, the set of optical fiber chemical sensing systems is divided into two main
classes: direct sensing schemes (called “label-free” sensors); and indirect ones, based on the
addition of indicators (e.g., a dye with fluorescence dependent on the presence of a target
analyte). In the first case, intrinsic optical properties of the analyte (e.g., its refractive index, its
absorption, or its emission) are assessed. In the second one, either the fluorescence or the color
of an immobilized indicator agent (the “label”) is evaluated; or another optical property of the
“probe” is selected for being monitored (WANG; WOLFBEIS, 2020; WOLFBEIS, 2008).

Some authors also consider that there is a subclass of chemical sensors called
biosensors. There is no consensual definition for biosensors, though, and different and even
mutually exclusive concepts regarding this subject are found in literature. For instance, one
useful definition of fiber optic biosensors is a set of devices derived from optical fibers that use
the optical field for the detection of biological molecules (including proteins, antibodies,
nucleic acids, and even cells). Such devices are commonly modified with biological species to
improve their selectivity (LEUNG; SHANKAR; MUTHARASAN, 2007; WANG;
WOLFBEIS, 2020; WOLFBEIS, 2008). Ideally, biosensors should not only respond to low
analyte concentrations, but also be capable of differentiating species according to the
recognition molecules attached to their surfaces. They have several applications in the health
area, including the detection of biological markers for clinical diagnosis and the detection of
pathogens and toxins in water and food (LEUNG; SHANKAR; MUTHARASAN, 2007).

So, the objective of this work was the design and the application of fiber optic sensors
to important chemical and biochemical systems. The sensors were validated for the assessment
of biphasic systems (common in petrochemistry); fermentation monitoring; and simultaneous
detection of nanoparticles suspensions’ velocity and concentration. Such suspensions are
present in several sectors, from the traditional chemical, petrochemical and mining facilities to
biochemical and food industries, with a range of control and monitoring use-cases.

3.2. Monitoring of biphasic flow with tilted fiber Bragg grating optical sensor

The work published by the IEEE Sensors Journal (ARISTILDE et al., 2021) and
protected by a patent (CORDEIRO et al., 2019) is presented here. In this system, a 3D-printed
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millifluidic device with an inserted tilted fiber Bragg grating sensor is used for assessing
velocity and refractive index on biphasic systems (air-in-oil, water-in-oil and water-in-air
suspensions). So, it has important applications in the monitoring of petrochemical facilities.

Moreover, the test of suspensions formed by water, air, and vegetable oils is indeed a
methodology typically applied to gas-water and oil-water studies (ANGELI; HEWITT, 2000).

3.2.1. Introduction

Multiphase flows are characterized by the simultaneous transport of immiscible
substances, the dispersed and continuous phases. They are observed in the oil and gas industries
during the extraction of light and heavy oils containing dispersed components like minerals,
gases, and water (ANGELI; HEWITT, 2000); in nuclear reactors (COLOMBO;
FAIRWEATHER, 2015); and in biomedical applications (YAO; TAKEI, 2017).

On the other hand, milli- and microfluidic devices can be used for precisely generating
and manipulating such multiphase systems, once they allow the formation of droplets flowing
through a continuous phase. These devices present, then, important applications in
microreactors and clinical analyses (JOANICOT; AJDARI, 2005; YAGER et al., 2006).

The assessment of the multiphasic systems is usually based on quantifying flow rates,
fluid velocity, temperature, and dispersed phase concentration (SNOEK, 1990). Nowadays,
several methods are available for that, including: imaging and computer vision-based systems;
use of ultrasonic, capacitive, and electronic sensors; and spectroscopy analyses (SNOEK, 1990;
WU; GU, 2011; YAN et al., 2018; ZHU; FANG, 2013).

Limitations remain in terms of processing time, portability, robustness, and
implementation costs of such methods, though (WU; GU, 2011; ZHU; FANG, 2013). In this
context, optical fiber sensors emerge as suitable alternatives due to their intrinsic advantages,
like compact size, high sensitivity, and immunity to electromagnetic interference. Besides,
silica fibers are inert to several chemical and biological agents (LEE, 2003; WANG;
WOLFBEIS, 2020).

For the particular case of biphasic media, different setups of optical fiber sensors were
described, like reflection-type sensors for estimative of velocity and geometry of dispersed
slugs. They were based on the reflected light intensity, using either standard or specialty fibers.
Despite their simplicity, these devices showed limited sensitivity to refractive index changes
and were vulnerable to bending due to flowing fluid tangential and inertial forces (LIM et al.,
2008; VEJRAZKA et al., 2010). In other studies, velocity and concentration of droplets
interacting with the evanescent field were monitored by microfibers. The fibers were positioned
transversely to the flow direction, and the detection was based on a complex interrogation setup
(HSIEH et al., 2016). Photonic crystal fibers were also explored by trapping volumes of liquids
and sensing their characteristics as the droplets flowed through air holes. However, it was
difficult to clean clogged fibers in this case (EUSER et al., 2009; NIELSEN et al., 2005).

Another interesting approach used for the detection of biphasic systems was the use of
a grid comprised of multiple fiber Bragg gratings (FBGs) to track the passage of dispersed
volumes. This strategy is based on mechanical stimulation, but it does not provide chemical
characterization (ZAMARRENO et al., 2015). This limitation can be overcome for the
particular case of detection of surrounding droplets by using exposed FBGs (DAVID;
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DJILALI; WILD, 2012); or long-period gratings (LPGs) (CHIN et al., 2008), but such
strategies require additional fiber processing and only periodic flows can be analyzed.

A feasible alternative to FBG and LPG sensors is the application of tilted fiber Bragg
gratings (TFBGs), which exhibits high sensitivity to external RI changes and intrinsic
temperature compensation capability (ALBERT; SHAO; CAUCHETEUR, 2013; GUO et al.,
2016). As a matter of fact, the monitoring of biphasic systems with TFBGs was successful in
detecting surface tension (LIU et al., 2018); and flow rates and directions (SHEN et al., 2018,
2020), but the sensors relied on the use of metallic coatings and spectral analysis. So, despite
the fact that current fiber interrogation hardware is usually capable of providing fast wavelength
scanning and peak/dip detection, these devices present relatively high-costs and complexity.

As a solution to such difficulties, this study developed a TFBG-based biphasic flow
sensor with single-wavelength detection (ARISTILDE et al., 2018). A millifluidic device was
used here to produce controlled droplets that stimulate the TFBG, allowing the assessment of
the flow characteristics from the output light intensity signals.

The advantage of this device when compared to other approaches is that it employs a
simplified interrogation system based on a single photodetector. Then, the response time only
depends on the sampling rate of the data acquisition hardware. The sensor was validated for
water, oil, and air slugs, providing reliable results with a straightforward, easy-to-implement
setup.

3.2.2. Droplets formation on biphasic milli- and microfluidic devices

Some milli- and microfluidic devices are designed for promoting the controlled
formation of drops. For that, they independently drive a dispersed phase and an immiscible
carrier fluid through different channels, providing their encounter in a junction (BAROUD;
GALLAIRE; DANGLA, 2010).

The most important physical parameters that determine the formation of the droplets
are: the geometry of the junction; the flow rates of the components; the intrinsic properties of
the components (specially their viscosities and surface tensions); and the ratio q between the
components, where q = Qp/Qc. Here, Qp and Qc represent the flow rates of the dispersed and
the continuous phases, respectively (BAROUD; GALLAIRE; DANGLA, 2010).

The sizes of the formed droplets, in their turn, are dependent on the force resultant from
the competition between: the pressure related to the flow movement (flow inertial forces); and
the viscous shear stresses and capillary pressure. Importantly, the capillary pressure represents
the resistance of the channel to deformation (BAROUD; GALLAIRE; DANGLA, 2010).

Several authors reported the application of T-junctions as reliable alternatives for the
drop formation, but with the disadvantage of a complex flow dynamics (BAROUD;
GALLAIRE; DANGLA, 2010). These junctions were used for forming water droplets from the
flow of two-phases (water dispersed in different oils) through orthogonal and coplanar channels
(THORSEN et al., 2001). Then, considering the easier fabrication and flow control, as well as
the fact that water-oil systems would be tested here, the T-junctions were selected for this study.

After being formed in the junctions, the drops are transported as bubbly flows if their
diameters are smaller than the channel size. In this situation, drops flow with the external
velocity of the carrier (continuous phase) and follow its streamlines. Alternatively, they may
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be transported as slug flows, occupying most of the cross section of the channel. In this last
case, the flow is affected by capillary effects and by the deformability of the interface between
the phases (BAROUD; GALLAIRE; DANGLA, 2010).

It is simpler to monitor the slug flow due to the higher contrast between phases’ physical
properties and to the increase on the interrogation area. Therefore, the ratio q must be optimized
for guaranteeing the slug flow and, consequently, that every droplet is properly detected by the
sensor. If q is very low, very small bubbles that are not capable of stimulating the TFBG sensor
are formed. On the other hand, the use of critically high values of q could result on the dripping
and jetting of the fluids, a situation in which no droplets could be distinguished (ANNA, 2016;
BAROUD; GALLAIRE; DANGLA, 2010).

3.2.3. TFBG detection principles

The standard fiber Bragg grating is fabricated by exposing a short section of a single-
mode optical fiber to an intense ultraviolet radiation. A fiber core with periodically varying
refractive index (essentially, a pattern of interference fringes) is thus obtained. When a
broadband light is launched through the fiber, the FBG allows the coupling between the
forward-propagating and the backward-propagating core modes, creating a reflection response.
The constructive interference of the reflected light waves occurs for a specific wavelength Ag
(Bragg wavelength). It is given by Equation (7), where n., is the effective RI of the core’s
fundamental mode and A is the grating period (LEE; JEONG, 2002; ZHANG; ZHANG;
BENNION, 2002).

AB = (cho)A (7)

The phenomenon observed for the tilted fiber Bragg grating is slightly different, though:
the index modulation of the core forms planes (the interference fringes) that are tilted by an
angle 0 in relation to the normal plane of the fiber (plane perpendicular to the cross section and
containing the fiber’s axis). These tilted fringes couple the core mode to several cladding
modes, which are, in turn, sensitive to the external medium’s RI (ALBERT; SHAO;
CAUCHETEUR, 2013; ARISTILDE; CORDEIRO; OSORIO, 2019; SHEN et al., 2018).

A medium with low refractive index allows all cladding modes to be guided, and each
of them appears as an individual valley on the fiber’s transmission spectrum. However, if the
fiber is submitted to a higher RI, the cladding modes with lower RIs will leak away, with
consequent decrease of the signal amplitude. In this case, the cladding modes with higher
refractive indices are still guided, but shift to higher wavelengths (ALBERT; SHAO;
CAUCHETEUR, 2013; ARISTILDE; CORDEIRO; OSORIO, 2019; SHEN et al., 2018).

In summary, tilted fiber Bragg gratings are comprised of periodic RI changes along the
core length wherein the diffraction template is slanted with respect to the fiber axis. The TFBG
enhances the coupling between core-propagating modes and a set of cladding high-order
modes, creating resonances in the transmission spectrum toward shorter wavelengths. Since the
evanescent field of cladding modes interacts with the external medium, resonance dips are red-
shifted as the surrounding RI (index n) approaches the cladding effective index. It makes the
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TFBG sensors suitable for chemical measurements (ALBERT; SHAO; CAUCHETEUR, 2013;
GUO et al., 2016).

Equation (8) provides the phase-matching condition for the TFBG. In this equation, the
matching condition is given by the resonance wavelength A; of the i-cladding mode; A is the
grating period; 0 is the tilt angle; and n., and n',, are the effective refractive indices of the
fiber core and of the iM-cladding mode, respectively (ALBERT; SHAO; CAUCHETEUR,
2013).

A= (nco + nicl) (8)

cos @

When a TFBG is subjected to a longitudinal two-phase flow formed by: a phase with RI
np (dispersed phase); and a (continuous) phase with index nc, the index of the surroundings of
the fiber varies with time, as the dispersed phase passes along the grating. Since typical methods
assess the output spectrum for quantifying shifts in the resonance wavelengths (GUO et al.,
2016), velocity measurements in flowing droplets are restricted by the scanning frequency of
the optical spectrum analyzer (OSA) or by the interrogation hardware.
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Figure 48. Variation of surrounding refractive index as a function of time: the output spectra of TFBG shifts
with the dispersed phase transport, allowing the evaluation of flow speed and substances estimative. (A)-(D):
flow of colored-water droplets (lower RI, in gray) in oil (higher RI, in yellow) in different time instants (t; to ts).
The TFBG is represented by the tilted lines on the fiber core: when the grating is in contact with the gray
droplets, a higher signal intensity is detected, and a profile like (E) is obtained.

So, an alternative is to select a fixed transmission wavelength A, making the TFBG
works as a tunable notch filter. In this case, variations on the output light intensity I(t) arising
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from modifications of the instant refractive index n(t) of the medium in contact with the grating
can be measured in real-time with a photodetector connected to an oscilloscope or with a data
acquisition card. Consequently, for a grating with length Lg, the average flow speed V can be
evaluated from the temporal features of I(t), and each phase can be identified from its RI value
(KRAUS et al., 2004). This is represented in Fig. 48: assuming I(t) has an average time period
given by T, the flow velocity V can be estimated as the relation V = Lg/T.

3.2.4. Sensor design and measurement setup

The general measurement setup is represented in Figure 49. Basically, a light source in
one extremity of the setup is responsible for exciting a single-mode optical fiber, whereas a
detector positioned at the opposite extremity measures the output light filtered by the TFBG.

