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PREFACE

This book, in its fifth iteration, includes valuable contributions from experts on
topics related to nanotechnology, coordinated by Dr. José Abraham Balderas
Lépez, who is a researcher at the Instituto Politécnico Nacional (IPN) and who
has coordinated the IPN Nanoscience and Micro-Nanotechnologies Research
Network (RNMN) since January of 2024.

The field of nanotechnology is becoming increasingly important due to its
impact in the areas of health, food, environment, energy and semiconductors.
These areas are closely aligned with several of the missions presented by the
Research and Postgraduate Secretariat, through the Coordination of Operation
and Research and Postgraduate Networks of the IPN; at the 2024 Polytechnic
Research and Postgraduate Networks Meeting. These ten missions that will
guide the research efforts at IPN in the coming years are:

. Sustainable agriculture and food security.

. Biodiversity, environment and water crisis.

. Resilience and comprehensive risk management.

. Transition towards renewable energies and energy sustainability.

. Epidemiological surveillance and prevention of health risks.

. Semiconductors and advanced electronics.

. Strategic artificial intelligence and data science program.

. Health for the future: prevention and control of chronic diseases.

O 0 1 & Ul AW N~

. Industry, value chains and infrastructure.
10. Aerospace research, telecommunications and connectivity.
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Thus, this book compiles current research advances aligned to five of the
missions presented above, standing out the advances made by researchers
who participate in the Nanoscience and Micro-Nanotechnologies Research
Network and contribute to the generation of scientific knowledge and cutting-
edge technological development. The missions to which a closer alighment is
shown by the chapters included in this book are: Sustainable agriculture and food
security; Biodiversity, environment and water crisis, Transition towards renewable energies and
energy sustainability, Semiconductors and advanced electronics; as well as Health for the
Sfuture: prevention and control of chronic diseases. As can be seen, the collaboration
of members of the IPN Research Networks arises as a key factor in solving
problems of regional, national, or international interest.

LIST OF CHAPTERS BY RESEARCH AREA

Sustainable agriculture and food security

Among the main challenges that future generations will face is the lack of
food and/or spaces to grow or store it, for this reason the book includes two
chapters related to these topics: “Prototype hydroponic system with LED
lighting control and parameter measurement for various horticulture crops”
and “Microencapsulation of Nance (Byrsonima crassifolia 1..) extraction by spray
drying”, for the production of functional foods.

The following two chapters are aligned with mission two, biodiversity,
environment and water crisis.

“Mesoporous Silica Nanoparticles as Adsorbents of Methylene Blue Aqueous
Solutions”, this work discusses the risks posed by water contaminated with
methylene blue, as well as the most used methods for the removal of this dye,
highlighting the adsorption method and mesoporous silica nanoparticles as
adsorbents.

“Dynamic System Development for Real-Time Light Spectra Acquisition for
Optical Biosensor Applications in Python”, this work presents the development
of a dynamic real-time light spectrum acquisition software system utilizing
Python, a high-level programming language, focusing on optical biosensor
applications.
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In the transition towards renewable energies and energy sustainability”,

the following contributions are presented:

“Bio-jet fuel production from the enhanced crops of Botryococcus braunii by MgO
nanoparticles (MgO NPs)”, in this work, bio-jet fuel was obtained from the lipids
of the microalgae Botryococcus braunii, cultivated in pre-treated wastewater and

adding MgO NPs to improve lipid and / or biomass production in the crop.

“Ti0,-WO, Heterojunctions for Photocatalytic Hydrogen Generation”, in
this research, it was synthesized TiO, nanosheets and a composite based on a
TiO,-WO, heterojunction using a hydrothermal method as a clean energy for

hydrogen production.
In semiconductors and advanced electronics you can find the chapters titled:

“Effect of Density of States in electrical simulation of amorphous Indium-
Gallium-Zinc-Oxide Thin Film Transistor”, materials such as amorphous
Indium-Gallium-Zinc-Oxide (a-IGZO) due to their optical transparency and low
deposition temperatures are used in low-cost flexible electronics, which gives the

possibility of a-IGZO TFTs in portable electronics for healthcare sensing.

“Numerical Modeling of Surface Acoustic Waves for Electronic Filter Design”,
in this work, a detailed methodology for the design and numerical simulation of a
surface acoustic wave bandpass filter in a 128°YX LiNbO, piezoelectric material

is presented.

Finally, in “health for the future: prevention and control of chronic

diseases”, the following research is presented:

“Silver and copper nanofluids, synthesis, characterization and their
antimicrobial properties against pathogenic microorganisms”, in this work,
important applications related to the antimicrobial activity of nanoparticles are
explored, which is an alternative to the use of antibiotics and may be a solution

to the problem of microbial resistance to the latter.

“Synthesis of new chitosan-glutaraldehyde scaffolds for Tissue Engineering
using Schiff reactions”, development of suitable scaffolds for tissue engineering

is still one of the most important fields in regenerative medicine.



I hope this book helps to disseminate the works of our scientists and to
improve the knowledge of the subjects studied and developed in the area of
nanoscience and micro-nanotechnology.

Dr. Itzama Lépez Yafiez
Coordinador de Operacion y Redes de Investigacion y Posgrado del IPN
Secretaria de Investigacion y Posgrado del Instituto Politécnico Nacional
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Abstract

Among the main challenges that future generations will face is the scarcity of
food and the lack of space for its cultivation. Hydroponics is an agricultural
technique that is based on the independence of plants from the soil, since it uses
only water as a means of transporting the substances and nutrients that crops
need for their proper development, increasing efficiency and reducing the time in
which crops are ready for harvest. In addition, the implementation of alternative
lighting systems that allow the growth of plants without depending on solar
illumination, being the use of LEDs one of the most popular and with the best
results. This work describes the design process of a prototype hydroponic system
with LED lighting control and measurement of parameters (temperature, pH,
conductivity and dissolved oxygen) for various horticulture crops.
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1. Introduction

Agriculture is a fundamental part of the Mexican economy, accounting for
4 % of GDP in 2024 [1]. According to a projection study carried out by the
National Population Council (CONAPO), it is estimated that Mexico will have a
population of 138.1 million inhabitants by 2030 and 148.2 million by 2050 [2]. This
population increase is directly related to the main challenge that agriculture will
face in the coming years: ensuring food supply for the population. Demographic
expansion coincides with the decrease in land available for agriculture, and it is
therefore predicted that by 2050, only 0.16 ha of arable land will be available in
the country to produce the food demanded by one person per year, compared to
0.27 ha per person in 1980 and 0.18 ha in 2015 [3].

In addition to the country’s supply capacity, the environmental and biological
problems present in the crops that affect their availability must be taken into
consideration. According to the latest data collected by the National Institute of
Statistics and Geography (INEGI), in 2017 there were 32,406,237 hectares in the
country destined to agricultural production units, performing open-air agriculture.
Of this total, 21 % (6,810,762 hectares) correspond to irrigated surface, while
the remaining 79 % (25,595,475 hectares) correspond to rainfed surface. Of
the 101,828 production units surveyed, only 17,388 used protected agriculture
production strategies, the majority of which were of the greenhouse type (54.1 %).
On the other hand, among the main problems presented during the development
of activities in the production units, crop losses due to climatic causes (74.7 %),
crop losses due to biological causes (44.2 %) and loss of soil fertility (28.4 %) stand
out. It should be noted that among the main reasons for crop losses due to climatic
causes are wind, excess humidity, hail, low temperatures and floods [4].

The environmental impact of agricultural development must also be taken
into account. In terms of water availability and use, in Mexico in 2015, a total
volume of water concessioned in the country of 266,569 million cubic meters
was determined. Of this amount, it is estimated that 32.2% had a consumptive
use. Of the consumptive use, more than 3 quarters was used for agricultural
purposes, with a percentage of 76.3%, with costs per cubic meter of water
ranging between $2.49 MXN and $78.67 MXN depending on the area in which
it was obtained. Of the total amount of water used for agriculture, only 46 %
is used efficiently [5]. In addition, agriculture represents the largest proportion
of human land use and is a major source of emissions of gases that contribute
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to the greenhouse effect, such as methane (CHy), nitrous oxide (N20) and to a
lesser extent, carbon dioxide (CO3) [6].

As highlighted in the national agricultural planning 2017-2030 conducted
by the Secretariat of Agriculture, Livestock, Rural Development, Fisheries and
Food (SAGARPA), trends in food and agriculture should focus on technological
development and innovation seeking new triggers in production systems [7]. The
main strategies for increasing agricultural production should focus on improving
yield per unit area and increasing the cultivated area [3].

This paper describes the design process of a prototype hydroponic system with
LED lighting control and parameter measurement for vegetables. The prototype
was developed with the intention of usingitas a research and experimental tool, with
the objective of comparing the results of growing crops of the same species under
different lighting conditions. The development of hydroponic crops considers
supplying the nutrients required by the plants through water, without the need of
any substrate. In addition, the illumination received by the plants was controlled
by means of light-emitting diodes (LEDs) with different wavelengths to compare
their effect on plant growth. Finally, a graphic interface was implemented that, with
the help of sensors located in the prototype, allows the user to visualize the history
of some physical and chemical parameters (temperature, pH, conductivity and
dissolved oxygen) in which the crop has been found. This prototype is intended to
serve as an auxiliary in the promotion and development of new technologies for
more efficient crop production in the country.

2. Methodology

Figure 1 shows a block diagram of the prototype. The system is composed
of three main units, the physical design of the prototype, the circuit that is
responsible for polarizing the LED light sources and sensors and monitoring
the signals generated by the latter, and finally the control circuit of the luminous
intensity of the LEDs.

2.1. Case

A case was built with four divisions, taking into account that the dimensions of each
space will be determined by the maximum expected dimensions of the growth of
each specimen of each plant, in this case the selected vegetables were lettuce and
beans. Based on work done with lettuce under similar conditions, i.e., with LED
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lighting and applying hydroponics as an agricultural technique, measurements were
obtained after 35 days of testing on lettuce specimens with a maximum width of
12 cm and a height no greater than this measure [8]. On the bean side, the height
can reach 28 cm in a growth period of 30 days [9]. Based on these two measures,
it was decided to take as a basis the maximum width that lettuce plants could have
and the maximum possible height of bean plants. This led to establish 30 cm x 12
cm x 24 cm as design parameters for the internal dimensions of the prototype.
Considering that in each space of the prototype a lettuce specimen and a bean
specimen will be placed, each plant will have a total volume for its development
of 4320 cm’ considering dimensions of 12 cm x 12 em x 30 cm. It was decided to
design a structure that allows each space to have the dimensions proposed and that
isolates each space from the outside so that the light irradiated in each one is the
desired one and that allows the correct oxygenation of the plants.

Raspberry Pi 2

LED Current
Driver
I RCD-24/PL

T Switching
_N_ l Source
L 7 12v-104

poszedaluly

=]

R Ny—

BMEZBO

Dissolved Oxygen Tt Conductivity
Sendor Sensor

e S ——
Switching |
Source

Nutrithve
Hidroponic
Solution

L]

Alr Purmp

Process —— Sending data — Voltage ——
Figure 1. Block diagram of the developed system.

Figure 2 shows graphically how the prototype is physically constituted in a
general way, in gray color the structure of each space is observed while in black
color the water tank of the whole system is observed. The walls of each space
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are made of acrylic with a thickness of 3 mm, where each wall will have eyebrows
that allow the assembly of these under pressure.

Figure 2. Representation of the physical design of the prototype.

The prototype must have the capacity to store at least one specimen of each
crop to be analyzed in each of the 4 spaces destined for the comparison of the
effects of the wavelengths of the LEDs, with one or two LEDs in each space as

the case may be (see Table 1), these crops correspond to lettuce and beans.

Type of LED Wavelength (nm)
Red 627
Blue 470
Multicolor (blue, green and red) | 470, 525 y 625
White 400-700

Table No. 1 Types of LEDs used and their wavelengths.

2.2. Graphical User Interface (GUI)

As shown in Figure 1, the operation of the GUI consists of filling in all the
input fields where the parameters for LED illumination intensity, LED on/off
time, switching time between blue and red LEDs, update time for monitoring
the parameters acquired from the sensors and the maximum number of data
to be stored in the graphs are established. The GUI programming has default
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parameters set so that if the user does not enter data, the system can function
when the program is run. However, when entering data by filling in the input
fields and executing the “Update parameters” button, the default values are
updated to the values entered by the user, modifying the operation of the system.
The buttons for displaying graphs remain disabled at startup until sensor data
acquisition begins, when there is at least one data value, the graphs of the desired
parameters are displayed.

Since the characteristics of the Raspberry Pi used as the main control element
prevent it from reading analog signals and the oxygenation, pH and conductivity
sensors handle signals of this type, it was decided to include an additional
microcontroller as an intermediary for the sensor signals. The microcontroller
chosen was the ATmega328P (Microchip Corp.), which is responsible for reading
the sensor signals to send the corresponding data to the Raspberry Pi via serial
communication. The choice of this microcontroller is due to the fact that it
has the necessary interface for the acquisition of analog signals; in addition,
using this platform reduces the cost and facilitates the assembly with respect to
other options. For this reason, the programming of the Raspberry Pi includes
the creation of a serial object, which is read to obtain the values of the sensors.
For its part, a program was developed with the ability to interpret the signals
from the sensors and send the corresponding values of these through serial

communication.
2.3. Sensors

In order for the user to be able to observe the specific parameters for the water
of each hydroponic crop (oxygenation, pH and electrical conductivity) and
their correct measurement, it was decided to also take measurements of the
oxygenation, pH and electrical conductivity in the water of the crops; for this,
the sensors to be used were DFRobot® brand sensors, specifically the SEN0161
(pH), DFR0300 (electrical conductivity) and SEN0237-A (oxygenation) models.
These sensors have a connector that converts the output signal of the measured
parameter into an analog signal that will be interpreted by the controller to be
used; which avoids a previous signal conditioning stage, also in its physical design
the part of the sensor that needs to be in direct contact with the water has alength
of up to 26 mm, with a diameter of up to 13 mm, which allows measurements
in shallow water tanks [10].
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In the case of sensors that are in direct contact with water: pH, conductivity
and oxygenation sensors, based on their dimensions, a minimum depth of 13
mm and a diameter of 26 mm is necessary for them to have support and be able
to perform measurements correctly. These characteristics were considered in the
design by placing three holes with a diameter of 30 mm in the part corresponding
to the water tank lid, and since the tank has a depth of 4 cm, it was only necessary
to insert the sensors in these holes in order to carry out the measurement, as
shown in Figure 3.

Figure 3. Mounting of pH, conductivity and oxygenation sensors in the prototype’s water tank.

Additionally, it was determined that in order to define the conditions in which
each crop was according to the light conditions, it was necessary to measure the
temperature in each space, so the BM280 sensor (Adafruit Industries) was used,
which is a temperature sensor that uses the SPI communication protocol. On the
other hand, to vmaintain better oxygenation of the water in the prototype tank,
two water pumps in the fish tanks were used.

2.4. Assembly of hydroponic baskets

In the case of the hydroponic baskets, the space they would occupy was
determined from the design stage of the acrylic pieces, locating two circles
of 5 cm in diameter that were distributed uniformly in the spaces in each
corresponding area for the development of crops, so it was only necessary
to introduce the hydroponic baskets in the holes intended for this purpose as
shown in Figure 4.
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Figure 4. Assembly of the hydroponic baskets in the prototype.

2.5. Crop germination

The germination process of lettuce and bean crop seeds was carried out
independently of the system, initiating germination in specialized phenolic foam
for hydroponics, the procedure involved saturating the foam by immersing it in
water until fully moistened, subsequently, bean and lettuce seeds were positioned
within the foam, and the container was covered to maintain humidity. To expedite
germination, twenty-four bean and 24 ball-type lettuce seeds were deployed, as
depicted in Figure 4A. Once the specimens had germinated and developed their
initial leaves, they were transferred to the hydroponic system. Figure 4B shows
the germinated crop specimens.

A)

B)

Figure 4. (A) Placement of bean
and lettuce seeds for germination in
phenolic foam for hydroponics and
(B) Germination of the cultures in
the phenolic foam.
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The preparation of the solution consists of a process where, in addition to
adding nutritive salts from the Semillas de amor® brand to the water to be used,
parameters such as pH and conductivity must be adjusted.

Parameters
pH Conductivity
(mS/cm)

Pure water 7.1 0
Solution after adding nutritive 3.0 2.14
salts
Solution after adjusting pH with 5.5 2.27
0.5 M solution of NaOH

Table 2. Parameters of the nutritive solution.

Epura® brand bottled water was selected, according to a study carried out
with different brands of bottled water in Mexico [11], this is the brand that
presents the lowest concentration of total dissolved solids (TDS) with 9 ppm
and calcium with a value of less than 20 mg/L. The importance of maintaining
a low value in this concentration lies in the fact that in order to optimize the
efficiency of the nutrient solution, the pH and conductivity parameters must
be controlled, and these values are modified when nutritive salts are added to
the water. The appropriate parameters to optimize the efficiency of the nutrient
solution are between 5.5 and 6.5 in the case of pH [12], and between 1 and 3
mS/cm for conductivity [13]. When measuring the bottled water, pH values of
7.1 and conductivity of 0 mS/cm were obtained; however, when the mineral
salts were added, the pH value was reduced to 3.0 while conductivity increased to
2.14 mS/cm. In spite of complying with an adequate conductivity value, the pH
value was very low; for this reason, 8 milliliters of a sodium hydroxide (NaOH)
solution with a concentration of 0.5 mol/L were added to the nutrient solution to
increase the pH, obtaining after this process a pH value of 5.5 and a conductivity
of 2.27 mS/cm, complying with the adequate values in the solution parameters.
Table 3 shows a concentration of these data.

With the elements assembled and working in the prototype, the GUI
implemented in the Raspberry Pi and the nutrient solution with the appropriate
parameters, the system was put into operation in order to validate its operation.
For this, one lettuce and one bean species were introduced into the prototype for
each space of the system, as shown in Figure 5, and the parameters were set in
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Parametro Set
Value

Luminous Flux of LEDs 75%

Turn-on Hour of LEDs 08:00

Turn-off Hour of LEDs 22:00

Switching time between Blue 30 min

and Red LEDs in block 4

Acquisition time of sensors 5 min

parameters

Points per graph 30

Table 3. Conditions established for system tests.

the GUI for its operation: all LEDs were set to an illumination power of 75 % of
capacity, 14 hours of continuous illumination were set, turning on the LEDs at
08: 00 hours and turning them off at 22:00, a switching time between LEDs of
space 4 was set, in addition to a sensor parameter acquisition time of 5 minutes
and an amount of data per graph of 30, these values are concentrated in Table 3.

Figure 5. Implementation of the germinated crops in the prototype.

3. Results

At the end of the implementation stage and with the device in operation, the
operation of the system was validated and the results were concentrated. 21 days
after placing the germinated cultures in the system for their development, their
growth was analyzed. Figure 6 shows photographs of the crops in the system; it
should be noted that, due to problems with the low germination rate of beans,
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only 3 specimens could be obtained; for this reason, only lettuce was placed in
the space with intermittent blue and red LED lighting,

A)

B)

0)

D)

Figure 6. Crops under different sources of illumination: A) Constant with blue and red LEDs,
B) Constant with LED Horticultural, C) Constant with white LEDs and D) Intermittent with
blue and red LEDs.
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It stands out the fact that the crops where the highest growth was obtained
were with constant illumination of blue and red LEDs in the case of beans,
and with intermittent illumination of blue and red LEDs in the case of lettuce.
The lowest performance for both bean and lettuce was with white illumination.
The data corresponding to the length of each crop and the number of leaves
developed are shown in Table 4.

Type of LED Crop Length (cm) | Number of leaves
Blue and Red Lettuce 30 8

Beans 2 4
Horticultural Lettuce 21 5

Beans 2 5
White Lettuce 4.5 3

Beans 1.5 4
Blue and Red Modulated | Lettuce 3 4

Table 4. Conditions established for the system tests.

While, for beans, the minimum temperature during its growth phase is 10 °C
[14], in the case of lettuce, the optimum temperature during this phase is considered
to be 14 - 18 °C. This may explain the reason for the poor growth of lettuce so
far, due to the fact that in the area where this practice is being carried out, during
the winter period, the maximum temperature does not exceed the temperature
range for optimal lettuce growth. It should be noted that although the prototype is
capable of measuring the temperature, it does not have any actuator element that
can modify it.

With the system running and the operating parameters configured through the
GUI, it was verified that the sensors were working properly and that the interface
was capable of storing the acquired data for later visualization. Performing a test
for 20 minutes, where values of all parameters were stored every minute, the
graphs shown in Figure 7 were obtained.

As can be seen in some graphs, the parameters remain constant over time,
the variations are minimal, with a variation of 3.7 % for conductivity, 3.6 % for
oxygenation, 1.2 % for pH and a percentage of less than 1 % in the temperature
values; and these are only affected considerably after hours in the case of temperature
and days in the case of conductivity and pH, in the case of oxygenation the values
depend on the operation of the water pumps.
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4. Conclusions

In this work a prototype of a functional hydroponic system was developed,
which allows the development of crops while it is possible to monitor chemical
parameters such as pH, and physical parameters such as electrical conductivity,
which depends on the concentration of salts, and oxygen dissolved in the water.
The system provides the user through a GUI the possibility to configure the
conditions to operate automatically in the data acquisition times of the sensors,
the amount of stored data of the parameters, the switching times between LEDs
and the on and off of the LEDs, allowing to set the intensity of illumination
required. In addition, the data obtained from the different measured parameters
can be displayed graphically in the GUI.
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Abstract

This study aimed to evaluate the effect of spray drying parameters on the
antioxidant and physicochemical properties of a microencapsulated extract of
Byrsonima crassifolia (Nance) fruit. An aqueous extract of nance pulp was analyzed
for total phenolics, flavonoids, and antioxidant capacity before and after the spray-
drying microencapsulation process. The microencapsulation was carried out using
a spray dryer by varying the drying temperature (110-134 °C) and maltodextrin
concentration (3-17%). The results showed that the nance extract contained
185.06 pg of gallic acid/mL and 18.38 ug of quercetin/mL in terms of total
phenolics and flavonoids, respectively. The antioxidant capacity as a percentage
inhibition of the extract was 30.11%, and that of the microencapsulates ranged
from 9.25 to 45.64%. Conversely, microencapsulated total phenolics ranged from
173.11 to 4.75 ng/mlL gallic acid. The yields for the microencapsulation process
ranged from 80 to 90%, obtaining powders with moisture contents lower than
2.63%. The results indicate a strong interaction between drying temperature and
maltodextrin concentration. High maltodextrin concentrations and high drying
temperatures hurt the bioactive properties. The powders obtained in the different
formulations show microparticles between 10 and 20 um sizes, with smooth,
collapsed, and rough surfaces.

Keywords: microencapsulation, nance, phenols, flavonoids, antioxidant capacity.
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1. Introduction

Byrsonima crassifolia 1.., commonly known nance or changunga, is a fruit native
to the tropical Americas and is distributed in different regions of Central and
South America and in the southeastern part of Mexico. In Mexico, the main
nance producing states are: Campeche, Chiapas, Guerrero, Jalisco, Michoacan,
Morelos, Nayarit, Oaxaca, Sinaloa, Veracruz and Yucatan, with an annual
production of 7,713.13 tons [1]. Nance is a rounded drupe that is produced in
pendulous infructescences of 10 to 15 cm in length. When ripe, they are about
1.7 to 2 cm in diameter, slightly orange-yellow in color, with abundant sweet and
sour flesh surrounding a large, hard stone [2]. The main bioactive compounds
contained in the nance fruit are gallic acid and quercetin [3, 4]. It also contains
trace amounts of catechin, epicatechin, rutin and kaempferol [5]. Several studies
have demonstrated the antioxidant activity of nance leaves, fruits, and seeds. It is
also reported to have anti-inflammatory, antiproliferative, and antihyperglycemic
properties [6 - 8]. In addition, extracts of Byrsonima crassifolia L. have bactericidal,
fungicidal, and topical anti-inflammatory activities [9]. This extract has been used
medicinally since pre-Hispanic times, mainly for the treatment of gastrointestinal
disorders and gynecological inflammation [10]. Nance is also highly valued as
a dietary supplement due to its high vitamin and mineral content (thiamine,
riboflavin, and niacin); it is also an excellent source of dietary fiber [11, 12].

Microencapsulation is a process that improves the properties of the spray-
dried core, taking into account the matrices used and the operating conditions of
the equipment. In addition, it facilitates the handling of the bioactive compounds,
improves their solubility and stability, protects against the degradation of the
cores, controls the release of the compounds and masks unpleasant tastes and
odors. The type and characterization of the coating agent used for encapsulation
determines the final properties of microencapsulated materials, such as efficiency
and microcapsule size. Due to its low cost and its encapsulation efficiency of
hydrophilic core materials such as anthocyanins and gallic acid, maltodextrin is
the most used wall material in microencapsulation technology [13].

There has been an increase in interest in the use of raw materials for the
development of products that are rich in bioactive compounds for use as
health-promoting agents in the food, pharmaceutical and cosmetics industries.
Thus, the nance fruit is considered as a feasible raw material for the application
and development of products with functional properties, due to the growing
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demand for foods with natural antioxidants and nutritional potential. Therefore,
the objective of the present research was focused on the quantification and
evaluation of bioactive compounds and antioxidant capacity of nance extract
microencapsulates.

2. Materials and Methods
2.1. Materials

The nance fruits were procured from the local market in the city of Patzcuaro,
Michoacan. Prior to use, the fruits were subjected to a washing process and
disinfected in a 0.1% solution of sodium hypochlorite. The size of the fruits was
selected based on considerations of mechanical damage. Subsequent to this, the
pulp was extracted and stored in a freezer at -20 °C until use.

2.2. Preparation of the extracts

For the extract preparation, 100 milliliters of distilled water was combined with
10 grams of nance pulp, which was then stirred for a period of 40 minutes at a
temperature of 40 °C. After that, vacuum filtration was conducted. The extract
was subsequently stored under refrigeration until required for use.

2.3. Determination of Total Phenolic Contents (TFC)

Total phenolic contents were determined by using the Folin—Ciocalteu method,
according to the methodology reported by Robert et al., [13]. The nance extract
(500 uL) was add to Folin—Ciocalteu reagent (1:10- diluted) and sodium carbonate
(2 mL/7.5%). Then the mixture was kept for 60 minutes at room temperature.
Following the incubation period, the absorbance was measured at 760 nm using
a UV—Visible spectrophotometer (Perkin Elmer Lambda XLS, UK).

2.4. Determination of Flavonoid Contents

The flavonoid content of the aqueous extract was quantified using the method
described by Chang et al. [14]. The results were expressed as ug/mlL of quercetin.
A standard curve was generated over the range of 0 to 50 pg/ul. A total of 500
pL of the aqueous extract was taken and subsequently combined with 1.5 mL
of methanol, 100 uL. of a 10% aluminum chloride solution, 100 puL. of a 1M
potassium acetate solution, and 2.8 mL of distilled water. Absorbance readings
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were obtained at 415 nm using a UV—Visible spectrophotometer (Perkin Elmer
Lambda XLS, UK).

2.5. ABTS’" radical cation scavenging activity

The antioxidant capacity was determined according to the methodology
developed by Kuskoski et al. [15], with some modifications. Then, 20 pl. of
the aqueous extract was taken and 2 mL of the ABTS" radical dilution was
added, after which the absorbance (Abs) was taken. The results are expressed as
percentage inhibition, which is calculated by the following equation:

Initial absorbance of ABTS-Absorbance of the sample after 6 min

- X100
Initial absorbance of ABTS

inbibition(%) =

2.6. Production of microcapsules

Maltodextrin was dispersed in the aqueous extract of nance at different
concentrations (Table 1) by magnetic stirring for 30 minutes. The drying process
was carried out in a Buchi mini spray-dryer B-290 (Flawil, Switzerland). The
parameters were selected based on preliminary tests: a suction flow rate of 35m’/h
and a solution volume flow of 2.61 mL/min. Central Composite Design (CCD)
was used to evaluate the spray drying conditions (Design Expert 7.0v, USA).
Furthermore, the hygroscopicity and moisture content of the microencapsulates
obtained were evaluated.

Experiment Maltodextrin Inlet temperature °(C) Key
concentration (%)
1 10 120 MD10120
2 10 106 MD10106
3 10 120 MD10121
4 15 130 MD15130
5 5 110 MDO05110
6 10 120 MD10122
7 10 120 MD10123
8 3 120 MD03120
9 15 110 MD15110
10 10 120 MD10124
11 5 130 MDO05130
12 10 134 MD10134
13 17 120 MD17120

Table 1. Experimental design of microencapsulation.



36 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

2.7. Characterization of the microcapsules

2.7.1.  Moisture content

The moisture content of the powder was determined gravimetrically according
to AOAC method [10].

2.7.2. Hygroscopicity

The hygroscopicity was performed using the methodology described by Cai and
Corke [17] with minor modifications. One gram of microcapsules was placed in
a desiccator containing a saturated sodium chloride solution (85%) After seven
days the samples were weighed and their hygroscopicity expressed as a percentage

(%) of adsorbed moisture.
2.7.3. Drying yield

The drying yield for spray-drying was evaluated based on the percentage between
the total mass of the product recovered upon its exit from the equipment and the
mass of the extract fed into the system, according to Eq. (dry basis):

Mass off microcapules (g)

Y %= .
Total mass of extract fed into the system (g)

X100

2.8. Total phenolic content (TFC) and surface phenolic content (SPC)

Total phenolic content was determined by releasing the phenolic compounds from
the microcapsules, according to the methodology described by Robert et al. [13],
and Tolun et al., [18]. A total of 200 mg of microcapsules were weighed and added
to 2 mL of a methanol-acetic acid-water mixture in a 50:8:42 ratio, respectively.
Subsequently, the samples were centrifuged at 4,000 rpm for 15 minutes. Then,
the sample was filtered and decanted, after which the Folin-Ciocalteu method was

employed to determine the TFC.

To determine the surface phenolic content (SPC) of the microcapsules, 24 mg
of microcapsules were washed with 3 mL of an ethanol: methanol mixture

(1:1, v/v) for 5 minutes and then filtered through a microfilter (0.45 pm) [18].
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2.9. Total flavonoid content

Total flavonoid content (TFC) in the microcapsules was determined using
the methodology described by Robert et al.,[13] and Fuentes et al., [19]. A
total of 200 mg of the microcapsules was taken and mixed with 2 mL of a
methanol-ethanol solution (1:1, v/v). Subsequently, the solution was subjected to
centrifugation at 4,000 rpm for a period of 15 minutes. Finally, a 500 ulL sample
was taken for the TFC using the aluminum chloride procedure. The TFC was
calculated using a calibration curve with quercetin as the standard and expressed
in milligrams of quercetin equivalent per gram of dry weight of the sample.
Absorbance was then measured at 420 nm using a UV—Visible spectrophotometer
(PerkinElmer Lambda XLS, UK).

2.10. Antioxidant capacity in microcapsules

The antioxidant capacity of the microcapsules was determined with brief
modifications [13]. For that, 200 mg of the microcapsules were mixed with 2 mL
of a methanol-ethanol solution (1:1) and vortexed for 1 min, then the solution
was centrifuged at 4000 rpm for 15 min. Then, 20 uL. of the aqueous extract
was taken and mixed with 2 mL of the ABTS+ radical dilution following the
methodology described in 2.5 The results are expressed in percentage inhibition,
which is calculated by the following equation:

Initial absorbance of ABTS-Absorbance of the sample after 6 min

- X100
Initial absorbance of ABTS

inbibition(%o) =
2.11. Encapsulation efficiency

The encapsulation efficiency (%EE) is determined by the results of the % SPC
according to Robert et al. (2010), which are expressed using the following equation:

%WEE = 100% - %SPC
Where SPC is: % surface phenolic content.