A section of the optical fiber is inserted into a transparent T-junction millifluidic device,
so the waveguide is placed in a direction parallel to the flow movement. Two input flows are
generated and controlled by syringe pumps. One of them transports the continuous phase
(sunflower oil in food grade; or air), and the other transports the dispersed phase (colored water;
or air). Then, a controlled biphasic flow profile (e.g., water droplets in oil) is formed in the
interior of the device after the T-junction. Furthermore, a transverse static camera performs
optical tracking measurements for comparative and validation analyses of the obtained results.

The TFBG was fabricated by phase-mask technique, by exposing a hydrogen-loaded
fiber to UV light (Quantel Q-Smart 450 laser, 266 nm). It resulted on the following Equation
(8) parameters: A = 535.6 nm; Lg =4 mm; and 6 = 6° (ARISTILDE; CORDEIRO; OSORIO,
2019). The fabrication of the millifluidic device, on the other hand, was performed with
stereolithography with a 3D-printer (Formlabs, Somerville, MA, USA) and transparent
photopolymer (Clear resin). This manufactured device showed channel length and cross-section
area of 30 mm and 1 mm?, respectively (Fig. 50 shows the project used for the 3D-printing).
Lastly, the optical fiber was stretched and centered inside the channel before the device’s lateral
accesses get sealed with a photocurable resin.

In order to determine the best wavelength for stimulating the sensor, the system’s
response to the surrounding refractive index was firstly characterized outside of the millifluidic
device. For that, a TFBG was immersed in water; in oil; and in several glycerin aqueous
solutions obtained by progressively adding different masses of glycerin to deionized water.
Each tested medium had its refractive index evaluated with a MISCO PA 202 Refractometer
(Palm Abbe) with a 589 nm high precision LED (resolution of 10 nm) at ~25 °C and room
atmosphere. The solutions showed indices 7 in the range 1.33 <n < 1.47, where n = 1.33 was
the RI assessed for the water; n = 1.47 was the index obtained for the sunflower oil; and n =
1.00 was the index for the air (refractometer with no sample positioned on its crystal).

For each tested solution, the waveguide was excited with a superluminescent diode
source and the transmitted light spectrum was measured with an optical spectrum analyzer
(OSA). Based on the output transmission range (Fig. 51), it is possible to choose a particular A
value for the implementation of the single-wavelength interrogation scheme.

When analyzing Fig. 51a, it is possible to notice that the intensities of the dips on the
light transmission spectra decrease as the refractive index of the tested solution increases. On
the other hand, for a given spectrum, the intensities of the dips vary with the excitation
wavelength.
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Figure 49. Optical fiber sensor: water-in-oil biphasic flow passes through the millifluidic device and changes the
refractive index surrounding the TFBG, resulting in different intensities detected by the oscilloscope.

I

Figure 50. Sketch and blueprint of the 3D-printed device (quotes in millimeters). The full device presents
horizontal length of 30 mm. Its upper face is plane-polished with isopropyl alcohol for 15 min for allowing the
visual observation of the droplets.
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The conclusion, then, is that the highest sensitivity of the sensor (the situation where the
assessment of different RIs results in the maximum possible differences of signal intensities) is
obtained when selecting the wavelength where the dips show the highest intensities for a same
refractive index. Naturally, the maximum difference allowed for the system is observed when

comparing a dip collected for RI = 1.33 (most intense dip) with the one obtained for RI = 1.47
(no visible dip), as shown in Fig. 51a.

Fig. 51b shows the spectra on a narrower wavelength range, the region where the most
intense peaks are observed for each RI. This window was used for selecting the wavelength A
= 1531.36 nm for the operation of the laser. Fig. 52, in turns, was obtained by plotting the
individual values of the transmission losses (values collected on Fig. 51b for A = 1531.36 nm)
against the correspondent RIs of the tested solutions. A linear correlation was obtained from
this plot: transmission (dB) = -18.4n + 24.6. The derivative of this correlation gives the TFBG
sensitivity: -18.4 dB/RIU, where RIU stands for refractive index unit.
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Figure 51. TFBG sensor responses to the surrounding refractive index n: (A) transmission spectra; (B)
resonance dips around 1531.5 nm. The vertical line indicates A =1531.36 nm, whereas the legend indicates n
values. Transmission data were normalized for the sake of visualization.
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Figure 52. Transmission as a function of n (solid line is a linear curve fitting that excludes outliers).
Transmission data were normalized for the sake of visualization.
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After the wavelength selection, the fiber sensor can be applied to the assessment of
biphasic flows using a tunable laser source set in 1531.36 nm and a photodetector connected to
an oscilloscope (Fig. 49). The syringe pumps connected to the millifluidic device were
empirically adjusted to establish a periodical slug flow. For that, the effect of ratio q on the
droplets lengths must be analyzed, as discussed (BAROUD; GALLAIRE; DANGLA, 2010).

The ratio q ranged from 0.10 to 1.00 for the analysis of the droplets’ lengths (Fig. 53).
The pumping was performed with a computer-controlled step motor which pushes syringe
plungers with rates from 2 to 30 pm/s, corresponding to velocities ranging from 0.16 to 2.45
mm/s in the entrance of the channels. Results of droplets lengths’ L for different q ratios are
summarized in Table 3. For improving the visualization, the water slugs were marked using
small volumes of dye, since prior measurements indicated that deviations in the sample
refractive index caused by the dye were negligible.

Ratios superior to the range shown in Fig. 53 and Table 3 were ignored. As q grows, the
distance between successive droplets reduces, making it more difficult to distinguish between
successive drops both by the signal analysis and by visual observation. It was observed that
ratios q > 1.00 were critically high, so the dripping and jetting of the fluids prevented the
distinguish of droplets (ANNA, 2016; BAROUD; GALLAIRE; DANGLA, 2010).

q=0.10 q=0.50
L =1.00 mm L =3.03 mm
q=20.20 Hille q=0.60
L =2.37 mm = L =336 mm
. q=0.70
g:79:30 SH€ | =3.36 mm
L =2.41 mm e

Figure 53. Evaluation of water-in-oil droplets’ lengths L for different flow ratios q.
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Table 3. Droplets lengths’ L verified for each q ratio.

q L (mm)
0.10 1.00
0.20 2.37
0.30 2.41
0.40 2.77
0.50 3.03
0.60 3.36
0.70 3.36
1.00 3.36

For the ratios shown in Figure 53, the length L rises with q and reaches a maximum
value when q = 0.60 (ratio correspondent to the velocities of 0.49 and 0.82 mm/s for the water
and for the oil, respectively). For this q ratio, the drops are completely in the slug regime and
the maximum L is adequate for the TFBG detection. Also, as q grows from 0.60 to 1.00, a
reduction of the distances between successive droplets is observed, making the detection more
difficult as discussed. So, the ratio q = 0.60 was selected for performing the experiments where
the sensing of different multiphasic systems (oil-in-water and oil-in-air systems) are compared.

When using the full setup shown on Fig. 49, the intensity signals collected by the
photodetector are acquired by an oscilloscope at 100 Hz sampling rate and are processed in a
computer for evaluating the flow characteristics. In this study, all experiments were conducted
at room temperature and the collected data were validated by comparison with the concomitant
optical tracking measurements. The fiber and the millifluidic device were carefully cleaned
between measurements with isopropyl alcohol to avoid contamination of samples.

3.2.5. Multiphase flow assessment

In addition to Fig. 53 and Table 3, Fig. 54 compares the effect of different q ratios (q =
0.6 and q = 0.5) on the optical signals (A = 1531.36 nm) collected for water-in-oil flows (i.e.,
flows of water dispersed in oil). The light intensity I(t) fluctuates over time and achieves
maximum values when a water slug passes by the grating. The RI of water (np = 1.33) increases
the transmission signal, in contrast to the obtained for the sunflower oil (nc = 1.47).

The reduction of q = Qp/Qc corresponds to the increase of the relative importance of
the continuous phase flow rate (and of its velocity, as the channels have constant diameter) over
the dispersed phase flow rate. Once the drops are dragged by the continuous phase, the
reduction of q implies on an increase of the frequency of the periodical signal I(t) resultant from
the passage of the water droplets on the TFBG. When the carrier flows faster, more droplets are
transported, so a higher number of signal peaks are observed during a given time interval.
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For the temporal analysis of Fig. 54, it is useful to recall that the TFBG length is given
by Lg =4 mm. Each peak width on Figs. 54a-b corresponds to the time interval At between the
instant when a drop start stimulating the TFBG (instant when it reaches the beginning of the
grating) and the time when it stops stimulating the sensing region (instant when it completely
left the grating). As shown on Figure 55, the physical distance (total length) corresponding to
the width of each detected peak is then the interval needed for one drop to go through the
distance (Lg + L), the sum of the TFBG length with the leaving droplet length. Now, the actual
droplet velocity can be directly calculated from the collected signals as V = (Lg + L)/(At).

Also, a simpler procedure can be performed if resolved peaks with a single maximum
point (such as the ones in Fig. 54) are present; and if one droplet reaches the TFBG just as the
previous one leaves the sensing region. The maxima correspond to the instants of highest
stimulation of the TFBG, when the drops are perfectly centered on the sensing region. So, the
time T between successive maxima is the period of the flow; and the travelled distance is simply
the length of the sensing area itself (one drop leaves the center before the next droplet reaches
this same point). The velocity, then, can be calculated as V = Lg/T.
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Figure 54. Measurement of water-in-oil flows: normalized intensity for (a) q = 0.6; and (b) q = 0.5. Peaks and
dips indicate the passage of water and oil slugs, respectively, along the TFBG. Flow profiles for (c) g = 0.6; and
(d) g =0.5. Water slugs are colored with black dye for facilitating their observation.

For q = 0.6 (Fig. 54a), thus, the signal period T = 7.16 s resulted in the droplet velocity
V =0.56 mm/s. The ratio q = 0.5 (Fig. 54b), in turn, resulted in T = 5.64 s and V = 0.71 mm/s.

These values corroborate with the optical tracking measurements, in which V = 0.55
mm/s and 0.68 mm/s were obtained for q = 0.6 and 0.5, respectively. The comparison between
the optical fiber and the visual analysis resulted, therefore, in a maximum relative error of 4.4%.

Fig. 54 shows that the transitions in I(t) are not abrupt (even though the substances are
immiscible and with discrepant refractive indices). That is because the resonance dip shifts
depend on the relative proportion of water and oil surrounding the grating for a given time, as
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shown by the model depicted in Fig. 49. On the other hand, the signal intensity profile is
expected to change depending on the flow velocity and on the detector sampling rate.
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Figure 55. Out-of-scale representation of a droplet reaching and completely leaving the TFBG sensing region
from the optical fiber. The time comprised between the beginning and end of each sensing peak (peak width) is
the interval needed for one droplet to go through the distance Lg + L. This distance should be used when there is
no clear (resolved) signal maximum.

The replacement of the syringe containing water by an air-filled syringe (keeping q =
0.60) can be used to create a flow of air droplets in oil. The results collected when assessing
this situation are shown in Figure 56a. In this case, deviations in the output intensities are more
subtle in amplitude than the observed for the water-in-oil system. That is because the RIs of the
dispersed (air) and continuous (oil) phases produce an almost coincident transmission level at
1531.36 nm. The difference observed in Fig. 51b for the transmissions in air and transmissions
in oil is of only ~0.25 dB, making the sensor less sensitive to the passage of the air drops.
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Figure 56. Normalized intensity signals for (a) air-in-oil (dips indicate the passage of air slugs along the TFBG);
and (b) water-in-air flows (peaks represent transport of water slugs). All results were collected for the ratio q =
0.60.

Indeed, one could obtain a higher sensitivity for air droplets by changing the reference
wavelength: as noticed on Fig. 51b, the selection of the wavelength A = 1531.5 nm would result
in a difference between the transmissions for n = 1.00 and n = 1.47 of approximately 4.4 dB.



122

Nevertheless, the TBFG is capable of distinguishing both phases: a period T=11.83 s
is obtained from the signals, resulting in an average flow velocity V = 0.34 mm/s. The peaks
observed during phases transitions are due to the non-monotonic characteristic of the sensor
calibration curve for n < 1.33; and due to small air bubbles formed during the droplet transport

(BAROUD; GALLAIRE; DANGLA, 2010).

A similar analysis can be performed for the water-in-air system. This system is obtained
through the substitution of the oil syringe by an air-filled syringe while keeping q = 0.60 (Fig.
56b). As for the water-in-oil droplets, the water slugs (dispersed phase) in air (continuous
phase) are detected as intensity peaks. It is due to the distinct transmission levels observed in
Fig. 51b, even though the RI of air extrapolates the calibration curve shown in Fig. 52.

For the data in Fig. 56b, the average period and velocity obtained were T = 17.96 s and
0.22 mm/s, respectively. Despite the I(t) signals in Fig. 51b indicating that the continuous phase
may be confused with oil due to the similar intensity values, it must be stressed that the sensor
could be calibrated for other RI ranges by simply adjusting the interrogation wavelength A.

Therefore, it is possible to track the temporal evolution of liquid or gas/vapor slugs
flowing through a continuous phase by using the TFBG and a single-wavelength detection
scheme. The response time for the sensor depends only on the sampling frequency of the data
acquisition hardware.

Although a tunable laser source was employed for the sake of convenience, a simpler
approach would consist in using a single-mode longitudinal distributed feedback laser diode
for exciting the fiber at a specific wavelength. In this case, a resonance dip could be adjusted
by tailoring the TFBG tilt angle to match the laser emission. It would allow the interrogation
system to be realized with low-cost, ordinary telecom components.