2.12. Total phenolic content

Total phenolic content was determined by releasing the phenolic compounds
from the microcapsules by destroying the coating material, according to a
modified form of the methodology described by Tolun et al., [18]. The tests
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were carried out in triplicate and the efficiency of encapsulation of the bioactive
compounds was determined using the equation:

Phenolic compounds on the surface

0, =
70 PCS Initial phenolic componnds

%100

2.13. Morphological analysis of microcapsule

A scanning electron microscope was employed to evaluate the particle
morphologies of microcapsules produced with different coating material
concentrations and drying temperatures. The particle morphologies of the
microcapsules produced with coating material concentrations and drying
temperatures were evaluated by employing a scanning electron microscope
(SEM). A small quantity of each powder was attached to a double-sided adhesive
tape fixed to stubs, coated with gold, and examined with 5 kV in a JEOL JSM
7800F scanning electron microscope.

3. Results
3.1. Total phenols and flavonoids in the aqueous extract

The results for total phenols and flavonoids were 185.06 pg gallic acid/mL
and 18.38 pg quercetin/ml., respectively (Table 2). Values of 174.15 mg gallic
acid/100 g fresh weight and 159.9 mg gallic acid/100 g total phenols, respectively
[20, 21]. As reported by Barrett et al. [22], the content of phenols and flavonoids
is highly influenced by fruit maturity. These compounds are found in higher
proportion in an immature state than when the fruit is fully ripe. Mileti¢ et al. [23]
conducted a study on an endemic plum species finding a decrease in the quantity
of total phenols during fruit ripening;

Titratable Acidity 0.034% 0.003

Total phenolic content | 185.06 0.53 pg gallic acid/mL

Flavonoids 18.38 0.01ug quercetin/mlL.

Nance juice (untreated) | 95.860.35 % Inhibition

Antioxidant Capacity

Aqueous extract 30.11 2.19 % Inhibition

Table 2. Characterization of the aqueous extract of nance
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3.2. Antioxidant Capacity

The results of the antioxidant capacity of the aqueous extract shown in Table 2,
demonstrated a percentage inhibition of ABTS" radicals of 30.11%, whereas the
fruit juice, which was not subjected to any processing, exhibited an antioxidant
capacity inhibition of 95.86%. Lopez-Vidafia et al. [24] indicated that the
antioxidant activity is influenced by the temperature and the time of application,
particularly during heating that may result in an oxidative process. In their study,
Karaaslan et al. [25] reported that the use of high temperatures, ranging from 50-
80°C, can result in a reduction of up to 65% in the phenolic compounds present
in the extract. Similarly, Akowah et al. [26] found that the temperature at which
the extraction is conducted has an impact on the stability of the phenolics and in
the antioxidant capacity of the extract.

3.3. Characterization of the microcapsules

Response surfaces were produced to understand the behavior of physicochemical
properties relevant to encapsulation concerning process temperature and
concentration of encapsulating material encapsulating material. Figures la,
1b, and 1c show the effects of temperature and maltodextrin concentration on
encapsulation yield, moisture, and hygroscopicity, respectively.

Table 3 shows the recovery performance results. The yield ranged from
82.84-94. 89%, with MID05110 and MD15110 showing the lowest and highest
values, respectively. The results show (Figure 1a) that increases in maltodextrin
concentration and temperature improve the recovery yield. Similar results have
been reported by Millinia et al. [27], who observed an increase in the yield of
anthocyanin encapsulates from roselle (Hibiscus sabdariffa 1.)). Thanh et al. [28]
also observed this behavior by microencapsulating noni juice in maltodextrin-
gum Arabic mixtures at temperatures from 140 to 180 °C. Karrar et al. [29]
reported a microencapsulation yield between 85.25 and 92.80 % using the spray
drying technique.

Furthermore, Bhusari and Kumar [30] mentioned that the increase in powder
recovery yield is due to the reduction of stickiness and deposition of powder
particles on the walls of the drying chamber. On the other hand, Quek et al. [31]
found that maltodextrin could increase the total solids content and reduce the
moisture content of the product, since it can alter the surface area of adhesion
of low molecular weight sugars, such as glucose, sucrose, fructose and organic
acids, facilitating drying and decreasing the stickiness of the product.
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Nance microcapsules showed a moisture content ranging from 0.15 to 2.63
% (Table 3). These results agree with Rodrigues Pereira et al. [32] and Porras-
Saavedra et al. [33] who reported values of 2.21 and 4.38 (% dry base, d. b.) in
microencapsulated powders with maltodextrin and gum Arabic. According to
Bhandari [34], the moisture content in powders should be less than 5%, and
Baudelaire [35] mentions that microcapsules with moisture values between 2 and
8% can be stable for a period of 12 to 24 months. Moisture and hygroscopicity
are relevant properties in spray-dried powders, which can directly affect the
stability and storage properties of the powder [30].

Figure 1b shows that moisture decreases with increasing maltodextrin
concentration and drying air temperature. This behavior was observed by Queck
et al. [31], who reported that at a constant flow rate, the moisture content of the
encapsulates decreases with increasing temperature. On the other hand, Kha et
al. [37] found that increasing the quantity of solids in the feed solution decreases
the initial total moisture to evaporate. Goula and Adamopoulos [38] mentioned
that the increase in maltodextrin concentration could hinder the diffusion of
water molecules, causing an increase in moisture content. Also, very low moisture
contents can decrease the glass transition temperature, causing stickiness and
hardening of the microcapsules [39].

Table 3 shows the formulations with the lowest hygroscopicity value (MD10106
and MD15110) and the highest hygroscopicity (MD05110 and MD03120). The
results showed significant differences between treatments (p = 0.05), particularly
withincreasing encapsulant concentration. Figure 1c shows thatlow hygroscopicity
occurs with low maltodextrin concentrations and drying temperatures. This
behavior is also observed by Rodriguez-Hernandez et al. [40], Cai and Corke [17],
and Laureanti et. al. [36]. They mentioned that hygroscopicity is affected by the
concentration of the encapsulating agent and this can be inversely proportional
to moisture content.

On the other hand, Tonon et al. [41] report that maltodextrin is a material
with low hygroscopicity, which confirms its efficiency as an encapsulating agent.
Other authors have also documented a reduction in hygroscopicity with increasing
maltodextrin concentration [17, 40]. This is due to the fact that maltodextrin
has the capacity to absorb water, thereby forming a moisture protection barrier
on the surface of the hygroscopic particles. Furthermore, it increases the glass
transition temperature, which stabilizes the carbohydrates and improves the
stability of the microencapsulates [42, 43]. The highest hygroscopicity found in
nance microencapsulates was 18.81g water/100g encapsulate (Figure 1c). This
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can be attributed to the concentration of carbohydrates in the nance. The results
also show that the temperature contributes positively to the hygroscopicity, since
the higher the temperature, the higher the hygroscopicity of the microcapsules.
Ferrari et al. [39] and Tonon et al. [41] reported that hygroscopicity is inversely
proportional to moisture content. That is, encapsulates are more hygroscopic if
their moisture content is low, which, tend to possess a better capacity to absorb
water from the environment according to Akhavan. et al. [44].

Inlet . . Hygroscopicit

Key Temperature Malt(()o(/i:;Xtﬂn Yield (%0) M(z(l)jot; e (g 05? Waterl;)log g

°O) of encapsulate)
MD10120 120 10 84.53 0.85 | 2.63 0.06 15.47 0.85
MD10106 1006 10 90.29 2.99 | 1.47 0.07 13.49 0.13
MD10121 120 10 85.73 2.97 | 2.21 0.07 15.07 0.06
MD15130 130 15 90.76 1.56 | 1.07 0.14 15.04 1.34
MDO05110 110 5 82.84 1.16 | 2.40 0.21 18.81 1.43
MD10122 120 10 89.82 1.19 | 2.15 0.53 15.23 1.09
MD10123 120 10 82.84 2.89 | 2.57 0.52 15.84 2.72
MD03120 120 3 86.39 2.74 | 0.90 0.05 18.21 0.18
MD15110 110 15 94.89 2.87 | 1.420.30 14.24 0.45
MD10124 120 10 85.82 2.04 | 1.79 0.09 14.79 0.72
MDO05130 130 5 83.96 1.10 | 1.41 0.09 17.22 0.07
MD10134 134 10 89.78 1.38 | 0.15 0.09 15.30 0.16
MD17120 120 17 88.76 1.85 | 0.84 0.10 14.66 0.12

Table 3. Yields of the encapsulation process of the aqueous extract of nance.
3.4. Total phenolic content

Table 4 shows the total phenol content, and Figure 3d shows the behavior with
respect to microencapsulation temperature. The highest phenol content was
observed at 120 °C and above this temperature the concentration decreases.
Additionally, phenolic compounds are heat-sensitive substances, and their
biological properties may be affected by high [45, 46]. Mishra et al. [46] reported
that above 175°C, microencapsulations with maltodextin exhibit an increase in
the quantity of phenols. This behavior may be attributed to the fact that as the
temperature increases, polymerization or synthesis of phenolic compounds may
occur. On the other hand, Kha et al. [37], and Ferrari et al. [39] mentioned that
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the temperature negatively affects the content of phenolic compounds since
there is a degradation and oxidation caused by high temperatures. Kha et al.
[37] showed that the encapsulates with higher moisture content have more loss
of components; however, when the encapsulates have a higher percentage of
moisture they can form agglomerates which would give them greater protection
by reducing the contact of the microencapsulates with the environment. In the
case of the nance microencapsulates, the content of total phenols was higher in
those obtained with high moisture content.

On the other hand, the behavior of the microencapsulation efficiency
of phenolic compounds is shown in Figure la. It can be observed that the
microencapsulation efficiency improves with high maltodextrin concentrations
and low drying temperatures. Robert et al. [13], argue that the quantification of
phenols may be affected since it is possible that a complete extraction of the
compounds has not been performed due to the complexity of the matrix formed
and the different polarity and solubility that phenolic compounds present.
Queck et al. [31] also mentioned, that one of the disadvantages of using high
concentrations of maltodextrin is that it can cause the phenolic components to
be inaccurately quantified.

3.5. The total flavonoid content

As show in Figure 1f, the flavonoid concentration exhibits a positive correlation
with decreasing temperature and maltodextrin concentration. A reduction in
flavonoid concentration (MD15130) was observed when the drying temperature
was elevated (130 °C), whereas the formulation MD05110 exhibited the highest
flavonoid concentration. In this regard, Krishnaiah et al. [47], obtain a similar
effectin Morinda citrifolial.. encapsulates, and Shahidi and Naczk [48], mention that
phenolic compounds and flavonoids can form complexes with polysaccharides
and the affinity of phenolics to polysaccharides depends on water solubility,
molecular size, conformational mobility and shape of the polyphenol. Yousefi
et al,, [49] mention that maltodextrin ratio and core/coating ratio are the factors
that most affect encapsulation efficiency.

3.6. Antioxidant Capacity
Table 4 shows that lower maltodextrin concentrations increase the antioxidant

capacity of the microcapsules because the matrix formed by the maltodextrin
releases the compounds more efficiently. The formulations that showed the
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highest antioxidant capacity were MD03120, MD05130 and MDO05110. It
was also observed that the formulations MD10120, MD17120 and MD15110
show a decrease in antioxidant capacity when the maltodextrin concentration
decreases. Likewise, those microencapsulates that obtained higher percentages of
antioxidant capacity were MD05110, MD05130 and MD03120, which showed a
high content of total phenols, total surface phenols and flavonoids. It has been
observed that the determination of antioxidant capacity is negatively affected
by the increase in maltodextrin concentration. Ahmed et al. [50], mentioned
that antioxidant capacity is negatively affected by increasing maltodextrin
concentration. Also, Mishra et al. [46] reported that the antioxidant capacity
decreases when the temperature increases from 125 to 200 °C. Thus, exposure
to high temperatures affects the structures of phenolic compounds causing
their degradation and inducing the loss of their antioxidant capacity. Kha et al.
[37] reported that the antioxidant capacity of microencapsulates decreases with
increasing maltodextrin concentration at temperatures higher than 120 to 200 °C
causing degradation of antioxidant compounds. High temperatures can lead to
the synthesis or polymerization of phenolic compounds [46].

Inlet Total phenols . . .
Key Temperature| (ug/mL gallic Flavonqlds Antloxldar.lt capacity

€0) acid) (ug Quercetin/mlL) (% Inhibition)
MD10120 120 83.59 1.98 2.64 0.16 9.25 0.56
MD10106 106 48.35 1.25 2.60 0.37 18.12 0.22
MD10121 120 151.88 0.57 1.86 0.08 13.12 0.82
MD15130 130 131.22 0.33 1.53 0.32 12.42 0.36
MDO05110 110 173.11 2.06 4.59 0.32 36.51 2.53
MD10122 120 153.98 1.54 2.41 0.08 13.42 0.33
MD10123 120 190.52 4.81 2.60 0.14 13.32 0.46
MD03120 120 138.79 1.13 1.86 0.21 45.64 9.70
MD15110 110 125.74 0.45 3.01 0.14 11.52 0.51
MD10124 120 4591 3.92 2.18 0.24 12.02 1.79
MD05130 130 150.89 1.28 2.88 0.24 43.05 0.99
MD10134 134 22.870.87 2.32 0.14 11.97 0.79
MD17120 120 4.75 1.06 2.13 0.45 11.02 0.29

Table 4. Total phenols, Antioxidant capacity and flavonoids of the encapsulation process

of the aqueous extract of nance
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3.7. Morphological analysis of microcapsule

Figure 2 shows the micrographs of the microcapsules obtained by SEM for the
different formulations and operating conditions of the spray drying process. The
micrographs show the presence of irregular spherical particles with sizes ranging
from 8 to 20 um. The microcapsules with lower maltodextrin concentration
presented particles smaller than 10um. However, at low maltodextrin
concentrations there was presence of agglomerates as seen in the microcapsules
of MDO03120. On the other hand, formulations MD10106, MD15110 and
MDO05110, obtained at low temperature presented smooth surfaces. The
microcapsules of formulation MD10134 showed collapsed surfaces, which can
be attributed to the temperature changes suffered by the particles inside the
drying chamber. Rosenberg et al. [51] mention that high drying temperatures and
fine spray leads to rapid water removal, causing collapsed microcapsules. On the
other hand, formulations with higher maltodextrin concentrations (MID15110,
MD15130 and MD17120) have larger particle sizes (10 - 20 um). Rajabi et al. [52]
observed this same behavior and attribute it to increased solids in the feed.

MD15110

MDO05130 MD10134 MD17120

Figure 2. Micrographs of microcapsules of spray dried nance extract powder 2500 X
magnification, 5 KV at 10 um.
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Alamilla-Beltran et al. [53] reported that at low drying temperatures there is a
better degree of particle shrinkage. Likewise, particle size tends to be smaller at
low temperatures. On the other hand, Dolinsky [54], found that when particles
are obtained by spray drying, they begin to dry at temperatures lower than those
of the drying air, shrinking once the boiling point of the liquid phase is reached,
thus, the particles inflate. This explains the behavior of the particles of the nance
microcapsules, with collapsed particles MD05110. In addition, it is observed that
the microcapsules MD10134 show deformation due to the high temperatures.
Paramita etal. [55] reported that the smaller particles are compressed or roughened
which may be due to shrinkage during the drying cycle. However, Tonon et al. [41]
mention that at high temperatures particles with smooth surfaces are produced
and at low temperatures particles with a rougher structure. This behavior is the
opposite of that of the particles of the nance encapsulates.

4. Conclusions

In this study, the effect of spray drying conditions on microcapsules obtained
from nance extract were investigated for the first time. It was found that different
concentration maltodextrin and inlet temperature have significant effect on the
yield, moisture, hygroscopicity and total phenolic content. With a temperature of
130 ° and a maltodextrin concentration of 5%, the highest antioxidant activity
was achieved. Particle size is also directly affected by the quantity of solids
contained in the feed solution and the drying temperature.
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Abstract

Methylene blue (MB) is one of the most popular cationic dyes that is
environmentally persistent. It has several uses in industry such as synthetic dye
for dyeing fabrics in clothing, textile industries and for dyeing paper and leathers.
However, the periodical use of dyes generates waste, wastewater is one of the
most worrying problems, not only because it can cause detrimental health issues
for humans but because it can be a source of damage to the environment. Thus,
it is highly necessary to eliminate MB dye from wastewater. Various methods
are reported to remove MB and other textile dyes of water. The adsorption
method is one of the most used methods to remove MB of contaminated
water. Nanomaterials such as mesoporous silica nanoparticles have been used
as adsorbents for dyes showing excellent results. This work discusses the risks
posed by water contaminated with MB, as well as the most used methods for the
removal of this dye, highlighting the adsorption method and mesoporous silica
nanoparticles as adsorbents. In addition, presents a study of these nanostructure’s
efficiency as methylene blue adsorbents.

Keywords: Methylene blue dye; Mesoporous Silica nanoparticles; Optical
properties.



MESOPOROUS SILICA NANOPARTICLES AS ADSORBENTS 55
OF METHYLENE BLUE AQUEOUS SOLUTIONS

1. Introduction

Access to drinking water is crucial for the community and fundamental for
economic and social development. However, urban growth and industrialization
have negatively affected this resource. According to a report from the Organization
for Economic Cooperation and Development (OECD, 2017), the textile industry
stands out as one of the largest consumers of water [1].

The use of dyes is prevalent in several industries, including textiles,
pharmaceuticals, food and cosmetics, among others. However, the textile industry
is mainly responsible for dye pollution, since it is estimated that between 10% and
15% of the dyes used in its processes end up contaminating the environment [2].

According to the Scopus database, MB is widely used in various applications.
From 2014 to 2023, the number of articles on MB dye degradation has increased
steadily, as shown in Figure 1.

Articles per year for MB removing

Number of articles per year

Figure 1. Graphic of articles per year for methylene blue removing,

Methylene blue (MB) is one of the most used materials in the dye industry,
being commonly used to dye silk, wool, cotton and paper [3]. The presence of MB
in water, even at low concentrations, can reduce sunlight transmission, decrease
oxygen solubility, affect the photosynthetic activity of aquatic organisms, and
reduce the diversity and aesthetics of biological communities [4].

It is crucial to implement strategies to remove methylene blue from
contaminated water as soon as possible. Until now, some of the most widely
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used methods include biological methods (using microorganisms), chemical
methods (using advanced oxidation processes), and physicochemical methods
(such as adsorption). With the advancement of nanotechnology in various
scientific areas, some nanomaterials have been proposed as dye adsorbents,
obtaining positive results in their elimination. Mesoporous silica nanoparticles
are applicable in areas such as adsorption, catalysis, and electrochemistry, due
to their large specific surface area, porous structure, and numerous functional
groups on their surface [5].

This article discusses the damage that can be caused by water contaminated
with methylene blue to the environment and to humans, as well as the use of
silica mesoporous nanoparticles as adsorbents.

1.1. Methylene Blue Dye

Dyes are molecules that have great resistance to biodegradation due to their
organic and inorganic compounds [6]. These dyes have various applications in
industry and are generally classified as anionic, cationic and nonionic. Methylene
blue (MB) was first synthesized by Heinrich Caro in 1800 [7 - 10]. MB is a cationic
dye, with the molecular formula C, H N.CIS, and has maximum absorption in
the visible region. It is highly soluble in water, forming a stable solution at room
temperature [11, 12]. MB acts as a redox indicator, not as a pH indicator [13]. The
chemical structure of the MB molecule is shown in Figure 2.

N
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H,C — CH
NN S NS
| ¥ |
CH
CH; Cl - 3

Figure 2. The chemical structure of methylene blue molecule.

The absorption spectra of methylene blue (MB) show a more intense
absorption peak around 664 nm, associated with its monomer, and a signal
around 612 nm, attributed to its dimer. Furthermore, in the ultraviolet region,
two additional bands are observed around 290 and 245 nm, corresponding to
benzene rings [14]. Due to its high molar absorption coefficient, approximately
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8 X 10* L mol" cm™ at 664 nm [15], this region of highest absorption is optimal
for determining the presence of this dye in water.

1.2. Toxicity of Methylene Blue Dye

Wastewater generated by industries, which is often dumped near lakes or rivers,
not only damages the ecosystem but also affects human health. Methylene blue
(MB), in certain concentrations, can be considered toxic and cause irreversible
damage to health [16]. MB can cause dermatological, central nervous system,
gastrointestinal and cardiovascular diseases (see Figure 3)

Dermatologic

Genito-urinary
Toxic tion u i
Effects of
Methylene
Blue

/A\ Cardiovascular

Figure 3. Toxic effects of methylene blue of exposure of methylene blue in humans [17].

Contact of methylene blue (MB) with the skin can cause spots and itching;
Additionally, it can cause discoloration of urine, bladder irritation, dizziness,
mental confusion, headaches, and fever. In the gastrointestinal system, MB can
cause abdominal pain, nausea, vomiting, and discoloration of stool. Cardiovascular
problems, such as hypertension and chest pain, have also been reported due to
exposure to methylene blue [17].

The damage that this dye can cause not only to the environment, but also the
negative effects it has on health, requires methodologies that eliminate or remove

the highest possible concentration of methylene blue contained in wastewater.
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1.3. Removal Methods of Methylene Blue

The removal of dyes from water is a major problem due to the difficulty
of treating this type of wastewater with conventional methods. There are
various techniques for dye removal, including photocatalytic degradation,
adsorption, membrane filtration, biological degradation, microwave catalysis,
and oxidation [18].

Photodegradation

Microwave
catalysis

Methods for
Dye Removal

aind

Membrane

Biodegradation -
separation

Oxidation

Figure 4. Methods for dye removal.

The removal of dyes through photocatalysis is considered a viable technology
at an industrial level. This photocatalytic degradation process is based on the
production of highly reactive radicals, such as photographically generated hydroxyl
and superoxide anions, which attack the dye molecules and completely mineralize
them into less harmful species, such as CO, and H O [19]. However, the main
challenge of photocatalytic degradation of pollutants in wastewater is the long time
required and the difficulty in recovering the photocatalysts. Microwave catalytic
degradation involves ion conduction. When a catalyst is exposed to microwave
radiation, a uniform superheating action is generated [20]. Achieving uniform
heating throughout the reaction mixture can be difficult. Biological treatment has
several advantages, such as its simplicity, low cost, and being an environmentally
friendly process. Additionally, there are many microorganisms available that are
easy to maintain and require little preparation [21]. However, this method requires
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careful optimization and monitoring. Membrane separation technology offers
both the removal and recovery of synthetic dyes from wastewater, representing
a promising avenue in engineering [22]. However, in membrane filtration
techniques, the decrease in flow rate due to membrane clogging is a problem,
along with the complexity and high cost in manufacturing the membranes.

1.4. The Absorption Method

The adsorption method for the removal of dyes, such as methylene blue, uses
solid sorbents. Recently, this process has become one of the most effective and
attractive for the treatment of wastewater containing dyes. In this process, liquid
contaminants adhere to the surface of a solid, and it is considered one of the most
advanced technologies for water treatment due to its low cost, sustainability and
ease of use [23]. A notable feature of this technology is that it does not generate
secondary pollutants and does not require complicated setup or operating costs.
Compared to technologies such as chemical oxidation, membrane technologies
and biological treatment processes that involve the generation of toxic sludge,

extensive setup operations are not cost-effective [24].

The adsorption mechanism can be physical or chemical, depending mainly
on the aromatic and/or functional groups present in the organic contaminants.
Physical adsorption involves weak interactions, such as van der Waals forces,
between the adsorbate and the adsorbent. On the other hand, chemical adsorption
occurs when chemical bonds form between the adsorbate and specific functional

groups on the surface of the adsorbent [25].

Nanomaterials have become one of the most applicable materials for
adsorption, thanks to their versatility and nanoscale properties, which makes
them extremely useful. Silica nanoparticles have attracted significant attention as
nanoadsorbents due to their regular structural characteristics, larger surface area,
tunable pore diameters, good thermal and chemical stability, and ease of surface
modification [26]. Mesoporous silica nanoparticles (MSNs) are porous materials
that have been widely chosen as adsorbents due to their unique surface and pore
properties as well as their high surface area [27]. The adsorption of dyes on
MSNis is carried out both by chemical interactions and by their porous properties.
In general, the functional group on the surface of MSNs is the hydroxyl group,
which can interact with the active sites of dye molecules [28].
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1.5. Mesoporous Silica Nanoparticles as Adsorbent Dyes

Mesoporous silica nanoparticles have become one of the nanomaterials with
the greatest variety of applications due to their morphological characteristics,
such as their variable size, large surface area (more than 700 m?), adjustable pore
size, surfaces that are easy to functionalize and biocompatibility [29]. MSNs have
significant applications in various research fields, including catalysis, adsorption,
separation, detection and release of drugs [30]. Mesoporous materials are generally
prepared using self-assembled surfactant molecules as templates around which
silica precursors condense [31]. The template is then removed by heat treatment,
resulting in a porous material. By varying conditions such as temperature, pH,
surfactant concentration, pore size and morphology, these characteristics can be
controlled

There are several synthesis methods for MSNs, such as the sol-gel method,
the microwave-assisted technique and chemical etching. However, the sol-gel
method is widely used due to its ease and the uniform and controllable growth
of nanoparticles. The Stober method involves the hydrolysis and condensation
of tetraethyl orthosilicate (TEOS) in the presence of water and a basic catalyst
(ammonium hydroxide) at room temperature.

1.6. Parameters Affecting Methylene Blue Adsorption by MSN

1.6.1.  Elffect of particle size

Particle size in adsorption can be an important factor. In 2019, S. Irudbaya Raj
[21] observed the adsorption efficiency of MSNs with sizes of 100, 200, and
500 nm. Analysis was performed for methyl orange (MO), bromocresol green
(BCG), methylene blue (MB), and rhodamine B (RB). UV-Vis spectroscopy
was used to verify the adsorption of the dyes. In all adsorption experiments,
the decrease in absorbance maxima for MO, BCG, RB, and MB was analyzed
at 464, 617, 561, and 661 nm, respectively. The analysis confirmed that only
the anionic dyes were adsorbed by the 100 nm nanoparticles, while the cationic
dyes were adsorbed by the 500 nm nanoparticles, and both types of dyes were
adsorbed by the 250 nm nanoparticles. The study reported that the 100 nm
MSNss had an absorption of 295.05 mg L=! for MO and BCG, and 297.54 mg
L=* for MB; for the 250 nm MSNs, the adsorption of MO, BCG, RB and MB
was 271 mg L-', 272 mg L=', 274 mg I.=' and 277 mg L', respectively; and
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finally, the 500 nm MSNs had adsorption values of 286 mg =" for RB and 290
mg L=! for MB.

The authors explain that the observed behavior can be attributed to the fact
that in the 250 nm MSNs there was a partial removal of the surfactant layer,
allowing the adsorption of both anionic and cationic dyes. On the other hand,
for 100 nm MSN:s, calcination was not sufficient to eliminate the surfactant layer,
which maintained a positive surface charge. On the other hand, in the 500 nm
MSNs, the surfactant layer was completely removed, leaving negatively charged
silica particles.

1.6.2. Effect of experimental conditions on the removal efficiency of dyes

R. Chueachot [20], analyzed different parameters such as pH, adsorbent dose and
contact time, which can optimize adsorption. The optimal pH for the removal
of dyes from aqueous solutions highlights the role of pH in the surface charge
of the adsorbent. The pH range was expanded from 1 to 3; At a pH of 3, a
low adsorption rate was observed, which the author probably attributes to the
positive charge of the surface, which decreases the amount of adsorbed dye. As
the pH increases, the surface appears to become negative, and the adsorption
rate increases.

The effect of adsorbent dosage on the removal of methylene blue (MB) was
analyzed to determine the optimal amount of adsorbent required for effective
adsorption of the dye in aqueous solutions. The dose variation was from 0.01
to 0.20 g for a concentration of 3 mg L=". It was observed that the adsorbed
dose decreased with increasing adsorbent dose, which could be attributed to the
overlap or aggregation of the adsorption sites, resulting in a decrease in the total
surface area of the adsorbent available for the MB.

In relation to the contact time (the time during which the silica nanoparticles
are in contact with the methylene blue solution), this can affect the adsorption
kinetics independently of other experimental parameters. Starting from the
same initial concentration (3 mg L="), the contact time varied from zero to 120
minutes. It was found that the amount of adsorbed methylene blue increased
with the increase in contact time. The adsorption of MB by the MSNs stabilized
after 30 minutes of contact; After this period, no notable increase in the process
was observed. Therefore, the authors indicate that 30 minutes is the optimal

contact time.
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1.6.3. Elffect of added materials on the removal efficiency of dyes

The development of functionalized mesoporous silica adsorbents with
appropriate functional groups for dyes has been an area of recent interest. Ying
Li [32] synthesized chitosan magnetic mesoporous silica nanoparticles with
a diameter of 105 nm, which showed a saturated methylene blue adsorption
capacity of 43.03 mg g='. This highlights the importance of their recycling and
reuse, since this type of nanoparticle demonstrated high adsorption efficiency
even after being used for up to 4 cycles.

Similarly, Yul Hong [33] synthesized small iron oxide nanoparticles embedded
in mesoporous silica nanoparticles as a regenerative adsorbent for methylene
blue. In this study, a comparison was made between SiO, and Fe-Oxide/SiO,,
reporting a greater adsorption capacity for the latter even after 4 cycles. The
regeneration process of Fe-Oxide/ SiO, indicated that iron oxide nanoparticles
can catalyze the thermal degradation of adsorbed MB molecules, regenerating
the adsorption sites, which can be applied to other cationic organic dyes.

1.7. Photothermal Techniques for MSNs Characterization

Photopyroelectric (PP) techniques have been used to characterize the thermo-
optical properties of SiO, colloids [34]. The highly dispersive of these
nanostructures need modulated light sources that can provide reliable results.

These techniques are characterized by using this intensity- modulated radiation
for optical characterization of liquids at a fixed modulation frequency £ The
material absorb the radiation and generates temperature fluctuations, also named
thermal diffusions waves, and for detecting these waves is used a pyroelectric
sensor [35, 30].

The experimental setup to measure the optical absorption coefficient is shown
in Figure 5. In this, the liquid sample absorbs the modulated radiation that travels
through an optical window until it reaches the sample and crosses it. According
to the model of Beer-Lambert this is the optical absorption coefficient f5. taking
the appropriate limiting conditions and employing a mathematical model for heat
diffusion [34], the pyroelectric signal for amplitude, expressed as a function of
the sample thickness (L) is given by:

VL = Ce#*
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On the other hand, the pyroelectric phase, , remains constant.
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Figure 5. Cross section of the photopyroelectric setup for optical

absorption coefficient measurements of liquids.

The slope of linear fit be the optical absorption coefficient for pyroelectrical
amplitude as a function of the sample thickness (L) [37]. The constant phase
is taken here as an experimental criterion to select a suitable range of sample
thickness for reliable analysis.

2. Materials and Methods

The experiment consists of two phases, the synthesis of the MSNs and the testing
of the effectiveness of these nanostructures as methylene blue adsorbents in
aqueous solutions of different concentrations employing the Photopyroelectric
techniques, to determine the optical absorption coefficient of each concentration.

2.1. MSNs Synthesis

The Stober method reported by Ortiz-Islas [38] was used with some variations for
the synthesis of MSNSs. The reagents used were purchased from Sigma Aldrich.
First 0.28 g of NaOH and 0.45 g of cetyltrimethylammonium ammonium bromide
(CTAB) diluted in 479 mL of Milli-QQ water were mixed, and then was heated at
70 °C. Subsequently 49 mL of Tetraethyl orthosilicate (TEOS at 98%) was added
to the mixture. A dull white solution formed after mixing for 2 hours. Finally, the
sample was calcinated at 550 "C to remove the CTAB.
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2.2. MSNs adsorption efficiency

To probe the MSNs adsorption capacity different solutions of methylene blue
at various concentrations (0.025, 0.05 and 0.1 mM) were elaborated. Then 5 ml
of solution was taken apart and 0.01g of MSN were added, for later stirring for
35 min to enhance pigment’s adsorption to the nanoparticles [26]. The samples
were centrifuged at 10,000 rpm for 12 min until achieved the MSN precipitation.
The MSNss precipitated was redispersed in 5 ml of milli Q water, to bring the
volume closer to the initial volume after the dye’s remotion. Finally optical
absorption coefficients for the original suspension, the MSN resuspended and
the supernatant were measured to determine the adsorption efficiency.