The evaluation of flow velocity is also similar to the well-established optical tracking
methods, but the proposed system does not require transparent tubes or colored fluids and is
simpler to compute than image processing approaches (ZHU; FANG, 2013).

The fiber sensor is also capable of identifying each flowing phase based on their
refractive index values. Cleaning the fiber may be necessary in case of measuring substances
like oil, though. That is because it is important to eliminate films that may be formed in the
cladding surface. The presence of such films could lead to systematic changes in n‘;.

Furthermore, it is worth noticing that the sensor response is affected by the
environmental temperature, since the tested fluids and the fiber material present characteristic
thermo-optic coefficients (their RIs are dependent on the temperature). Therefore, changes in
neo and n’,; would shift the resonance wavelengths and affect the output intensity range.

Nevertheless, thermal fluctuations in this single-TFBG sensor could be compensated by
monitoring the Bragg reflection peak Ag of the core mode. That is because Ag is insensitive to
the surrounding R1I, in contrast to the cladding modes resonances (GUO et al., 2016).

Therefore, one may implement a dual-wavelength scheme to simultaneously assess A
and Ag. It would correct the calibration curve in real-time, so no extra reference fibers would
be needed.
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3.2.6. Conclusions from this study

This study resulted in the design and fabrication of a TFBG-based optical fiber sensor
for measuring the flow velocity in biphasic flows. The sensor successfully assessed samples
comprised of water, oil, and air transported through a millifluidic device.

By using a single-wavelength interrogation scheme, it is possible to assess the velocity
of the dispersed phase in real-time, yielding maximum relative error of 4.4% in comparison to
a concomitant optical tracking measurement. So, the response time is limited by the frequency
of the data acquisition hardware. Moreover, the refractive indices from both phases can be
estimated from the transmission intensity values using the calibration curve (Fig. 52). Finally,
the sensor characteristics (including its sensitivity to a particular RI) are adjustable by properly
setting a reference wavelength.

Despite the promising results, further investigation should be conducted regarding non-
periodic and other flow regimes which may produce complex intensity patterns. In such cases,
time frequency analysis and machine learning algorithms are techniques that can be used to
retrieve the flow characteristics. Besides, tracing systems formed by more than two phases is
theoretically viable by employing additional wavelengths and detectors. There would be an
increase in the system’s complexity, but it would still be simpler than the application of spectral
scanning methods.
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3.3. Portable smartphone-based optical fiber sensor for fermentation monitoring

The development of a portable smartphone-based optical fiber sensing platform for the
online assessment of fed-batch fermentation systems is presented here as published in the open-
access journal Engineering Proceedings from MDPI (SOARES et al., 2020b).

In this setup specifically designed for field monitoring and on-site fast fabrication, a
smartphone is equipped with a 3D-printed case that couples optical fibers to its camera and its
LED, guaranteeing the correct positioning of the fibers and light isolation. A Java application
is then responsible for collecting images from the camera and analyzing their pixel intensities.
Finally, the obtained intensities are correlated to the broth refraction index, which is a function
of the sucrose concentration (the ethanol formation is too low to significantly disturb the RI).

3.3.1. Introduction

Contemporary industry is in a period of great expansion. The so-called “Industry 4.0”
applies novel mathematical and computer-based methods for the optimization and monitoring
of systems, with social, economic, and environmental repercussions on many human activities
(PAN et al., 2015). This new period relies on the development of new sensor technologies
capable of collecting, distributing, and delivering information by themselves.

In chemical and biochemical industries, the increase on the data availability and on the
portability of the monitoring devices has potential for enhancing safety; productivity; energy-
use efficiency; environmental sustainability; product quality; and general process performance
(REIS; KENETT, 2018). However, the analysis and evaluation of many chemical and
biochemical agents (from pesticides to pharmacological drugs) is still based on high-
performance liquid chromatography (HPLC); gas chromatography (GC); combined techniques
like GC coupled to mass spectrometry (GC-MS); and enzyme-linked immunosorbent assay
(ELISA). Such methods are sensitive, reliable, and precise, but demand expensive and bulky
instrumentation; highly trained technicians; and procedures with long times of analysis. The
use of compact and real-time sensors, on the other hand, allows the monitoring, control, and
screening of the best process conditions (JU; KANDIMALLA, 2008; REIS; KENETT, 2018;
SOARES et al., 2019e).

Optical fiber sensors, in particular, are very attractive for chemical assessment. They
present biocompatibility; immunity to electromagnetic interference; and the fibers demonstrate
chemical and thermal stability (LI et al., 2018c); as well as reduced manufacturing costs,
making the devices suitable for mass-fabrication (GONG et al., 2017; SOARES et al., 2019e).

In this work, then, a smartphone-based optical fiber sensor was designed for the
monitoring of fed-batch fermentation systems. The fed-batch mode was chosen for the study
because most of the alcoholic fermentation industries in Brazil operate with this methodology
(CARLOS; OLITTA; NITSCHE, 2011). The results were validated through comparison with
a handheld refractometer and with the Monod mathematical model.

It is worth mentioning that this platform is essentially different from other chemical and
biochemical smartphone-based analytical tools already reported. Most of the previous works
are based on electrochemical setups where the USB port of the phone is explored for the
evaluation of the current in an external circuit (GUO, 2016; HASENFRATZ et al., 2012).
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The optical monitoring smartphone systems, in turn, are generally of high costs and
complexity, and their interrogation is usually based on colorimetric analysis of the images
captured by the camera (DUTTA; SARMA; NATH, 2015). For instance: a smartphone was
coupled to a commercial enzymatic chromogenic-kit for detecting coliforms and bacteria in
water (KUMAR GUNDA et al., 2014); and a colorimetric sensor was projected to analyze
fluorescent emissions from perfectly positioned spheroids of cells, but these spheroids had to
be genetically modified for emitting visible light (MICHELINI et al., 2019).

3.3.2. Fermentation process modelling and monitoring

The monitoring and control of a fermentation process is focused on the maintenance of
the adequate conditions for the microorganisms, being based on the evaluation of the cells’
concentration X. Many of the traditional measurements (e.g., cell counting with Neubauer
chamber; dry mass evaluation; and the surface plating method to estimate the number of viable
cells) rely on manual time-consuming procedures (SOARES et al., 2019e).

Therefore, in most of the practical and industrial cases, the assessment and control of
the bioprocesses depend on the quantification of a specific property from the medium, which
may be either physical (e.g., variation of the medium’s refractive index, viscosity, or electrical
conductivity); or biochemical (concentration of: proteins, carbohydrates, DNA, or RNA, for
example) (BAILEY; OLLIS, 1986; DORAN, 2013; SOARES et al., 2019¢).

These quantified properties are posteriorly correlated to the concentration of cells by an
appropriate model derived from the general fermentation reaction, Equation (9). In this
equation, a microorganism (concentration X)) consumes a substrate (concentration S) to produce
both a product (concentration P) and an increase in the cellular concentration AX that represents
the cellular reproduction (it is an autocatalytic process). The substrate is the “reactant” of

cellular reactions: a common choice is to use sucrose as S. For yeast fermentation, in particular,
the product is usually ethanol (BAILEY; OLLIS, 1986; DORAN, 2013; SOARES et al., 2019e).

X+S->P+X+4X)(9)

The cellular growth mathematical models are based on the definition of the specific cell
growth rate p, given by: u = (1/X)(dX/dt). One of the most applied models is the Monod
equation, given by: u = u,,S/(Ky + S), where y,, is the maximum specific growth rate and
Ky, 1s the Monod constant (SOARES et al., 2019e).

The estimative of rates of product formation and substrate uptake can be performed with
two supporting definitions, which are: the specific rate of product formation: q, = Yp xu +
m,, where my, is the product formation rate not associated to the cellular growth, and Yp /x is

the theoretical yield of product formation per cell reproduction (i.e., AP /AX, where AX is the
increase of cell biomass); and the specific rate of substrate consumption: us = (1/Yy,s)p +

mg, where my is the substrate consumption rate associated to the metabolic activities, and Yy /¢
is the theoretical yield of cell reproduction per substrate uptake (SOARES et al., 2018a, 2019e).

On fed-batch operation mode, the reaction is started with initial concentrations: X, P,
and S (P is usually zero) and an initial volume of fermentation broth V. A constant feed flow
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F supplies the reactor with an aqueous solution of fresh substrate (feed solution concentration
= Sr). The expressions that correlate the instant volume of fermentation broth V' and the instant
concentrations X, P and S with the time t from the beginning of the process are given by
Equations (10)—(13) (SOARES et al., 2018a). If F = 0, the equations are still applicable and
represent the fermentation batch mode. That is because these equations are derived directly
from the mass balance of the biochemical process (BAILEY; OLLIS, 1986; DORAN, 2013;
SOARES et al., 2018a, 2019¢).

av
— =F =V =V, +Ft (10)
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dt - MS V F

In this work, Saccharomyces cerevisiae ATCC 7754 cells were cultivated in yeast-
peptone-dextrose (YPD) medium (composed of yeast extract, peptone and dextrose with
concentrations in proportions of 1:2:2) and pH of 6.5 £ 0.2. These conditions are adequate for
yeast growth and provide all the necessary macro- and micronutrients (SOARES et al., 2019e).

The cells were inoculated into a bioreactor with a total volume of 2 L. The operational
parameters were based on the conditions previously applied to a total volume of 10 L (SOARES
et al., 2018a). They were obtained by simply keeping a constant proportion in relation to the
previous conditions (i.e., reduction factors of 2 L/10 L = 1/5 were applied to each parameter).

Then, sucrose dissolved in deionized (DI) water (S =30.0 g-L™!, a condition of excess
of substrate that prevents the growth inhibition associated to the lack of ) was fed with a flow
rate of 6.67 x 1072 L.h! using a peristaltic pump (MPS 380, Marte Cientifica, S3o Paulo, SP,
Brazil). The reactor initial conditions were Vo = 0.1 L, X, =1.5 gL, S, =10.0 g'L™! and P,
= 0. The temperature was kept constant at 33 °C during all the fermentation, once this is the
condition that maximizes the S. cerevisiae fermentation yield (SOARES et al., 2019e).

The reactor design was chosen for obtaining a high ratio of surface area per liquid
column height. Its surface was kept free to the atmospheric air and under magnetic stirring,
guaranteeing the saturation of the liquid medium with air. In aerobic conditions, the cell
reproduction is favored over the ethanol production (ethanol is mostly formed in anaerobioses).
Therefore, such conditions prevent the variation of the refractive index due to the sucrose
uptake by cells to be confused with the RI variation that could be caused by a large ethanol
formation (BAILEY; OLLIS, 1986; DORAN, 2013; SOARES et al., 2019e).

Equations (10)—(13) were numerically solved (Euler method; step 0.1 h; all differential
equations simultaneously integrated) with the u,,, and K, values previously obtained when this
same strain of microorganism cultivated in YPD was inoculated into a perfusion fermentor that
operated under sucrose flow at 33 °C: p,, = 0.49 h™! and K;; = 4.1 g-L™! (SOARES et al,,
2019e). The other adjustable parameters from these equations were defined as the ones obtained
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in a previous work where a different strain of S. cerevisiae was cultivated in a complex medium
similar to YPD for being used in fed-batch fermentation under 33 °C: Yp/x = 2.660 g. g LYy /s

=0.2880 g.g”', m, =0.010 h™!,and m; = 0.290 h™' (SOARES et al., 2018a).

3.3.3. Smartphone optical fiber sensor design and fabrication

The optical fiber sensor used in this work is based on the modulation of the power
reflectance caused by differences in the refractive index of the liquid medium. These
differences are originated from the consumption of sucrose by the cells (SOARES et al., 2019e¢).

Light is emitted from a LED source (that may be either the smartphone camera’s LED
or an external source) through a multi-mode silica optical fiber (MMF), and the light is directed
by a 2 x 1 coupler to the liquid medium. When light reaches the fiber-liquid interface, part of
it is transmitted and part is reflected back, with power given by the Fresnel law, Equation (14).
In this equation, I(t) and Ir are the reflected and the reference light intensities, respectively; ¢ is
a coupling coefficient that accounts for power losses; and n. and ns are the refractive indices of
the fiber core and of the sample, respectively (SALEH; TEICH, 1991; SOARES et al., 2019¢).

Ne—Ng
ne + ng

I(t) = c1R( )2 (14)

So, I(t) signals are modulated by the medium’s refractive index ns. The reflected light is
finally redirected by the coupler to the smartphone’s camera; and a developed application
acquires and processes the data. The correct positioning of the optical fibers in relation to the
phone’s camera and the isolation from the environmental light are crucial for a reliable reading.

Thus, a smartphone case was developed with dimensions for fitting a Samsung Galaxy
9 Plus smartphone (76 mm % 83 mm X% 14 mm, hardware setup: Snapdragon 845 2.8 GHz, 6
GB RAM, 12 MP resolution camera). The case contains ports for connecting optical fibers to
the camera and to the LED, guaranteeing the correct fixed position of the fibers, as well as the
adequate light isolation. It was manufactured using a 3D-printer Ultimaker 2+ Extended
(Ultimaker BV, Utrecht, The Netherlands) using poly(ethyleneglycol) filament. The full setup
for the operation and analysis of the fed-batch fermentation system is shown in Fig. 57a,
whereas the 3D-printed case is presented in Figure 57b. A detailed blueprint of the case’s
project is provided as Appendix 1.

The application for processing the intensity signals was developed in the Android Studio
Integrated Development Environment (IDE) and implemented in Java language. The operation
is based on three steps: (i) setting of the image processing parameters in the main menu; (ii)
acquisition of the fiber output light; and (iii) analysis of intensity on each video frame. The
user-defined parameters that must be input in the main menu are the total duration of the
measurement (in seconds); the interval between frames to be analyzed (in ms); and the
dimensions (resolution) of the window where the user wants to effectively analyze the image
(it determines the total number of pixels that will be evaluated). Fig. 58a shows a screenshot
obtained from this menu.

The application presents two operation modes (screenshot in Fig. 58b): the first one
evaluates the light intensity (pixels intensity) for a single image received from the camera. This
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mode is used for calibration and fiber alignment. The second mode, in its turn, performs the
effective acquisition of data by recording a video (in “mp4” file extension) which is further
analyzed frame-by-frame.

Briefly, the software discretizes the frames from the recorded video and then reads the
obtained figures. These images collected by the camera consist of dark backgrounds with an
illuminated spot referent to the optical fiber termination.

The application calculates the average pixel luminous intensity I,,, for each image on
the region previously selected by the user in the main menu. For that, it evaluates Equation
(15), where N is the total number of pixels present on the region of interest; and I,, (x;, y;) is
the intensity level for the pixel in the coordinate (x;, y;). This intensity is given by the average
calculated for each one of the three RGB channels in this (x;, y;) coordinate, Equation (16).
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Figure 57. (A) Setup of the fed-batch fermentation reactor with the monitoring system; (B) 3D-printed
smartphone case. MMF refers to the multi-mode silica optical fiber.
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Figure 58. Screenshots representing the (A) main menu; and (B) video-recording mode for capturing the MMF
light intensity signals with the application.

When evaluating Equations (15) and (16), the dark region should not be considered for
the calculus, and the condition |[0,0,0]| < I,(x;,y;) = |[R, G, B]| < |[255,255,255]| must be
observed. Here, [R,G,B] represents the color of a pixel in the coordinate (x;, y;) using the RGB-
System: [0,0,0] is a black-colored pixel; [255,255,255] is a white-colored pixel; and
Irea(Xi, Vi), Igreen(Xi, ¥i), and Igpe(x;, y;) are the intensities of the pixel in the coordinate
(x;,y;) for the Red, Green, and Blue channels from the RGB system, respectively.

After evaluating the images, the application allows the user to export the processed light
intensities as a text file. When monitoring a chemical or biochemical medium, the normalized
data should be also compared to a calibration curve (previously obtained) for allowing the real-
time assessment of the process.

3.3.4. Obtention of calibration curve and fed-batch fermentation monitoring

For obtaining a calibration curve for the analyzed fermentation system, solutions of
sucrose in deionized water with concentrations ranging from 2.5 to 100 g-L! (the concentration
range commonly applied to industrial and laboratory fermentation processes (SOARES et al.,
2019¢)) had their refractive indices evaluated with a MISCO PA 202 Refractometer (Palm
Abbe, Cleveland, OH, U.S.A.). They were also tested with the fiber sensor for evaluating the
sensor sensitivity regarding S (sucrose) and RI. The collected results are shown in Fig. 59a.

Finally, the fed-batch reaction was online assessed over 3.5 h with the smartphone and
the results were compared with the refractometer’s and with the model predictions (Equations
(10)-(13)). The refractometer’s results for the substrate instant concentrations were obtained by
taking small samples of the fermentation broth for off-line analysis of RI. All experiments and
microbial cultures were performed in accordance with the Bioethical Committee of the
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University of Campinas and with the declaration to Brazilian’s Genetic Heritage Database
(Register number: ADS886EA). The fermentation results are shown in Fig. 59b.

Figure 59a shows the correlation between RI and the sucrose concentrations ranging
from 0 to 100 g-L!. A linear increase in the refractive index n with sucrose concentration was
observed: n=1.3330+ (1.4432 x 10™%)S, where S is the sucrose concentration in g-L™!, adjusted
R2=0.9971. Also, this figure shows the data collected for the average intensities I,,, detected
by the smartphone-based optical fiber sensor for the same solutions. From these, a linear
correlation between I, and S (decrease on the intensity with sucrose concentration) was
retrieved: (normalized L,) = 1.01016 — (9.08 x 107%)S, adjusted R>=0.9193.

Then, a correlation between normalized pixel average intensity and RI could be also
obtained: (normalized I,,,) = 85.8354 — (63.6342) n, adjusted R? = 0.9345 (correlation obtained
for the range 1.3330 <n <1.3475). From this correlation, the sensitivity of the fiber sensor was
calculated as the ratio of variation of the intensity with the refractive index, leading to a
sensitivity of (-63.6342) RIU! (refractive index units). Alternatively, the sensitivity could be
obtained as the derivative from the correlation between intensity and concentration as (-9.08 X
107%) g 'L (SALEH; TEICH, 1991; SOARES et al., 2019e¢).

The signal-to-noise ratios (SNRs) were evaluated for each point retrieved by the fiber
sensor as the relation I,,% /a2, where o is the signal standard deviation (SALEH; TEICH, 1991).
So, SNRs ranging from 2.25 x 10? to 2.4 x 10° were obtained.

The fed-batch fermentation assessment is shown in Figure 59b, where the mathematical
model predictions are represented by a solid black line. Results obtained by the smartphone
sensor corroborate with the refractometer and with the theoretical model analyses.

The comparison between the model predictions and the results for each measurement
strategy are summarized in Table 4. The refractometer showed deviations from Monod model
(taken as the error) from 0.00 to 9.36% (3.15%, in average), whereas the smartphone sensor
present deviations from 2.79 to 31.16% (12.83% in average). The smartphone sensor
measurements in Fig. 59b were obtained from the average intensities evaluated for the different
collected images, resulting in errors from 0.64 to 7.24% in relation to the mean observed signal.
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Figure 59. (A) Correlation between sucrose concentration S (red) and refractive indices (RI) of the solution, and
calibration of pixels intensity in relation to the RI (blue); (B) fed-batch fermentation results.
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Table 4. Comparison between Monod predictions and S values calculated from each methodology.

t S from model S from refractometer Refractometer error S from smartphone sensor Sensor error

(h) (g/L) (g/) (%) (g/L) (%)

0.0 10.0 10.0 0.00 12.7 27.00
0.5 14.3 12.9 9.36 12.7 11.05
1.0 16.6 159 4.16 114 31.16
1.5 17.9 17.6 1.34 152 15.02
2.0 18.6 18.7 0.25 18.1 2.79
2.5 19.0 19.7 3.73 18.0 5.06
3.0 19.0 19.7 3.50 18.3 3.59

3.5 18.8 19.3 2.86 20.1 6.94

In fermentation systems, relatively high deviations from the models are usually
expected. It is due to the uncertainties involved in representing different cells as a homogeneous
population and to other different aspects inherent to bioprocesses. These aspects may include:
temporal evolution of the microorganisms; adaptation to differences on substrate composition
and nutritional content; oscillations of temperature throughout the experiment; differences in
shear stresses, etc. Therefore, the constant recalculation of the adjusted parameters is highly
suggested (BAILEY; OLLIS, 1986; DORAN, 2013; SOARES et al., 2018a, 2019e).

The refractometer presents a high resolution of 1 x 10™* RIU, but it is a high-cost device
and requires sample collecting throughout the experiment. In contrast, the smartphone-based
fiber sensor is available for online monitoring directly on the fermentation broth.

Finally, it is important to notice that the solution of Equation (12) for 3.5 h of experiment
(the P curve, which is not shown in Fig. 59) resulted in a final concentration of P (ethanol) of
only 3.51 g-L™!. This value is 5.36 times lower than the one predicted for the sucrose
concentration S (18.80 g-L™1).

Considering that the solution has approximately the same density as the water at 33 °C
(994.8 kg.m>), this concentration P corresponds to a mass percent of approximately 0.35% of
ethanol. On the other hand, it is known that a mass fraction of 0.50% of ethanol in water (a
concentration value considerably higher than the estimated P) results in a hydro-alcoholic
solution with refractive index of only 1.3334 (RUMBLE, 2019).

This RI = 1.3334 is the same value that was obtained for an aqueous solution containing
concentrations as low as 2.5 g-L™! of sucrose (Fig. 59a). Thus, a concentration 7.52 times lower
than the value predicted for S would already be sufficient for overcoming the ethanol effect on
the refraction. Therefore, the ethanol effect on the RI can indeed be neglected in these analyzed
situations, since the high concentrations of sucrose make this one the dominant component. So,
the sucrose concentration is the factor that determines the RI.
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3.3.5. Conclusions from this study

This study resulted in the design and fabrication of a portable and low-cost smartphone-
based optical fiber sensor for the monitoring of bioreactors, which provides a sensitivity of -
63.6342 RIU ! and a reliable assessment of the fermentation process.

Due to the limited frequency of data collection by the camera, the system is not capable
of performing a quasi-elastic light scattering analysis. This analysis could provide the direct
evaluation of the biomass concentration, as demonstrated (SOARES et al., 2019¢). On the other
hand, the smartphone sensor’s production costs are considerably low, and the sensor can be
manufactured on-site by 3D-printing. So, it can be easily integrated into an industrial line.

Naturally, the approach used in this present study (the introduction of the sensor on the
process by simply dipping the fiber tip on the broth) would not be possible neither for
microfluidic systems nor for the traditional bioprocess assessment methods discussed in the
beginning of this Section 3.3. As mentioned, the integration to the line is of major importance
for the “Industry 4.0 concept, making the smartphone setup more interesting for field and
manufacturing applications. Thus, suggestions for future works include the enhancement of the
sensitivity of the sensor and the testing of its performance under higher fermentation scales and
in more complex systems. The smartphone processing could be also applied to the interrogation
of specialty fibers and other chemical sensors.
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3.4. Dynamic light scattering optical fiber sensor for monitoring nanofluids in static and
dynamic conditions

This work demonstrates the design of a dynamic light scattering sensor. It applies
artificial neural networks for simultaneously assessing concentration and flow speed of
nanofluids through a simplified all-optic Fresnel reflectance setup. This work was published by
the open-access journal Sensors from MDPI (CESAR PRADO SOARES et al., 2020).

The sensor was validated for suspensions of in-house synthesized silica nanoparticles
(diameter of 195 nm) in water, yielding a sensitivity of 0.78288 x 103 s™! for static conditions.
Then, it was submitted to situations that simulate spatial concentration changes, offering better
results than those obtained from traditional mathematical models. Finally, in flow tests, the light
backscattered by the nanoparticles was collected by a fiber probe placed parallel to the
streamline. The intensity values were processed by artificial neural networks, obtaining mean
absolute errors of 0.09 wt% and 0.26 cm/s for concentration and velocity measurements,
respectively.

From traditional chemical, petrochemical, and mining to food and advanced
biotechnology, several industries must deal with nanofluids and colloidal suspensions. So, this
system has a range of important practical applications on facilities control and monitoring.

3.4.1. Introduction

Nanofluids are stable suspensions of nanoparticles in a base-fluid, and their physical
and chemical properties can be tailored according to the characteristics of both the dispersed
and the continuous phases (LI et al., 2009). In particular, the use of silica particles presents
advantages in terms of sphericity and surface properties. Therefore, silica-based nanofluids
have been developed for use in thermal conductivity enhancement (CHEN et al., 2008); in-vivo
fluorescence imaging (KOBAYASHI et al., 2013); and tunable optical filters (TAYLOR et al.,
2013).

In this sense, the assessment of micro- and nanoparticles subjected to flow and other
dynamic conditions (e.g., concentration gradients and disturbances) is essential not only for
silica nanofluids applications, but also for several other biochemical, biomedical, and food
engineering uses. Examples include the monitoring of red cells in blood streams (NILSSON;
TENLAND; OBERG, 1980); the flow of polymeric particles (e.g., polystyrene) obtained by
chemical emulsion processes (CHEN et al., 1997); and the fabrication of food emulsions based
on the nanoencapsulation of nutrients (QUINTANILLA-CARVAJAL et al., 2010).

Currently, different techniques are available to measure the properties of nanoparticle
suspensions, such as laser Doppler velocimetry (LDV) (CHEN et al.,, 1997) and particle
dynamic analysis (PDA) (FAN et al., 2010). However, these approaches rely on bulky and
expensive instrumentation and the detection capabilities are limited to concentrations ranging
from 10° to 10* particles/'mL. (LEUNG; SUH; ANSARI, 2006). There are also
electromechanical approaches for the evaluation of the flow of particulate systems, like the
sensors for ultrasonic flow assessment and the Coriolis sensor. The ultrasonic sensors are
generally based on the use of piezoelectric materials, relying on transducers for transforming
an electric signal into an acoustic wave and vice-versa. The acoustic wave must be transmitted
across the flow and will carry information about the whole system. Therefore, it is not invasive,
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but may be impaired by geometric flaws in the tube and provides only average information (in
general, the flow velocity) (WANG; WOLFBEIS, 2013).

In Coriolis sensors, part of the fluid is flown through an U-tube, generating Coriolis
forces. Then, the forces excite an angular motion that is electromagnetically evaluated (i.e., it
does not present immunity to electromagnetic interference). These devices are quite expensive
and large, thus making it difficult to evaluate mass flows below ~0.5 g/s (LEE, 2003). Even
though such sensors are capable of assessing mass flows and fluid densities (proportional to the
total of dispersed particles), they are unable to perform colloidal stability analyses. The stability
evaluation is possible, though, when applying light scattering sensors: when the hydrodynamic
diameters of the aggregates get too high due to reduction of stability, particles stop scattering
light and no more optical signal is detected (SOARES et al., 2019c; WIESE; HORN, 1991).