3. Results and discussion
Figure 6 shows the silica mesoporous nanoparticles synthetized in this work. The

average size reported by Transmission Electron Microscopy (TEM, JEM1010,
Japan) was 95 + 12 nm.

iOO nm

Figure 6. Micrography TEM of MSNs synthetized.

In Figure 7 is shown the optical absorption coefficient for different
concentration of dye solutions at a wavelength of 660 nm. An excellent linear
correlation is evident in the case between the absorption coefficient values and
the increase of concentration samples. The results indicate that for these samples
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Figure 7. Micrography TEM of MSNs synthetized.

the Beer-Lambert law is fulfilled, which suggests that the optical characterization
of this type of nanostructure to measure the adsorption efficiency by the
absorption coefficient is reliable. The slope of the linear fit for the optical
absorption coefficients with concentration corresponds to the absorptivity of
the MSNs “loaded” with the MB dye, which resulted in a value of & (660 nm) =
2.1 cm/mM.

4. Conclusions

This article reports the toxicity of methylene blue, as well as the various strategies
to remove this organic dye from contaminated waters. The adsorption method
is easy to use due to its simplicity, low cost and sustainability. Nanomaterials
are ideal as adsorbents, especially mesoporous silica nanoparticles (MSN), since,
as observed by using photothermal techniques for optical characterization, it
is possible to determine the adsorption efficiency of methylene blue of these

nanoparticles.
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Abstract

This work presents the development of a dynamic real-time light spectrum
acquisition software system utilizing Python, a high-level programming language,
focusing on optical biosensor applications. This software provides a versatile
tool for acquiring, processing, and visualizing white light spectra obtained by
connecting to an Ocean Optics spectrometet.

Dynamic term denotes the system’s ability to adjust acquisition parameters
in real-time, both in software and hardware, in response to user inputs. This
adaptability is achieved via thread-based concurrent programming, guaranteeing
precision sampling time (T7) of up to 99.98 %. By configuring a 500 ms period
and an integration time equivalent to 10 ms, offset levels are minimized and
noise in captured spectra is reduced: SNR reaches up to 38.54 dB, RMSE is
minimized to 27.83, and a maximum R-Squared of 0.9998 is attained. To
improve signal quality, a zero-phase second-order Butterworth filter is applied,
effectively suppressing noise above the normalized 0.04 rad/sample cut-off. Each
captured spectrum is presented by a graphical user interface, with optimized axis
boundaries, facilitating real-time analysis. Thus, this work provides an accessible
methodology for scientists and technicians to develop a real-time data acquisition
program, free from limitations and technological dependencies associated with
commercial devices.

Keywords: optical biosensors, python programming, data acquisition, threads,
spectrometer
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1. Introduction

The implementation of sensors enables to comprehend, monitor, and regulate
the environment. Sensors convert physical phenomena into other physical
quantities, mainly electrical signals for qualification and quantification purposes.
Research advances have driven an interdisciplinary path to emerging biosensors
[1, 2]. The Union of Pure and Applied Chemistry IUPAC) defines a biosensor
as a device that uses specific biochemical reactions to detect compounds usually
by electrical, thermal, or optical signals [3]. Biosensors are analytical devices
designed to interpret biological events mediated by two key components:
biological or biomimetic compounds and transducers. The initial stage of a
biosensor involves incorporating an element sensitive to an analyte, while the
transducer is responsible for detecting the interaction between the analyte and
the biorecognition component. When the biological recognition reaction occurs,
a series of physicochemical changes takes place, which are detected by the
transducer. The transducer transforms this stimulus into a quantifiable output
signal [4]. Some transducers recognize the reactions through optical properties
changes, facilitating direct, real-time, and label-free detection of biological and
chemical substances. Electrical components that contain these transducers are
classified as optical biosensors, constituting the central theme of discussion in
this work [5].

In the realm of optical biosensors, light is the energy source used to interact
with samples. When light falls on an analyte, a portion of it may be absorbed
by the sample’s constituents. Absorbance is a measure that quantifies the ability
of a medium to absorb incident light, while transmittance refers to the medium
capacity to transmit energy. Furthermore, some of the incident light may be
reflected off the surface of the sample, a phenomenon known as reflectance.
Reflectance measures the proportion of incident light that is redirected from
the sample’s surface. Optical sensors discern and quantify these changes in
absorbance, transmission, and reflectance to analyze samples for the presence
of certain components, such as biomolecules or specific chemical compounds
[4]. The high specificity of these sensors, their sensitivity, compactness and cost-
effectiveness enable applications spanning healthcare, environmental monitoring
and biotechnology [5].

A spectrum represents the amplitudes of a system’s wave components, and
light can be seen as this. The measurement of interactions between light and
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matter, reactions and measurements of radiation intensity and wavelength, is
called spectrometry. Spectrometers are scientific-technical field instruments that
are used for the analysis of different forms of matter in the form of a signal [6].
Spectral data analysis is crucial for many fields, where accurate measurements are
fundamental. The demand for real-time signal analysis requires faster execution
of analytical operations to process all signal components within the designated
frequency spectrum. Therefore, it is imperative that signal display occurs
quickly and that all computational procedures persist uninterrupted, adapting to
variations in the input signal [7].

Ocean Optics spectrometers provide various data acquisition methods,
which have their own spectroscopic application. It is a software that has a
graphical interface that provides fast and stable data acquisition and processing
[8]. However, the license comes with a hefty price tag, making it unaffordable.
Moreover, it includes additional advanced features that enable users to engage
with the spectrometer data, incurring an additional expense. Then, this program
has limitations and technological dependencies associated with commercial
devices.

Another software that is capable of interfacing with these spectrometers is
MATLAB. This is a platform that provides the Instrument Control Toolbox,
which allows the connection with Ocean Optics spectrometers. A wide range
of tasks can be carried out in MATLAB, such as acquiring a spectrum, adjusting
integration time, applying dark current and non-linear spectral corrections, and
viewing all connected devices [9]. Despite being a powerful tool, it is important
to be aware of its drawbacks. One significant disadvantage is the high cost
associated with it. Moreover, licenses need to be renewed annually, which can be
quite expensive for businesses and organizations relying on MATLAB regulatly.

Therefore, to overcome these challenges, it is essential to understand how to
develop software that allows efficient and seamless access to spectrometer data.
This would unlock new possibilities for researching and analyzing spectroscopic
data, eliminating the need to purchase costly licenses or additional software
packages.

On the other hand, Python is an open-source high-level programming
language which has become indispensable in science and technology. Cross-
platform portability, wide variety of packages and component integration are
the main characteristics that allow the user to do multiple tasks successfully. Its
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versatility makes it popular in software development, due to the simplicity in
syntax and robustness in functionality [10].

Another feature of Python is the fact that it is an interpreted language. This
means that the Python interpreter alternately reads and performs the calculations
for each of thelines of code. It then repeats this processif there are no errors. This
allows to test language functionality while programming [11, 12]. Part of Python’s
technological development focuses on communication protocol implementation
for several purposes, taking advantage of libraries such as PySerial and PyUsb.
These protocols generate data exchange and communication between devices,
which guarantees efficient operation and joint operability between platforms.
Thus, Python represents aids for developers, who can create reliable and scalable
solutions for their communication needs across different domains.

In the field of spectrophotometry, Python emerges as a functional tool for
spectral analysis purposes, specifically, to interact with hardware devices like
spectrometers: Python-SeaBreeze. That is why it is important to understand
the underlying protocols in this context. Python-SeaBreeze plays a critical role,
bridging the gap between Python’s analytical capabilities and the complexities
of spectrometer communication. SeaBreeze library facilitates communication
with Ocean Optics spectrometers, offering two distinct backends: cseabreeze,
which wraps the SeaBreeze library, and pyseabreeze, which uses PyUsb for
communication [13]. Attributable to Python’s flexibility and scalability, it is
possible to develop software for the acquisition, processing, and visualization of
spectrometer data. Developers can focus more on problem-solving and less on the
complexities of programming languages, resulting in faster development cycles
and more efficient software delivery. Due to the versatility of the language and its
wide applications in science and engineering, libraries and built-in functions were
used to process signals, plot, and control sub-processes [14].

To execute Python programs or seipts, a code editor, or an integrated
development environment, called an IDE, is required [15]. Likewise, it is possible
to use a she// to write and run Python code. A shel/is a command interpreter, which
means a program that translates commands entered by the user into instructions
for accessing operating system services [16]. It is possible to access the Python
Shell once the language has been installed. In this work, Windows PowerShell
served as the primary tool for executing a variety of installation processes due to
the operating system [17].
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In addition, although Python can establish parallel processing, its application
is limited depending on the computer architecture [18]. When a processor has
only one core, it is not possible to perform multiple tasks simultaneously. On the
other hand, for multi-core processors, it is possible to create several processes
running in separate memory spaces and avoiding deadlocks; a concept known as
parallel programming [19, 20]. A process represents a running program which
requires resources allocated during its execution. Each process operates within
its own memory space and execution context. The operating system manages the
processes, enabling them to run simultaneously [14, 21]. This limitation poses
problems in efficiently utilizing multiple processors or cores, particularly in
scenarios where computational tasks need to be executed concurrently.

For this reason, to enhance compatibility with single-core processors, a multi-
threaded task execution flow, referred to as threads, was introduced. One or
more threads can be executed within a single process and Python provides a few
modules to create and manipulate these threads. However, due to the Global
Interpreter Lock (GIL) in CPython (the standard implementation of Python),
only one thread can execute Python code at a time. This means that even if
threads are used, only one thread can be running at any given time [22, 23].

However, developing spectral acquisition software using Python presents
notable challenges. First, the spectrometer’s quality directly affects the precision
and reliability of the obtained data. Additionally, successful integration requires
handling each device’s specific communication protocols, which can be complex
due to the variety of interfaces and standards used by manufacturers. Another
consideration is the libraries and requirements necessary to interact with the
spectrometer hardware. This involves installing and setting up additional
dependencies, which can complicate the development process.

In this work, we present a step-by-step methodology for developing a Python
program to facilitate the real-time acquisition and control of spectra from sources
such as halogen light sources, standard flashlights, and LED light sources. The
spectrometer utilized is the Ocean Optics Flame-T model, which is widely employed
for acquiring and measuring electromagnetic spectra from optical sensors.

First, the acquisition system is explained. It starts by presenting the general model
of the designed software and continues with the creation of the environment that
allows access to the SeaBreeze library functions. This is a process that only needs
to be performed once. Subsequently, the multithreaded processing is discussed
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to make the system modifiable in its acquisition parameters and asynchronously.
Likewise, it is detailed how the recognition is performed with the device, the
reading of the spectra, and the adjustment to the signals to increase their quality by
attenuating the noise present. To conclude the section, the strategy for displaying
the spectra on the screen and storing them in the computer is mentioned. Finally,
the spectra obtained are presented and analyzed. In this work, a LED light source
was used, and 10 spectra captured every 5 seconds were analyzed.

This Python program could be used for real-time detection of electromagnetic
spectra generated by optical biosensors. The acquisition of spectrometer data
can be applied in measuring optical properties such as transmittance, reflectance,
or absorbance. Furthermore, acquiring data from the spectrometer in real-time
enables the calculation of sensorgrams generated during biofunctionalization
experiments of biosensors, which may last for minutes or even hours. This
Python program can be used for detecting changes in optical properties with the

help of specific optical biosensors, depending on the type of study.

2. Methodology

This section elaborates on the design of the acquisition system. A representation
of the connections used is depicted in Figure 1. Initially, an LED light source was
positioned in proximity to the spectrometer detector (Figure 1A). Additionally, a
Flame T spectrometer was employed (Figure 1B), connected to the computer via
the USB communication protocol (Figure 1C). The dynamic real-time spectrum
acquisition system was developed using the Python programming language.
In this acquisition process, the utilization of a she// was imperative to establish
communication with the software. It enabled user data input and provided
information display regarding the various ongoing processes, as illustrated in
Figure 1D. Ultimately, throughout the acquisition process, a printout of each
spectrum was generated (Figure 1E).

For the development of this system, we utilized Python version 3.9.6 along
with numerical data manipulation and visualization libraries such as NuzPy
and Matplotlib. Additionally, we incorporate the spectrum acquisition package
SeaBreeze, as well as modules for time monitoring (#me), thread management
(threading), and interaction with the operating system to control program inputs
and outputs (s9s5). The general block diagram of the proposed system is shown in
Figure 2 and it is described in the following sections.
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2.1. SeaBreeze Execution Environment Set Up

The SeaBreeze library facilitates communication between the spectrometer and
the computer. Before using SeaBreeze functions, it is necessary to complete an
installation process for dependencies and libraries. This configuration is a one-
time process, establishing an environment capable of transmitting data, reading
hardware parameters, and facilitating the development of new functions. Figure
3 illustrates the proposed sequence, with each sub-process detailed below.

5000
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émmg_ln IC
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200 oo A0 S04 B0 Tk 1] 900
Wavelengths [nm|

Figure 1. Components of the proposed spectrum acquisition system: (A) representation of the
LED light source, (B) example of Ocean Optics spectrometer, (C) computer compatible with
the requirements of the proposed system detailed in section 2.2, (D) example of the history
produced when running the system through a terminal, (E) example of wavelength distribution
associated with the light source used; spectrum saved at instant 4.5 s after starting the run.
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Figure 2. Block diagram illustrating the implementation and configuration of a dynamic real-
time spectrum acquisition system.



DYNAMIC SYSTEM DEVELOPMENT FOR REAL-TIME LIGHT SPECTRA ACQUISITION 79
FOR OPTICAL BIOSENSOR APPLICATIONS IN PYTHON

SeaBreeze Execution Environment Set Up
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Figure 3. Flowchart outlining the proper configuration of the environment required

for utilizing the SeaBreeze library.
2.2. Requirements Verification

The initial requirements for establishing communication with the measurement
hardware are summarized in Table 1.

Software Version More information

Windows +8 -

Windows PowerShell +3 PowerShell Installation

NET Framework +4.8 NET Framework Download
Microsoft Visual C++ +4.8 Microsoft Visual Studio Download

Table 1. Software versions. Information revised in 2024.

To begin the installation process on Windows, a minimum of Windows 8
or Windows Server 2012 version is required. Operating systems are generated
through PowerShell, enabling subsequent installations. The version of PowerShell
must be reviewed, which, according to current technologies, should be equal to
or greater than 3.

Windows PowerShell
PS C:\Windows\system32> $PSVersionTable.PSVersion

Major Minor Build Revision

5 1 19041 4170

In this example, based on the Major and Minor attributes, the Windows
PowerShell version is 5.1. Configuring the execution policy is necessary. This

adjustment allows the execution of scripts, which are essentially programming
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code designed to automate certain processes, but only those scripts signed by a
trusted publisher [24, 25].

The first step is to run PowerShell as an administrator and grant permissions
to access as a superuser. Next, the security level is verified by executing the
following line:

Windows PowerShell

PS C:\Windows\system32> Get-ExecutionPolicy

If the result in the terminal is Restricted, the level must be changed to .4 //signed.
The command to set up the execution policy is as follows:

Windows PowerShell

PS C:\Windows\system32> Set-ExecutionPolicy AllSigned

On non-Windows computers running PowerShell 6.0, the default execution
policy is Unrestricted and cannot be changed [26]. The following prerequisite is
NET Framework version 4.8 or higher. This framework facilitates the creation and
running of various applications, including desktop apps, web services, and more [27,
28]. Finally, Microsoft Visual C++ compilation tools are necessary with a version
greater than or equal to 4.8. These tools are essential for compiling and debugging
C++ code, which is particularly valuable for low-level device communication and
hardwate control. The SeaBreeze library ptimarily operates via C/C++, even though
the interface is in Python, making these tools crucial for its functionality [29, 30].

2.3. Package Manager Installation

Once the requirements have been fulfilled, the Chocolatey package manager was
chosen to facilitate the installation process of the SeaBreeze library, following
[13, 31] recommendation. The following batch of commands is executed in
Windows PowerShell.

Windows PowerShell
PS C:\Windows\system32> Set-ExecutionPolicy Bypass -Scope Process -Force;

PS C:\Windows\system32> [System.Net.ServicePointManager]::SecurityProtocol =
[System.Net.ServicePointManager]::SecurityProtocol -bor 3072;

PS C:\Windows\system32> iex ((New-Object System.Net.WebClient).
DownloadString( “https://chocolatey.org/install.psl’));
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Note: using semicolon (;) at the end of each command is a method used to
distinguish the beginning and end of long instructions. To verify the correct
package manager installation, the next command is used:

Windows PowerShell

PS C:\Windows\system32> choco

Chocolatey v2.2.2

This example displays Chocolatey version 2.2.2 installed.
2.4. Spectrometer Interface Installation

After installing Chocolatey, basic operation requirements are obtained by executing
the following code in the terminal.

Windows PowerShell
PS C:\Windows\system32> choco install visualcpp-build-tools
PS C:\Windows\system32> choco install windows-sdk-10.1

PS C:\Windows\system32> choco install windowsdriverkit10

These three packages are essential for compiling and executing SeaBreeze
code, facilitating hardware manipulation using Python commands executed in
C++. They collectively streamline the compilation and execution processes.
Table 2 provides further details on these commands.

Commands Actions

choco install visualepp-build- Installs Microsoft Visual C++ compilation tools.

tools
choco install windows- Installs Windows 10.1 Software Development Kit
sdk-10.1 (SDK) for building applications.

Installs Windows 10 Driver Development Kit
choco install (WDK), which includes building and deploying
windowsdriverkit10 driver tools (programs that support hardware-

operating system interaction), [13].

Table 2. Requirements installation using Chocolatey.



82 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

The subsequent task is SeaBreeze library installation using the commands below:

Windows PowerShell
PS C:\Windows\system32> git clone https://github.com/ap--/
python-seabreeze.git python-seabreeze;

PS C:\Windows\system32> cd python-seabreeze;

And then,
PS C:\Windows\system32> python -m pip install .;
Oor

PS C:\Windows\system32> python -m pip install --no-binary :all:
seabreeze;

Each line of code is described below, including the actions it performs.

¢ Copy a directory: The command git clone https:/ [ github.com/ ap--/ python-
seabreeze.git  python-seabreeze, makes a copy of the GitHub repository
(according to the specified path) into a new directory on the computer
named “python-seabreeze”.

¢ Change directory: The cd python-seabreeze command indicates that you are
moving to another path, in this case, to the “python-seabreeze” directory,
which is the one you just cloned. The « (change directory) statement is
who performs the directory change action [32].

¢ Installation: The instruction [python -m pip install .] installs the SeaBreeze
library in the current directory, which is specified with the dot (.).

¢ Second way of installation: If the binary versions are not available,
it is possible to install using python -m pip install --no-binary :all: seabreeze.
This installation is done from source code instead of using precompiled
versions, also called binary.

Finally, it was necessary to install the drivers responsible for establishing
correct communication with the hardware. This was achieved by executing the

following command.

Windows PowerShell

PS C:\Windows\system32> seabreeze_ os_setup

After pressing the Enter ey, a confirmation menu appeared on the screen.
To proceed with the installation, the affirmative option was selected, initiating
the installation process. Once the previous operation has been completed, it
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is possible to establish the correct connection between the spectrometer and
the computer [13]. To verify all previous installations, it is suggested to use the
commands described in section 2.5.

2.5. Verification of the environment

As the last step in setting up the environment, it was necessary to follow the
following commands, which check that the installation processes were executed
without errors.

2.6. Open Windows PowerShell and activate the Python environment

To activate the Python virtual environment, the command ‘py” was entered into
the shell, followed by pressing the Enter key:

Windows PowerShell
PS C:\Users\USERNAME> py
Python 3.9.6 (tags/v3.9.6:db3ff76, Jun 28 2021, 15:26:21)

[MSC v.1929 64 bit (AMD64)] on win32

Type “help”, “copyright”, “credits” or “license” for more
information.

>>>

This results in displaying the current version of Python being used. Now, Windows
PowerShell can be used as the language interpreter, recognizing all the language’s
commands. It is important to note that the “>>>"" symbols now appear, indicating a
change in shell behavior. With this change, the Python interpreter has been initiated,
enabling the writing and execution of Python code in real-time, establishing a text
input and output environment. This is referred to as the Terminal [33].

2.7. Import SeaBreeze libraries

These instructions are necessary to establish the connection to the spectrometer.

Python

>>> import seabreeze
>>> seabreeze.use( ‘cseabreeze’)

>>> import seatease.cseatease as emu_Spectrometer

After successful import, it is recommended to connect the device to the
computer and execute the following command block.
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2.8. Connection verification

With these sentences, it was possible to verify the connection to the spectrometer.
The result on the screen depends on the model of the device you are working with.

Python

>>> spec = Spectrometer.from_first _available()
>>> print(spec)

<Spectrometer USB4000:USB4H10178>

In case the physical device is not available, it is still possible to perform the
verification by means of a spectrometer simulation. The instructions for this were:

Python

>>> emu_spec = emu_Spectrometer.SeaTeaseAPI().list devices()[0]
>>> print(emu_spec)

<SeaTeaseDevice: 1>

>>> type(emu_spec)

<class f‘seatease.cseatease.SeaTeaseDevice’™

The print() instruction is used to display the list of available compatible devices
on the screen. In the case of the simulation, it only returned <SeaTeaseDevice: 1>.
Finally, the #pe( ) instruction displays the type of variable being introduced. In this
case, it corresponds to an object of class ‘seatease.cseatease.SealeaseDevice’, which is
correct and indicates that the virtual device recognition process is correct. The
spectrometer model utilized in this work was the Ocean Optics Flame-T model. Table
3 displays some parameters of this device.

Specification FLAME-T
Integration Time 3.8 ms to 10 seconds
Dynamic Range of system' 3.4x10°
Scan rate (max)? 260 Hz

Table 3. Optical and spectroscopic specifications.

1. Dynamic range of the system is the range of the detectable light level and can be thought of
as the maximum detectable light level at the minimum integration time divided by the minimum
detectable light level at the maximum integration time.

2. Scan rate is dependent on the operating computer and not the spectrometer. These figures
assume a non-real-time operating system [51].
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Before concluding the section, the code statements used in the processes
described above are presented in Table 4, along with their representation in
pseudocode form, which is used throughout this work. The process of installing
the required libraries, packages, and software was performed only once on the
computer. Once the device recognition test was successful, we proceeded to
design the acquisition system, which is detailed in sections 2.9 and 2.10.

Code Pseudocode Action

Connection to

Spectrometer. spec «— Spectrometer_ .

. . . the first available

from_first_available() connection()
spectrometet.

emu_Spectrometer.

emu_Spec «— emu_ Spectrometer

SeaTeaseAPI().list_ . . .
Spectrometer_connection()  simulation.

devices()[0]
range_wv <«— spec Reads the accepted
spec._wavelengths 8- pec p
wavelengths wavelength range.
range_ti <— spec_ Reads the accepted
spec.integration_time_ integration_time_micros integration tim
micros_limits A ejg adon_tme_Mmicros_ ] cgratio ¢
limits interval (us).

Table 4. Pseudocode representation of the functions to connect to the spectrometer.
2.9. Device Recognition

According to Figure 2, the proposed acquisition system begins with the recognition
of the spectrometer. To initiate the readings, it was necessary to create a PY
file and import the corresponding libraries into the environment. The following
libraries were imported: the SeaBreeze library, facilitating the connection with the
spectrometer; NumPy, for manipulating measurements as matrix data; Mazplotlib
for graph visualization; and #e for controlling the flow of time in data sampling,
Additionally, #hreading and signal were utilized to create and manage actions in two
processing threads: one dedicated to data capture (Main Thread) and the second
to review and update parameters modifying the hardware acquisition behavior
according to user requirements. Finally, sys was used to successfully complete the
script execution.

Subsequently, a connection requestloop was executed. This involves attempting
to connect to the spectrometer, and if any issues arise, the system continues



86 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

attempting to connect. If a certain number of attempts are exceeded, it indicates
an unsuccessful connection and prompts the user to either continue in simulation
mode or terminate the program. This functionality can be beneficial, particularly
when the device is not owned, and the user wishes to learn how to manipulate
spectrogram data available with the SeaBreeze library. Another scenario is when
the computer requires additional time to recognize the external device.

Upon a successful connection, the system creates an object of the Spectrometer
class, which is defined by the model and serial number of the hardware. In this
work, the model obtained was <Spectrometer USB4000:USB4H10178>. This
information is available in the attributes of the spec variable, specified in the
pseudocode of Table 4 and Table 5. With this entity, it became feasible to access
the captured data and configure spectrometer parameters for the reading, such
as: integration time T, number of samples to be averaged N, and the desired
wavelength limits »», and »»,  according to the desired analysis.

min nax
Details regarding these parameters and their modifications are presented in
section 2.13. The logic used is shown in Table 5 by means of pseudocode.

Following successful linkage with the spectrometer, a synchronous data
acquisition system was implemented. This system enables the acquisition of
spectral data according to a sampling time T, determined by two factors: the
user’s choice and the integration time T, required during experimental tests. The
process is applicable for both available modes, namely using the Hardware or

Virtual mode. This system is explained in detail in section 2.10.

2.10. Dynamic Real-Time Data Capture System

This subsection elaborates on the strategies devised to initiate the real-time
reading process. This system possesses the characteristic of accommodating the
user’s external requests and adjusting the reading data accordingly. This is achieved
while the system acquires signals from the spectrometer, avoiding any undesired
pauses. Consequently, the system is termed dynamic. Figure 4 illustrates the block
diagram of this system.

To ensure that the system can manage external user requests, two processing
threads have been implemented. These threads enable achieving a concurrency
effect, allowing two different processes to run seemingly simultaneously. The
components comprising this system are described below.
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Algorithm 1: Device Recognition

1
2
3

AT 7L N

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Data: attempts
Result: features, spec
count < 1;
while count < attempts do
try
hardspe. < Spectrometer_connection();
status < hardgpec;
break;
catch
count < count + 1;
status <+ None;

end

if status = None then

Tuser < Input();

if 7,ser = 'E’ then

| Exit() ;

else
emugspec <— emu_Spectrometer_connection();
spec <— emuspec;
Stype < 'Virtual’;

end

else

spec < status;

Stype < 'Hardware';

end
if s¢ype = 'Hardware' then
rangey, < spec_wavelengths;
’ rangey; <— spec_integration_time_micros_limits;
else
rangey, < [300,1000];
rangey; < [3000,10000000];

end
features < [rangey,, range, Stype|

Table 5. Pseudocode of the Device Recognition process.
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Figure 4. Flowchart diagram of the spectrometer acquisition system.
2.11. Initiates Processes

In this block, both threads or sub-processes are initialized: the Main thread
and the secondary thread. In the first thread, all the logic related to real-time
acquisition was established, and a reading request period of (1) was set. Within
this interval, the functions related to signal acquisition and processing are
executed. It is important to note that this time represents the speed of spectrum
reading and should not be confused with the integration time (1)), which is a
parameter of the spectrometer.

To enhance the quality of recorded data, it is necessary to adjust the
configuration of the device’s hyperparameters. A methodology was implemented
to execute these changes, possibly in an aperiodic manner, as indicated by the
user. This process is carried out in the second thread and does not affect the
acquisition process of the main thread.

The hyperparameters mentioned above are:

Integration time TI .
Limits of the wavelengths of interest wy,.

Number of spectra to average N , to attenuate the present noise.

* & o o

Instruction to consider the Background Spectrum (B,) to eliminate it.
This signal level is captured by the device when the sample to be analyzed
is absent [34].
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Finally, the possibility of terminating the program at any time by using the C#/
+ Cor Cir/ + Z instructions was established. The logic used is illustrated in Table
6 through pseudocode.

2. Dynamic Real-Time Data Capture System

2.1. Initialization process

Algorithm 2: Initialization Processes

Data: N,Ts,,T7,,Ns,

Result: hyperparameters

attempts < N

Ts + TSU;

T[ “— T[O;

Ng + NSO;

Bg < True;

features < device_recognition(attempts);
hyperparameters < [features, Ts, Ty, NsBs];
Activate : key_boardinterrupt;

Start : Second_thread,;

LI B L B R

Table 6. Pseudocode of the initialization process.

Next, sections 2.12 and 2.17 detail the methodology employed in the main
processing thread as well as in the secondary thread.

2.12. Main Thread

This block corresponds to the process of acquisition, digital treatment, and
display of the captured signal. Four main actions were established sequentially:
(i) data reading, (ii) application of filtering and adjustment techniques, (iii) screen
display, and (iv) the option of storing the readings in the computer. Each task is
described in detail below.

2.13. Read Request

Every T seconds, a new read request is made with the hyperparameters allowed
by the device. These were initialized in the Initiates processes block in section
2.11. In this work, the accepted hyperparameters corresponding to the device
model are presented in Table 7.
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Hyperparameters Value
T, 3.8 ms to 10 seconds
wy, [191.0969 — 881.4172] nm
N Natural number
B True or False
T [500 - 5000] s

Table 7. Options for hyperparameter values employed in the proposed methodology.

The data reading was conducted using the SeaBreeze library, resulting in the
acquisition of the spectrum. It was feasible to identify the vector storing the
wavelengths present and the count vector. These data are contingent on the
nature of the light source, as well as the integration time T, configured. Table 8
presents the main statements used and their corresponding pseudocode.

Code Pseudocode Action

set_integration_

spec.integration_time_micros(TI) Sets the TT for

time(TT) )
spectrum reading;
spec.wavelengths() x <« read_wv() Read vector
wavelengths.
spec.intensities() y «— read_int() Reads vector of
intensities.
spec.f.spectrometer. vset_integration,
. . . . Seiinteg —  Sets the TT for
set_integration_time_micros(Ts) time(TT) : .
simulation.
x «— read_wv_ Read vector
spec.f.spectrometer.get_wavelengths() . .
virtual() of virtual
wavelengths.

g« read_int_

. Read vector of
virtual()

spec.f.spectrometer.get_intensities()
virtual intensities.

Table 8. Main instructions and their representation in pseudocode.

Finally, with the equivalences provided in Table 8, the logic employed in the
Read Request block is presented; refer to Table 9.



DYNAMIC SYSTEM DEVELOPMENT FOR REAL-TIME LIGHT SPECTRA ACQUISITION o1
FOR OPTICAL BIOSENSOR APPLICATIONS IN PYTHON

2.14. Signal Processing

This block was responsible for reducing the signal offset and attenuating the noise
present in the data. Since this work primarily focused on capturing absorbance
spectra, the signal to be processed indicates the behavior of the light captured
solely by the spectrometer. This spectrum can be primarily represented as a
composition of three signals: the real physical signal 0,)), the noise mainly
stemming from the effect of ambient illumination (y(#)), and the noise caused
by electromagnetic effects added during the digital conversion processes, y [7].
Therefore, the actual physical signal tends to be contaminated.

The above can be described by equation (1).

2D =2,(0) +(), 20,
M
“oln =y [n) + .y [n) + 2y [n], #=0.

Where y[#] corresponds to the contaminated digital signal, which can be
plotted on the computer. The digital signals y [#] and y [#] represent the ambient
and electronic noise, respectively. The objective of this processing block was
to decrease the effects of noise and ambient light (the latter causing an offset).
Therefore, it is possible to reduce the signal offset by subtracting the minimum
value present in the reading,

This is expressed in equation (2).

Dy =0 — min{yy 2)

wherey,  represents a correction of the signal for the offset effect caused by a base
noise signal (Background Spectrum). This adjustment aligns the values to estimate the
maximum readout count and determine its corresponding wavelength. However,
this process does not eliminate the noise present. Therefore, it was proposed
to use a low-pass discrete Fourier domain filter with a 2nd order Butterworth
response. The Butterworth response was chosen because this type of filter
maintains a linear phase in the passband [35]. Additionally, due to the nature of
the analyzed signal, it is necessary to preserve the correspondence between the
wavelengths and their counts. Therefore, the zero-phase Butterworth filter was
utilized. This type of filter has the advantage of avoiding a lag with respect to the
original signal. Additionally, the filtering process is performed twice: once in the
forward direction and the second in the reverse direction in the signal, enhancing
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the noise attenuation effect [36]. This approach ensures that critical points in
absorbance spectra detection are not interfered with. Finally, the cut-off point at
which the filter began to attenuate the noise was chosen experimentally, set at 0.1.