In this context, optical fiber sensors (OFSs) are promising alternatives for the
aforementioned technologies owing to their intrinsic characteristics, such as compact size, remote
operation and, especially in the case of silica waveguides, immunity to a variety of biochemical
reagents (ELLIOTT et al., 2003; SADASIVAN; RASMUSSEN, 1997). For instance, the design
of OFSs based on the dynamic light scattering (DLS) phenomenon for analyzing particles’ sizes
and static concentration profiles of nanoparticles dispersions has been reported in the
literature (ENOKSSON; STEMME; STEMME, 1997; HAUPTMANN et al., 1998; SOARES
et al., 2019¢c; WIESE; HORN, 1991).

On the other hand, few studies have addressed the measurement of suspensions under a
flow regime by using all-optical fiber schemes. Leung et al. (2006) designed a DLS system in
which the fiber probe is inserted perpendicularly to the streamline. The information regarding the
particle diffusion coefficient is retrieved from the scattered light intensity and is then correlated
to the velocity (LEUNG; SUH; ANSARI, 2006). The sensor was evaluated for different particles
sizes, but the system is not capable of resolving the light scattering due to overlaid effects of
concentration and velocity. Nilsson et al. (1980), in turn, explored a setup in which optical fibers
are used to launch and collect the light scattered by moving red cells. Therefore, it is possible to
compare the reference (static) and backscattered signals to detect the Doppler frequency shift,
which is related to the flow velocity (NILSSON; TENLAND; OBERG, 1980). However, this
technique demands a complex interrogation system to properly retrieve Doppler shift
information.

Thus, this research proposes an optical fiber DLS sensor for the evaluation of silica
nanofluids’ static and dynamic conditions. Firstly, the sedimentation of colloidal silica in test
tubes was done to create environments with different concentration zones. The sensor response
was evaluated in this case by varying the position of the optical fiber probe along the test tube.
Once each zone shows an approximately homogeneous concentration (MCCABE; SMITH;
HARRIOTT, 1993), this allows the evaluation of the dynamic response of the sensor in relation
to concentration disturbances. The actual concentrations in each zone were calculated by
comparing the signals with a calibration curve obtained when assessing static suspensions with
known silica concentrations. These tests also allowed the obtention of the sensor sensitivity.

Finally, the OFS was applied to the detection of velocity of nanofluids with different
concentrations and flow conditions. Contrary to previous works, the present system is capable
of simultaneously estimating the sample concentration and flow velocity by using artificial
neural networks, providing a simple, minimally invasive, and nondestructive approach to assess
particle dispersions.
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3.4.2. DLS and mass transfer fundamentals

The DLS phenomenon takes place when light interacts with particles whose dimensions
are comparable to the radiation wavelength, what results in absorption and secondary emission
in a different direction. In the case of suspensions of nanoparticles in a base fluid, the Brownian
motion enhances the variation of the collected data. Thus, it is possible to obtain information
about the sample by analyzing the characteristics of the scattered waves (FINSY, 1994).

Moreover, if the nanoparticles are subjected to flow conditions, there is a competition
between: the fluid translational movement, which exerts drag forces on the particles (viscous
action of the fluid that tends to align the particles with the direction of the flow); and the
Brownian diffusivity (random motion in all directions) (WELTY et al., 2008). This competition
is represented out of scale in Fig. 60, where a silica nanoparticle flowing in water with velocity
u is shown.

For independent and non-interacting particles, the homodyne backscattered light
intensity I(t) measured by the photodetector at an instant t is function: of the total concentration
of particles dispersed in the base fluid; and of the particles’ diffusion coefficient, Dag. If there
is a relative translational movement between the nanofluid and the light source, the Doppler
shift may also introduce the dependence of I(t) with the flow velocity u and with the beam
radius of the source w, where the relation w/u is the beam transit time (CHOWDHURY et al.,
1984; LEUNG; SUH; ANSARI, 2006).
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Figure 60. Out of scale representation of the competition between the flow drag forces (blue arrows) and the

[TA 1)

Brownian random motion (red arrows) from a SiO, nanoparticle in water. The water flows with velocity “u”, and
the nanoparticle has diameter “a” and diffusivity Das.

One may evaluate the autocorrelation function Gz(t) of I(t) by Equation (17) (BERNE;
PECORA, 1976; SALEH; TEICH, 1991).

G, (z) = %‘Z&H 106 - I(t + D)dt (17)
0
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In Equation (17), T is an arbitrary delay time; and Gy is a statistical measurement which
takes in account the previous history of the system and that is influenced by the total number
of dispersed particles (BERNE; PECORA, 1976; HUNTER, 2004; SALEH; TEICH, 1991).
Since the light scattering induced by the Brownian motion is influenced by previous particles
positions, the phenomenon will become completely independent and neglect its past history
after a sufficiently long time. So, G2 decreases as 1 rises (SALEH; TEICH, 1991).

G2 can be approximated by the exponential Siegert relation, Equation (18), where the
approximation presents better results for spherical particles (FINSY, 1994; KOPPEL, 1972).

G,(t) =a+ B -exp(-2L,,7) (18)

In Equation (18), o and B are instrumental factors, and ', is the average decay rate
(FINSY, 1994). I'n is correlated to the light scattering vector by Equation (19).

Ln = Dagq® (19)

In Equation (19), the parameter ¢ is the magnitude of the scattering vector and Dag is
the diffusion coefficient (diffusivity) of a particle A in a solvent B. For spherical particles
dispersed in low concentrations (such as the one represented in Fig. 60), Dagp can be estimated
through the Stokes-Einstein model, Equation (20) (FINSY, 1994; WELTY et al., 2008).

kT
3maug

(20)

Dyp =

In Equation (20), k = 1.38 x 1072 m>kg-s 2K ! is the Boltzmann constant; T is the
system’s temperature (in K); a is the average diameter of the particles; and pg is the dynamic
viscosity of the fluid.

In the presence of a translational movement, Equation (18) must be corrected as
Equation (21) (LEUNG; SUH; ANSARI, 2006), where w is the light source beam radius and u
is the flow velocity.

u?t?
G,(t) =a+ B -exp(-2L,1) - exp <— 2 > (21)

Finally, the decay rate is determined from the field autocorrelation function G| = G2 —
a. For that, the expansion on Equation (22) is evaluated (FINSY, 1994).
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The expansion parameters K, K3, ... on Equation (22) are the moments of distribution
of the decay rates. Thus, information about the particles can be retrieved by determining the
coefficients of the polynomial (by fitting a 6"-order polynomial, for example).

Furthermore, the competition between the diffusion and the translation effects can be
analyzed in terms of the dimensionless Peclet number, Pe. It is given by Equation (23), where
L is the tube characteristic dimension (WELTY et al., 2008).

pe=2L (23)
e =—
DAB

Since Pe is a relation between the translation and the diffusivity, high Pe values imply
the predomination of the translation over the diffusivity, i.e., the modulation of the Brownian
motion by the flow movement (WELTY et al., 2008).

It is interesting to analyze the physical interpretation of the above-mentioned equations.
It is possible to demonstrate that the light scattering vector (Equation (19)) is directly
proportional to the total number of particles dispersing the light; and that the relation between
the decay rate and the particles concentration C is linear for small concentration ranges
(BERNE; PECORA, 1976; FINSY, 1994; HUNTER, 2004). Several works have also
empirically observed this linearity (LEUNG; SUH; ANSARI, 2006; SOARES et al., 2019c;
WIESE; HORN, 1991), so it is possible to obtain a calibration curve correlating I', to C.

The diffusion coefficient may be interpreted as the frequency of the random Brownian
motion (FINSY, 1994; WELTY et al., 2008). Therefore, it is expected that particles in a base
fluid show increased decay rates when their diameters are reduced. Indeed, Equation (20) shows
that reductions of the diameter result in the increase of the diffusivity.

On the other hand, Equation (23) shows that Pe grows with the flow velocity, i.e., the
presence of flow leads to Pe increases, what corresponds to a modulation of the apparent
diffusivity. That is because the fluid inertial forces get predominant over the random motion as
the velocity rises, giving orientation to the particles. Then, as the velocity increases, one may
notice an apparent reduction on Equation (19) (WELTY et al., 2008).

3.4.3. Silica nanoparticles synthesis and characterization

Silica nanoparticles were synthesized by the Vapor-phase Axial Deposition (VAD)
method (MURATA, 1986), in which a high-temperature O>-H> flame promotes the hydrolysis
and oxidation of the SiCly precursor according to Equation (24).

SiClygy) + 2Hy gy + 03y = SiOy ) + 4HClg) (24)



138

The formed particles are deposited on the surface of a rotating target. They present high
purity, spherical shape, and amorphous structure. Finally, the material is mechanically detached
from the target and ground in a quartz mortar to obtain silica powder (SOARES et al., 2018c).

The VAD system is designed for the fabrication of completely amorphous silica glass of
high transparency destined to the production of optical fiber preforms and other photonic
components (MURATA, 1986; SANTOS et al., 2011). Therefore, considering the high purity
and morphological control of the silica, as well as the wide availability of characterization data
(SANTOS et al., 2011; SOARES et al., 2018c; WIESE; HORN, 1991), the use of the in-situ
synthesized nanoparticles was preferred over commercially available materials.

Moreover, the morphological control reduces the width of the size distribution and,
consequently, the effect of the introduction of a particle diameter distribution when performing
sedimentation tests. It is also known that a nanofluid system obtained with these particles
presents the advantage of not requiring the use of tensoactives to be kept stable; and that the
silica nanoparticles present high chemical and thermal inertia (SOARES et al., 2019c; WIESE;
HORN, 1991). An important disadvantage that must be cited, though, is that the high stability
of the nanostructured SiO; dispersions results in a very slow sedimentation process when
compared to systems like CaCO3, which require only a few hours to be completely sedimented
(MCCABE; SMITH; HARRIOTT, 1993).

The nanoparticles were analyzed with a scanning electron microscope (SEM, EVO MA
15, Zeiss, Oberkochen, Germany) equipped with LaBg thermoionic cannon for obtaining
secondary electron images. The samples were prepared by dispersing SiO> powder in deionized
(DI) water; dropping this suspension on stubs; and drying the stubs under environmental
conditions. The stubs were then gold-coated using a Bal-Tec SCD 050 Sputter Coater to obtain
images under high-vacuum conditions. The particles size distribution was also measured with
a Malvern Zetasizer Nano Zn-Zen 3600 (Malvern Panalytical, Malvern, UK) through LDV.

The SEM images and the size distribution are shown in Figure 61, yielding a diameter
a=(195+93) nm.

Once the statistical distribution obtained with the Zetasizer presents high skewness and
kurtosis, it was fitted by the lognormal distribution (adjusted R* = 0.9938). The most probable
diameter (i.e., the point of maximum observed in the probability density function (PDF) shown
in Figure 61) was taken as the central value of the interval (195 nm). The PDF was then used
to obtain a symmetrical interval (centered in 195 nm) with correspondent accumulated
probability of at least 95% (i.e., this interval should contain at least 95% of the total area under
the PDF curve). The half-width of this interval was finally taken as the uncertainty: 93 nm.

The detailed statistical analyses, including: the fitting of the lognormal; calculus of
statistical and shape parameters; the fitting of the logistic curve; and the verification of the
accumulated probabilities are included in Appendix 2. It is worth noticing that, once the particle
distribution evaluation provides a hydrodynamic diameter (which includes at least one layer of
solvent molecules around the nanoparticles), the average diameter obtained through this
technique may be slightly larger than that observed in the SEM image.
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Figure 61. (a) SEM images; and (b) size distribution of the silica nanoparticles.

To obtain the SiO; aqueous suspensions, nanoparticles were dispersed in DI water
according to a mechanically mixing procedure; followed by sonication in a temperature-
controlled ultrasound bath (5.9 L Ultrasound Bath, Ultronique Eco-Sonics, Indaiatuba, SP,
Brazil) for 180 min to ensure homogenization. The samples present a practically constant
dynamic viscosity value of pg =0.933 x 107> kg-m '-s ! at 25 °C (SOARES et al., 2019c¢), so the
diffusivity calculated from Equation (20) is given by Dag = 2.40 x 107> m?.s™! at 25 °C.

3.4.4. Optical fiber sensor setup

The OFS is depicted in Figure 62. Light emitted by a 1310 nm-laser diode is launched
into a standard silica single-mode fiber (SMF). The optical signal is divided by a 1 x 2 90:10
directional coupler: 10% of the light is used as the reference whereas the remaining part is
delivered to the sample. The fiber end-face (plane-polished and encapsulated in a zirconia
ferrule) works as the probe. Therefore, reflection occurs at the fiber-liquid interface due to the
refractive indices difference in accordance with the Fresnel law modulation, Equation (14).

Finally, the reflected light is guided to the photodetector and the signal is processed in
a computer. For the nanoparticles suspensions, the backscattered light is also partially coupled to
the fiber core, so the DLS effect emerges as a superimposed noise in the reflected light intensity
I(t) signals. Consequently, one may evaluate In(G1) to retrieve I'm, and then investigate particle
concentration and flow velocity. The optical signal is acquired at 1 kHz sampling rate and
processed by MATLAB (Mathworks) routines (SOARES et al., 2019¢, 2019c¢).
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Tube with Silica
Nanoparticles Flowing

Fig. 62 shows two possible probe positions for the sensor setup: a position perpendicular
to the flow, and a second one parallel to the flow. Since preliminary experiments showed a
better sensitivity when working with the sensor parallelly positioned, this configuration was
selected for this study. Indeed, a dependency of the sensor performance with the probe position
was expected, since the light source beam radius w is a parameter from Equation (21).