2.2. Read Request

Algorithm 3: Read Request

Data: hyperparameters

Result: x_select,y_select

if Valid_hyperparameters = True then
Update : Tk;

Update : Tr;

Update : rangeqyy;

Update : Ng;

Update : Bg;

else

new old.
TG < Tg
T}Lew — T]old;
rangeg,’ rangeowlg;
Ngew «— Ngld;

new old.
B3 < Bg%;

D-IE-CE - N B N S

-
-

-
[ 8]

end

if stype = "Hardware' then
set_integration_time(Ty);
x = readyy();

Yy = readyy();

-
N QN R W

else

—
e ®

vset_integration_time(Ty);
x = read_wv_virtual();
y = read_int_virtual();

[
=]

(54
=

end
Update : hyperparameters;

x_select + x[rangelc?];

y_select < y[rangel<®];

NN NN
A W N

Table 9. Pseudocode of the Read Request block.

In this work, the FFT algorithm was implemented using the ff2ff# function of
the NumPy library for the choice of the cut-off point [37]. For the design and
application of the filter, signal.butter and signal.sosfiltfilt from SciPy were utilized
[38]. This filtered signal was displayed on the screen and stored in the computer
in a CSV format file. Table 10 below presents the pseudocode that explains the

previously detailed process.
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2.3. Signal processing

Algorithm 4: Signal Processing
Data: x, y_select,l.
Result: §
1 if First_reading = True then
Order + 2;
Ay +— (maz{z} — min{z})/(length(xz) — 1);
fs 1/Az;
b, lc/(fs/Q);

2
3
4
5

6 else

7 ‘ pass;

s end

9 y_adj + y_select — min{y_select};

10 50Scoef ficients < butteroes¢(order, ®n, type =" filt filt');
ny= filter(soscoefficientsa y—adj);

Table 10. Pseudocode of the Signal Processing block.
2.15. Display

After signal processing, an interactive graph was created that updates with each
reading. This means that the display automatically adjusts the limits of the
coordinate axes according to the light input to the spectrometer to achieve correct
visualization. This function updates according to the time T and accommodates
changes made by the user, particularly those from the secondary thread. In this
graph, the most important hyperparameters are the limits of the wavelengths to
be displayed, according to the desired experimental process.

Section 3.2 showcases the graphs obtained with the proposed methodology.
Likewise, the structure of the code used is presented in Table 11.

Table 11. Pseudocode of the
Display block.

2.4. Display

Algorithm 5: Display

Data: z_select, §

Result: None
1 if First_reading = True then
2 Initialize : graph;
3 Set : Title;
4
5

Set : X _Label;
Set : Y _Label;
6 else
7 | pass;
8 end
9 X _data < x_select,;
10 Y _data < 3;
1 Set : X _lim(rangelS");
12 Set : Y _1im([0.98 - min{y}, 1.02 - maz{y}]);
13 Graph-Draw(X _data,Y _data);
14 Graph_uptade();
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2.16. Save Data

Finally, the recorded and processed samples are stored in a CSV format file. After
each save action, the acquisition loop restarts to initiate a new read request. As
previously mentioned, the hyperparameter update and verification process were
implemented in the secondary thread to avoid halting the acquisition loop and
to concentrate the functions on signal processing. Section 2.17 provides details
about this secondary thread.

2.17. Secondary Thread

This system was designed with the possibility of making changes in the
hyperparameters at any time, allowing the updating of the spectrum capture
process, as well as in the visualization of the graph. Due to the use of the mput(
) function, the program constantly waits for a change. Once a correct input is
detected, the system updates the old hyperparameters used in the Read Request
and Display blocks. Subsequently, the system returns to waiting for a new input.
Each hyperparameter update is performed at the end of each reading and signal
processing, avoiding errors during the acquisition process. If two previous
consecutive inputs were the same, a workflow was designed to avoid unnecessary
updates. This process continues until the user finishes the program from the
terminal, having not only the secondary thread, but also the main thread.

2.5. Secondary thread

Algorithm 6: Secondary Thread
old

Data: hyperparameters
Result: hyperparameters
def hyper_uptade_Function(hyperparameters®®, hyperparameters™®){
if hyperparameters®® # hyperparameters™” then

| Update : hyperparameters;

else

new

O N R N I SR
-

| pass;
end
while True do
try

10 str_hyper < input();
1 data_hyper « str2float_hyper_Function(str_hyper);
12 hyperparameters™™ « data_hyper;
13 hyper,uptade,Function(hyperpar(zme)ﬁers"ld7 hyperparameters™™)
14 catch
15 print('Invalid entry');
16 continue;

17 end

Table 12. Pseudocode of the secondary thread.
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2.18. Stop Processes

As the last block of the dynamic real-time data capture system, for this application,
the use of the terminal was proposed as a method of program completion. Both
threads were kept running until the C#/ + C/Z command was entered in the
Python Terminal while the script was running,

A process terminates when it completes the execution of its final statement
and requests the operating system to terminate it via the exzz( ) system call. At this
point, the process can return a status value, typically an integer, to its parent
process awaiting it (via the wait( ) system call). All process resources, including
physical and virtual memory, open files, and I/O buffers, are deallocated, and
reclaimed by the operating system [21].

In section 3, we present what was obtained during the execution of the
proposed methodology for a cell phone light source, since being a low-quality
signal, it allowed the design of a robust methodology. The quality metrics utilized
to assess the feasibility of the signal processing stage are presented in section
2.19 below.

2.19. Validation

It is necessary to verify that the signal adjustment and filtering process does not
diminish the quality of the captured information. Therefore, it is proposed to use
three metrics to evaluate the processing block: the signal-to-noise ratio (SNR), the
root mean square error (RMSE), the coefficient of determination (R-squared)
and two indicators based on the amplitude of the signals (DA) and the Shannon
entropy (DE) [39-41]. According to [42, 43], higher SNR values generate more
efficient results, and the lower the RMSE, the more desirable the result. Likewise, it
is desired that R-square be as close to 1 as possible; see equation (3).

S 01

i=0

SNR(@dB) = 10* log | — , 3)
2 0 —sta)?

RMSE = \/ ~ ZU (y[4 —5111)*
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square - N-1

Where y [7 is the i~th value of the adjusted spectrum; the adjusted signal was
taken to prevent the offset level from modifying the result of the metrics. The
signal j[7] is the /~th data of the filtered signal. Finally, N is the length of the
signals, in this work for the version of the spectrometer used, it was 3520 data.
Since the low-pass filter tends to attenuate the signal at points higher than the
cut-off point, in this work set at 0.1. A metric was proposed that indicates the
variation of the amplitudes of the original and the filtered signal. This is especially
useful in scenarios where the value associated with local maxima must be faithfully
identified. The mathematical relationship is expressed in equation (4).

&y = 4|
Ay

Where Ay=y —y  knowingthat is the sample captured by the spectrometer.

DA = - 100%. 4)

Similarly, Aj = j j . represents the maximum amplitude of the filtered signal.

max ] mmn

This metric helped to quantify the attenuation effect due to filter action.

Finally, a coefficient indicating the difference between the information
preserved in the filtered signal by Shannon entropy was used. Equation (5) shows
the relationship.

_ |Hy—Hj|
Hy
Where is the entropy calculated for the original signal y, H, is the entropy for

DE - 100%. ©)

the filtered signal j. The sespy.stats.entropy function from the SciPy library was used
for this metric [38]. Section 3 presents the results obtained during the execution

of the proposed methodology.

3. Results and discussion

The programming and execution of this methodology was performed using the
Visual Studio Code editor version 1.88 and using Python 3.9.6. The computer
used was a DELL laptop with 8 Gb of RAM and AMD Ryzen 5 2500U processor
with Windows 10. The following are the spectra captured from a cell phone LED
light, as well as those obtained when processing the virtual data provided by the
SeaBreeze library.
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3.1. Hardware

Ten shots were taken every 500 s (T,), from an LED light source with an
integration time T, set at 10 ms. The number of samples to be considered for
averaging N was 5. Figure 5 shows all the captured spectra.

3.2. Acquisition and processing

The total acquisition time was 4.5 seconds. In Figure 5, in each sample, there

was a variation in the distance between the detector and the light source. For this
reason, a variation in the amplitude of the captured signals is observed.

Samples of LED light spectra

— t=0ms
7000 1 — =500 ms
—— t=1000 ms
6000 —— t=1500 ms
] ——— t=2000 ms
§ o —— £=2500ms
o = t=3000 ms
2 — 1=3500 ms
g 4000 —— t=4000ms
2 —— t=4500ms
=300 bV AN 565.89 nm
= 450,11 nm
2000 1
st
1000 - ; :

200 300 400 500 600 700 800 900
Wavelengths [nm]

Figure 5. LED light spectra of 10 readings taken every 500ms. The wavelengths associated with
the two peaks are approximately 450 nm and 565 nm, corresponding to the blue and green
color range, respectively.

It is observed that wavelengths corresponding to violet and ultraviolet are not
present. Likewise, infrared light is not captured as a component of this light source.
The samples that capture the most information are at times 7= [2000, 4000, 4500] 7s.
Thus, the rest of the signals are mainly noise; this was caused by the movement of
the light source and to corroborate the real-time change of the spectrum. The
following is a series of comparisons between some samples of these signals and
their respective processing,
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Figure 6 shows the different acquired signals and what was obtained after
processing, i.e., offset adjustment and a low-pass filter. In the samples, the signals
that did not capture the LED light spectrum, Figure 6a, 6c, 6e and 6g possess
an average level of approximately 1330 [Counts], while the amplitudes of the
samples at 7= [2000, 4000, 4500] s are 3174.76, 7656.53 and 4670.18 [Counts],
respectively. This implies that there is a difference in amplitude of up to 5 times
between the noise signals and the maximum recorded intensity. Being mainly
noise signals, the adjustment and filtering performed do not reveal new relevant
information; this can be seen in Figures 6a, 6b, 6d, 6f and 6h.

In the case of Figures 6k, 6m and 6o, which correspond to the moments
when the light source had the greatest distance from the detector, the filter
accentuated the waveform and allowed us to observe that both peaks are around
the same wavelengths of Figure 5. Therefore, using the proposed processing it was
possible to identify more accurately the presence of blue tones (Figure 6n and 6p),
a situation that is more complex to identify in the unprocessed signals due to
the noise present and its amplitude levels. Finally, the offset adjustment and the
second-order flat response zero offset filter attenuated the noise while preserving
the amplitude and coincidence characteristics with the original wavelengths. The
above can be seen in the pairs of Figure 61, 6j, 6q, 6r and 06s, 6t.

To analyze the filter efficiency, 5 metrics were implemented: the SNR signal
to noise ratio, the RMSE value, the R-square coefficient, the DA Amplitude
difference and the DE Shannon entropy difference. Section 3.3 presents the
value of these metrics for each of the samples.

3.3. Analysis of adjustment and processing

To validate that the filter preserves as much useful information as possible, the 5
metrics proposed in section 2.19 were calculated for each filtered signal. Table 13
shows the values according to the time at which they were acquired.

The SNR, RMSE and R-Square values of the signals captured at times 7= [2000,
4000, 4500] s turned out to be the highest of all samples. For DA metrics low
values represent little discrepancy in amplitudes, while for DE, high values indicate
that the filtered signal information is more representative compared to the original
spectrum. Therefore, the application of the filter at the 0.1 cut-off point was effective
in preserving the waveform of the signals categorized as Light type and maintaining
a difference in the original amplitude of up to 4.9 %. Likewise, these signals had an
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Figure 6. The first column displays the unadjusted spectra. In the second column are the fitted

signals filtered by the 2nd order zero offset filter.
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SNR of up to 38.54 %, a maximum RMSE value of 27.83 % and a maximum
determination coefficient of 0.9998, resulting in a correct performance of the
proposed processing block.

For the signals 7 = [2500, 3000, 3500] s which were captured with a greater
distance between the light source and the detector, the result of applying the
offset adjustment and filtering, were signals with a coefficient of determination
of up to 0.68. That is, the filtered signal managed to maintain 68 % of the
information of interest present in the original signal. Likewise, in the spectrum
#= 3000 s the change in entropy was up to 0.71; this magnitude is low because
the filter eliminated the noise components, but due to the low SNR ratio (12.99 4B),
the resulting signal still maintains information that is not of interest.

Finally, it is possible to observe that, in all the signals without the presence
of the light source of interest, the difference in amplitudes is greater than
83.37 %. This is because of attenuating the noise components that are higher
than the cut-off point in the Fourier domain. It can also be seen that these
signals have the lowest SNR of the group of samples.

Time [ms] | SNR RMSE | R-Squared | DA (%) |DE (%) |Type
0 109253 | 157542 | 0.0547 88.6760 |0.0190 | Noise
500 11.9471 157301 | 0.0458 89.4279 | 0.0114 | Noise
1000 10.6042 | 15.7757 | 0.0467 833754 |0.0184 | Noise
1500 124802 {15.8233 | 0.0509 853460 |0.0113 | Noise
2000 31.6326 [18.209 | 0.9989 49052 |8.1775 |Light
2500 11.8748 | 15.8183 | 0.2609 70.1125 | 0.1395 | Noise
3000 12,9992 | 15.8471 | 0.6887 447016 |0.7118 | Noise
3500 12,7887 | 15.7033 | 0.3956 69.0415 |0.2112 | Noise
4000 38.5495 [27.8310 |0.9998 1.8674 |9.0734 | Light
4500 35.4580 [20.8991 |0.9996 31997 |9.4096 | Light

Table 13. Validation metrics applied to the LED light test spectra (T,= 10 ).
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To visualize the effect of the processing block on all the resulting signals, the
comparative bar chart in Figure 7 was made. Each bar was normalized according
to the maximum values of each metric in Table 13.

3.4. Dynamic real-time data capture system analysis

During the acquisition tests, the double thread functionality was used to attend
requests for changes in the system hyperparameters. Likewise, tests were performed
with different sampling times T to demonstrate the accuracy of the system. 1000
readings were taken for each desired T sampling time, and the actual time spent
during the T program run was averaged. The results are shown in Table 14.

All measurements were performed using a constant value of T,= 10 s, an
average of N = 5 and a selection of the full range of wavelengths available in the
spectrometer: »y, = [191.09, 881.41] nanometers.

T, (ms) T, (ms) Error (%)
5000 5001.0 0.0193
1000 1004.1 0.4134
500 511.0 2.1975
200 230.2 15.0936
100 129.1 29.0974

50 120.9 141.7637

Table 14. System accuracy with respect to sampling time.

According to the recorded data, the system has an accuracy of up to 99.98 %
when the sampling time is equal to 5 seconds. As T decreased, the actual average
reading time stabilized at approximately 120 . This time is the time used to
execute the Processing block, the Display block and the Save action, in addition
to the time it takes for the system to fully transmit the spectrum to the computer.
According to the tests performed, the greatest number of resources is occupied
by the interactive graphic, which is updated every time there is a new reading,
averaging 105.02 .

Thus, it is possible to establish that the designed software allows manipulating
parameters during the acquisition stage and without stopping it, allowing the
system to be implemented in experiments involving different sampling times.
Because the system is dynamic and real-time, it can be used in a wide variety of
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Evaluation of spectra processing

100 1 === =0 [ms]

. =500 [ms)
1= 1000 [ms]
1= 1500 [ms]
1= 2000 [ms]
1= 2500 fms]
1= 3000 [ms]
1= 3500 [ms]
1= 4000 [ms]
1=4500 [ms]

80

1= 2000

40 1

Standard coefficients (%)
2

204 ¥ |

SNR RMSE R-S DA (%) DE (%)
Metrics

Figure 7. Comparative plot by metric of the 10 LED light test samples. The bars with seaweed
green shades are mostly distinguishable from the set of readings. Signals with noise do not
show a large variation in bar height (colors with sea-blue shades). Finally, signals at times
t = [2500, 3000, 3500] 7s have bars with values that can be considered intermediate because
they still have information about the distribution of LED light intensities.

applications in the field of optical biosensors. Since many biological processes
take minutes to hours, it is possible to analyze changes using spectrophotometric
techniques [44-47]. For example, in [48] it is indicated that they used 3 hours to
analyze changes in the refractive indices of cells sitting on a plasmo-mechanical
sensor integrated with microfluidics; during this process, readings were taken
every 30 minutes. Likewise, in [49], they state that most detection studies of
SARS-COV2 and other viruses take between 10 minutes to 3 hours.

Therefore, the designed system is capable of being potentially useful during
the detection process of metabolites or pathogens present in biological tissue,
food, and beverages and even in studies of environmental pollutants, since it
allows establishing sampling times of the spectra with high precision for values
greater than 500 s; considering the use of T)in 10 7.

The system responded to requests to update the hyperparameters at any
instant and was able to display the changes related to the graph (wy, and T,),
in addition to saving the data in a CSV file in different sheets, according to the
T, and T. It is necessary to mention that, so far, the adjustment of these times
was totally manual. This implies that the T, required by the experiment had to
be considered to establish an optimal T sampling time. It is proposed to use
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prediction techniques based on neural networks that find the relationship between
both times as a function T, = f{T)). This in order that the sampling time does not
interfere with the reading process of the experiment and affect its performance.
In addition, for new versions of the system, it is possible to contribute to the
decrease of the latency time of the processing block by making a third thread
dedicated to writing the data in the CSV file and extending the possibility of
using sampling times lower than 500 s (considering the integration time, as

previously mentioned).

Finally, the system was able to perform the readings in real-time and allowed
to save the spectra of interest every #T seconds, with #EN. This has practical
effects when observing the behavior of the phenomenon and not saving the
information until 2 multiple of T time. This helps to reduce the complexity of

the subsequent analysis processes required.

This system has the potential to be introduced, for the most part, inside
a microcontroller. Opening the possibility of generating a portable system
dedicated to the acquisition and cleaning of spectra. Moreover, in the era of
Industry 4.0, it is possible to integrate IoT technology, cloud computing and
analytics, Al, and machine learning techniques to the proposed system to analyze
and process the information and finally contribute to detection in less time and
with higher accuracy, depending on the field of application [50].

4. Conclusions

The presented software achieves a sampling time accuracy exceeding 99 %, and
its multithreaded processing capability allows for the dynamic management of
hyperparameters in response to user requests, resulting in reduced overall latency
times. The captured spectra could be displayed on-screen in real-time, with
properties of the coordinate axis boundaries automatically adjusted based on the

amplitudes of the recorded signal or the selection of wavelengths of interest.

The use of second-order filters with flat response and zero-phase are effective
for attenuating noise present in spectral signals, even when the R-Square value is
approximately 60 %. Additionally, the system maintained a difference in maximum
amplitudes of less than 5 %; however, filter efficiency tends to increase when the
SNR of the original signal itself is higher from the beginning,
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As an additional feature, it was found that it is possible to store the light
spectrum data at a rate different from that stipulated by T . Thereby, it is possible
to store spectra at each update interval of the T plot. In practice, this feature
is intended to support the visualization of the dynamics of the studied system
while controlling the size of the generated file.

Thus, a Python-based system developed for real-time acquisition and
processing of light spectra offers a versatile and efficient solution for a wide
variety of applications, with notable potential in sensors. By enabling the real-
time detection and analysis of electromagnetic spectra, particularly in optical
biosensors, the system contributes significantly to measuring optical properties
such as transmittance, reflectance, or absorbance. This capability extends to
calculating sensograms during biofunctionalization experiments, enhancing
research possibilities.

Finally, the system’s adaptability allows for seamless integration into different
hardware setups, reducing technological dependencies on other software
solutions. This aspect is particularly advantageous as it eliminates the need
for costly licenses or additional software packages associated with commercial
options like Ocean Optics spectrometers or MATLAB. Leveraging Python’s
open-source nature and libraries like Python-SeaBreeze, developers can create
tailored solutions without constraints imposed by proprietary software, thereby
fostering innovation and exploration in spectroscopy research and analysis.
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Abstract

One of the most pressing challenges facing humanity at this time, and that will
surely define our future in a few years, is that of energy. The finite nature of fossil
fuels and concerns regarding environmental impact, especially on greenhouse gas
(GHG) emissions, have established the need to search for new energy sources.

Biofuels from biomass will cover a large part of the energy demand required
for transport. The economic and environmental impacts of the production of
biofuels have recently been studied, highlighting the importance of knowledge
biodiesel and bio-jet fuel (bio-kerosene) production because they are technologies
capable of replacing the consumption of fuels derived from petroleum, mainly
those destined for the transport sector. Bio-jet fuel can be used in aircraft engines
without modification.

In this work, bio-jet fuel was obtained from the lipids of the microalgae
Botryococeus brauniz, cultivated in pre-treated wastewater and adding MgO NPs to
improve lipid and / or biomass production in the crop. Carrying out this type of
research the challenges, and opportunities what this technology represents for
its implementation in developing countries is of great environmental relevance,
since the combustion of enetgy is responsible for just over 61% of CO, emissions
and 46% of GHG, according to whit global stock take.

Keywords: Microalgae, crop improvement, domestic wastewater, metallic
nanoparticles, non-fossil fuels.
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1. Introduction

After a decade of record passenger traffic growth and unprecedented profitability,
the global airline industry is facing an unprecedented, sharp, and sustained drop
in demand from the coronavirus pandemic. Since the global lockdown began, the
number of daily flights has fallen by between 90 and 95% in some regions and
almost all passenger traffic has been suspended worldwide [1].

Under these circumstances, the optimal development of the transportation
industry in general, and particularity aeronautics, in addition, should reduce its
greenhouse gas emissions (GHG) and its high dependence on fossil fuels; It should
be noted that in 2009, the aviation industry put in place an ambitious and robust
carbon emissions, the goal aims to achieve carbon neutral growth starting in 2020
and achieve the goal of reducing net carbon emissions by 50% by 2050 [2].

One of the most promising strategies is to develop and industrialize alternative
aviation fuels produced from renewable resources, like biomass |2, 3].

Biomass is the organic material that has been most used as fuel throughout
the entire history of humanity. It is produced by plants by fixing light, water,
and carbon dioxide through the photosynthesis process: Solar energy is stored
in chemical bonds, and can be released through processes such as combustion,
digestion, decomposition or through its hydrolysis and fermentation to liquid or
gaseous fuels. Using biomass as an energy source is one of the most promising
ways to reduce energy dependence on non-renewable fossil resources, while
reducing the carbon footprint [4,5].

Biofuels are those produced from biomass, and which are considered as a
renewable energy source; can be presented in solid (vegetable waste, biodegradable
fraction of urban or industrial waste), liquid (bio-alcohols, biodiesel, bio-jet fuel)
and / or gaseous (biogas, hydrogen) forms [4].

Biofuels can be classified according to the biomass used for their production
in first, second and third generation. In the first-generation food crops were used
that endangered food security, in the second-generation non-food crops were
used, but they still occupied farmland and in the third-generation microorganisms
such as algae, bacteria or yeasts produced at big scale. (Figure 1).

Currently on a commercial level, mass cultivation of microalgae is of greater
importance to produce high purity chemical compounds, such as: biofuels,
biofertilizers, ion exchangers and carotenes; likewise, for the treatment of
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Figure 1. Evolution of the biomass used in the production of biofuels.

wastewater, obtaining therapeutic compounds and as food for human and animal
consumption [0].

Despite the existence of technologies to capture solar, hydro and wind energy,
the use of liquid and gaseous biofuels from biomass will cover a large part of the
energy demand required for transport (Balat 2011). Also, the production of these
biofuels offers environmental advantages such as the reduction of emissions
(GHG) by up to 70-90% [7].

As far as nanoparticles, strictly speaking, nanoparticles are those particles
between 1 to 100 nm, where the physical properties of solid materials change
dramatically, they have very different physical and chemical properties from
the same materials on a conventional scale. Its properties depend on its shape,
size, surface characteristics and internal structure. Another fundamental aspect
of nanoparticle synthesis is its stabilization, so that its size and shape can be
maintained over time [8 - 11].

Concerning microalgae and biofuels [12], carried out a study on the behavior
of Chlorella pyrenoidosa and on how to accelerate its metabolism by adding CaO and
MgO| to stimulate lipid production, because for plant growth and development,
MgO is essential [13]. Nanomaterials are added since the microalgae are cultivated
to stress it and have a higher percentage of lipid production than just using
sugars from CO.,.

Therefore, in this work, bio-jet fuel was obtained from the lipids of the
microalgae Botryococcus braunii, cultivated in pre-treated wastewater and adding
MgO nanoparticles to improve lipid and / or biomass production in the crop.
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2. Methodology
2.1. Materials and reactives

All the reagents used were analytical grade; also, all analyzes were carried out in
triplicate.

2.2. Botryococcus braunii

The choice of species is the first step in the development of a production
process. Among the main desirable characteristics for large-scale crops are rapid
growth, elevated content of high added value products, development in extreme
environments, large cells in colonies or filaments, great tolerance to environmental
conditions, tolerance to high levels of CO, (15 % or more), to contaminants and
to the physical effect of agitation or turbulence [14].

In this work the algae species Botryococcus braunii was used, due to its high lipid
content (Table 1). These types of algae are useful to produce biofuels, chemicals,
ot chemical precursors. For commercial production of these compounds, adapted
algal strains and optimized growing conditions are mandatory [15].

Species Lipid content (% dry biomass weight)
Botryococcus brannii 25-75

Chlorella sp. 28-32

Crypthecodinium cobnii 20

Cylindrotheca sp. 16-37

Dunaliella pripolecta 23

Isochrysis sp. 25-33

Monallanthus salina 20

Table 1. Lipid content of some species of microalgae.
Modified from [15].

This species is notable for its ability to produce large amounts of hydrocarbons,
especially oils in the form of triterpenes, hydrocarbons known as botryococcenes,
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which come to represent around 30-40% of its dry weight, that can be used as
renewable feedstocks for producing combustion engine fuels [16].

The strain to this work was purchased from the University of Texas in the
USA with the code UTEX B 2441 (Figure 2).

Figure 2. Botryococcus braunii UTEX 2441.
(Image obtained from the UTEX culture collection).

The cultivation conditions throughout five months, were:

Light intensity 33 uE / m2s1
Stirring 125 rpm
Photopetiods 16/8

pH 6.7 -7.2

Temperature 25+ 1 ° C

*® & & oo o

The optical density (OD) was monitored weekly using the Perkin Elmer
Lambda 35 UV-Vis spectrophotometer, at a maximum wavelength of 683.6 nm,
to determine the growth kinetics of this microalgae. In this study we determined
that optical density, since other authors like kawamura e# o/ 2021, reported an
optical density of 660 nm for B. braunii [17].

Botryococens brauni: UTEX 2441 was cultivated in domestic wastewater, obtained
from the pilot plant for wastewater treatment of the UAM-Azcapotzalco and
this water was characterized using physicochemical methods and sterilized in a
vertical laboratory autoclave of soil model ATV 850; considering that comes
from human feces and urine, from personal and kitchen care and house cleaning,
they usually contain a large amount of organic matter and microorganisms, as
well as traces of soaps, detergents, bleach and fats, among others [5].
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2.3. MgO Nanoparticles (MgO NPs)

MgO NPs synthesis was performed by the method described by Chavez-
Sandoval et al 2021 b [11], with some modifications briefly: A stock solution
of 250 mM magnesium oxide was prepared in deionized water; 6.5 mL of this
solution was taken to reach a volume of 650 mL with a concentration of 2.5
mM. A reflux system was installed using an Erlenmeyer flask on a heating grill
and constant stirring until boiling was reached. 16.25 mL of 1% sodium citrate
(Na3C6H507:2H20), was added as a reducing and stabilizing agent. It was kept
boiling and stirring for 15 minutes. Afterward, it was transferred to a grill with
only stirring to cool for at least 15 minutes. Finally, it was stored at 4°C until use.

The MgO NPs were characterized by UV-Vis Spectrometry techniques, using
a Perkin Elmer UV 35 spectrophotometer, by scanning from 200 to 235 nm.

MgO NPs were added to the 1000 mL photobioreactors in concentrations of
5%V, 10 %V and 20 %V. A photobioreactor was used as a blank, no MgO NPs
were added (Table 2).

Photobioreactor Concentration of MgO NPs %V
1 0 (Blank)
2 5
3 10
4 20

Table 2. Addition of OMg NPs in the photobioreactors

2.4. Microalgae harvest

Centrifugation, sedimentation, filtration, and flocculation, either individually or
in combination, are the most practical harvesting procedures, whose application
depends on the properties of the cultivated microalgae species (morphologies,
presence of gaseous vacuoles, etc.), since some have characteristics that facilitate
its collection [18]. Oils are extracted from the harvested biomass, using organic
solvents, mainly hexane.

Biomass was obtained by centrifugation in this work, an Eppendorf brand
Centrifuge 5810R centrifuge was used, at 4000 rpm for 4 minutes and at a
temperature of 4 °C. The technique used to obtain the biomass can also be first
by filtration and then by centrifugation, depending on the volume of the sample.
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2.5. Microalgae drying

The biomass obtained was placed in Petri dishes previously sterilized and weighed

for drying. Drying was carried out using a Binder brand redLine culture oven at
29 °C for 12 hours.

2.6. Transesterification

The transesterification reaction is the most usual form of biodiesel production.
This reaction consists of the reaction of a lipid with an alcohol, preferably of
low molecular weight, to produce an ester and a by-product, glycerol. The global
process is developed through three reversible and consecutive reactions in which
the intermediate products formed are diglycerides and monoglycerides (Figure 3).

0

0
Il Il
CH—~0-C-R, CH,~0—-C—

R‘
0 CH.~0-H CH,~O—H
CH~0—-C—R, I ! | CHO-H R COOCH,
T’ CH,~0~C—R, CH,~0~H
CH~0—C=R,+ ICHOH — = &= CH7O-H 4 R,COOCH,
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Triglycerides Methanol Diglycerides Monoglycerides Glycerol Methyl esters

Figure 3. General transesterification reaction. Modified from [19].

Stoichiometrically 3 moles of alcohol are required for each mole of triglyceride,
but in practice an excess of alcohol should be used to increase the formation
of esters and facilitate the separation of glycerin. Higher reaction temperatures
speed up the reaction and shorten the reaction time [20,22].

The use of ethanol is preferable in the transesterification reaction, because it
can be generated from agricultural products, it is renewable and environmentally
friendly, however, methanol is the alcohol most used for its physical, chemical
and low-cost advantages [20)].

The dry biomass was removed from the Petri dish using a spatula and placed in
thin cloth bags, to carry out the extraction of lipids using the Soxhlet equipment
and hexane as a solvent, in accordance with the requirements of the Mexican
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standard [21] as an analysis method for the determination of recoverable fats and
oils in natural, waste and treated wastewater. It should be noted that the treated
water is analyzed at the UAM-Azcapotzalco wastewater treatment plant and in
our case the donated water was only sterilized in an autoclave to later use it as a
culture medium.

In this work, the method of chemical transesterification with methanol was
used employing sodium hydroxide as catalyst [22]. Sodium hydroxide was placed
in a grill and a magnetic stirrer was placed, then methanol was added.

Once the oil and sodium methoxide have the same temperature (60 °C), at
which the reaction was carried out, the methoxide was added to the oil obtained

trom Botryococcus brannii and allowed to react for 10 minutes.
2.7. Determination of amount of catalyst (sodium hydroxide)

A basic catalyst (NaOH Sigma-Aldrich) was chosen as they have been reported
to be more effective than acid catalysts and enzymes; the recommended amount
of catalyst is between 0.1 and 1% w / w of oils and fats [22]. Thus, the amount
of NaOH was determined as follows:

Amount of NaOH = Weight of oil (g) * (0.1-1% w / w of oil and fats).
2.8. Determination of amount of methanol

As mentioned before stoichiometrically 3 moles of alcohol are required for each
mole of triglyceride, however using an excess of alcohol allows to increase the
formation of esters and facilitate the separation of glycerin, so in this stage the
ratio of methanol 6: 1 was used [22,23].