3.4.5. Monitoring of nanofluids concentration disturbances

To create an environment with different particles concentrations (suitable for the
simulation of concentration disturbances), two (1000 mL)-test tubes were filled with silica
suspensions with 1 wt% of mass concentration. The suspensions were left in rest so that the
particles could slowly sediment to create a clarified zone on the top of the flask; a concentrated
zone on the bottom; and zones with intermediate concentrations between these two (MCCABE;
SMITH; HARRIOTT, 1993). During all of the sedimentation time, the tubes were kept sealed
to avoid contamination with external microorganisms, and microscope images were obtained
for all of the zones at the end of the experiment.
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For the sensing experiments, the optical fiber probe was immersed in each one of the
regions to collect 20,000 optical data. Then, it was rapidly moved to another zone, where its
response was evaluated again. All experiments were performed at room temperature (~25°C).

The height h(t) from the bottom of the tube to the beginning of the clarified zone
presents an initial value h; that progressively decreases with time. If the initial concentration of
particles is C; (mass/volume); and assuming that the concentration in the clarified zone is
negligible (so that the particles are all on the most concentrated region), the estimated
concentration C(t) in the bottom zone is given by Equation (25), a direct consequence of the
mass balance of solid particles (MCCABE; SMITH; HARRIOTT, 1993).

h;

C(t) = Clm

(25)

Figure 63 shows one of the test tubes on the first day of experiment; and after 73 days
of sedimentation, when 4 concentration zones are distinguishable. This long time required for
the visualization of these zones is a consequence of the above-mentioned low average diameter
and size distribution width, as well as of the very high suspension stability of the SiO2 nanofluid.
These properties lead to a very slow introduction of the size distribution on the test tubes.

(a) t=0

(b) Clarified Zone (c)

H (cm)
t=73 days
————————— — 36.5
1
________ 314
2
________ 27.3
3
———————— 24.0
1 = Clarified Zone
2 = Intermediate Zone 1
3 = Intermediate Zone 2
4 = Concentrated Zone
0

Figure 63. Test tube containing the colloidal silica: (a) first day of experiment; (b) 73 days after the beginning of
sedimentation; (c) 4 different sedimentation zones that could be distinguished on day 73. Each zone presents a
different value of particle concentration, creating an environment where it is possible to simulate concentration

disturbances (heights expressed in cm).

Usually, particles and aggregates with the highest diameters are the first to sediment.
So, higher concentrations of larger particles are expected to be found in the lower sedimentation
zones (closer to the bottom of the tube). As Figure 61b shows a population of particles with
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several possible diameters, one could expect that a modification on the size distribution could be
introduced by the sedimentation: particles with lower diameters would get concentrated closer to
the top, whereas the larger diameters would appear closer to the bottom of the test tube (FOUST
et al., 1980; MCCABE; SMITH; HARRIOTT, 1993). So, once Equation (20) states the
dependence of diffusivities with diameters, the introduction of the diameter profile could possibly
affect the decay rates and generate errors on the concentration estimates.

This is not a problem here, though. For SiO; nanoparticles with diameters on this order of
magnitude from 100 to ~300 nm (Fig. 61), diameter differences such as the ones that could be
created by the sedimentation are only expected to significantly modify the decay rates if the
particle concentration is higher than 1.5 wt%. Actually, almost no difference on the signals is
expected for concentrations lower than 1.2 wt% (SOARES et al., 2019¢c; WIESE; HORN, 1991).

This is a consequence of the fact that the autocorrelation function (Equation (17)) is a
statistic that takes in account all the intensity measurements performed, and which quality
depends on the total number of particles scattering the light. In addition, the small number of
particles that are dispersed in solution when the concentrations are lower than 1.2 wt% reduces
the sensor sensitivity (SALEH; TEICH, 1991), so no differences regarding the average diameter
can be noticed (SOARES et al., 2019¢; WIESE; HORN, 1991).

Therefore, concentrations lower than 1.2 wt% must be used on sedimentation tests to
prevent diameter differences to significantly interfere on the analysis. Indeed, the application
of the heights shown in Fig. 63c to Equation (25) results in an estimated concentration of only
~1.16 wt% (Fig. 64a shows the concentrations calculated for each height and day). Thus, the
tube was considered adequate for this research, since different decay rates would be
correspondent to changes in concentration and would not be confused with diameter effects.

Rapidly moving the fiber probe from one sedimentation zone to another (a zone change)
1s equivalent to submitting the sensor to a step-disturbance on nanoparticles concentration.
Thus, the optical fiber probe was sequentially dislocated from the clarified (Zone 1) to the more
concentrated zone (Zone 4, Fig. 63); and then the opposite sequence was performed (Zone 4 to
Zone 1). The reflected light intensities I(t) collected for this experiment are shown in Fig. 64b.

According to Equation (25), moving the probe from Zone 1 to Zone 4 corresponds to
modifying the detected silica concentration from 0 to 1.16 wt%. Indeed, when using the OFS
to evaluate the clarified zone during the experiment, no DLS phenomenon was observed (i.e.,
no exponential decay was noticed on Gz(t)), confirming that this region is approximately free
of particles (Fig. 64c).

In opposition, the monitoring of Zone 4 (Fig. 64d) showed the clearest exponential
decay profile obtained for Ga(t). This is the behavior expected from Equations (18) and (21)
when observing the dynamic light scattering: when there are dispersed nanoparticles, the
autocorrelation function shows an exponential decay followed by a baseline, with rate of decay
dG»/dt correlated to the particles concentration. So, when the curve Gz(t) actually presents an
exponential format, it is fitted by a 6"-degree polynomial to obtain an expression that may be
interpreted as the expansion of Equation (22). Finally, considering that this fitting and Equation
(22) are equivalent expressions, the polynomial 1¥-order coefficient is taken as (— I'm).

However, many DLS experiments may show a deviation from this ideal exponential
behavior: a minimum point or an oscillation of the baseline may be observed on Ga(t) as
consequence of experimental errors and deviations; or of the discretization errors and
approximations involved in the mathematical processing of the signal by the algorithm
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described by Equations (17) to (22) (SOARES et al., 2019¢c; WIESE; HORN, 1991). When
observing these deviations, one may have to select an appropriate portion of the curve Go(t) for
obtaining a satisfactory polynomial fitting.
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Figure 64. (a) Average values of the heights verified for the two tubes and concentrations estimated from
Equation (13) (secondary vertical axis); (b) sequential step disturbances in the concentration detected by the OFS
probe; (¢) G2(t) obtained for Zone 1, as function of the arbitrary delays t applied by the algorithm; (d) G2(t)
obtained for Zone 4 (with an exponential decay), as function of the arbitrary delays applied by the algorithm.

To correlate the DLS response with the actual concentration of particles in each zone
(which may be different from the sedimentation model predictions), a calibration curve was
also obtained. For that, the optical fiber was introduced into nanofluids with different known
concentrations ranging from 0 (DI water) to 2.0 wt%. So, the sensor static response and its
sensitivity in relation to the concentration were evaluated. The results are shown in Fig. 65a,
where the linear regression of the experimental data resulted in I'n = 0.78288C + 0.10898, C in
wt% (R? = 0.95942), yielding 0.78288 x 10 s! sensitivity.

By applying the algorithm described on Equations (17) to (22) to data from Fig. 64b,
I'm was retrieved for each fermentation zone. Then, the calibration curve was used to convert
these decay rates to actual silica concentrations (Fig. 65b). In addition, the standard deviations ¢
were obtained for the I(t) signals collected on each concentration region, as presented in Fig. 65c.
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Figure 65. (a) Calibration curve correlating I', to SiO> nanoparticles concentration; (b) 'y and the
correspondent concentrations assessed for each sedimentation zone; and (c) standard deviations of I(t) signals
collected for each zone. First sequence represents the probe dislocation from Zone 1 to Zone 4, whereas Second
sequence represents the opposite movement, from Zone 4 to Zone 1.

It is possible to notice on Fig. 65b that the sensor detected a concentration of ~0.57 wt%
for Zone 4, what is quite inferior to the ~1.16 wt% prediction obtained from Equation (25). So,
the concentration is indeed in the range where diameters differences are not expected to
interfere on the decay rate evaluation (SOARES et al., 2019¢; WIESE; HORN, 1991).

The difference between the concentration detected by the sensor and the value predicted
by the model may be understood as consequence of the tacit hypothesis involved on the
deduction of Equation (25). As discussed by important authors specialized on projecting
equipment for chemical industries (FOUST et al., 1980; MCCABE; SMITH; HARRIOTT,
1993), concentration zones are formed in the majority of sedimentation vessels, but their
positions are highly dependent on different factors inherent to each system, like: the particular
phase dispersed; the geometry of the vessel; and pH, ionic strength and temperature conditions
(SOARES et al., 2019¢). So, for simplifying the engineering project of the sedimentation
equipment, they assume that only two zones are present: the clarified and the concentrated
bottom zone. This is the reason why Equation (25) calculates C(t) only for the bottom zone: all
other regions are considered to be part of the clarified portion (FOUST et al., 1980; MCCABE;
SMITH; HARRIOTT, 1993).

Since Figure 63 clearly shows that there are four different concentration zones, a fraction
of the particles that Equation (25) predicted to be in Zone 4 are divided between Zones 2 and 3.
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So, the actual Zone 4 concentration must be lower than predicted. The sensor solves this problem,
since it provides a simple and more accurate instant evaluation of C.

Figs. 65b and 65c¢ show similar behavior for I'm and o: the two sequences of probe
dislocations show approximately the same tendencies when comparing these two figures. Also,
the intensity I(t) data (Fig. 64b) show small modifications of the average signal when the probe
is moved from one zone to another, probably caused by fiber macrocurvature losses. Then, it is
possible to evaluate the lowest and highest signal-to-noise ratios (SNRs) as u*/c?, where p is
the mean value of the collected signals (SALEH; TEICH, 1991): 2.604 x 10* (Zone 4, second
sequence) and 2.869 x 10° (Zone 1, first sequence), respectively. The lowest SNR for Zone 4 is
a direct consequence of the increase of nanoparticles concentration, since the DLS phenomenon
results in the enhancement of light intensity oscillations (SOARES et al., 2019¢).

When analyzing Figs. 65b and 65c, a hysteresis can be also noticed, but this effect is
lower for Fig. 65b: differences between signals collected for the same concentration zones are
lower when evaluated in terms of decay rates. A probable cause is the difference between the
statistical methods applied to each figure. The results obtained with the autocorrelation function
take in account not only the whole group of measurements, but also the memory effect of the
light intensity oscillations related to the Brownian motion (i.e., it considers that each oscillation
of the particles in a given moment affects the immediately following oscillations, but do not
affect what occurs after large temporal distances) (FINSY, 1994; SALEH; TEICH, 1991). On
the other hand, it is known that decay rate measurements are not dependent on the particular light
intensity reference adopted by the photodetection system (FINSY, 1994), what is not necessarily
true for the standard deviation quantification. Despite these disadvantages, the computational
costs and time required for the calculation of ¢ are very lower, a fact that can make the use of the
standard deviation strategy more attractive when deciding how to assess a given process.

Moreover, the elucidation of the physical causes of the hysteresis requires more
investigation. Feasible hypotheses are related to the moment when the probe is pulled back to
the surface of the flask: the environment is disturbed, carrying particles from the lower to the
upper zones; or a small quantity of particles from the lower zones remains close to the probe
surface due to the inertial forces of the optical fiber movement and to the surface attraction
between the two silica materials (fiber probe and nanoparticles).

Figure 66a reveals the general aspect of the solid material (silica nanoparticles)
deposited on the bottom of the flask, whereas Figs. 66b—66e show microscopic images obtained
for particles collected in each sedimentation zone under higher magnification. As predicted, it
1s difficult to visually observe differences in the average diameters: the nanofluid stability and
the time required to visualize the sedimentation zones are both very high, so only a very low
sizing distribution is introduced (SOARES et al., 2019c; WIESE; HORN, 1991).

The images also do not show contamination with algae, yeast, or other microorganisms.
That is because these cells are usually observed on the microscope as approximately circular or
spherical particles with diameters in the order of ~1-5 um. Their presence would not be a
significant problem for the sensor analysis, though, since the decay rates collected with this
type of sensor for yeast cells of Saccharomyces cerevisiae are usually much lower than those
observed in Figure 65 (LUDOVICO et al., 2001; SOARES et al., 2019¢; WARD, 1991).

For concentrations of cells up to 1 x 10® cells/mL, decay rates one order of magnitude
lower than those from Fig. 65 are expected for S. cerevisiae. Actually, such values of cell
concentrations are pretty high, so the microorganisms would be easily detected by microscopes.
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Moreover, cellular aggregates would be probably observable to the naked eye as a yellow or green
precipitate formed on the bottom of the flask. Lower concentrations of cells, in turn, would lead
to even lower I'm with negligible interference on the silica assessment (SOARES et al., 2019e).

As a matter of fact, very low I'm associated to the microorganisms are expected from
Equations (19) and (20): when compared to SiO2 nanoparticles, the very high cells’ diameters
(1-5 pm; against 100-300 nm measured for SiO2) result in very lower diffusivities and decay
rates. So, microorganisms are not expected to interfere in the silica concentration experiments.