Once the biodiesel was obtained, it was placed in a settling funnel for 24 h to
separate from the glycerin that was obtained as a by-product of the reaction [22,23].

The biodiesel obtained was characterized by means of Infrared PerkinElmer
FT-IR Spectrometer Frontier equipment, which allowed to verify that it contains
the functional groups of biodiesels. The characteristic signs of biodiesel are two
groups of bands of own absorption of the methyl esters that make it up, in the
region of the fingerprints the band appears between (1200-1300) cm-1 originated
by the asymmetric axial deformation C-O and in the region of the functional
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groups between 1750 cm-1 and 1730 cm-1 is the intense peak corresponding to
the group carbonyl (C = O) typical of esters; which is related to the vibration of
relatively constant and interference-free stretching, this signal being the greater
difference with the spectrum of diesel; for both spectra the absorption band
between 2950 and 3000 cm-1, corresponding to the stretching of the CH3, CH2
and CH bonds of aliphatic carbons [5,22].

Gas chromatographic analysis of biodiesel was performed on a PerkinElmer
Clarus 580 gas chromatograph, by a temperature ramp of 10°C/min, from 160°C
to 230°C for 8 min, with an injector temperature of 225°C, ImL / min Helium flow
and an Elite-Wax column of 30 m long and a maximum temperature of 240°C [5].

2.9. The Bio-Jet fuel obtention

The biodiesel obtained from renewable sources can be used in aviation engines
either as the only component or in mixtures with conventional kerosene; the main
aim is to obtain biofuels from products that do not compete with the fertile land
necessary for food production; however, to achieve truly sustainable production,
methodologies must be urgently implemented of third generation biofuels such
as microalgae.

In this work, the biodiesel obtained from the algae was distilled using a vacuum
pump and micro-distillation equipment. The boiling range was 60-70°C. Once
the distillation was carried out, a light fraction and another heavy fraction were
obtained. The light fraction is bio-jet fuel.

The Biodiesel yield was obtained according to Cao ez a/., 2013 [12].

The bio-jet fuel sample was characterized using the Perkin Elmer Frontier
brand FT-IR Frontier Spectrometer as follows, 20 uLL of sample was used, and a
scan was made in the wavelength range of 400 cm-1 to 4000 cm-1.

3. Results and discussion
3.1. Physicochemical parameters in photobioreactors
The temperature oscillated from 20-25 © C; The pH presented stable dynamics

at the beginning of the process, rising from 8 to 10 in the first ninety days of
growth, however after 60 days of growth the pH varied in each one in ranges
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from 7 to 11, possibly due to the solubility, ionization state and bioavailability of
nutrients in the medium, during the growth time of B. braunii [15].

3.2. Botryococcus braunii biomass

The growth of the biomass in the photobioreactor of 5%V MgO NPs reached
a maximum concentration of 60 mg/ml, during the first 80 days of growth,
as well as the growth kinetics of the control treatment and the treatment with
20 % MgO NPs presented similar kinetics during the first eighty days, growing
dramatically towards the last forty-five final days, reaching a concentration of
130 mg/ml for the control treatment, at 125 days and for the treatment of 20%
MgO NPs concentrations wete obtained up to 80 mg/ml, for the treatment of
10% B. braunii a similar growth was obtained in the last stage reaching concentrations
of 67 mg/ml at 119 days, the photobioreactor with 10% MgO NPs was the one with
the lowest concentration of biomass and the photobioreactor without MgO NPs was
the one with the highest (Figure 4).

140
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40

20

0 10 20 30 40 50 60 70 80 80 100 110 120
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= Blank T 5SWMVMEONPs —— qomvMgONPs ~ 20%VMZONPs

Figure 4. Growth kinetics in the different treatments with NPs of MgO.

The highest concentration of lipids was obtained in the 10% treatment with
MgONPs, reaching a total of 3.1 g, and for the photobioreactors without NPs a
maximum concentration of 2.77 g lipids was present (Fig, 5).
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Figure 5. Lipids obtained from the culture of B. braunii at
different concentrations of MgO nanoparticles.

3.3. Analysis of variance of growth kinetics

The analysis of variance showed significant differences between the growth
concentration of B. braunii of the control treatment with respect to the other
treatments with MgO NPs (p = 0.000002), with respect to the concentrations
between 5 %V MgO NPs, and 20 %V MgO NPs presented significant differences,
observing the 5 %V with higher concentrations with respect to those of 10 %V
and 20 %V (Figure 0).
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These results indicate that, even though more biomass is obtained, more lipids
that can be used in transesterification are not necessarily obtained. On the other
hand, the percentage of MgO NPs is of great relevance, since as we have seen
there is a concentration where more biomass is obtained (blank and 5 %V), but
there is a concentration where more lipids are obtained (10 %V), and this is evident
since the differences between treatments are statistically significant [5,22].

Furthermore, MgO NPs are influencing both the growth and lipid production
of B. braunii even perhaps in an easier obtaining of lipids for transesterification
by the granzyme-perforin-dependent mechanism, in accordance what is reported
by Al-Omar et al., 2021[24] for 9-13 nm flake-type graphene oxide nanoparticles.

3.4. MgO Nanoparticles (MgO NPs) characterization

The synthesized MgO nanoparticles were characterized by UV-Vis spectroscopy,
the maximum wavelength was 209.49 nm (Figure 7).

UV-Vis MgO NPs
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Figure 7. Uv-Vis spectroscopy of MgO Nanoparticles.
This result indicates that sodium citrate acts as a reducing and stabilizing agent [9].

The characterization by TEM shows that we obtained “flake-like” particles of
approximately 10 nm in diameter (Figure 8 A-C).

Al-Omar et al., 2021[24] report graphene oxide flake nanoparticles of 9-13 nm,
that increased the activation of phagocytic cells by augmenting the cell mortality
through the granzyme-perforin-dependent mechanism. This is a promising
strategy for controlling cancer cells. Perforins are proteins that integrate into the
cell membrane and induce the formation of pores that cause osmotic lysis of the
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Figure 8. Shows the “flake-like” shape of approximately 10 nm magnesium oxide nanoparticles
A-B. In panel C a view with the 20 nm measurement.

target cell. Meanwhile, granzymes enter the cell through endocytosis and induce
apoptosis. In our case, these mechanisms could facilitate the exit of lipids from
the algae for the subsequent transesterification process.

3.5. Biodiesel

The biodiesel obtained by transesterification was characterized using infrared
spectrometry equipment (Figure 9). The characteristic signals of biodiesel are
two groups of absorption bands of the methyl esters that make it up. In the
fingerprint region, the band appears between (1200-1300) cm-1, caused by the
asymmetric C-O axial deformation, and in the region of the functional groups
between 1750 cm-1 and 1730 cm-1 there is the intense peak corresponding to the
carbonyl group (C=0) typical of esters; which is related to the relatively constant
and interference-free stretching vibration, this signal being the biggest difference
with the diesel spectrum; For both spectra, the absorption band between (2950

Aliphatic carbons
CH2-CH3

Carboxyl group C=0

Figure 9. IR spectrum of the biodiesel obtained.
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and 3000) cm-1 is common, corresponding to the stretching of the CH3, CH2
and CH bonds of aliphatic carbons, like Chavez-Sandoval ez /., 2021 a [5].

As we know, biodiesel absorbs in the region of 2,750 ¢cm-1 -3,000 cm-1
corresponding to the vibration modes of -CH2 and -CH3. As the triglycerides
present in the oil are converted to methyl esters when the reagent is methanol,
the -CH3 groups increase in biodiesel composed mainly of fatty acid alkyl esters
and therefore the intensity of the peak by ~ 2924 cm-1 also increases [5,25].

3.5.1.  Biodiesel yield

The biodiesel yield from microalgae biomass was calculated with the following
formula:

Biodiesel vield (%) = Biodiesel mass g .
iodiesel yleld (%) = algae mass (9)* oil content (%o) 100

In this work we obtained a biodiesel yield were 86%. Has been reported that
these values over 100% are obtained when processing the well-dried biomass,
since when the humidity increases the yield drops considerably, and because
perhaps other molecules such as phospholipids, or accumulation of lipids on the
cell surface, are also transformed into biodiesel [5, 12, 26].

3.6. Bio-jet fuel

Figure 10 shows the result of the characterization of bio-jet fuel obtained, using
IR. With respect to the IR of biodiesel, a change is noted in the intensity of the
1200 cm-1 band and in the bands from 2950 to 3000 cm-1, which indicates the
consumption of the hydroxyl group and the formation of hydrocarbons, at 1730
cm -1 only two bands are observed and there was an increase in the intensity of
the 1750 cm-1 band, indicating the conversion of biodiesel into bio-jet fuel.

Bio-jet fuel obtained from the microalgae B. braunii is a good option to mitigate
the problems surrounding fossil fuels and with this help contribute to the produc-
tion of new fuels derived from third generation biomass [27]. Likewise, this work
shows a path to innovate techniques that allow greater efficiency in the biokero-
sene production process, furthermore, if a direct transesterification were carried
out, costs would also be reduced in the production of these biofuels, as reported
by Chavez-Sandoval ez a/., 2021a and Wang e# al, 2022 [5,28]. Insomuch as the
American Society for Testing and Materials (ASTM) has certified several biofuel
production technologies including kerosene, since hydroprocessed esters and fatty
acids can now be commercialized [5, 26, 28].
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Figure 10. IR spectrum of bio-jet fuel obtained.

4. Conclusions

Botryococcus braunii UTEX 2441 was cultivated in domestic wastewater, thus
reducing costs.

MgO NPs were obtained with a maximum wavelength of 209.5 nm. sodium
citrate acts as a reducing and stabilizing agent.

TEM characterization showed that the obtained magnesium oxide nanoparticles
(MgO NPs) are approximately 10 nm in size and flake shaped.

The effect of the MgO NPs depends on the concentration, since in the
photobioreactor without MgO NPs (Blank) greater biomass growth was
observed, but in the photobioreactor with 10% MgO NPs a greater amount of
lipids was obtained.

We obtained a biodiesel yield were 86%. Since when the humidity increases the
yield drops considerably. However perhaps other molecules such as phospholipids,
or accumulation of lipids on the cell surface, are also could transformed into
biodiesel. Furthermore, if a direct transesterification were carried out, costs
would also be reduced in the production of these biofuels.

Bio-jet fuel obtained from the microalgae B. braunii is a good option to
mitigate the problems surrounding fossil fuels and with this help contribute to
the production of new fuels derived from third generation biomass.

This work shows a path to innovate techniques that allow greater efficiency
in the biokerosene production process; Considering the economic characteristics
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of developing countries and even the maturity of technology; bio-kerosene
production is a promising short-term alternative.
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interest between them, any additional information or data may be requested from
the corresponding author (JABL).
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Abstract

Clean energy and water pollution are significant challenges that demand innovative
solutions. Photocatalysis, as an emerging technology, holds the potential to
address these issues. In our research, we have synthesized TiO, nanosheets
and a composite based on a TiO,-WO, heterojunction using a hydrothermal
method. Different characterization techniques were used, and the formation
of the anatase phase directly interacting with WO _ clusters was observed. In
samples prepared with WO, the presence of the W=O vibrational mode was
observed, and TEM studies confirmed the formation of the heterojunction
between TiO, and WO.,. The higher H, production is attributed to the formation
of this heterojunction, which inhibits the recombination of electrons and
holes. The bandgap of the TiO_-WO, catalysts was slightly smaller than that of
pristine TiOZ. The heterojunction formation inhibits the e /h" recombination
rate, thus favoring the separation of photoproduced carriers. The TW5 catalyst
demonstrated the highest production rate, reaching 663.54 umol-g" within 4
hours. These findings underscore the potential of TiO,-WO, heterojunctions in
the field of photocatalytic hydrogen production, inspiring further research and
development in this area.

Keywords: TiO -WO, heterojunction, photocatalysis, hydrogen production
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1. Introduction

The US Academy of Sciences report [1] indicates that global energy consumption
is projected to increase by two and three times in 2050 and 2100 compared to
2001 (13.5 TW). This forecast reflects a challenging scenario that calls for urgent
action to avoid a major energy crisis with the least possible environmental impact.
Against this background, it has become imperative to explore and develop
alternative energy sources that are clean, renewable, economically viable, and
sustainable as an alternative to traditional fossil fuels to meet the growing energy
demands of human society. In this context, hydrogen stands out as a regenerative
and environmentally friendly energy carrier, attracting significant attention from
the scientific community in recent decades. However, the current hydrogen
production process, which mainly derives from fossil fuels through natural gas
steam reforming processes, raises significant concerns regarding sustainability
and the negative environmental impact. These challenges underscore the
importance of our research in proposing a solution to these issues. Therefore,
future hydrogen generation is anticipated to be based on harnessing renewable
energy sources [2].

Solar energy is a promising option for effectively addressing global energy
challenges in this context. Photocatalytic hydrogen production through solar and
semiconductor-driven water splitting has emerged as a key strategy to address
both solar energy storage and green hydrogen production [3 - 5]. However, this
approach presents significant challenges, particularly in identifying highly efficient
and stable visible-light active photocatalysts capable of providing excited charge
carriers for H, or O, evolution reactions under visible light irradiation.

In this regard, tungsten trioxide (WO, ) has emerged as a promising co-
catalyst due to its light absorption properties at wavelengths up to 480 nm, its
relatively narrow bandgap (approximately 2.8 eV), and its stability and safety
under acidic and oxidative conditions [5, 6]. Furthermore, tungsten oxide (WO )
exhibits a high gap mobility of 10 cm® V' s and a gap migration distance of
150 nm. This facilitates charge separation in the TiO,-WO, heterojunction.
The combination of these materials forms a perfect interface, thanks to the
similarity in ionic radius (Ti*": 0.0605 nm; W: 0.0600 nm) and metal-to-metal
distance (Ti-Ti: 3.78 A; W-W: 3.84 A) [7].

This study is focused on optimizing the interaction between titanium oxide
and tungsten oxide by forming nanosheets and/or nanobelts to increase the
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charge transport efficiency. The optimization is based on the morphology, which
allows a linear passage of the charge carriers along two-dimensional planes. This
improves the photocatalytic activity by extending the absorption range of TiO,
through heterojunction with WO .

2. Experimental Methodology
2.1. Synthesis of Titanium Dioxide (Ti0,) by the hydrothermal method

The synthesis of TiO, was carried out using a process described in [8]. Briefly,
12.5 mL of C, H, O,Ti (titanium (IV) butoxide) and 1.5 mL of hydrofluoric
acid (70 wt.%) were added, and the mixture was stirred for 2 h until a gel was
obtained. The gel was transferred to a Teflon autoclave and kept at 180 °C for 36
h. After cooling, the product was washed with ethanol and distilled water several
times. Subsequently, the product was dispersed in a 0.01 M NaOH solution and
stirred for 8h. The precipitate was recovered by centrifugation at high speed,
washed with distilled water and ethanol several times, and dried at 80 °C for 6 h.

2.2. Synthesis of TiO,-WO, catalysts (TW) by the hydrothermal method

The synthesis of TiO,-WO, was performed using a hydrothermal method.
The following materials were used: 12.5 mL of C, H, O,Ti, AMT (ammonium
metatungstate) at 5, 10, and 15 wt.% with respect to WO,, and 1 mL of
hydrofluoric acid (70 wt.%). These were added and kept under stirring for 2 h.
The gel was transferred to a Teflon autoclave and kept at 180 °C for 36 h. After
cooling, the product was cooled. Once cooled, the product was washed with
ethanol and distilled water several times. Subsequently, the product was dispersed
in a 0.01 M NaOH solution and stirred for 8 h. The precipitate was recovered
by centrifugation. The precipitate was recovered by centrifugation, washed with

distilled water and ethanol several times, and dried at 80 °C for 6 h.

2.3. Photocatalytic activity tests

The photocatalytic behavior of the samples for the generation of H, was carried
out using a water/methanol solution under UV irradiation. In a typical experiment,
0.1 g of photocatalyst is dispersed in 150 mL of water/methanol solution (1:1
volume). A Pen Ray Hg UV lamp (254 nm, 4.4 mW/cm?) is used to irradiate the
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solution. The products were identified using a Perkin-Elmer model Clarus 480
chromatograph. H, evolution was monitored by online gas chromatography.

The photocatalytic degradation of methyl orange (MO) was carried out in a
photoreactor (Photo Q 200 brand Prendo), using a concentration of 20 mg/L of
MO and 100 mg of catalyst. Before illumination, the suspension was magnetically
stirred in the dark for 30 min to establish adsorption-desorption equilibrium at
room temperature. Subsequently, the sample is subjected to UV-Vis light irradiation
(UV-C ~400 nm). Sampling was carried out at regular time intervals.

3. Results and discussion
3.1. Structural and textural properties of photocatalysts

Figure 1 shows the diffractogram of the catalysts. The TO sample exhibited
peaks at 20 = 25.33, 36.99, 37.83, 38.63, 48.07, 53.93, 55.09, 62.13, 62.73, 68.79,
70.31, 75.07 and 76.09 degrees (JCPDS No. 21-1272) [9, 10], and it is possible
to observe traces of the rutile phase (20 = 27.45°). Additionally, the sample has
been found to exhibit high crystallinity, with a crystal size of 32 nm obtained
from Scherrer’s equation (1).

p=—t g
~ Bcos M

For TW5, TW10 and TW15 catalysts, it was observed that the anatase phase
of titania predominates, as indicated by peaks around 26 = ~25.30, 38.01, 48.01,
53.93,54.97,62.71,68.83,70.19,75.11 y 75.93 degrees (JCPDS No. 89-4921) [11].
The absence of WO, signals indicates that tungsten nanostructures may exist
in sizes smaller than 3 nm. Furthermore, the TW catalysts exhibit comparable
crystallinity, although it is less pronounced than that of T0. Concurrently, it was
observed that the crystallite size of the samples with tungsten oxide decreased as
the tungsten oxide content increased. The crystallite sizes were 13, 10, and 8 nm

for samples TW5, TW10, and TW15, respectively.

It is important to note that the catalysts were not subjected to additional heat
treatment. This is because such a process involves a higher energy consumption
during preparation. It is important to note that hydrothermal synthesis allows
for direct control of reaction conditions. Consequently, there is no need to use
calcination or other similar treatment methods to obtain crystallized products, as
this synthesis method provides crystalline and uniform products [12].
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Figure 1. Diffractogram of the TiO, and TiO,-WO, samples.

Figure 2 shows the Raman spectra of the TO samples in comparison to the
TW catalysts. In the case of the TO sample, we can observe the characteristic
vibrational modes of titania, which are 142, 196, 396, 517, and 639 cm™. The 142,
517, and 639 cm™ modes cotrespond to the O-Ti-O bond vibrations, the 196
cm! mode to O-Ti, and the 396 cm™ mode to Ti-O [13, 14]. For samples TW5,
TW10, and TW15, we observed the characteristic vibrational modes of titania.

In the case of sample TW5, we did not observe the presence of WO_
nanostructures, but we did observe a characteristic signal at 966 cm™ only for
samples TW10 and TW15. The signal corresponds to the stretching mode of
the terminal W=O double bonds present in WO _ clusters (Figure 2b) [15]. The
966 cm signal of the TW10 and TW15 catalysts becomes broader and weaker
as the WO, content increases. This could indicate an increase in defects in the
titania crystal lattice [16], favoring the capture of photogenerated electrons and
inhibiting the recombination of e /h* [15]. At the same time, we observed a
shift towards higher frequencies of the main TiO, signal at 142 cm™, especially
in the TW catalysts. This shift could indicate the formation of a heterojunction
between TiO, and WO,, which would result in certain changes in the titania
structure due to the incorporation and increase in %owt. of WO, [11].
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Figure 2. a) Raman spectra of catalysts TO and TW; b) Magnified view of region I.

The morphologies of the TO and TW catalyst samples were observed by
SEM. Figure 3 shows the morphology of TO; we can observe a morphology of
agglomerates with irregular structures; its EDS revealed the presence of Ti, O, and
impurity of Si, which is attributable to the synthesis method of the distributor.

Figure 3. SEM images of sample T0 and EDS results.

In Figure 4, we can observe the morphology of the TW catalysts; in the case
of TW5 (Figure 4A), aggregates and agglomerates are observed, but no defined
morphology was observed for this catalyst. In Figure 4B, we can observe the
morphology of the TW10 catalyst; again, we observe agglomerates without
any type of morphology in the same way it is observed for the TW15 catalyst
(Figure 4C). We can suggest that this type of irregularly shaped aggregate is
due to the failure to develop crystals [17], and this can be observed with XRD
(Figure 1), as the crystalline phases of WO, were not observed, suggesting that
WOx may be grown from small TiO, structures. The EDS results for the TW
catalysts identified and confirmed the presence of O, F, Ti, and W. The uniform
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distribution of the O, Ti, and W elements of each TW catalyst detected by EDS
can also be seen below.

Figure 4. SEM images of A) TW5, B) TW10, and C) TW15, and EDS and mapping results (bottom).

Figure 5 shows the TEM images of the TiO,-WO, samples, it shows the
effect of the tungsten oxide on the particle size (Figures 5a-5c). It is observed
that the particle size is decreasing as the tungsten oxide is increasing. Also,
Fig 5d. shows the HAADF images of the TW5 sample showing the typical
formation of the TiO,-WO, heterojunction. The WO, phase is present as
small WOx clusters, as is observed in the HAADF images as brighter spots
corresponding to tungsten atoms deposited on the TiO, crystals ensuring
intimate contact between the two phases.

Figure 5. HRTEM images of the TW5. TW10 and TW15 samples (5a, 5b, and 5c, respectively)
and HAADF images of the TW5 sample.
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3.2. Band gap

The Tauc model was used to determine the optical band gap energy of the
catalysts (T0, TWO, TW5, TW10 and TW15). The equation is as follows [17]:

@h)" =A(w-E) @)

where o is the absorbance coefficient; /v is the photon energy; A is a Tauc
material property coefficient and an energy-independent constant; and E is the
energy gap. The optical band gaps of the semiconductors T0, TWO, and ™™
were determined by extrapolating the straight section of the plot of («h) and the
straight section of the plot of (¢hv)"/? versus photon energy (Table 1).

Catalysts A (nm) E_reported (eV) E_obtained (eV)
TO 405 3.15 [14] 3.27
TW5 414 3.25[18] 3.11
TW10 418 2.9 [19] 3.11
TW15 411 3.18 [18] 3.16

Table 1. Band gap energy values for the catalysts.

Figure 6 shows the optical band energy of the catalysts. The TO sample has a
band gap of 3.27 eV, consistent with the findings reported in the literature [14].
In the case of the TW5 and TW10 catalysts, they have a similar optical band gap
(3.11 eV), while the case of the TW15 catalyst has an optical band gap of 3.16 eV.

The literature [20 - 22]photoluminescence, UV-Vis, and DRS spectroscopies;
and by tensile tension tests. Results showed the successful formation and
impregnation of NPs on the cotton fabric, with negligible leaching of NPs
after several washing cycles. The photocatalytic activity of supported NPs was
assessed by the degradation of methyl blue dye (MB indicates that the prohibited
band gap of a crystalline semiconductor is related to the crystallite and particle
size. When these are smaller, the energy band gap increases. This is consistent
with the results of previous XRD studies, which reported an energy band gap of
~3.1 eV for TW catalysts. H. Lin and colleagues [21]3.8-5.7 nm propose that this
is due to the spatial confinement of charge carriers, which results in the e and h*
in the semiconductor being confined in a potential well.

On the other hand, the reduction in the energy band gap suggests a potential
interaction between tungsten oxide and titania. The objective is to minimize the
recombination of e and h™ in the TW photocatalysts (TiO,-WO,). This could be
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achieved by allowing electrons in the conduction band (CB) of titania to diffuse
into the CB of tungsten. This process could be observed in the TW catalysts,
potentially leading to enhanced photocatalytic activity.

—T0
En — TW5
s ——TWI10
= — TWI5
=

-

3

2.5

Energy (eV)

Figure 6. Optical band energies of the TiO, (T0) and TiO,-WO, catalysts (TW).
3.3. Photocatalytic evaluation of catalysts

The catalysts were evaluated in two photocatalytic processes: the photocatalytic
production of hydrogen and the decomposition of methyl orange (MO) (Figure
7a). The reaction kinetics of the photodegradation of organic pollutants is
described by the Langmuir-Hinshelwood model [23]electrochemistry, analytical
chemistry, radiochemistry, material chemistry, surface science, electronics, and
hopefully catalysis. Since heterogeneous photocatalysis belongs to catalysis, all the
bases of this discipline must be respected: (1. The rate constant (kapp) is the kinetics
parameter that allows the determination of the photocatalytic activity independently
of the adsorption process and the concentration of the remaining solute in the
solution. In the case of these photocatalysts applied in the decomposition of MO,
first-order kinetics was approximated and is described by equation (3):
C
In /n c - kt 3

0
The results of the analysis of the apparent reaction constant (kapp) of the
catalysts TO and TW; irradiated in UV and UV-Vis, are shown in Table 2. The
R? values indicate that these catalysts present a first-order model, which means
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that the degradation rate depends mainly on the amount of dye molecules in
the solution [19]. The photocatalytic activity is compared by the value of the
apparent rate constant, which is shown in Figure 7a. As expected, the highest
kapp value was obtained for the TW15 catalyst, with a value of 0.0266 min”,
showing a higher photocatalytic performance than the other photocatalysts in
this reaction.

The TW15 photocatalyst offers a relatively large E, small crystal size, and
large surface area (Table 1), which sets it apart from other photocatalysts; on the
other hand, it also exhibits a higher photocatalytic activity, which corroborates
the homogeneous dispersion of the titanium oxide and tungsten oxide particles.
These results demonstrate the formation of a TiO,-WO, heterojunction, which
benefits the photocatalytic activity of titania for the degradation of dyes. According
to the photoexcitation mechanism [24]1 systematically discuss the properties of
hetero junction photocatalysts in all cases. The formation of space charge regions,
built-in electric field and potential barriers at the interface regions of thermally
equilibrated heterojunctions are analyzed in details. When the heterojunctions are
used for photocatalysis, the transfer behavior and mechanism of photo-excited
non-equi librium carriers between the constituent semiconductors are discussed.
It is demonstrated that the heterojunction properties, carrier transfer behavior
and photocatalytic mechanism depend highly on the semiconductivity (Ntype or
P-type, the e from the CB of ftitania is diffusing to the CB of WO,. The WO,
acts as an acceptor of e from the CB of titania, while the photogenerated h*
from WO, migrates to the VB of titania, separating the electron-hole pair.

0.03

(a) 0.0266

508.37

0.02
0.0175

0.0172

kapp (min™)

o
2
1

H, production (umol/g)

TW5 TW10 TW15

W5 TW10
Catalyst Catalyst

Figure 7. a) Apparent rate constant of catalysts in MO degradation; b) Catalytic evaluation of
H, evolution of T0O and TW.
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Also, Figure 7b compares the TO sample with the TW catalysts for H, evolution
using methanol (CH,OH) as a sacrificial agent under UV-Vis irradiation for 4 h of
reaction. The use of methanol as a sacrificial agent in the hydrogen production
reaction serves two main purposes: 1) It has been reported that H, production
increases considerably using methanol as a sacrificial agent, and 2) by performing
this methanol degradation, the decomposition occurs, and the methanol is
mineralized into less toxic substances [25].

This investigation demonstrates a higher H, generation in tungsten-containing
catalysts. This research used a mixture of water and methanol with a 1:1 ratio;
the methanol acted as a hydrogen ion scavenger. Figure 7b shows that the lower
activity of TO for H, generation was due to lower absorption of visible light.
It is also important to note that it has a higher recombination rate of e /h™.
Adding WO, as a co-catalyst led to an improvement in the activity of TiO,. In the
presence of 5 %owt. of WO,, an H, production of 663.54 umol/g was achieved
within 4 h, followed by the TW10 catalyst with an H, production of 661 umol/g.
This improvement can be attributed to the catalyst’s ability to produce hydrogen
rapidly. This improvement can be attributed to the fast charge separation observed
in the case of the TW5 catalyst. In this case, using a sacrificial agent reduces the
amount of WO, required in the sample, resulting in enhanced photocatalytic
hydrogen production activity.

Particle size is a crucial factor in hydrogen production. It has been observed
that smaller nanoparticles can exhibit higher photocatalytic activity compared
with larger particles. In some cases, the small size of nanoparticles can give rise
to a quantum effect. This results in the widening of the band gap [26], which, in
turn, is related to a higher number of active sites on the smaller nanoparticles,
allowing a higher exposure of these active sites to the reactant. Additionally, there
is a higher interaction with the adsorbed molecules [27].

Finally, it can be observed that as the %wt. of WO, increases, the production
of H, decreases; this can be observed in the TW15 catalyst, which catalyst has
higher photocatalytic activity. However, the same does not happen to produce
H,; this could be attributed to the fact that there is a higher WO, charge, and
it could possibly be acting as a shield effect and creating charge recombination
centers, which subsequently decreases the evolution of H,. In other words, the
decrease of the H, could be due to three factors: 1) electronic band structure [28],
2) charge recycling [29], or 3) adsorption of species on the surface of the material
[29]. The 15% wt incorporation of WO, into the heterojunction may alter these
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band structures, affecting the availability of electronic states needed to facilitate
the H, production reaction. It could also be because the tungsten could obstruct
the transfer of e or h™ across the interface between the two semiconductors.

According to the results, we can propose a reaction mechanism related to the
activation of TiO_-WO, heterojunction under UV-Vis light irradiation for MO
degradationand hydrogen evolution. To know the VB and CB of the heterojunction
between titania and tungsten, we used the Mott-Shottky diagram (Figure 8) and
calculated from empirical formulae [24]1 systematically discuss the properties of
hetero junction photocatalysts in all cases. The formation of space charge regions,
built-in electric field and potential barriers at the interface regions of thermally
equilibrated heterojunctions are analyzed in details. When the heterojunctions are
used for photocatalysis, the transfer behavior and mechanism of photo-excited
non-equi librium carriers between the constituent semiconductors are discussed.
It is demonstrated that the heterojunction properties, carrier transfer behavior
and photocatalytic mechanism depend highly on the semiconductivity (Ntype or
P-type using the equations:

E=x-E,+05E, “

VB
E = E ;- Eg 5)

where y is the electronegativity of the material, E_ , is the VB potential, E _ is the
CB potential, E_is the bandgap energy of the semiconductor, E_is the energy of
the free electrons (4.5 V). From this it can be seen that the B, of TiO, is 2.68
eV, and its E_, is -0.24 €V; while, for the case of WO,, its E_ is 3.64 €V and its
E.,1s 0.54 V.

H, production

Catalyst kapp (min™) R? (umol /)
TO 0.0045 0.9764 431
TW5 0.0172 0.9712 663.54
TW10 0.0175 0.9669 661
TW15 0.0266 0.9301 508.37

Table 2. Apparent rate constant values for OM degradation and H, evolution.
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Figure 8. Mechanism of TiO,-WO, heterojunction under UV-Vis.

4. Conclusions

Catalysts with a TiO,-WO, heterojunction were synthesized by a hydrothermal
method, modifying the tungsten oxide content (WO, % wt). The structural,
morphological, and optical properties and chemical composition of the samples
were investigated using different methods such as XRD, Raman, SEM, and
UV-Vis.

XRD analysis showed that the anatase phase of TiO, predominates in samples
T0, TW5, TW10, and TW15. The presence of WO, was not observed in XRD,
so these species are smaller than 3 nm or highly dispersed on the titania surface.
Raman showed the characteristic vibrational modes of TiO, at 142, 196, 396, 517,
and 639 cm™; howevet, a shift towards higher frequencies was observed in the main
band 142 ecm™ for the case of the TW catalysts, suggesting that this shift indicates
that there could be a heterojunction between TiO, and WO,, there could be some
changes in the titania structure due to the incorporation and increase of WO,
Also, for the TW10 and TW15 catalysts, we observed the signal at 966 cm™, which
corresponded to the WO _ clusters and the W=O vibrational mode.

Using SEM, it was observed that the morphologies of the catalysts are irregular
agglomerates, which could be attributed to the acid hydrolysis in the sol-gel phase
of the synthesis and to the pH that we would obtain, since, according to the
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literature, pHs lower than 5 are characteristic of agglomerated morphologies in
these materials. The HRTEM analyses indicated that the particle size decreases
as the tungsten oxide increases; also, by HAADFE, it was observed that WO, is
present in the form of small clusters of WOx deposited on the TiO, crystals,
showing the formation of the heterojunction.

Using UV-Vis, it was observed that TO absorbs in the UV region and, in the
case of the TW catalysts, begins to absorb towards the visible region. In turn,
the optical band energy of the catalysts was determined. The band gap energy
value for the commercial sample (T0) was obtained according to the literature
at about 3.27 eV. In the case of the TW5 and TW10 catalysts, the values slightly
diminished at 3.11 eV and TW15 with 3.16 eV, showing that the particle size
is important; the smaller the particle size, the higher the optical band energy.
For the photocatalytic H, evolution, the TW5 catalyst presented a higher H,
evolution because the band gap energy is narrow and the heterojunction between
TiO, and WO, separates the ¢ /h* pairs, however, for the TW10 and TW15
catalysts, although they presented a higher photocatalytic activity, they did not
present a higher H, evolution, this could be because there is a higher WO,
charge and possibly it would be working as a shielding effect and create charge
recombination centers which subsequently reduce the H, evolution.
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Abstract

Amorphous oxide semiconductors (AOS) used as channel in Thin Film Transistors
(TFTs) have extended their applications not only as switching devices in display
technologies, but also as main elements in logic circuits such as inverters, logic
gates, etc. In addition, materials such as amorphous Indium-Gallium-Zinc-Oxide
(a-IGZO) due to their optical transparency and low deposition temperatures
are used in low-cost flexible electronics, which gives the possibility of a-IGZO
TFTs in portable electronics for healthcare sensing. The electrical performance
of amorphous and microcrystalline transistors made of organic, inorganic
and metal oxides materials is determined by the density of states (DOS) in the
bandgap of the semiconductor material. In materials such as a-IGZO the DOS
is composed of two exponentials desctibing the tails of acceptor/donor states
and two Gaussians representing the deep acceptor/donor states. In this work,
simulations were carried out on the density of the deep donor states (N ) related
to the oxygen vacancies (OV) in a-IGZO, the results show that the off current
(I, in the transfer curve rises as the density of states of N increases due to
greater electron density release from OV.

Keywords: amorphous oxide, a-IGZO, thin film transistors, oxygen vacancies,
Silvaco.
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1. Introduction

Thin Film Transistors (TFTs) made up of mature technology like amorphous
silicon (a-Si) have been utilized as switching elements in display panel technologies.
However, TFT composed of relative novel semiconductor materials like amorphous
oxide semiconductors (AOS) have extended their applications as main elements
in logic circuits such as inverters, logic gates, etc. Because amorphous Indium-
Gallium-Zinc-Oxide (a-1GZO) is an AOS, it has a wide bandgap (>3eV) [1] and low
process temperature [2-4], therefore is widely used in low-cost flexible electronics,
which offer significantly improved performance compared to conventional
semiconductors. a-IGZO, characterized by its amorphous structure, and high
electron mobility (from 10 to 100 cm?/V-s) [5], has emerged as a preferred material
for the following applications: integrated logic digital circuit design, touch sensor
for flexible and portable devices, gas detection sensing and glucose sensor [5-8].
Other advantages of IGZO are the variety of deposition methods with which it
can be obtained, which include: Sputtering, Spin-coated, Atomic layer deposition
(ALD) and pulsed layer [4, 9 - 12].

The high field-effect electron mobility in a-IGZO is a consequence of the
electronic transport path, which is realized through the overlapping of spherically
ns (n>4) orbitals. These orbitals, belonging to the metal cation conduction bands
[13, 14], are insensitive to the degree of disorder in films; thus, the mobility
is almost unaffected by the amorphous phase in the films [15]. One aspect to
consider is that a-IGZO has a high intrinsic cartier density (>10" cm™) [16] due
to a great density of free electrons originating from oxygen vacancies. Therefore,
it is important to adjust deposition parameters or realize subsequence annealing
treatments to achieve an a-IGZO material in which the intrinsic electron
concentration can be reduced to a lower level (<10 ¢cm™), to obtain a low off
current and, consequently, a high On/Off current ratio (I, /I ). Efforts to
overcome the above include suppressing the generation of oxygen vacancies
[10]. Nonetheless, despite the promising attributes of a-IGZO TFT technology,
challenges remain regarding performance and reliability due to sub-gap defects
induced by oxygen-vacancy defects.

The electrical performance of amorphous and microcrystalline transistors
made of organic, inorganic, and metal oxide materials is determined by the density
of states (DOS) in the bandgap of the semiconductor material. In materials such
as a-1GZO, the DOS is composed of two exponentials describing the tails of
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acceptor/donor states and two Gaussians representing the deep acceptor/donor
states [17]. Therefore, it is necessary to carry out simulations of the effects of the
density of states within the a-IGZO bandgap and how this affects the transfer
and output characteristics. In particular, the effect of the properties of the Al
source-drain and DOS, through oxygen vacancies, on the electrical characteristics
of a-IGZO TFTs will be simulated. The simulation of the a-IGZO TFT was
conducted using the physical properties of semiconductor materials provided by
the Silvaco® simulator. The physical structure of the device is achieved through
ATHENA®, which simulates fabrication sequences and defines a «mesh» of
the device, while the electrical characteristics are obtained by analyzing its DC
response using ATLAS®.

2. Experimental part

The a-IGZO TFT was fabricated on a Corning glass substrate (Eagle XG) with a
staggered bottom gate contact structure with source and drain top contacts. First,
Aluminum (Al) with a thickness of 50 nm was deposited as the gate electrode by
e-beam evaporation and patterned by direct lithography, followed by wet etching of
Al using a phosphoric solution. Next, as gate dielectric layer, 22 nm of Al O, was
obtained at 150 °C by ALD using precursors such as trimethylaluminum and water.
Subsequently, a 15 nm layer of a-IGZO was obtained at room temperature using a
Sputtering system operating at 70 W with argon plasma, followed by annealing at
150 °Cin air for 1 hour. Then, the gate and dielectric layers were patterned through
lithography and solutions of Diluted HCI and a BOE (6:1), respectively. Finally,
the drain and source contacts were deposited using 100 nm of Al via sputtering at
150 W in an Ar plasma environment, after those were defined through a lift-off
process. The width and channel length of the a-IGZO TFT were 160 um and 40
um, respectively. The figure 1 a) and1l b) shows the top-view and cross section,
respectively, of a-IGZO TFT bottom gate structure fabricated in this work.

)
N

b)

@ Gate Oa-IGZO
2 ALO; OAI

Figure 1. a) Top view and b) croos-section view of staggered bottom gate a-IGZO TFT fabricated.
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2.1. Electrical simulation of staggered bottom gate a-IGZO TFTs

We initialize the simulation creating the mesh of staggered bottom gate a-IGZO
TFT, it was defined along x-axis from 0 to 70 um, while y-axis it was from o to 1.136
um, the width and channel length were 160 um and 40 pum, respectively. Nitride was
chosen as mechanical support for a-IGZO TFT. Then, different materials were
deposited with the same thickness that these were obtained experimentally, with
thickness of 22 nm, 15 nm for AL O, and a-IGZO, respectively, 50 nm of Al for
gate electrode, and 100 nm of Al for source and drain electrodes. Figure 2 shows
the a-IGZO TFT cross section generated by ATHENA.

In a-IGZO material the DOS can be described by means of two exponentials
representing the density of “tail” states localized near of the valence and
conduction band originated from oxygen p-band and metal ions s-band [17],
respectively, moreover of two Gaussian distribution indicating the density of
deep states. An approximation of the DOS as a function of energy is given by
the following expression [18]:

E-E_ E. ~E\? E -E
o) :NTAexp( W, ) + N, exp —( — ) +Nweagb< T ) +
A

GA D
E-E_\?
N oo | — GD)

-0.16

Figure 2. a-IGZO TFT
cross section generated

by ATHENA.
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where N and N, are the density of acceptor/donor tail states from the
conduction and valence band, respectively, and W, and W, are the slopes of
the exponentials representing decay energies of those states. Meanwhile, N,
and N, are the density of acceptor/donor deep states, respectively, W, and
W, are the slopes of the Gaussians curves and E_, and E_ are the position
of the peaks of energy of those Gaussian distribution in the bandgap. Figure 3
shows the schematic DOS distribution used for a-IGZO TFT simulated at this
work. In a-Si TFTs the deep states are originated of dangling bonds [18] and
can be represented by two exponential or two Gaussian distributions, when the
last are used in the simulations, E_ is placed little above in the middle of E,
while E | is placed just below in the middle of E . However, for 2-1GZO TFTs
deep donor states (N_,) have to be represented by a Gaussian distribution near
to the conduction band [17 - 19]. In a-IGZO, deep donor states are originated
from oxygen vacancies (OV) which is linked to films with high electron density
[18]. The OV model can be written in the following notation [17]: 1 Z - V+(2)
V‘; means vacancies of oxygen and those are charged neutral when those are
filled and positively charged when are empty. The above expression describes
an OV acting like electron donors by removing oxygen bonding [19] when
an OV is fully ionized (Vﬁ) two electrons (2¢) are released. Otherwise, deep
acceptor states (IN_ ) are produced by excess of oxygen which is related with
low electron density in the films. The oxygen, weakly bonded, capture electron
through: O’+ ¢—= O or O+ ¢— O* [18]. The acceptor states are neutral when
those are unoccupied and negatively charged when are filled by electrons.

1E20
= Acceptor states NTA

1E19 = Donor states

1E18 {NTD
1E17
1E16
1E15

1E14

Density of states (cm3ev'1)

1E13

1E12 + T T
0.0 5 1.0

1:5
Energy (eV)

Figure 3. Schematic
DOS distribution for
a-1GZO.
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Kai-Hsiang et al. [18] and Kyun Kim et al. [19] placed N_, just 1.0 eV and
0.5 above valence band, respectively, while Ching Fun et al. [17] not considered
deep-gap states in their work. In our simulation deep acceptor-type states and
deep donor-type states were collocated at 1.5 eV and 2.8 eV, respectively. Table
1 shows all simulation parameters used in ATLAS® for IGZO TFT. The initial
DOS parameters values were set taking into account those reported for a-IGZO
in references [17 - 19]. For the simulation, a-IGZO properties like band gap,
electron affinity and permittivity were set according to the default values provided
by ATLAS® [20], while a field electron mobility of 8.9 cm2/V:s extracted
experimental of our a-IGZO TFT fabricated was considered. Moreover, firstly
a work-function of 4.2 eV for gate, source and drain contacts was set in the
simulation. The DOS parameters values that fitted the simulated and experimental
transfer (ID vs VGS) and output (ID vs VDS) curves of a-IGZO TFT were:
N, ,=2x1019ecm-3eV-1,N_ = 1x1018cm-3eV,N_, = 1.5x1018 cm-3 eV-1,

GD

N_, = 15x 1018 cm-3 ¢V-1, N, = 1.5 x 1018 cm-3 eV-1, I/, , = 0.02 ¢V,

W, = 0.02 eV. Figure 4 a) preseGnts the simulated and experimental transfer
curve of a-IGZO TFT. The experimental curve was measured using the Keithley
4200 semiconductor analyzer (DC resolution of 10" A and 0.2 uV), sweeping
the gate voltage from -1 to 5 V and then reversing it, both with steps of 0.1 V.
As can be seen the simulated graph reproduces well the experimental transfer
curve in saturation region (V= 5V). However, in Figure 4 b), we can observe
that simulated output curve doesn’t matches the experimental output curve

in low drain voltages (V< 0.5V) and for V = 5V. The last may be due to

a) b)
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$ o) 3
a -
:. 107 .! Pl T _n.. 66
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g ] " 2 = FAYl
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[} ] - g 20810 g Vi 3y
1014, = i 20004 .
10—‘21 -\.- I 2 3 ’_/' v v
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Figure 4. a) Simulated and experimental transfer curves and b) output curve of a-IGZO TFT.
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initially the simulation has been realized with a work-function of Al contacts
near to electron affinity value of a-IGZO, and according to the expression [21]:
q0,= q(® —1v );where is the Schottky barrier height, @ is the work-function
of metal (Al=4.2 eV), is the electron affinity of semiconductor IGZO= 4.16
eV) and q is the electron charge; g0, = 0.04 ¢l therefore in the simulated output
graph we have ohmic contacts. However, due to interface states between Al and
a-1GZO0, the experimental work-function of Al is higher than 4.2 €V, then ¢6
too will be greater, thus presenting Schottky contacts and a non-linear relation
between I and V  as can we see in Figure 4 b).

2.2. Effect of work-function S/D Al-contacts

To fit the simulated and experimental output curves, we need to increase work-
function of Source/Drain (S/D) Al-contacts until a non-ohmic contact is
present in the simulated graph. First, we assign a work-function of S/D Al-
contacts of 4.7 eV keeping the DOS parameters unchanged relative to previous
simulation. Figure 5 a) shows the simulated output graph with a wok-function
S/D Al-contact of 4.7 eV. As can we notice, a Schottky contact is achieved in
the output curves and then fitting better both graphs in lows values of V .
However, by increasing the work-function has decreased the maximum drain
current to 64 pA in comparison to 81 pA got in previous simulation with a work-
function of 4.2 eV. The above is due to the fact that simulation has been realized
unaffected the DOS, therefore is necessary to carry out simulation varying DOS
and observe how this affect the transfer and output graphs. If we observe the
initial DOS parameters (Table 1) we can see that conduction band tail slope
(W, value (0.1 eV) is well above of 0.011 eV and 0.012 €V reported in [18]
and [17] respectively. Then simulations were performed varying W.., parameter
until the simulation graphs had a better fit. Figure 5b) shows both output
curves where can be seen that I has increased near of value of 1 achieved
experimentally. To understand the physical origin of this increase we have plotted
contour graph of electron concentration (n), in saturation region, when W.
is 0.1 eV Figure 6a) and 0.020 eV, Figure 6¢). We can notice in Figure 6¢) that
maximum n (3.6x10" cm?) is slightly larger than the maximum n (3.1x10"” cm
’) when W, is 0.1 eV (Figure 5a), however in the former the minimum n (1.5
x10" ¢cm?) is almost an order of magnitude larger that when W is 0.1 eV (3.4
x10' ecm?). The above is due with a higher W.. there are a larger tail acceptor-
states therefore part of free electrons are trapped in these states and reducing I .
Additionally, in Figures 6b) and d) we have plotted electron concentration and
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Parameter Values Description

N, 1.0x10"” cm~eV! Acceptor tail states density

N, 1.0x10" cm~eV! Donor tail states density

W, 0.1eV Slope energy of acceptor tail states

W 0.02 eV Slope energy of donor tail states

N, 1.5x10" cm~e V! Acceptor deep states density

N, 1.0x10" cm~eV! Donor deep states density

W, 0.14 eV Slope energy of acceptor deep states

Wep 0.07 eV Slope energy of donor deep states

E.. 1.5eV Peak energy of acceptor deep states

E., 2.8 eV Peak energy of donor deep states

n, (a-1GZO) 7x10" cm? Intrinsic carrier concentration in TFT
channel

E (a-1GZO) 3.1eV Band gap

Pgrmittivity 9 Dielectric constant

(a-1GZ0O)

Nc 5x10" cm~e V! Density of states for conduction band

Nv 5x10* cm~eV! Density of states for Valence band

8.9 cm?/ V's Electron mobility

SRH Activated Shockley-Read-Hall recombination

UST Activated Universal Schottky Tunneling Model

TRAP. Activated Trapp-assisted Tunneling

TUNNEL

TRAP. Activated Poole-Frenkel barrier lowering for

COULOMBIC coulombic wells will used for traps

TAUNO 1x10°¢ SRH lifetimes for electrons

TAUPO 1x10°¢ SRH lifetimes for holes

D.TUNNEL 1x10°¢ Maximum tunneling distance used for
the UST model

ME.TUNNEL 0.2 Electron effective mass used for the

UST model

Table 1. Initial parameters used in ATLAS® for a-IGZO TFT simulation.
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Figure 5. Output graphs with a workfunction of Source/Drain contacts of 4.7 ¢V and a)
W.,=0.1 eV and b) W =0.020 eV.
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the ionized acceptor-states. We can observe in Figure 6b) that there are more
ionized acceptor-states with respect of ionized acceptor-states in figure 6 d), as
a consequence of a higher W in former. The acceptor-states are ionized when
are occupied with electrons, thus if more traps have been ionized, then the total
electron concentration in a-IGZO channel is lower.

2.3. Effect of Vacancies of Oxygen

Figure 7a) shows the characteristic transfer curves in saturation region (V= 5V)
for different deep donor-states densities (N ) varying from 1x10' cm” to 1x10"
cm” and fixing the Gaussian peak energy position in 2.8 eV in the bandgap, all
other DOS parameter has been keeping constants during the simulations. As
can be seen, an incresing of N from 1x10" cm” to 1x10" cm” decreases the
I /1o ratio (5.2x107) practically two orders of magnitude (7.7x10°) by means

increasing I current by the same amount and keeping the maximum I current

OFF ON

unaffected. Moreover, a subthreshold slope values of 65 meV and 185 meV for
N, of 1x10' and ax10", respectively, were extraided of simulations. In order to

clarify the reduction of I with increased of N we have plotted in figure

ON/IOFF GD
7 b) both the ionized donor states density (N ) and electron concentration in
off condition of a-IGZO TFT (i.e. V = V= 0V). We can notice that N for
N_,= 1x10"™ is higher than N for N_ = 1x10" practically for two orders of
magnitude, thus the electron concentration has risen 10" to 10" cm™. As was
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Figure 7. a) Transfer curve in saturation region for N =1x10° to 1x10" cm™ keeping E | =2.8
eV near of conduction band; b) electron concentration and ionized acceptor states to N =
1x10' and 1x10"™ cm~e V™.
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mentioned early, N is related with oxygen vacancies which when ionized are

empty and acting as electron donors, therefore lowering the I ratio for

ON/IOFF
a higher N .. The mechanism of increment of electron concentration, in off

condition, related with vacancies of oxygen is called “auto-doping”.

3. Conclusions

In this work, we have performed simulations of a-IGZO TFT based on the
physical properties of different materials that comprise the TFT, such as the
work function of the source and drain (§/D) contacts and the density of states
through oxygen vacancies (OV) in a-IGZO. The results of our simulations show
that when the work function of Al is considered, there is a reduction of drain
current (less than an order of magnitude) and non-linear relation of ID vs VGS
due Schottky contacts presentin the S/D contacts. On the other hand, the oxygen
vacancies are modeled by the density of deep-donors states (NGD) near the
conduction band, the simulation shows that an excess of OV generates a large
density of free electrons when the TFT is off, thus decreasing the I | /1 ratio
up two orders of magnitude when the TFT is in the saturation region. Finally,
the simulation results show that the device does not present a good interface

between the metal and the a-1GZO, which decreased the drain current.
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Abstract

We present a numerical analysis of the optical properties of a gold nanohole with
diameters ranging from 90 nm to 130 nm to examine the behavior of the LSPR
phenomenon. We utilized COMSOL Multiphysics software to calculate the
changes in optical transmittance, absorbance, and reflectance over a wavelength
range from 400 nm to 900 nm. The calculated transmittance curves for diameters
of 90 nm, 100 nm, 110 nm, 120 nm and 130 nm show that the LSPR initial
position shifts from 675 nm to 690 nm. A similar behaviour was observed in the
absorbance and reflectance spectra. The maximum absorbance ranges from 686
nm to 710 nm while the reflectance maximum shifts from 659 nm to 673 nm.
The results suggest that these diameters are suitable for generating the LSPR
phenomenon; however, the 100 nm diameter showed the highest electromagnetic
field value of 9.28 x10* V/m. Additionally, an optical transducer based on gold
nanoholes with a diameter of 100 nm is feasible to fabricate using low-cost
techniques like colloidal lithography. Therefore, this work provides a tool for
students and researchers to design optical transductors based on nanostructures,
leveraging the potential offered by numeric simulations.

Keywords: numerical simulation, gold nanohole, plasmonics, diameters.
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1. Introduction

The fascination with the optical properties of metal nanostructures arises
from their distinctive phenomenon called localized surface plasmon resonance
(LSPR). This phenomenon is caused by collective oscillations of electron gas on
the surface of metal nanostructures, particularly noble metals like gold and silver.
These oscillations take place within a surrounding dielectric medium. LSPR is
characterized by distinct spectral peaks in optical absorption, transmittance,
and reflectance, as well as strong enhancements in the electromagnetic field,
which occur at specific wavelengths [1, 2]. The position of these peaks is
highly sensitive to changes in the refractive index of the surrounding dielectric
medium. Therefore, any molecules adsorbed at the nanoparticle surface induce
a modification of the local refractive index consequently causing a shift of the
LSPR position [3], which forms the basis for detecting analytes using LSPR
sensors [4 - 6].

Researchers have proposed that LSPR sensing techniques utilizing
nanoparticle or nanostructures substrates could retain the advantages of
traditional SPR methods while significantly expanding their scientific and
technological applicability. This is because LSPR sensing fundamentally relies on
straightforward optical extinction measurements, exhibits minimal temperature
sensitivity, and can be implemented using widely available, standard laboratory
equipment. Thereby, nanoparticle based LSPR sensing could open challenging
application avenues across diverse fields [7, 8]. For example, LSPR sensors have
been applied to detect bladder cancer [9]; determining chemicals in urine such
as creatinine, albumin and glucose, three of the most abundant components in
urine [10]; and detecting cardiovascular disease [11]; among many others.

LSPR sensor sensitivity can be influenced by nanostructure size, shape,
aspect ratio, spacing, and material dielectric constant. In this way, optimizing
the nanostructure geometry is critical to maximize sensitivity and the limit
of detection (LOD) and take full advantage of the material’s properties. For
instance, while spherical gold nanostructures have advantages in terms of
chemistry and fabrication, other shapes such as stars, pyramids, tips, and rods
may be more sensitive to changes in the refractive index [12 - 21]. Among the
nanostructures, metallic nanoholes are very attractive due to their extraordinary
optical transmission that produces LSPR. Hence, nanoholes have been
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employed in diverse application areas such as sensing. Those have been used
for the direct optical probing of proteins, viruses, bacteria, and even cancer
cells [22 - 25].

Consequently, the research and fabrication of noble metal nanostructures
as optical transducers have gained importance for the development of LSPR
sensor technology, therefore, we can discover a multitude of techniques for
their creation [26 -29]. However, selecting each transducer parameter based
on nanoholes is challenging, and an error could result in significant time and
material losses.

Numerical simulations have emerged as a potent tool for researching and
designing plasmonic transducers allowing the study of optical parameters in
a virtual environment, reducing the need to manufacture them. Also, they
facilitate testing a multitude of design parameters for optical transducers,
including geometry, dimensions, materials, light excitation sources, and dielectric
mediums. This enables the evaluation of their impact on the transducer’s optical
properties, facilitating informed decision-making for future manufacturing
projects.

The ability to use the software and all its functionalities may require time for
users to learn because of the extended list of attributes involved in numerical
simulations and its properties. Also, obtaining useful information to guide the
step-by-step design of an optical transducer in such detailed way is a challenging
task. In this work, we describe the design of a plasmonic transducer based on gold
nanoholes. A single gold nanohole is simulated using COMSOL Multiphysics
0.1, exploring different diameters ranging from 90 nm to 130 nm within a 300
nm by 300 nm area on a glass substrate.

The nanohole is excited by a white light source reaching wavelengths from
400 nm to 900 nm, with air as the dielectric medium. We start by performing a
numerical analysis to evaluate the impact of nanohole diameter on significant
optical properties such as transmittance, reflectance and absorbance, and
determine the wavelength of the LSPR, as well as the distribution of the
electromagnetic field. The objective of this numerical analysis is to illustrate how
variations in nanohole size affect optical properties, including the position of
the LSPR and the distribution of the electric field, understanding these factors
is determining for designing effective plasmonic transducers and developing
advanced optical sensors.
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2. Methodology

This section outlines the methodology employed to design and execute a
simulation aimed at analyzing the behavior and response of a plasmonic nanohole
with different diameters. The structural configuration consists of a glass substrate
supporting a 20 nm gold film with a singular nanohole, and air serving as the
dielectric medium. The system is stimulated by an electromagnetic field with a
wavelength ranging from 400 nm to 900 nm. This simulation’s main objective
is to investigate the impact of nanohole diameter on its optical properties. To
achieve this, the diameters at values of 90 nm, 100 nm, 110 nm, 120 nm, and 130
nm were varied.

To generate this simulation, COMSOL Multiphysics software 6.1, which
enables the customization of simulation parameters, including physics modules,
system geometry, boundaries, materials, and other physical parameters, was
used. Additionally, with this software, graphical representations of three optical
properties, absorbance, transmittance, and reflectance over the wavelength range
were obtained. Furthermore, COMSOL enables to visualize the electric field
behavior around the gold nanohole. These graphs and animation provide valuable
information about the nanohole’s optical behavior. This section details each
phase of the methodology to generate this 3D simulation, including simulation
set-up, parameter variation, and analysis techniques. This is shown in Figure 1.

 Define study

 Simulationset | : . Physics i
e > Create geometry |~ g | Define materials > S > | settingsand
7 compute
o] W _. i;' . :‘ o [-‘f‘:-!‘.q * Stiacly Settings
- (RSl —
Mot = r_:r_;":hm | 1l Versstergife: TangeAL 1500}
Select Physics | | |
_ L | | | | ;qcnnupcw uao‘a!e salution
Select Study bt B

Figure 1. Phases of the methodology to generate the 3D simulation for the analysis of the
behavior and response of a nanohole with different diameters, including simulation set-up,

parameter variation and analysis techniques.
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2.1. COMSOL Simulation Settings

First, the simulation in COMSOL Multiphysics was set up, as summarized
in Table 1. The first step was to create a new model with Model Wizard, and
then the modeling space was established as three-dimensional (3D). Next, the
electromagnetic waves, Frequency domain (ewfd) interface was selected in the
Physics window, allowing the simulation of the electromagnetic source across a
range of frequencies and its interaction with the plasmonic nanohole structure.
Finally, on the Study selection page, the wavelength domain was chosen to
compute the structure’s optical properties versus wavelength and the propagation
of electromagnetic waves through it.

Settings Details
Space dimension 3D
Physics Electromagnetic waves, Frequency domain (ewtd)
Study Wavelength domain

Table 1. COMSOL simulation settings for the gold nanohole.

2.2. Nanohole geometry

Figure 2a illustrates the cell design and the parameters required to design the gold
nanohole in COMSOL Multiphysics. To start building the nanohole geometry,
the width, length and height of each structure (glass, gold and air) were defined:
wcell for the cell width, Leell for the cell length, hcell for the cell height,
hhole for the height of the gold nanofilm, and rad for the nanohole radius, as
shown in Figure 2b.

a) b)
T,
. :>| v Parameters
. » =
Name Expression Value Description
|||} 7od heell 1600[nm] [1.6E-6m cell height
heenr —=, KC Ef:;{hhale B> hhole 20[nm] [268m | gold nanofilm height
i weell 300[nm] 3E-Tm cell width
Leell SDOInﬁ'n] :éE-IT m . cell de.pth
- ,]— o rad 45[nm] I4.5E—8 m | nanohole radius
Lceﬁ'\“ﬂ/g;u

Figure 2. Parameters to design the gold nanohole. (a) Represents the nanohole geometry and
the parameters of each section. (b) Parameters used to design nanohole geometry.
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COMSOL Multiphysics offers predetermined primitive structures. To create
the cell, the block option from the top menu twice was selected, resulting in two
blocks: one for the whole structure, designated as block1, as shown in Figure 3a,
and the second one for the thin 20 nm gold film, designated as block 2, illustrated
in Figure 3b. Then, we select the cylinder option to create the nanohole inside
the gold film, as shown in Figure 3c. The following Table 2 summarizes the
parameters (width, length, height, base) to configure each structure. While all the
measures remain constant, the diameter value ranges from 90 to 130 nm.

Size and shape | Block 1 | Block 2 | Cilinder

Width Weell | weell Radius rad
Depth Leell Leell Height hhole
Height Hecell hhole | Position |Z-10
Base Center | Center

Table 2. Parameters to create each section of nanohole geometry.

a) b) <)
nm nm
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hl:'e“ - ] P 20 nm F;’*n-i"}l 1 Onm : 20 nm = 0 nm
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4 % e P>
—E oy . *aL=" 300 nm . 300nm v\ L 300nm
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Figure 3. Steps and parameters for each section. (a). First step to start building the geometry
and the parameters for the first block corresponding to the entire cell. (b) Second step, where
the second block, the gold film, and its parameters are added. (c) Third step, where the cylinder
and its measures are added to create the nanohole’s geometry, notice that in this step the
diameter varies from 90 to 130 nm.

2.3. Gold nanohole materials

The COMSOL Multiphysics material selection allowed to define the
electromagnetic properties of the materials present in the model. By selecting
and setting these properties for the dielectric medium, it was possible to model
optical properties, such as transmittance, reflectance, and absorbance of
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electromagnetic waves in different types of materials. To observe the behavior
of the electric field as it passed through the gold cell and propagates through a
dielectric medium, materials for each domain in the geometry had to be selected.
First, air was chosen for the top domain of the geometry and the cylinder domain
(Figure 4a). Air has a refractive index of n =1 and is already established by the
software.

The second material selected for the simulation was gold, a noble metal that
exhibits unique electronic and plasmonic properties including LSPR. Gold is
biocompatible, making it suitable for biological applications. Gold was assigned
to the second domain representing the thin gold film between the dielectric
medium (air) and the glass substrate (see Figure 4b). The material Johnson
and Christy 1972: n.k 0.188-1.937 um was chosen because its refractive index
is predefined by COMSOL. The plasmonic resonance of gold nanoparticles is
influenced by their size, shape, and surrounding environment, therefore control
over these characteristics determines the optical properties of gold nanoholes.
Changes in the refractive index of the surrounding medium can significantly
impact the optical properties of gold nanoholes. Finally, the bottom layer in the
geometry (as shown in Figure 4c) represents the glass substrate, which can be
composed of either Corning® Eagle XG® Glass or Corning® Gorilla® Glass
Victus®. These materials are pre-defined in COMSOL with a refractive index of
n = 1.5. Table 3 shows the materials with their refractive indices.

Vo b) o
- [ T

Rencial - = s
4l 7 Domain Gold .
H pa > —
& " Glass

Domain__J
Mgrass = 1.5
\/) '\_>
z z 2
Yol o Yol ox U
L~ L~ L~

Figure 4. Structure’s geometry sections. (a) The upper section (highlighted in blue) constitutes
domains 3 and 4; this section represents air in the model with refractive index of 7 = 7.
(b) Domain 2 represents the gold nanofilm in the model with a refractive index defined by
COMSOLL. (c) The bottom section of the geometry, designated as Domain 1, is made of glass

with refractive index of » = 1.5.
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Material | Type Extra settings

Refractive Index:
Air Built in — Air Real part: 1
Imaginary part: O

Au (Gold) (Johnson and Christy Refractive Index:

Gold 1972: nk 0.188-1.937 pm). Real part: n
Imaginary part: k
Predefined in COMSOL
Corning ® Eagle XG ® Glass. Refractive Index:
Glass Or Corning® Gorilla® Glass Real part: 1.5
Victus®. Imaginary part: 0

Table 3. Material specifications of gold nanohole dielectric media.
2.4. Physics configuration

For this work, the Electromagnetic Waves, Frequency Domain (enfd) physics
interface was used in COMSOL Multiphysics to model and simulate the behavior
of an electromagnetic field across a range of wavelengths interacting with the
gold nanohole. This section includes defining boundary conditions, setting up
the source properties and establishing the mesh definition.