Figure 66. (a) General aspect of the most concentrated zone (scale bar: 1 pm; image under lower magnification,
useful for the detection of particles like microorganisms, which present diameters much larger than the SiO5);
images collected under higher magnifications (scale bars: 200 nm): (b) detail of particles collected in Zone 1; (c)
detail of particles collected in Zone 2; (d) detail of particles collected in Zone 3; (e) detail of particles collected
in Zone 4. It is difficult to observe significant differences between the average diameters when comparing the
images, and no microorganism is noticeable.
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3.4.6. Simultaneous assessment of nanofluids concentrations and velocities

Finally, the nanofluids were evaluated when submitted to the flow regime. In this case,
the probe is placed parallel to the nanofluid flow streamline (as shown in Figure 62), so the
light scattered by particles is coupled to the fiber and measured with a photodetector. The
nanofluids with different concentrations C are moved through a 6-mm inner-diameter silicone
tube under hydrostatic pressure gradient at room temperature. The flow speed u is controlled
by a microvalve, whereas the optical response is analyzed using the fiber sensor.

The experiments were carried out for SiO> suspensions with concentrations C ranging
from 0.50 wt% to 2.00 wt% and velocities u ranging from 0 to 9.5 cm/s. Taking the
characteristic dimension L as the tube diameter (6 mm); and Dag as the value calculated in the
end of Section 3.4.3 (2.40 x 10712 m%.s™"), Equation (23) shows that Pe is directly proportional
to u and is simply given by Pe = (2.50 x 107) u, u in cm/s.

Therefore, u and Pe can be easily exchanged by simple conversion, and all of the
conclusions regarding the increase of u can be extended to the increase of Pe (i.e., the increase
of the flow inertial forces in relation to the diffusion of the nanoparticles).

It is also important to notice that the velocity of the fluid u is zero in all experiments
shown in Section 3.4.5 (the obtention of a calibration curve; and the simulation of concentration
disturbances in test tubes - situations in which the probe is dislocated to each zone and is
maintained in the same position until the sensor completes 20,000 measurements). Therefore,
the second exponential term of Equation (21) is 1. For the experiments with nanofluids flowing,
on the other hand, the second exponential increases with the velocity u (LEUNG; SUH;
ANSARI, 2006), introducing a non-linearity to the relation between I'm, u, and C.

The results collected for the evaluation of flow conditions are shown in Figure 67. The
scattering increases for concentrated solutions due to the particles’ Brownian motion. In turn,
I'm decreases with speed, since: diffusion and light intensities are attenuated by longitudinal
flow dynamics (as represented on Fig. 60); and I(t) is affected by laser beam depth resolution
(WEISS; VAN LEEUWEN; KALKMAN, 2013). This explains the decay rate I'n, reduction
with u, in contrast to what is observed in transverse flows (LEUNG; SUH; ANSARI, 2006).
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Figure 67. (a) Normalized autocorrelation function for 2 wt% silica nanofluids at different flow speeds. The
inset shows the normalized scattered light intensities; (b) ', as a function of flow speed for different
concentrations. The solid lines are guides to the eye.
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Indeed, the influence of u in the light scattering can be explained by the competitive
effects between the Brownian and translational motions (Fig. 60). As the flow velocity increases
(increase of Pe), the translational component of the particles position vector overcomes the
diffusive effects and modulates the magnitude of I(t) (HUNTER, 2004; WELTY et al., 2008).
This is observed in Fig. 67b: as the inertial forces become dominant with the increase of Pe, an
approximate constant decay rate is reached, indicating the decrease of the influence of the
Brownian diffusivity. However, the diffusion effect is not completely eliminated, since Fig. 67b
shows that the final decay rate is higher for more concentrated nanofluids.

When comparing Fig. 67b with Fig. 65a (static case), it can be noticed that the relation
between the light scattering, flow speed, and particle concentration is highly non-linear. It is a
consequence of the increase of the second exponential term in Equation (21) with the velocity
u, as already mentioned (LEUNG; SUH; ANSARI, 2006).

Therefore, in order to achieve a precise mathematical model instead of using successive
linear interpolations, data analysis with Artificial Neural Networks (ANNs) was proposed. The
ANNs allow the obtention of more precise results without losing the generality of the
phenomenon for the tested range, a characteristic that is highly attractive for the development
of new instrumentation (SETIONO, 2001). Furthermore, to simultaneously evaluate the
concentration and flow speed of the nanofluids with the sensor, an ANN correlator was
implemented in MATLAB by varying the delay step At from 100 to 1000 ms (CIPELLETTI;
WEITZ, 1999). Also, the k-fold cross-validation method was applied (KOHAVI; LI, 1995;
SETIONO, 2001).

The measurements shown in Fig. 67 were randomly selected without reposition to form
k = 10 distinct groups with six measurements (k-value justified by the amount of data and by the
fact that the measurements were relatively sparse). After this division, the ANN was trained with
ki1 groups and tested with the i™-group ki for all of the 10 groupsi=1, 2, ..., 10 (a process known
as “leave-one-out”). Despite the fact that the error estimator’s variance and the computational
effort are proportional to the number of folds, the use of 10 folds results in a low-biased and
highly-accurate estimator (in contrast with other traditional training methodologies like the
“Bootstrap” method) (KOHAVT; LI, 1995).

The size of the ANN, in turn, was defined to avoid overfitting: the number of layers was
fixed to 2 (only one hidden layer) and the number of neurons was progressively increased. The
increase was performed until the error achieved a value considered satisfactory (when the
increase on the number of neurons no longer produced a significant reduction of the error); and
with no evidence of overfitting (what would be observed as a substantial difference between
the loss curves obtained for training and validation).

Then, an array of decay rates ['m(At) was used as the input of 2 dense layers (20 neurons
per layer). The tangent sigmoid was set as the activation function and the ANN architecture
was designed for returning both C and u (i.e., the neural networks perform the simultaneous
regression of these two responses). The networks were trained using backpropagation, but with
a scaled conjugate gradient algorithm that uses 10-fold cross-validation (CIPELLETTI,
WEITZ, 1999; KOHAVI; LI, 1995). The general architecture of the ANN and the results
obtained for these parameters are shown in Figure 68, yielding 0.09 wt% and 0.26 cm/s mean
absolute errors (MAE) for concentration and flow speed, respectively.
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Figure 68. ANN correlator: (a) an example of a general dense neural network architecture for retrieving C and u
simultaneously; and measurement of errors for: (b) concentration; and (c) flow speed.

Fig. 69 shows the results that could be obtained for slightly lower values of neurons. It
is easily noticed that the use of less than 20 neurons results in a considerable increase of error:
when using 16 neurons, the calculated MAEs were of 0.44 wt% and 1.15 cm/s for concentration
and flow speed, respectively. When using an ANN with 18 neurons, in its turn, the obtained
MAEs were 0.37 wt% and 0.88 cm/s for concentration and flow speed, respectively.
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Figure 69. ANN regressor: calculated errors (MAE) for: (a) concentration (ANN with 16 neurons); and (b) flow
speed (16 neurons); (c) concentration (ANN with 18 neurons); and (d) flow speed (18 neurons).
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The results collected for the ANN using 20 neurons (Fig. 68) are comparable to those
reported for optical coherence tomography (WEISS; VAN LEEUWEN; KALKMAN, 2013),
laser Doppler velocimetry (FINSY, 1994), and conventional DLS (CARR, 1990) systems.

The proposed method presents several advantages over these studies: it provides
simultaneous measurements; and relies on a simple, low-cost, all-optical fiber instrumentation,
which is suitable for inline nanofluids monitoring. The simplicity and low cost of the system, on
the other hand, does not allow the evaluation of particle size distribution, since it is not capable
of retrieving angular information regarding the optical signals.

3.4.7. Conclusions from this study

This study demonstrated an optical fiber sensor that was successfully applied to the
monitoring of a multi-concentrated particulate system (silica nanofluids), an environment that
is suitable for simulating step disturbances of particles’ concentration. The nanofluids were
obtained by VAD-synthesizing SiO; spherical nanoparticles with diameters of (195 £ 93) nm.
Then, these particles were dispersed in water under different concentrations.

The information collected with the system were used to retrieve actual concentration
values that were considerably different from those estimated by the simple sedimentation model
traditionally applied to Chemical Engineering practice (the Equation (25), which is of great
practical importance for engineering projects). The reason for this difference is an assumption
of the model: for simplifying the project of sedimentation tanks (used in environmental,
separation, purification, and waste treatment processes), the model only considers the presence
of two sedimentation zones: the clarified and the concentrated bottom zone. This assumption
results in empirical differences, once the height of the more concentrated zone is actually lower
than the end of the clarified; and the particles are divided between one or more intermediate
regions. On the other hand, it is not possible to simply apply the height of the most concentrated
zone to Equation (25), since the proportion expressed by this equation is derived from the mass
balance between only two different regions (MCCABE; SMITH; HARRIOTT, 1993).

Once this model is used on both the project of industrial equipment, and on their
monitoring during operation (MCCABE; SMITH; HARRIOTT, 1993), more precise information
such as those provided by the DLS sensor could save fabrication costs and allow the obtention
of more efficient facilities.

Finally, a DLS sensor based on an ANN-regressor was demonstrated for the
simultaneous evaluation of concentration and flow velocity of nanofluids. Considering the low
amount of available data, the process known as “leave-one-out” was used with 10 folds for
training a low-biased and highly-accurate estimator. Also, the architecture of the ANN was kept
very simple (comprised of only 2 dense layers) to prevent overfitting (the memorization effect).
Even though artificial neural networks do not generate a model easily explainable (like the ones
obtained from linear regressions or decision trees), a powerful model was needed for accounting
for the non-linear relation between decay rate, velocity and particles concentration (a non-
linearity that is evidenced by the second exponential term in Equation (21)).

As a matter of fact, the algorithm used here is a hybrid model consisting of a physics-
informed neural network: the data fed to the network is not the raw optical data itself, but a pre-
processed and transformed information derived from the autocorrelation function and from the
physical principles of DLS. It is a strategy that reduces the noise of the training data and makes
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the algorithm more powerful and based on solid principles, instead of being a simple “black-
box”. That is because each data point used for the training is obtained after pre-processing a set
0f20,000 optical intensity values with Equations (17) to (22). Naturally, the use of more precise
instrumentation for controlling the flow rate (like the peristaltic pump used for testing the
smartphone-based fermentation sensor); and the collection and processing of a larger dataset
(containing more data points and wider ranges of concentration and flow speed values) would
allow the training with more powerful architectures (like convolutional or recurrent neural
networks) without the risk of overfitting the training data. The use of such architectures could
show reduced prediction errors (increased precision) because they are designed for capturing
important features and memory effects, being more adequate for modelling time-series data.

A final suggestion for future works is the application of this optical system to other
nanoparticles and inline processes. Several industries and laboratories that work with
particulate liquid systems can leverage these studies for controlling and monitoring their
operation. Among them, one may find not only metals, mining, and traditional chemical and
petrochemical facilities, but also fancy and advanced biotechnological, biomedical and food
industries.
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4. Conclusions

e This study resulted in sustainable, cheap, scalable, and straightforward methodologies to
obtain carbon nanodots with low polydispersity. Sugarcane syrup-derived CDs with 3 nm
in average and fluorescent upon irradiation with UV light were obtained.

e A fluorescent hydrogel-CDs nanocomposite was obtained using cheap gelatin polypeptide
as the polymeric matrix. The CDs emission spectrum bands broadened towards blue upon
incorporation into the hydrogel tridimensional network.

o The new hydrogel-CDs nanocomposite was incorporated into the cavities of a
double-clad polymer optical fiber fabricated with an innovative design.

o This work demonstrates a potential alternative for the substitution of rare-earths and
other inorganic heavy metals for applications in luminescent optical fibers.

e [t is possible to extend the methodology used for the synthesis of carbon nanodots from
sugarcane syrup to other two widely available natural sources (orange juice and milk),
opening the possibility of applying a broad portfolio of natural raw materials.

o Heating time (the main process parameter) could be optimized for each raw material
to obtain lower particle dimensions and a consequent increase on the fluorescence
intensity.

o This optimization would be particularly important for the milk-derived materials,
which showed high diameters possibly caused by a heating time excessively large
for their total organic content.

e [t is not possible to affirm that there is a best solution for obtaining CDs. Each material may
be better for a given situation (for instance, there may be differences in the availability of
raw materials). On the other hand, since the orange juice derived dots are rich in carboxylic
groups and show high intensity of emission, they are promising for use in applications that
explore the chemistry of the -COOH groups, like the formation of silica-CDs
nanocomposites (the Silica-Cdots synthesis, for example, was based on the bonding
between -COOH groups from a-CDs and the amine groups from a-SiO»).

o This bounding of CDs to silica can be used to fabricate nanocomposites with
applications on sensors and on the fabrication of fluorescent dyes for anti-
counterfeiting.

e An efficient methodology for the fabrication of biodegradable, biocompatible, and
fluorescent cylindrical waveguides doped with hybrid amorphous nanoparticles (silica-
Cdots) was demonstrated. Hybrids are easier to handle than non-coupled carbon nanodots,
since they are less hygroscopic. Therefore, they are more adequate for the fabrication of
large volumes of agarose waveguides.

o Both the aqueous dispersion of silica-Cdots and the hydrogel-based waveguide with
occluded hybrids showed sensitivity and reversible behavior regarding the pH.

o Since the pH information is retrieved when the waveguide is removed from the
aqueous medium, the system offers a low-cost, disposable, and simplified pH sensor
that can be used on multi-parameter biomedical analysis.