24.1. Ports

To start the physics configuration, Ports were set up to define the regions where
the electromagnetic field enters and exits the model domain, as well as indicate the
direction and amplitude of the electromagnetic field. In this model, the bottom
face of the block labeled as Boundary 3 in COMSOL, was designated as the entry
point (Figure 5a), thereby wave excitation was activated here, as specified in Table
4. The top face, labeled boundary 10 in COMSOL, was designated as the exit
point for the transmitted light (Figure 5b) and the wave excitation option is turned
off. The objective of this set up was to compute the amount of light absorbed,
reflected, and transmitted through the nanohole at certain wavelengths.

Port Tvpe Wave Input Quanti Electric mode |Refractive
P excitation | POl Y vy field amplitude |index, real part

x—1

Port 1 |Periodic |On Electric field y—0 1.5
z— 0
x—1

Port 2 | Periodic | Off Electric field y—0 1
z— 0

Table 4. Port properties set up.
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Figure 5. Physics configuration for the model. (a) Configuration of Port 1 (Boundary 3, bottom
face), which serves as the Light source entry point. (b) Configuration for Port 3 (top face,
boundary 10). (c) Boundary selection for periodic conditions 1. (d) Boundary selection for

petiodic conditions 2.

24.2.  Periodic Conditions

Periodic conditions were applied to confine the flow of the electromagnetic
field within the model geometry and prevent energy leakage. In this simulation,
which features a 4-sided block geometry, periodic boundary conditions are
applied to two pairs of parallel sides, the selection process is illustrated in
Figure 5c-d, which highlights the necessary parallel selection for the simulation.
To avoid leakage during the simulation, all regions from each side must be

selected.

2.5. Mesh

The mesh divides the computational domain into smaller elements, allowing for
the discretization of equations governing the model, for this study COMSOL
Multiphysics uses FEM equations to solve for the electromagnetic fields within
the gold nanohole and its surrounding medium.

In this simulation, the mesh is automatically generated by COMSOL
Multiphysics, breaking down the domain into manageable units and maintain
computational efficiency. The mesh coverage is shown in Figure 6a.
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Figure 6. Mesh and wavelength. (a) Mesh selected determines the number of points examined,
and the time the software will take to perform the calculations, thereby with a fine mesh, the
computing time will take longer. (b) Wavelength range of interest for studying the optical
properties of the gold nanohole. Note: The Step can be increased to minimize the time of
computing, but the information will not be the same and the statistical values may be slightly
different from each other.

2.6. Study configuration

The Study section in COMSOL is where the studies to be performed on the
model were defined and configured, allowing to determine what type of analysis
were carried out. In this simulation, the study section allowed the analysis of
plasmonic gold nanohole behavior as a function of frequency to obtain optical
properties (transmittance, reflectance, absorption), electromagnetic fields, and

COMSOL solves the point-to-point mesh equations.

After setting up the physical characteristics of the system and establishing the
geometry, the next step was to analyze the behavior of the electric field through
the gold nanohole. This study was done by varying the wavelength of the electric
field across a range from 400 nm to 900 nm in increments of 1 nm (Figure 6b).
This wavelength range has been specifically selected because it corresponds to

the excitation of the plasmon. The main objective of this study is to generate a
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light transmittance spectrum across the entire cell, which provides information

about the wavelengths that most excite the plasmon in the simulation.
2.7. Data extraction and export

The Results section in COMSOL provided an important tool for analyzing and
understanding of the simulations performed by visualizing the data, generating
graphs, and extracting important information about the behavior of the simulated
system, including the electric field and optical properties. Once the simulation
was completed, the behavior of each cell, as the plasmonic nanohole diameter
was varied, can be easily analyzed by examining the optical properties and electric
field. To visualize the electric field in COMSOL (Figure 7a), the “Volume” option
in the Electric Field section was selected and the expression “ewfd.Ex” was
entered, since it propagates in the x-direction through the cell. The Plot button
on the Electric Field (ewfd) toolbar was selected to generate the appropriate
visualization. Figure 7c shows graphs of transmission, reflection, and absorption
properties. These properties are displayed in Reflectance, Transmittance, and
Absorbance (ewfd) 1. To obtain each property, the above plot was duplicated, and
the property of interest was selected in the Y-Axis Data Configuration window.
The options for exporting the data obtained are shown in Figure 7b.
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0 om 0.2 * Output
o Hie type Tewt
Glass
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Figure 7. Exporting data. (a)
Electromagnetic field of the gold nanohole
and the values of energy at the scale. (b)
Plotting settings for obtaining graph results
in COMSOL Multiphysics. (c) Graphs of

the optical properties of interest, such as

0 %0 L o o s transmittance, reflectance, and absorbance.
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3. Results and Discussion

This section entails a numerical analysis comprising five simulations of a gold
nanohole, each with varying diameters: 90 nm, 100 nm, 110 nm, 120 nm, and
130 nm. Within each simulation, the optical properties alongside the electric field
in the x-direction for the nanohole to analyze the behavior of the cell when
increasing the diameter of the nanohole were examined.

3.1. Optical properties: 90 nm diameter nanohole

The initial diameter under examination is 90 nm for the nanohole. Figure 8
illustrates three optical properties representing the behavior of light through the
cell, using the parameters established in the preceding section. These properties
are correlated, and the simulation’s accuracy can be confirmed by scrutinizing a
specific wavelength on the graph. Summing all properties at their intersecting
points along a vertical line in a point of interest should yield 1.0. In Figure 8, the
arbitrary unit (a.u.) for each property is evident. For example, the transmittance
value at 675 nm that wavelength measures 0.13985 a. u., reflectance stands at
0.4197 a. u., and absorbance records at 0.44045 a. u. When these properties
are combined, they sum to 1.0 a. u., affirming that all incident light interacts
with the cell and that there is no light leakage in the cell’s configuration. The
675 nm wavelength value was selected because it represents the lowest point in
transmittance, where the LSPR is manifested. However, any wavelength can be
chosen, since the sum of all properties is equal 1 a. u.

1.0 -
§ i | | | —— Transmittance

L Lof-t oo Absorbance - |
% i i Reflectance
g 08T S IR
8 :
€ 06f g 044045
25 b 0.4197
c =, 054
28 0.13985
4_ 0.4+
§ 03t , L 1.00000
£ o02] N
£ : 013085V . |
2 o1 e
£ . L L
= 0.0 T T T T T T T T T

400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Figure 8. Correlation between the optical properties at one specific wavelength and its sum which
equals 1 a.u. to prove the settings simulation by having all the energy interaction in the geometry.
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Each property provides information about different behavior in geometry,
each of them is useful for different applications. The transmittance (Figure 9a)
gives information of the amount of light that arrives to the detector (output) for
every wavelength in a range of 400 nm to 900 nm, this interaction is represented
by the blue curve, the point of interest in this curve is the lowest point in the
graph seeing that it is the value where the light is interacting all over the cell
and a plasmon dipole is created by having oscillations with gold electrons and
interactions with each other. This phenomenon can only be created with very
stable noble metals like gold, due to its plasmonic properties. It is important to
note that every design alters the LSPR wavelength. Changes in characteristics
such as size, composition, and geometry in the simulation could provoke different
LSPR responses. In this case, the plasmon dipole is created at the wavelength of
675 nm and generates an electric field in x direction with a value of 8.033x10°
V/m (see Table 6 for the maximum values of energy at each point of interest)
[30, 31]. This can be observed in Figure 9b-c. The Figure 9b is the top view of
the nanohole and the dipole can be seen on the gold film, while in the side view,
Figure 9c, it is seen the interaction of the light all over de geometry and it is
observed how the dipole is created only in the surface of the nanohole by having
gold electron oscillations. With the sidebar color, it is evident that interactions
primarily occur within the noble metal, resulting in the highest electric field value
(red color) concentrated around the nanohole.
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Figure 9. (a) Transmittance, absorbance, and reflectance curves for the 90 nm diameter gold
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top
view of the gold film at those points of interest for transmittance, absorbance, and reflectance,
and (e), (f), () side view of plasmon interaction with air (top), gold (center), and glass (bottom)

at those same points.
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The absorbance (Figure 9d-e) gives information of the amount of light that is
absorbed by the gold. In this case, the red curve exhibits the light interaction over
the cell for every wavelength with a range of 400 nm to 900 nm where the point
of interest is the highest point where the energy is interacting with the nanohole
in a wavelength of 686 nm and creating an Ex of 8.65x10° V/m.

For the reflectance (Figure 9f-g), this property gives information of the amount
of light that returns to the light source when it is interacting over the cell, this
interaction is represented by the green curve and the point of interest is the highest
point of the curve because it is the greatest amount of light that returns to the light
source at the wavelength of 659 nm. At this wavelength the plasmon interaction
has an Ex of 3.63x10° V/m, in this value the plasmon dipole is generated. Thus, it
was shown that LSPR is present at the point of interest of each property.

3.2. Optical properties: 100 nm diameter nanohole

For the 100 nm nanohole and the subsequent ones (110 nm, 120 nm, and 130
nm) the image distribution is the same as indicated for the 90 nm nanohole.
Figure 10a shows a graph with three different curves with the following colors:
blue for transmittance (T), red for absorbance (A) and green for reflectance (R).
In every curve there is a highlighted point for T, A, R, respectively, that indicates
where the plasmon dipole is created. Then, Figure 10b, Figure 10d, and Figure
10f show the top view of the nanohole at that specific wavelength and Figure
10c, Figure 10e, and Figure 10g the side view of the entire geometry and how the
light interacts with the different cell materials (air at the top, gold at the center
and glass at the bottom).

In this case, for the T point, the minimum value of the curve indicates that
the plasmon originates at a wavelength of 684 nm and has a maximum energy
value of 9.28x10° V/m. The A point, the maximum value of the cutve, originates
at a wavelength of 697 nm and has a maximum energy value of 6.48x10° V/m,
and finally the R point, the maximum of the curve, originates at a wavelength
of 663 nm and has a maximum energy value of 4.03x10° V/m. Notice that the
wavelength at which the plasmon originates, has shifted to the right compared to
the 90 nm diameter nanohole: 9 nm for T, 11 nm for A, and 4 nm for R. Since
the accuracy of the simulation was established, the verification process with the
vertical line in the three optical properties for this diameter or subsequent one
was done. This step was previously demonstrated and confirmed in Figure 8,
affirming the validity of the results obtained.
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Figure 10. (a) Transmittance, absorbance, and reflectance curves for the 100 nm diameter gold
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top
view of the gold film at those points of interest for transmittance, absorbance, and reflectance,
and (e), (f), () side view of plasmon interaction with air (top), gold (center), and glass (bottom)

at those same points.

3.3. Optical properties: 110 nm diameter nanohole

With the 110 nm diameter nanohole (Figure 11) for the T point the plasmon
originates at a wavelength of 685 nm, has a maximum energy value of 7.8x10°
V/m. For the A point originates at a wavelength of 700 nm and has a maximum
energy value of 6.65x10° V/m, and for the R point originates at a wavelength
of 666 nm and has a maximum energy value of 3.81x10° V/m. Focus on the
displacement of the wavelength where the plasmon originates, which has been
shifted to the right compared to the 100 nm diameter nanohole: 1 nm for T, 3 nm
for A, and 3 nm for R. However, this time the shifts have not been as significant
as with the previous one.

In this scenatrio, we note a decrease in the values of the electric field for
transmittance (T), which contrasts with the observed increase from a diameter
of 90 nm to 100 nm. This observation prompts a more detailed analysis of
the electric field values for subsequent diameters to pinpoint where the highest
electric field energy is concentrated. Such insight can guide in identifying the
most optimal diameters for transducer nanofabrication.
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Figure 11. (a) Transmittance, absorbance, and reflectance curves for the 110 nm diameter gold
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top
view of the gold film at those points of interest for transmittance, absorbance, and reflectance,
and (e), (f), () side view of plasmon interaction with air (top), gold (center), and glass (bottom)

at those same points.

3.4. Optical properties: 120 nm diameter nanohole
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Figure 12. (a) Transmittance, absorbance, and reflectance curves for the 120 nm diameter gold

nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top

view of the gold film at those points of interest for transmittance, absorbance, and reflectance,

and (e), (f), (g) side view of plasmon interaction with air (top), gold (center), and glass (bottom)

at those same points.
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Subsequently, we increment the diameter by 10 units to 120 nm (Figure 12) and
observe the peak energy values: for the T point, originating at a wavelength of 687
nm, the electric field strength reaches 7.42x10° V/m; for the A point, originating
at a wavelength of 705 nm, it measures 4.28x10° V/m, and for the R point,
originating at a wavelength of 669 nm, it registers at 4.36x10° V/m. Notably, the
wavelength of plasmon excitation shifts further rightward: by 2 units for T, 5
units for A, and 2 units for R. Remarkably, energy levels decrease at every point
except for point R, where an increase is observed.

3.5. Optical properties: 130 nm diameter nanohole

Finally, for the 130 nm diameter hole (Figure 13), we get the maximum energy
values: for the T point at a wavelength of 690, with 5.88x10° V/m; for the A
point originated at a wavelength of 710 nm, with 3.52x10° V/m, and for the R
point originated at a wavelength of 673 nm, with 3.6x10* V/m. The wavelength
at which the plasmon originated keeps on moving to the right: 3 units for T, 5
units for A, and 4 units for R. The energy has decreased at every point without
exceptions.
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Figure 13. (a) Transmittance, absorbance, and reflectance curves for the 130 nm diameter gold
nanohole and its wavelengths at which the plasmon originates for each property. (b), (d), (f) Top
view of the gold film at those points of interest for transmittance, absorbance, and reflectance,
and (e), (f), (g) side view of plasmon interaction with air (top), gold (center), and glass (bottom)

at those same points.
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The optical properties analysis reveals a notable wavelength displacement as the
nanohole diameter increases. This displacement is observed in the transmittance
(Figure 14a-b), absorbance (Figure 14c-d), and reflectance spectra (Figure 14e-f).
Notably, altering the cell geometry by enlarging the diameter while reducing the

gold area induces a rightward shift in the curves.
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Figure 14. (a) Transmittance, (b) Absorbance and (c) Reflectance graphs for different gold

nanohole diameters: 90 nm, 100 nm, 110 nm, 120 nm, and 130 nm.

For instance, with 2 90 nm diameter, the transmittance curve initiates at
a wavelength of 675 nm and terminates at 690 nm for the 130 nm diameter,
resulting in a 15 nm rightward displacement. Similarly, the absorbance curve
commences at 686 nm for the 90 nm diameter and extends to 710 nm for the
130 nm diameter, producing a 24 nm shift to the right. Reflectance, beginning
at 659 nm and concluding at 673 nm, generates a 14 nm displacement. These
findings highlight the influence of geometry alterations on optical properties,
primarily attributed to increased diameter and reduced gold area. Notably,
despite these changes, each proposed diameter retains the ability to induce
Localized Surface Plasmon Resonance (LSPR), as evidenced by the consistent
shape of the optical property curves across different geometries, with only the
displacement varying (Figure 14). Detailed values of these curves are presented
in Table 5.
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LSPR Wavelength (LSPR Wavelength |LSPR Wavelength Gold
Nanohole [(nm) / Minimum |(nm) / Maximum |(nm) / Maximum °
. . . . . Area
Diameter |in Transmittance |inh Absorbance in Reflectance %)
(a. u.) (a. u.) (a. u.) (e
90 675, 0.13985 686, 0.57249 659, 0.53552 92.93
100 684, 0.10626 697, 0.60021 663, 0.55638 91.27
110 685, 0.08456 700, 0.59709 666, 0.56788 89.44
120 687,0.06973 705, 0.5795 669, 0.57696 87.43
130 690, 0.05893 710, 0.55659 673, 0.58465 85.25

Table 5. Comparison between the different diameters and its arbitrary units (a.u.) maximum,
for absorbance and reflectance, and minimum values, for transmittance, at which the plasmon
dipole (LSPR) originates, and the percentage of gold area obtained with every diameter, that
match the literature. [30, 32].

Furthermore, the analysis of the electric field at the focal point of interest,
particularly in relation to transmittance, offers significant insights into the light’s
behavior within the geometry. It elucidates how oscillations in gold electrons
generate a dipole effect. Note that the intensity of the electric field (see Table 06)
is notably higher in the first two diameters, namely 90 nm and 100 nm, with the
highest value recorded at 100 nm, reaching 9.98x10° V/m.

Based on these numerical findings, it is recommended that for the
nanofabrication of optical transducers relying on nanoholes, a diameter of 100
nm should be chosen. This diameter presents several advantages, including the
availability of various vendors guaranteeing its specific size, thus simplifying the
nanofabrication process. Conversely, opting for other diameters would necessitate
meticulous nanofabrication techniques to ensure precise diameter consistency
across all holes.

Therefore, the recommendation stands to fabricate optical transducers with
a 100 nm diameter to achieve optimal performance within the geometry and

streamline the nanofabrication process.
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N.anohole Tttt oy Electric field maximum | LSPR Wavelength
Diameter value (V/m) (nm)
Transmittance 8.03 x108 675
90 nm Absotbance 8.65 x10° 686
Reflectance 3.63 x108 659
Transmittance 9.28 x10? 684
100 nm Absorbance 6.48 x108 697
Reflectance 4.03 x108 663
Transmittance 7.80 x10° 685
110 nm Absorbance 6.65 x108 700
Reflectance 3.81 x108 666
Transmittance 7.42 x108 687
120 nm Absorbance 4.28 x108 705
Reflectance 4.36 x108 669
Transmittance 5.88 x10® 690
150 om Absorbance 3.52 x10° 710
Reflectance 3.60 x108 673

Table 6. Electric field maximum energy values for each diameter nanohole at its different
properties at the wavelength where the plasmon originated, that match the literature. [20, 21].

4. Conclusions

In this work, a numerical analysis of the diameter of a nanoplasmonic transducer
based on gold nanoholes is presented. Thereby, a study of the gold percentage to
induce plasmonic resonances is analyzed.

Simulations explored nanohole diameters ranging from 90 nm to 130 nm,
revealing significant effects on optical properties. As the diameter increased, the
wavelength of Localized Surface Plasmon Resonance (LSPR) for transmittance
(T, 675 nm), absorbance (A, 686 nm), and reflectance (R, 659 nm) shifted 15
nm, 24 nm and 14 nm towards longer wavelengths, respectively. Despite a
reduction in the percentage of gold area (900 nm?) from 92.93 % to 85.25 %,
the curves for transmittance, absorbance, and reflectance continued to exhibit
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the LSPR phenomenon. The optical curves showed slight changes in the width
and depth. The transmittance (T) changed from 0.139 a. u to 0.058 a. u, the
absorbance (A) from 0.572 a. u. to 0.556 a. u. and reflectance (R) from 0.535
a. u. to 0.584 a. u. Additionally, the electric field distributions of the plasmon
dipole indicated that a gold nanohole with a diameter of 100 nm had the highest
intensity of 9.28 x10° V/m, suggesting this configuration for optical transducer
fabrication. Despite variations in nanohole diameter, all configurations maintain
the ability to induce LSPR within the visible spectrum. This recommendation
is supported by practical benefits like easier access from various suppliers and
simpler fabrication processes. Therefore, this study emphasizes the importance
of diameter selection to optimize the performance of optical transducers,
which could enhance sensitivity, selectivity, and detection limits. By considering
these insights, researchers and new students can improve the functionality and
effectiveness of plasmonic transducers, particularly in bioanalytical applications.
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Abstract

Surface acoustic wave (SAW) filters are widely used in most of the electronic
industry. In this work, a detailed methodology for the design and numerical
simulation of a SAW bandpass filter in a 128° YX LiNbO, piezoelectric material
is presented. The SAW filter operates using a delay line configuration. It consists
of N, =20 double finger pairs, with a port separation of 1 = 1293.6 um, an
acoustic aperture of W = 2597.32 um, a finger width of r = 16.17 um, and a
finger thickness of h = 300 nm with an acoustic wavelength of A = 129.36 um.
The results showed an insertion loss level of IL = -10.39 dB, side lobe levels of
SIIL = -33.01 dB, and a null bandwidth value of NBW = 3 MHz. The conductance
calculations exhibited a maximum value of 83 mS, while the susceptance
showed maximum and minimum values of 120 mS and 8 mS, respectively. This
methodology is beneficial for enhancing the understanding of SAW filter design.
Besides, this approach helps optimize the design process, providing alternatives
to traditional filters that rely on multiple reactive components for high-order
filtering.

Keywords: surface acoustic waves, electronic filters, piezoelectric, numerical
simulation.



NUMERICAL MODELING OF SURFACE ACOUSTIC WAVES 189
FOR ELECTRONIC FILTER DESIGN

1. Introduction

Nowadays, sensors are one of the most essential components of any sophisticated
electronic system. Their role is indispensable for the functioning of modern
electronics. They serve as the interface between the physical world, governed
by the laws of physics, and the digital area, which interprets the acquired data
for many applications. Thus, sensor technology is emerging in novel application
fields and widespread markets such as smart cities, industrial automation and
control, communications, and health, among others [1-3].

Once electronic sensors detect and interact with the physical phenomena
around them, processing the response data via signals is necessary to comprehend
the outcomes once they are analyzed. Then, the measurements can be affected by
any background noise source; due to this, the purpose of electronic filters [4] is
to eliminate or dim the background noise that could affect the measurements or
discriminate a specific frequency that goes through it, allowing the modification
of the amplitude and phase [5].

The rate at which something occurs is known as frequency; signals obtained
from measurement can be transformed from the time domain to the frequency
domain. It has been shown that any waveform that exists in the world can be
represented by the addition of multiple sine waves. Amplitudes, frequencies, and
phases of these, spliced correctly, can generate a waveform identical to the one
desired. Understanding how signals are a combination of multiple waveforms
with different amplitudes and frequencies leads to the fact that sometimes, it
is necessary to get rid of some of them. A filter is a device that allows just a
specified frequency of signals to pass through it, rejecting the ones that do not
meet the desired specifications [6].

The frequency response of a circuit is the response when it experiences
changes in the input signal frequency. Electronic devices usually have a frequency
range where their response is close to the ideal; the output signal can be distorted
out of this range. Owing to the device’s dependence on the frequency, filters are
used to isolate the functional frequencies for the device’s optimal operation.

The operating range of each device or circuit depends on the type of
components used and their configuration. This determines the cut-off frequency,
which is defined as the boundary where the signal passing through the system
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begins to be attenuated. There are four basic types of circuit filters based on their
behavior near the cutoff frequency.

The low-pass filter allows signals from 0 Hz up to a specified cut-off frequency
to pass through, while a high-pass filter only allows high frequencies, typically
above 1 kHz. A band-pass filter allows signals within a bandwidth defined by
two cut-off frequencies while attenuating those outside it. Conversely, a notch
or band-stop filter attenuates waves within a defined range, allowing those
outside the limits to pass. Additionally, filters can be classified into two categories
passive filters, designed with passive components such as resistors, capacitors,
and inductors, or active filters, designed with active components like operational
amplifiers [7].

The main complication during the implementation of filters is the real
response they have, while operating within the cut-off frequency bandwidth,
which is the difference between the higher and lower cut-off frequency, the
signal ideally should not exhibit significant distortion in amplitude or phase.
An ideal filter should maintain a constant response during the specified period
of frequencies and completely remove frequencies higher or lower than the cut-
off frequency, depending on the type of filter [8]. However, the real filter output
signal gradually decreases or becomes distorted as the frequency approaches the
cut-off frequency, making it useless.

Hence, designing filters with a response as close as possible to the ideal
response by increasing the filter’s order without adding more reactive components
(e.g, inductors or capacitors) poses a significant challenge for researchers.
Additionally, there is a prevailing trend in the progression of sensor technology
towards miniaturization, coupled with a growing utilization of multi-sensor
configurations and wireless systems.

Therefore, thanks to advancements in computing and microfabrication
techniques, it’s now feasible to conceive and fabricate innovative structures
tailored for application in sensor technology.

For example, surface acoustic wave (SAW) filters are electromechanical
components at the microscale whose operation principle is turning the electrical
signals into mechanical waves through the properties of piezoelectric substrates.
The operation of this kind of filter begins with the input transducer, which
converts the electrical signal to a mechanical wave. This wave propagates across
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the surface of the substrate from one end to another. As the wave travels, it
interacts with an array of electrodes designed to attenuate or let through the
desired frequency. Once the mechanical wave reaches the output transducer, it is
converted back to an electrical signal without the undesired frequencies [9].

SAW filters are at the forefront of advancing technologies and high-precision
electronic systems. SAW filters are not just limited to one field of high-frequency
electronics. Their unique characteristics, such as high selectivity and low insertion
loss, make them versatile and ideal for integration into various applications
[10]. From wireless communication systems [11] and radars to temperature
and pressure sensors and medical devices like heart rate resonators and glucose
monitors [12 - 16].

Designing SAW filters involves a process that starts with defining the
filter specifications, such as center frequency, bandwidth, and insertion
loss requirements. The design typically progresses by selecting appropriate
substrate materials with suitable acoustic properties, determining the interdigital
transducer (IDT) geometry, and optimizing the electrode configuration for
desired performance characteristics. Advanced simulation tools like COMSOL
Multiphysics are then utilized to model the SAW filter, analyze its frequency
response, and refine the design until meeting the specified criteria.

The application of numerical simulations in COMSOL to design surface
acoustic wave (SAW) filters, offers considerable advantages, such as enabling
efficient and cost-effective exploration and access to a wide range of design
parameters and configurations, which leads to optimized filter performance.
Advanced SAW filter simulation of complex physical phenomena by COMSOL
significantly aids the comprehension of SAW filter behavior as well as its
performance characteristics. This brings the possibility to visualize and analyze
simulation results and identify the potential design improvements for fine
turning the filter design to meet specific requirements accurately. Implementing
COMSOL for SAW filter design ensures a streamlined and efficient design
process, resulting in high-performance filters designed especially for each
application’s needs.

In this work, we present a detailed methodology for the numerical simulation
of a surface acoustic wave (SAW) filter using the delay line configuration with
lithium niobate in 128° YX LiNbO, rotation as a piezoelectric substrate. The
methodology covers the conceptualization of filter design as a bandpass filter with
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a center frequency at 30 MHz with a Null bandwidth of 3 MHz, the description
of the use of COMSOL Multiphysics for numerical simulation divided into the
definition of SAW filter’s geometry, material properties and boundary conditions,
mesh settings, and study configuration. Finally, the results are exported, analyzed,
and discussed.

We focused on SAW filter design and simulation due to multiple advantages,
such as the miniaturization of electronic filters when compared with LC filters
such as Chebyshev, Butterworth, or Bessel filters. For a 3rd order filter, each
variation has approximately 3 capacitors and 3 inductors, and the number of
components grows proportionally to filter order. Thus, dealing with high numbers
of components includes managing with component variation and tolerance
properties. By contrast, SAW filters employ the use of a unique electronic passive
component made in a single substrate and offer high-temperature stability and

precise frequency response.

2. Methodology
2.1. Filter design conceptualization

Different techniques can be used to design surface acoustic wave filters. As a first
approach for a bandpass filter design, a delay line configuration was selected, as
shown in Figure 1, consisting of two ports of metallic structures deposited on
the surface of a piezoelectric substrate with an input port and an output port,
each formed by identical interdigital transducers (IDTs) of determined numbers
of finger pairs N with finger width (), acoustic aperture (W), and separation
between ports (I). The IDT geometry and the physical properties of the piezoelectric
substrate almost wholly determine the filter’s electromechanical behavior.

2)
Metallic IDT

Figure 1. (a) The scheme
shows a SAW filter with a
delay line configuration. (b)
Zooms in on the details of
IDT geometry, including the
separations between ports (1),

acoustic aperture (W), and

Piezoelectric L]Nb03 finger width (r).
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COMSOL Multiphysics, like various numerical modeling tools, allows the
consistent and straightforward modeling of the filter’s electrical behavior and
response to many environmental and microfabrication parameters. However,
these numerical simulations in COMSOL were complemented with analytical
results to explain the geometrical design of IDTs.

Filter simulation involves precisely defining the geometric parameters and
objectives. The operating resonant frequency (f ), desired performance metrics
like Null bandwidth (NBW), the filter’s piezoelectric material selection (the most
used materials are Quartz, ZnO, LiTaO, or LiNbO,), and desired ripples level,
which in turn defines the insertion loss levels (IL) must be specified.

The most common IDT configurations are single-finger, double-finger, and
single-phase unidirectional transducers (SPUDT). Design details of the desired
configuration are shown in Table 1 and form the basis for creating an accurate
simulation model using COMSOL, ensuring a detailed analysis of the SAW

filter’s electrical behavior.

Substrate material 128° YX LiNbO,
Electrode configuration Double finger
Resonant frequency 30 MHz

Null Bandwidth 3 MHz

Phase ripple <1°

Insertion loss ~-10 dB

Table 1. Principal desired characteristics for the SAW bandpass filter design.

The selection of 128° YX LiNbO, as a piezoelectric material is due to its high
piezoelectric coupling factor (k= 0.055), a direct measutre of its transduction
efficiency. The center frequency is selected for 30 MHz. Still, a similar process is
valid for arbitrary frequency, considering that the lower the frequency, the larger
the size of the SAW filter, making low-frequency filter fabrication almost imprac-
tical. Frequency value is related to IDT geometry through the dispersion relation
of Equation 1: f= »/A 1

Where X is the equivalent acoustic wavelength, the relation between finger
width (r) and acoustic wavelength A = 8¢ is fulfilled for the double-finger IDT
configuration. Also, the double-finger geometry is chosen as a non-reflectivity IDT
to avoid internal reflection and distortion of frequency response. On the other
hand, is the surface acoustic wave velocity propagation, considering the IDT as a
dispersive medium given by Equation 2 described by Blotekjer et al. [17].
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Where», =3975m /sand» = 3865m/s are the free and metalized propagation
velocities of SAW in the piezoelectric substrate, respectively.

The frequency response could be represented as a combination of the
frequency response of each SAW filter port. We can search desired IL levels and
amplitude of phase ripples (Ax), which are deeply correlated. Usually, we can
set the desired levels of amplitude-phase ripples and then relate this with the
number of finger pairs through the attenuation of triple transit signals (T'TS) and
insertion loss, as described by Soluch et al. [18] with

NA, .y,

25

2N = N*=
? Gp W/

Where N is defined as the number of spaces between opposite polarity with
non-zero ovetlap, W and previously defined, y, and y, are the source and load
admittances and are usually selected as 50 €, G, is a constant of conductance
dependent on IDT geometry and A= fan (Ax) is the attenuation of TTS.

For the NBW wvalue,

2y
NBW =~ 4
N,

Where f is the resonant frequency and N, is the number of finger pairs.
2.2. Geometry of the SAW filter

All configurations were made to save computational time, taking advantage of
available hardware: an Intel core i7 11th Gen. with 32 GB of RAM. We used the
piezoelectric branch of the AC/DC module in COMSOL V6.0, which couples
electrical and mechanical physics and allows for modeling piezoelectric problems.

The SAW filter was simplified in 2D geometry. The geometry of N, =20
finger pairs, acoustic aperture W = 2587.32 um, and separation between ports
of 1=1293.6 um were considered for filter design. Figure 2a shows the geometry
of an azimuthal cut of the piezoelectric substrate and of the IDT on its surface
as shown in Figure 2b, where w = 16.17 um represents the finger width, h = 300
nm the finger thickness, and A = 129.36 um the equivalent acoustic wavelength.
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Figure 2. (a) 2D simplification of SAW filter geometry in an azimuthal cut. (b) zoom in on the
details of port separation distance (). () Zoom in on the details of the double-finger IDT
configuration, including the definition of finger width (r) and finger thickness (h).

2.3. Material properties and boundary conditions

Lithium niobate (LiNbO,) with a YZ-cut orientation is available in the COMSOL,
materials library. Obtaining particular cut orientation properties could be done
using Euler angles rotation ((0,38,0) for 128° YX rotation) or calculating the
properties of rotated material as in Auld et al. [19], with the use of rotation
matrix operation for piezoelectric constant tensors.