153

o Since the proposed sensor is made of an elastomeric material (the hydrogel), it
presents higher tenacity than the commercial glass devices, with lower risks of
mechanical fracture.

o The hybrids could be very interesting as new materials for applications in
optoelectronic devices, optical fibers sensors, and solar cells. Thus, suggestions for
forthcoming studies include the exploration of the direct coupling between
carboxylic acid terminated carbon nanodots and the amino functionalized silica
surface of no-core optical fibers for the fabrication of a fluorescent cladding with
sensing applications on media of different polarities.

e Three typologies of carbon nanodots (NCNDs, a-CDs and Silica-Cdots hybrids) were
applied to the fabrication of fluorescent PMMA optical films. The films significantly
enhance the PMMA’s natural fluorescence and allow the conversion of a wider UV window
to visible, increasing solar cells’ efficiencies.

o Initial testing showed an 11.3% increase in efficiency by employing fluorescent
films, even in non-optimized conditions. When compared to the power obtained
with regular panels, this gain would be translated in up to 10.3% of land use
reduction. Also, doped PMMA films will help protect the cell against UV-induced
degradation on the passivation layers, increasing the lifespan of panels and leading
to reduced maintenance costs.

o Upcoming works should focus on optimizing the usage of a-CDs (that present the
highest UV-to-Visible conversion) as the standard for fluorescent film fabrication.

o Since these nanoparticles are formed by thermolysis in simple muffles, they are
particularly adequate for large-scale manufacturing.

o Methodologies for direct coating the cells with doped films will also be investigated
to eliminate the extra dielectric layer (air gaps) and to minimize reflection losses.
Potential avenues to accomplish this are drop-casting the PMMA-CDs chloroform
solutions directly on the cell’s surface and spin-coating.

e A TFBG-based optical fiber sensor was designed for measuring the flow velocity in
biphasic flows. The sensor successfully assessed samples comprised of water, oil, and air
transported through a millifluidic device.

o By using a single-wavelength interrogation scheme, it is possible to assess the
velocity of the dispersed phase in real-time, yielding maximum relative error of
4.4% in comparison to a concomitant optical tracking measurement.

o Depending on the system being assessed, the interrogation wavelength may be
adjusted for increasing the sensitivity regarding the specific chemicals flowing
through the device.

o Despite the promising results, further investigation should be conducted regarding
non-periodic and other flow regimes which may produce complex intensity patterns.
In such cases, time frequency analysis and machine learning algorithms are
techniques that can be used to retrieve the flow characteristics.
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e A portable and low-cost smartphone-based optical fiber sensor based on Fresnel reflectance
was used for the monitoring of bioreactors. Also, an application for processing the images
collected through the phone’s camera was designed.

©)

The smartphone sensor’s production costs are considerably low, and the sensor can
be manufactured on-site by 3D-printing. So, it can be easily integrated into an
industrial line.

The integration to the line is of major importance for the “Industry 4.0” concept,
making the smartphone setup interesting for field and manufacturing applications.
Suggestions for future works include the enhancement of the sensitivity of the
sensor and the testing of its performance under higher fermentation scales and in
more complex systems. The smartphone processing could be also applied to the
interrogation of specialty fibers and other chemical sensors.

e Finally, an optical fiber sensor based on DLS and Fresnel reflectance was successfully
applied to the monitoring of a multi-concentrated particulate system (silica nanofluids).

o

The information collected with the system were used to retrieve actual concentration
values that were considerably different from those estimated by the simple
sedimentation model traditionally applied to Chemical Engineering practice. The
more precise information could save fabrication costs and allow the obtention of
more efficient facilities.

e A DLS sensor based on an ANN-regressor was demonstrated for the simultaneous
evaluation of concentration and flow velocity of nanofluids.

o

Considering the low amount of available data, the process known as “leave-one-out”
was used with 10 folds for training a low-biased and highly-accurate estimator. Also,
the architecture of the ANN was kept very simple to prevent overfitting.

A powerful model was needed for accounting for the non-linear relation between
decay rate, velocity and particles concentration.

So, the algorithm used here is a hybrid model consisting of a physics-informed
neural network: the data fed to the network is not the raw optical data itself, but a
pre-processed and transformed information derived from the autocorrelation
function and from the physical principles of DLS.

The use of more precise instrumentation for controlling the flow rate (with
consequent noise reduction) and the collection and processing of a larger dataset
(containing more data points and wider ranges of concentration and flow speed
values) would allow the training with more powerful architectures like
convolutional or recurrent neural networks. Such architectures are more adequate
for modelling time-series data.

A final suggestion for future works is the application of this optical system to other
nanoparticles and inline processes. Metals, mining, traditional chemical and
petrochemical facilities and advanced biotechnological, biomedical and food
industries could leverage the sensor for controlling and monitoring their operation.
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Appendix 1: 3D-printed case for smartphone-based
fermentation sensor - Project’s blueprint (Fig. 57)
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Figure Al. Case's blueprint. Quotes in millimeters (mm).
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Appendix 2: Silica nanoparticles (Fig. 61) statistics

The DLS analysis resulted in the distribution shown in Fig. 61b, which clearly presents
high skewness and kurtosis. So, since the curve is asymmetric, its behavior deviates from the
Gaussian’s. On the other hand, data has a format that resembles the normal curve. Thus, an
alternative is the data characterization through probability density functions (PDFs) that are
derived from the normal. When compared to the normal, these PDFs may present modifications
or additional parameters for accounting for shape deviations. Examples of such functions
include the lognormal and the Poisson, a particular case of the Gamma distribution.

The lognormal is defined as a random variable whose natural logarithm is described by
a normal probability function. So, it has a high degree of correlation with the Gaussian fitting,
what could explain the apparent resemblance of Fig. 61b with this bell-shaped distribution.
Mathematically, the probability density function F(X) that represents the lognormal random
variable X is defined by Equation (A1), where p and o are the fitting parameters of the curve
and In is the natural logarithm (e = 2.718 is the base of natural logarithm).

1<1nX—u

F(X) = () (A1)

e
XoV2m

Naturally, Equation (A1) is an ideal situation where no translations are present. So,
considering the presence of a vertical translation Fo; a multiplicative factor A; and p = In(Xc),
this equation may be modified to obtain a more general and powerful model, Equation (A2).

_ A L))
F(X)=Fy,+ Xa\/%e (42)

The fitting of data to the lognormal PDF allows the evaluation of several statistics using
the obtained parameters:

Mean (expectation or expected value): e * 72,

Variance: (e° - 1).e* 9,
Mode (PDF’s point of maximum probability): e*~°;
Skewness (parameter representing PDF’s asymmetry or distortion): (e +2).(e” - 1)";

Kurtosis (shape parameter that represents PDF’s “tailedness” or “long-tail effects”): (e*> +
2637 + 3¢ - 6).

Fig. 61b represents the counting of particles present on each diameter bin, where the
discretization of bins is performed by the LDV equipment itself. Thus, the total number of
assessed SiO2 nanoparticles is obtained by simply summing all values used to plot this curve.
Finally, the counting obtained for each bin is divided by the total number of particles to convert
the LDV readings into the probabilities associated to each diameter interval. The histogram of
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the probabilities is represented by the bars in Fig. A2a. Here, a sanity check is recommended:
the sum of all calculated probabilities should be 1, representing 100% of the sample space.

The lognormal distribution is obtained by fitting the probability data from Fig. A2a to
Equation (A2). It results in the parameters Fo =-1.83477 x 10 A =29.53614; Xc =203.49999;
and 6 = 0.19876; with adjusted R? 0o 0.9938. Since pu = In(Xc), p =2.30856. Consequently, the
other shape and statistical parameters calculated for this curve are mode = 9.67030; mean =
10.26066; variance = 4.24244; skewness = 0.61031; and kurtosis = 0.66949.
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Figure A2. Statistical characterization of SiO, nanoparticles: (a) lognormal (blue continuous line) fitted to the
diameters’ distribution. The bar chart represents the actual histogram (counting data was converted to
probabilities); (b) cumulative probabilities fitted through a sigmoid curve (red continuous curve). The blue
dashed lines for the 257 nm diameter represent the 95% accumulated probability, whereas the green lines for 288
nm represent an accumulated percent of 98% for the particles’ diameters.

The fitting resulted in a mode that is lower than the mean; and in values of skewness
and kurtosis that are significantly different from zero. The difference between the mean and the
mode and the presence of non-zero skewness and kurtosis quantitatively explain why the data
could not be fitted to the normal curve. The low variance, in turns, reflects the high degree of
morphological control provided by the VAD process.

The values of mode and mean calculated through the fitting of data to Equation (A2)
seem to differ from what is visually observed in the plot (Fig. A2a). It is a consequence from
the scaling of the PDF with the parameters Fo and A, but it is easy to convert the parameters to
the real values.

The point of maximum of the lognormal fitted curve represents the most probable
diameter to be obtained from the process, i.e., the PDF’s mode. This point can be visually
obtained on the plot; or may be calculated as the root from the 1%-order derivative: it is the 195
nm, which has an associated probability of 0.2969 = 29.69%. As this is the most probable
diameter value that one would obtain, it was took as the center of the confidence interval used
to represent the particles.

Again, the bars from Fig. A2a represent probabilities and their total sum must be 1.
Then, it is possible to sort data in ascending order of diameters and calculate the cumulative
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sum of probabilities. This procedure is equivalent to a numerical integration, resulting in the
accumulated probabilities shown in Fig. A2b.

Since the cumulative probabilities in Fig. A2b present a sigmoid profile, they may be
fitted by the logistic curve represented by Equation (A3). The fitting parameters obtained now
are: A1 =-0.00107; A2=0.99925; Xo=183.85621; and p = 8.87896; with adjusted R? 0f 0.9996.
Here, S(X) represents the sigmoid fitting obtained for a variable X. In this case, the sigmoid
represents the cumulative probability, and X is the random variable (the diameter of silica
nanoparticles) itself.

(4, - 47)

1+ )]

For obtaining a symmetrical confidence interval, the uncertainty may be defined as the
lowest interval around the most probable value (the mode) which comprehends at least 95% of
the results. In other words, the confidence interval is set as the minimum range for which a
cumulative probability = 95% is obtained, leading to the diameter a = (195 £ 93) nm.

SX)=4,+ (43)

The cumulative probability of 95% is verified for the range from diameter 102 nm (first
value with accumulated percent higher than 0%) to 257 nm (value highlighted by the blue
dashed lines in Fig. A2b). Due to the distortion of the curve, this range is not symmetric around
the highest probability, though: (195 - 102) = 93 nm, whereas (257 - 195) = 62 nm. So, by
picking the largest difference between the interval boundaries and the mode (93 nm), one
guarantees that at least 95% of particles will be included. Actually, the cumulative percent for
(195 +93) = 288 nm is 98%, as highlighted by the green dashed lines in Fig. A2b.

The larger interval width obtained for the values lower than 195 nm (width of 93 nm,
which is 50% higher than the 62 nm-width obtained for the values higher than 195 nm); and
the achievement of a plateau in Fig. A2b (resulting in the need of large increments of diameter
for obtaining low increases of accumulated probability) are direct consequences of the PDF
distortion.

Once the skewed curve is more populated at the left-hand side of the mode (the region
with lower diameters), most particles are in the first half of the range (195 + 93) nm. On the
other hand, the curve from Fig. A2a also shows a small number of particles for very high
diameters, a consequence of its long tail (there is a high kurtosis, so the curve’s tail on the right-
hand side of the mode is longer than that observed on the left-hand side).



202

Appendix 3: Supervised students

[1] Co-supervision: scientific initiation/undergraduate research (PIBIC/CNPq): Beatriz
Ferreira Mendes. Estudo das Propriedades Cinéticas da Reacido Pozolanica Visando ao
Maior Entendimento Sobre o Processo. Supervision: Prof. Dr. Carlos Kenichi Suzuki.
University of Campinas, Mechanical Engineering, School of Mechanical Engineering
(FEM/UNICAMP), SP, Brazil, 2016/2017.

[2] Co-supervision: scientific initiation/undergraduate research (FAPESP Grant
2017/06190-7): Matheus Kaué Gomes. Caracterizacao de nanofluidos de diéxido de silicio
utilizando sensor de fibra éptica. Supervision: Prof. Dr. Eric Fujiwara. University of
Campinas, Control and Automation Engineering, School of Mechanical Engineering
(FEM/UNICAMP), SP, Brazil, 2017/2018.

[3] Co-supervision: scientific initiation/undergraduate research (PIBIC/CNPq): Beatriz
Ferreira Mendes. Estudo dos Parametros de Uso da Silica para Adsorciao de Corantes
Visando a Otimiza¢do de Membranas Ceramicas Filtrantes. Supervision: Prof. Dr. Carlos
Kenichi Suzuki. University of Campinas, Mechanical Engineering, School of Mechanical
Engineering (FEM/UNICAMP), SP, Brazil, 2017/2018.

[4] Co-supervision: Undergraduate Conclusion Paper (“Trabalho de Graduagdo”, TG):
Guilherme Antonio Dutra Morais. Analise da proliferacido celular por processamento de
imagem. Supervision: Prof. Dr. Eric Fujiwara. University of Campinas, Control and
Automation Engineering, School of Mechanical Engineering (FEM/UNICAMP), SP, Brazil,
2018.

[5] Co-supervision: scientific initiation/undergraduate research (PIBIC/CNPq): Matheus
dos Santos Rodrigues. Caracterizacao de suspensoes coloidais de silica em regime dinaAmico
de escoamento utilizando sensor de fibra éptica. Supervision: Prof. Dr. Eric Fujiwara.
University of Campinas, Control and Automation Engineering, School of Mechanical
Engineering (FEM/UNICAMP), SP, Brazil, 2018/2019.

— This research was granted with “Honorable Mention” (“Meng¢do Honrosa) among the
best papers presented in XXVII UNICAMP Scientific Initiation Conference (“XXVII
Congresso de Inicia¢do Cientifica da UNICAMP”, 16-18 oct. 2019).