We set the mechanical and electrical boundary conditions once the 128° YX
LiNbO, properties are defined. Mechanical fixed and free boundary conditions
are selected at the bottom and top of the piezoelectric substrate, respectively,
as shown in Figure 3a. Equivalent electrical boundary conditions are chosen for
the input and output ports, as depicted in Figure 3b, with a selection of ground
and terminal boundaries as input excitation sources, such as voltage signals for
simulation. Additionally, we use a perfect-matched layer (PML) as a perfectly
absorbing domain or nonreflecting boundary condition to avoid reflection of the
geometric boundary of the piezoelectric substrate.

a) b)

Lﬁxw boundary

xll'l""n]
0 5 10 15 20

Figure 3. (a) Mechanical boundaries condition with the addition of Perfect Matched Layer
(PML). (b) zoom in on the detail of the electrical boundary condition with the definition of
excitation condition with ground and terminal configuration



196 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

2.4. Study settings

With the aim of optimizing the simulation, we made the necessary configurations
from mesh settings. Correctly setting the mesh configuration could reduce
the computational time of a frequency-domain study. COMSOL permits the
configuration of the mesh geometry as defined by physics or as defined by the
user. The second option to enhance the simulation resolution near and directly
below the finger geometry was used.

Different configurations permit the use of personalized mesh geometry. The
one selected here is the mapped mesh, a particular type of mesh that allows the
creation of a quadrilateral mesh for each domain in 2D geometry and maps
the mesh to the desired geometry under selected domains to cover any area of
interest uniformly.

To create a mapped mesh, we first use a custom element size to control the
maximum size. The finger domain and upper boundary to create separate meshes,
one controlled by the mesh of the finger’s elements and one controlled by the
upper edge boundary were selected, as shown in Figure 4a. A distributed mesh
along the geometry depth until it reaches the substrate’s bottom surface, copying
the source mesh to define regular mesh elements at the lower substrate boundary
was used (see Figure 4b).

a) b)
Domain
8 -4
- T = Element size parameater %x10"'m
=T %}'— i Maxsmum alement sia: 6
; ! Farnbda_0/4 4
: Minkmuim element stre:
lambda_0/10 2
Maxemum alement grawth rate: o
. ’ Mesh setting
Curvatune factor: _2
0.3
Feasolutian of narTow regians: -4
' %107
0 5 10 15 20

Figure 4. (a) shows the steps to configure a mapped mesh, selecting domains and edges and
then copying the mesh properties from one boundary to another, with a desired element size of
the quadrilateral mesh. (b) shows the size parameters of the mesh configuration for the mapped

mesh geometry.

The filter frequency response is obtained using a frequency domain study
configured directly from the main menu and general study selection. For this,
it is necessary to set a frequency range with a start, stop, and step value. We use
a symmetric frequency interval ranging from f -5 MHz to f +5 MHz with a 0.1
MHz step resolution, see Figure 5a.
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Figure 5. (a) shows the frequency study selection and the definitions of the frequency range. (b)
shows the use of S21 for S-parameter definition and es.Y11 special function of COMSOL for

Y-parameters in a 1D plot group and its data exportation.

To characterize the filter frequency response through the S, parameter,
conductance (G), and susceptance (B), we use a 1D plot group. We obtain the S |
parameter using the appropriate COMSOL variable definitions for S-parameters.
Using one global subnode of the 1D plot group created, we called the §27
variable and operated over this to obtain the IL levels using Equation 5, as shown
in Figure 5b:

L.=205,| 5

Equivalently, values of conductance (G) and susceptance (B) of each IDT
port were extracted, which are related through the relation Y = G + /B for
each port. Thus, in another global subnode, we use the COMSOL definition
of Y-parameters; we call the e Y77 variable as rea/(es.Y17) to obtain the real
part of admittance (conductance) and zwag(es.Y11) to get the imaginary part of
admittance (susceptance).

Once obtained, the results could be exported to plot externally in any graphical
analysis software by copying the data, clicking right on the global subnode, and
selecting the option of copying plot data to the clipboard (see also Figure 5b).

3. Results and discussion

Once exported, the simulation data was plotted using OriginPro software. As
shown in Figure 6a, the frequency response of a SAW filter with IL levels at
the resonant frequency of -10.39 dB, Null Bandwidth of 3 MHz, and average
side lobe levels of SLL = -33.01 dB, all near the desired characteristics of the
SAW filter is shown. On the other side, Figure 6b shows the conductance and



198 RESEARCH ADVANCES IN NANOSCIENCES, MICRO AND NANOTECHNOLOGIES. VOLUME 5

a) b)
o o
-1 T =-18.39- = Conductance
E 0.012 Suceptance
Z -0 R
= E
2 SLL=-33.01 8 | £ omsd
3 3
£ 3 o
£ z
2 2 oon
- NEW=3MHz ) g-
L
0,000 -
P P 30 2 3 % 28 30 1 M
Frequency (MHz) Frequency (MHz)

Figure 6. (a) shows the frequency response of the SAW filter, showing the insertion loss at
the resonant frequency, side lobe levels, and Null bandwidth value, and (b) Graph shows the

conductance and susceptance response.

susceptance results, easily extracted from simulation, showing a maximum
conductance value of 83 mS and maximum and minimum values of susceptance
of 120 mS and 8 mS, respectively.

While the frequency response obtained corresponds with the classical band-
pass filter response, and its characteristics represent part of the electrical behavior
of the filter SAW] the conductance and susceptance response complement crucial
information about filter behavior. As a designer, is important to consider the
frequency response distortion caused by undesired effects of mass loading due to the
deposition of the metallic structure that conforms to the IDT geometry, generation of
triple transit signals (T'TS), bulk wave generation, etc., some of this distortion effects
could be avoided analyzing the conductance and susceptance behavior. Susceptance
and conductance response symmetry is expected when distortion is nullified. For
example, much of the distortion or frequency shift of maximum conductance value
to higher or lower values could be attributed to second-order effects.

More than frequency response or susceptance and conductance values,
COMSOL enables other special functions that could be called with simple line
commands. For example, we can extract the deformation measurement from
Rayleigh surface displacement, as shown in Figure 7a, using #, # or w field
displacement in a 2D plot group. Similarly, we can use the voltage variable
I”in a 2D plot group to plot the electric potential distribution, as shown in
Figure 7b. Both functions could perform different analyses of wave travel and
potential distribution as a function of waveguides deposited on filter surfaces or
temperature compensation of SAW filters.
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Figure 7. (a) Surface deformation of piezoelectric substrate. (b) Electric potential travels in the
volume of LiNbO,, where the distribution of electric potential is depicted graphically.

The presented work includes the analysis of key factors suitable for an SAW
filter design such as its frequency response, conductance, susceptance, substrate
deformation, and the electric potential distribution. Using computational tools
like COMSOL allows engineers and researchers to obtain a deep understanding
of the physical mechanisms influencing the behavior of these filters. These
tools have wide advantages compared to analytical methods, such as more
precise tuning and enhanced filter response. Furthermore, the use of numerical
simulations reduces the time used in the design process and opens the door to
advanced design techniques when combined with machine learning and artificial
intelligence tools.

4. Conclusions

We presented a 2D numerical simulation methodology of a SAW bandpass
filter design using the COMSOL Multiphysics software. The methodology
permits to analyze and simulate the scattering parameters, conductance, and
susceptance values as well as the 2D visualization of the voltage propagation
and the material surface deformation, usable to measure the acoustic surface
energy. The methodology includes the definition of piezoelectric properties,
geometric configurations, and the necessary boundary conditions to replicate the
electromechanical behavior of the device.
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The numerical results showed insertion loss levels of IL = -10.39 dB,
SLL = -33.01 dB, and NBW = 3 MHz. These values permit effectively obtaining
a bandpass filter with the levels of phase ripples imposed sacrificing the
increase in the IL to the levels shown. On the other side, the simulations
reveal conductance maximum values of 83 mS, and susceptance measurements
presented maximum and minimal values of 120 mS and 8 mS, respectively.
Furthermore, the use of numerical simulation tools permits to enhancement
of the study of physical mechanisms including the voltage SAW propagation
and surface deformation of piezoelectric material, something that opens the
door to advanced design techniques including waveguiding.

All the calculations were made using 2D COMSOL simplification, to save
time and computational costs, simulations were made with 0.1 MHz steps,
and computed within 20 minutes. The satisfactory results validate, prove, and
promote COMSOL Multiphysics for SAW filter design. Thus, this methodology
achieves specific goals: firstly, it acts as a comprehensive guide for new students
and researchers in the development of numerical simulations, and secondly, it
generates a broad and deep understanding of the complex electromechanical
behavior of SAW filters. These filters are widely acknowledged as an alternative
to conventional filter design techniques.
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Abstract

Nanofluids, which are not strong oxidants and are not expected to produce
harmful disinfection by-products, have demonstrated excellent antimicrobial
properties against a range of microorganisms, including Gram-negative and
Gram-positive bacteria, viruses, yeasts, and fungi.

Given the rise in antimicrobial resistance and the limitations of traditional
antibiotics, there is an urgent need for new disinfection alternatives. Several patents
reveal the commonly used types of nanofluids and their potential disinfection
and decontamination mechanisms. This study focuses on the synthesis and
characterization of silver and copper nanofluids, evaluating their effectiveness
against pathogenic strains such as Psexdomonas sp., Escherichia coli, Staphylococcus
anreus, and Salmonella sp.

These bacterial strains were chosen due to their medical importance and role in
common nosocomial infections. The World Health Organization (WHO) identifies
Escherichia coli, Staphylococcus  anreus, Psendomonas —aernginosa, and Salmonella sp. as
critical pathogens because of their high resistance to multiple antibiotics and their
involvement in severe infections.

The synthesized nanofluids demonstrated significant antimicrobial activity.
These findings suggest that nanostructured sanitizers could be a viable alternative
to traditional disinfectants, potentially reducing infection rates and combating
antimicrobial resistance.

Keywords: Pathogenic microorganisms, Antimicrobial resistance, Nosocomial
infections, metallic nanoparticles, nanofluids
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1. Introduction

The significant health implications of pathogenic microorganisms have driven
extensive research into new antimicrobial strategies. Metallic nanoparticles,
specifically silver (AgNPs) and copper (CuSO,NPs), are gaining considerable
attention due to their unique physicochemical properties and potent biological
activities. These nanomaterials offer a high surface area to volume ratio,
biocompatibility, and the ability to support surface modifications, making
them ideal candidates for medical applications. Crucially, they do not promote
antimicrobial resistance, a major drawback associated with conventional
antibiotics [1].

Metallic nanoparticles have attracted considerable attention in the realms of
physics and chemistry because of their unique characteristics compared to bulk
materials. They are utilized in drug delivery systems, biomolecules, antimicrobials,
nucleic acids, and play crucial roles in diagnostics and treatment.

To further expand on the significance of innovative antimicrobial strategies,
it’s crucial to acknowledge the limitations and risks associated with conventional
sanitizers and antibiotic therapies. The chemical composition of many sanitizers
makes them harmful or toxic not only to humans but also to other organisms.
In addition, its spectrum of action, activation start time, activity time, residual
effect, toxicity, penetration capacity, and possible materials or circumstances that
inactivate them may vary from one product to another [2]. Moreover, nosocomial
infections, such as catheter-related bloodstream infections, ventilator-associated
pneumonia, surgical site infections, and catheter-associated urinary tract
infections, predominantly caused by Staphylococcus, Psendomonas, and Escherichia colz,
pose significant health risks [3].

Addressing these challenges requires new methods of preventionand treatment.
Postoperative antibiotic therapy, while initially effective, has led to increased
antimicrobial resistance, especially among methicillin- and vancomycin-resistant
Staphylococcus anreus, vancomycin-resistant Enferococcus, and extended-spectrum
beta-lactamase-producing Gram-negative bacilli. This scenario necessitates the
exploration of alternative antimicrobial approaches [3].

In response to these challenges, this study focuses on synthesizing and
characterizing silver and copper nanofluids (AgNPs and CuSO NPs) and
evaluating their antimicrobial properties against medically significant pathogenic
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microorganisms: Psezudononas sp., Escherichia coli, Staphylococcus aurens, and Salmonella sp.
Through this inquiry, leveraging the unique properties of these nanofluids aims to
develop effective and safe disinfectants applicable in vatious healthcare settings.

2. Metodology

2.1. Materials and methods

The materials and equipment utilized for this study were sourced from the Pharma-
ceutical Microbiology Laboratory at UPIBI. All reagents employed in the nanopar-
ticle synthesis and evaluation of antimicrobial activity were of analytical grade.

The bacterial strains evaluated were Escherichia coli (ATCC 25922), Staphylococ-
cus anrens (NTCC 25923), Psendomonas aernginosa (NTCC 27853), and Salmonella
(ATCC 14028).

The analyses for TEM (Transmission Electron Microscopy) characterization

were conducted at the Center for Nanosciences and Micro/Nanotechnologies
(CNMN) of IPN.

2.2. Nanoparticles Synthesis

Nanoparticles were synthesized using the Turkevich method, which involves the use
of microwaves instead of traditional synthesis, as described in Turkevich et al., 1951.
This approach represents an innovative deviation from conventional methods.

The reagents used were: Silver Nitrate (AgNO,) (PM = 169.87 g/mol) =
99.0%, Sodium Citrate (Na,C H,O.) (PM = 294.10 g/mol) = 99.0%, Ascorbic
Acid (CH,O ) (PM = 176.13 g/mol) = 99.0%, Copper(Il) Sulfate Pentahydrate
(CuSO,-5H,0) (PM = 2 49.685 g/mol) = 99.0%, distilled water, and double-
deionized water (Milli-Q). All these reagents were purchased from Sigma-Aldrich.

The samples were labeled and stored at 4°C to be later characterized.
3. Nanoparticles UV-Vis Characterization

For this characterization, a GBC UV-Vis spectrophotometer, model Cintra 1010,
with a wavelength range of 190 to 1100 nm, was employed. UV-Vis spectroscopy
is a common technique used to characterize nanoparticles based on their
absorption of ultraviolet and visible light.



SILVER AND COPPER NANOFLUIDS, SYNTHESIS, CHARACTERIZATION AND THEIR 207
ANTIMICROBIAL PROPERTIES AGAINST PATHOGENIC MICROORGANISMS

UV-Vis characterization provides valuable information about the optical
properties of the synthesized nanoparticles, confirming their successful synthesis
and providing initial insights into their size and morphology. Furthermore, the
presence of absorption peaks is related to the phenomenon of surface plasmon
resonance, a unique physical property exhibited by metallic materials when they
have nanoscale dimensions.

3.1. Nanoparticles TEM Characterization

Transmission Electron Microscopy (TEM) was employed for characterization.
The equipment used was a scanning electron microscope in transmission mode
of the JEOL brand model JEM-ARM200F (Japan) of the Electron Microscopy
Laboratory of the Center for Nanosciences and Micro and Nanotechnologies
(CNMN) of the IPN.

The objective of employing this technique was to obtain high-resolution
images of the synthesized nanoparticles, allowing for precise characterization of
their morphology, size distribution, and structural properties.

3.2. Evaluation of the effectiveness and antimicrobial activity of
synthesized nanoparticles (AgNPs and CuSO,NPs)

The antimicrobial susceptibility test was performed using the Kirby-Bauer Disk
Diffusion Susceptibility Test [4]. This antimicrobial susceptibility test was used
to observe the inhibition halo presented by copper nanoparticles (CuSO NPs)
and silver nanoparticles (AgNPs) synthesized with respect to each selected strain
and with two trademark sanitizers. The objective of using this technique is to
determine the antibacterial efficacy of the synthesized nanoparticles by measuring
the zones of inhibition they produce against various bacterial strains.

The interpretation of the results of the Kirby-Bauer Disk Diffusion
Susceptibility Test is based on the measurement of the diameter of the inhibition
zone. The larger the diameter of the area, the greater the susceptibility of the
bacterial strain to the antimicrobial agent. Resistant bacterial strains will have
smaller or no zones of inhibition.

3.3. Use of Nanostructured Sanitizer

The sanitizer developed in this work offers versatile application methods. It can be
used by spraying, misting, or fine spraying using a spraying device, with the ability
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to adjust the droplet size from 50 to 200 pm. This allows for effective coverage
of surfaces, as the sanitizer primarily acts in the liquid phase by moistening the
surfaces. Additionally, a small proportion of the sanitizer also acts in the gas
phase, enhancing its efficacy.

Alternatively, the sanitizer can be used by immersion, where objects are simply
submerged in the solution for a minimum contact time of 5 to 10 minutes. This
method ensures thorough disinfection of items.

The nanostructured sanitizer is suitable for use on various surfaces, including
floors, utensils, locker rooms, human skin, leather, and medical supplies, among
others. Its broad applicability makes it a valuable tool for maintaining hygiene
and preventing the spread of pathogens.

4. Results and discussion

4.1. Synthesis

The application of the chemical reduction method with microwaves resulted in
the production of silver nanoparticles (AgNPs) with an estimated size of around
20 nm and copper nanoparticles (CuSO,NPs) ranging between 5 to 100 nm. The
use of microwave synthesis techniques facilitated the generation of both silver
and copper nanoparticles, as depicted in Figure 1.

Figure 1. A) Suspensions of silver nanoparticles (AgNPs) and B) copper nanoparticles
(CuSO,NPs).
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4.2. UV-Vis Charactetization

UV-Vis spectroscopy was conducted to obtain absorption spectra of the
nanoparticle suspensions and observe the phenomenon known as the “surface
plasmon resonance (SPR),” which corresponds to a physical property exhibited
only by metallic materials when they have nanoscale dimensions. This appears
as a characteristic strong absorption band. Therefore, these spectra confirm the
presence of nanoparticles and provide an estimate of their approximate size.

Characterization through UV-Vis spectroscopy revealed distinct peaks,
indicating the presence of silver and copper nanoparticles. The absorption peak
observed for AgNPs at 425 nm suggested a predominant size of approximately
20 nm, consistent with previous literature [5]. On the other hand, copper
nanoparticles displayed a peak at 575 nm, suggesting a size range spanning from
5to 100 nm (Figure 2).
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Figure 2. UV-Vis spectrum of silver nanoparticles (AgNPs) and copper nanoparticles
(CuSO,NPs).

The TEM analysis presented in Figures 3 provides insights into the structural
characteristics of silver nanoparticles. Specifically, the images confirm the
presence of AgNPs with an average size of around 20 nm, alongside smaller
5 nm particles, indicating variability in size and shape, predominantly spherical.
Conversely, CuSO,NPs appear aggregated, potentially influenced by the timing
of the characterization process, conducted approximately three months post-
synthesis, or inherent properties of the reactants. This aggregation precluded a
clear observation of the size and shape of CuSO,NPs during characterization.
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Figure 3. Silver nanoparticles (AgNPs).

4.4. Antimicrobial effect by Kirby-Bauer Disk Ditfusion Susceptibi-
ity Test

The antimicrobial efficacy of the synthesized nanoparticles was assessed using
the Kirby-Bauer Disk Diffusion Susceptibility Test. Following incubation for 24
hours, bacterial growth was observed, and the resulting inhibition zones were
measured, including the 7 mm diameter of the disc. Detailed results for each
trial were documented in Figures 4-5 and Tables 1, providing a comprehensive
overview of the antimicrobial activity exhibited by the nanoparticles against the

evaluated bacterial strains.
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Figure 4. Inhibition zones generated by the copper nanoparticles CuSO4NPs (I), AgNPs (II)
and the Trademark 1 (III), against the bacterial strains a) Escherichia coli, b) Psendomonas sp. c)
Staphylococcus anrens, and d) Salmonella sp. Images obtained 24 hours after incubation.

Figure 5. Inhibition zones generated by the copper nanoparticles CuSO NPs (1), AgNPs (11)
and the Trademark 2 (IV), against the bacterial strains a) Escherichia coli, b) Pseudomonas sp. c)
Staphylococcus anrens, and d) Salmonella sp. Images obtained 24 hours after incubation.
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Microorganisms

Kirby-Bauer Disk Diffusion Susceptibility Test (mm)

24 hours after incubation

I. CuNP’s | II. AgNP’s | III. Trade-Mark 1 | IV. Trade-Mark 2
Escherichia coli 22 10 10 10
Psendomonas 20 9 9 9
Staphylococeus aurens | 26 10
Salmonella 17 9 8

Table 1. Results of Kirby-Bauer Disk Diffusion Susceptibility Test.

Diameter of the inhibition zone (mm)

Escherichia colf

Pseudomona sp Staphyfococcus aureus
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Microorganism

Salmonella

Figure 6 . Diameter of the inhibition zone in mm. After 24 h incubation.

The observed results suggest a more potent antimicrobial effect of copper

nanoparticles compared to silver nanoparticles, as evidenced by the larger

inhibition zones observed in all experiments. However, it is imperative to consider

the potential toxicity associated with copper nanoparticles.

The precise mechanisms underlying the antibacterial action of nanoparticles
remain incompletely understood. Although the exact mode of action against

bacteria has yet to be fully elucidated, some researchers have proposed potential

effects of nanoparticles on bacterial cells. Specifically, it is suggested that ions

released by nanoparticles may bind to the bacterial cell wall, causing disruption

[6]. These ions can penetrate bacterial cells, disrupting biochemical processes by
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generating reactive oxygen species (ROS) that interact with membrane proteins,
affecting their permeability [7]. Furthermore, it is suggested that nanoparticle
exposure may also impact bacterial DNA [8].

Further research is warranted to comprehensively understand the mechanisms
underlying the antibacterial activity of nanoparticles and to evaluate their safety
and efficacy for various applications.

5. Conclusions

The synthesis and characterization of silver and copper nanofluids have
demonstrated promising antimicrobial properties against pathogenic
microorganisms, including Escherichia coli, Staphylococeus anreus, Pseudomonas sp., and
Salmonella. The nanofluids, particularly those containing copper nanoparticles,
exhibited significant inhibition zones in antimicrobial susceptibility tests,
suggesting their potential as effective disinfectants.

These findings highlight the importance of exploring alternative antimicrobial
strategies amidst rising concerns over antimicrobial resistance and the limitations
of traditional antibiotics. By leveraging the unique physicochemical properties
of metallic nanoparticles, such as high surface area to volume ratio and
biocompatibility.

However, further research is necessary to elucidate the precise mechanisms
underlying the antimicrobial activity of these nanoparticles and to assess their
safety and efficacy for widespread use.
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Abstract

Chitosan (CS) and glutaraldehyde (GA) hydrogels were synthesized for tissue
engineering applications using a Schiff reaction. CS was reacted with GA (a
cross-linker) at different concentrations, which were expressed as percentage
of weigh. The effect of GA concentration on the swelling and rheological
properties was evaluated. The Schiff crosslinking reaction was monitored by
UV=—vis spectroscopy (550 nm) to determine the reaction kinetic at 60 °C. The
hydrogel structures were characterized by NMR, FT-IR, HR-MS and SEM, while
the degree of cross-linking was examined with TGA-DA. The smaller pores and
greatest swelling were found in hydrogels containing 10 wt% of GA. However,
only the hydrogels with 2, 4 and 6 wt.% of GA displayed viable cells, indicating
their 7z vitro cytocompatibility. The rheological studies showed that the values
of the loss and storage modules in the hydrogels increased with temperature.
Further research is needed to verify the adequacy of these hydrogels as a scaffold
for tissue engineering iz vivo.

Keywords: Scaffolds; Tissue engineering; Schiff reactions; chitosan; hydrogels
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1. Introduction

The development of suitable scaffolds for tissue engineering is still one of the
most important fields in regenerative medicine [1]. Creating scaffolds with the
satisfactory physicochemical factors to sustain cell growth and tissue formation
allow to regenerative medicine to improve, restore or replace the biological
functions of damaged tissues and organs [2]. The scaffolds should serve as
templates to guide adhesion, proliferation, differentiation and cell maturation.
Furthermore, they must provide the cells a free space for vascularization,
penetration and transfer of nutrients, oxygen and waste products [1, 3]. In
other words, the scaffolds need to have appropriate mechanical properties
and porous structures that allow the free diffusion of nutrients and waste.
Also, the degradation process rate should be equal to the cellular growth rate
[4, 5]. Essentially, scaffolds serve as an artificial extracellular matrix to offer
structural support for the cells and free space for the flow of growth factors.
The extracellular matrix consists of a crosslinked mesh between fibrous proteins
and glycosaminoglycans (GAGs, such as heparan sulfate, chondroitin sulfate and
keratan sulfate) to form proteoglycans [6]. These compounds have been reported
for the regeneration of cartilage [7], bone [8], hair [9], nerves [10], tendons [10],
ligaments [11],
valves [14, 15].

skin [12], fibrous tissue, blood vessels [13] and even heart and

The used synthetic polymers to prepare scaffolds are inexpensive but, they
allow better functionality than natural polymers [16]. Furthermore, used polymeric
materials to create structures in the form of scaffolds include the hydrogels [17],
porous nanostructures and nanofibers [16]. Hydrogels are three-dimensional
polymer networks able to swell and absorb a large amount of aqueous solution
without losing their structure [17 - 19]. In addition, they can retain solvent at least
20 % of their own weight and swell significantly by absorbing water, followed by
shrinking again after de-swelling. However, the process of cross-linking creates
an insoluble network [20, 21].

Several monomers and crosslinking agents have been employed to synthesize
hydrogels with a wide range of chemical compositions, many of which could
be employed as scaffolds [22, 23]. There are several routes of synthesis of these
platforms including Michael, Click and Schiff reactions. A Michael reaction
involves the nucleophilic addition of a carbanion or a nucleophile (e.g., thiols and
amines) to create a reaction with an o, § unsaturated carbonyl compound [24].
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Hence, it is important to choose the type of reaction and depends on each
special polymer. For example, chitosan (CS) has been used for the preparation

of hydrogels via the Schiff base reaction.'

CS is a linear heteropolymer of
glucosamine and N-acetyl glucosamine residues (Figure 1) are obtained by the
deacetylation of chitin. This weak base is soluble in acidic solution (pH 6.5) and
insoluble in water and organic solvents [25 - 31]. Itis biodegradable, biocompatible

and non-toxic and exhibits mucoadhesive properties [20].

CHs
OH 0=(
. NH
o) O HO
HO O 3
NH
0 OH
CHj

Figure 1. Chemical structure of chitosan.

2. Materials

CS (75% deacetylated) and 2,4-dinitrophenylhydrazine (DNP) (99%) were
obtained from Sigma-Aldrich (Iceland), 99% acetic acid from J. T. Baker (Mexico),
ethanol and dichloromethane from Alveg (Mexico), and 25 wt% GA from
Merck (Germany). Distilled water grade II was used as solvent. The high glucose
Dulbecco’s modified Fagle’s medium (DMEM), antibiotic-antimitotic 100X
and fetal bovine serum (FBS) were purchased from Biowest (Mexico). Trypsin/
EDTA solution and phosphate buffed saline (PBS, pH 7.4) were acquired from
Gibco (Mexico). Calcein AM and ethidium homodimer (EthD-1) were provided
by Life Technologies (USA).

3. Methods

3.1. Synthesis of chitosan platforms

The synthesis of CS scaffolds 3 (Scheme 1) started by dissolving 0.03 g CS 1in
1% acetic acid aqueous solution. Different aliquots (0.05, 0.1, 0.15, 0.20 and 0.25
mL) of GA 2 (1.25% aqueous solution) were added drop wise and the reaction
mixture was stirred for 2 h at 60 °C. Assays were performed by triplicate.
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Scheme 1. Crosslinked hydrogels of chitosan-glutaraldehyde.

3.2. Reaction kinetics

The reaction between CS and GA was monitored by UV-vis spectroscopy at
550 nm in a PerkinElmer Lamda 25 UV-vis double beam spectrophotometer
(Model 643, USA), taking samples every 5 min. Samples were extracted with
methylene chloride under vigorous agitation and then, 2 mL of ethanol and 2
mL 2,4-dinitrophenylhydrazine of acid alcoholic solution (DNP) were added to
the organic phase and the mixture was stirred”’. The samples were analyzed by
UV-vis spectroscopy.

3.3. Nuclear Magnetic Resonance

One-dimensional (1D)! H-NMR spectrum was recorded at 499.85 MHz on a
Varian (now Agilent) NMR System 500 spectrometer (Agilent Technologies, Inc.,
Santa Clara, CA, USA). A sample of 30 mg hydrogel with GA at 10 wt% as
well as its uncrossed fraction were dissolved in deuterated acetic acid/deuterated
water (D,O) (1:1). The non-crosslinked part of polymer was extracted washing
the hydrogels by Soxhlet techniques using ethyl acetate as solvent. The ' H NMR
spectrum was recorded by employing a PRESAT pulse sequence to suppress the
residual H,O signal.

3.4. Fourier Transform Infrared Spectroscopy (FT-IR)
The fresh hydrogels were analyzed by Fourier transform infrared spectroscopy

(FT-IR) in an infrared spectrophotometer, equipped with ATR in the mid-
infrared region, from 400 to 4000 cm™.
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3.5. High-resolution mass spectrometry

Fresh hydrogel was also examined by high-resolution mass spectrometry (HR-
MS) on a mass spectrophotometer with mictOTOF II-QQ and electrospray
ionization (BrukerDaltonisc, Billerica, MA, USA).

3.6. Scanning electron microscopy (SEM)

The surface morphologies and cross sections of the chitosan scaffolds were
coated with gold and observed with a field emission scanning electron microscope

(JEOL JSM 6400) at an accelerating voltage of 5 kV.
3.7. Thermogravimetric

Derivate thermogravimetric analysis (DA-TGA) of the hydrogel was carried out
on a 6000 PerkinElmer simultaneous thermal analyzer (Germany). The samples
were heated from 25 to 500 °C at a rate of 10 °C/min under nitrogen atmosphere.

3.8. Rheological analysis

Rheological properties were evaluated with a Modular Compact Rheometer
(model MCR 502, Anton Paar, Austria) using PP25 parallel plate geometry (25
mm diameter, 0°). The sample was placed in the center of the bottom plate. The
upper plate was immediately lowered to a gap of 1 mm and the measurement was
performed. The analysis was made at 30, 35 and 40 °C.

3.9. Degree of cross-linking

Fresh gel sample was washed in a Soxhlet system using ethyl acetate as solvent
until constant weight. The degree of cross-linking was calculated gravimetrically
using equation (1).

W
%D = 2 100 (1)

0

Where LVZ is the weight of the sample after washing and WO is the initial weight.
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3.10. Cytotoxicity assay

For testing the capacity of the scaffolds to support cell growth, primary cultures of
human fibroblasts were used. These cells were obtained from the skin of healthy
donors with prior informed consent. Thin layers samples of hydrogels were put on
0.5 x 0.5 mm coverslip frames, these were put in 48-well plates and sterilized by UV
irradiation. Subsequently, 18 pL. of cell suspension in DMEM were seeded onto
hydrogel samples (5000 cells per sample) and incubated for 1 h at 37 °C, adding
DMEM to the hydrogels. The cell-seeded hydrogels were cultivated for 1 week at
37 °C, changing the medium every 2 days. After 3 days, the cultivation medium was
removed from the wells. The hydrogels were rinsed with PBS solution, stained with
1 mL of calcein/ethidium homodimer solution, and incubated for 1 h at 37 °C.
With this dye, living cells fluoresce green and the nuclei of dead cells is red, thus
providing the basis of the fluorescence live/dead assay.

4. Results

A series of hydrogels of CS and GA were synthesized (at 60 °C) by means of the
Schiff base method, obtaining five concentrations of GA (2, 4, 6, 8 and 10 wt%)
and therefore a range in the degree of cross-linking in the polymer. The synthesis
was carried out by triplicate.

To know the progress of the reaction, the conversion of glutaraldehyde from
the formation of hydrazones was determined. The reaction scheme 2 shows
the carbonyl of glutaraldehyde 1 reacting with 2,4-dinitrophenylhydrazine 2 to
form phenylhydrazones 3 obtaining a yellow complex. This is an indicator of the
presence of aldehyde in the medium [32].

NO2 NO2
lc"\‘ O2N O2N
i Ho——NH NO,
T o NH NH
{ o) (o | |
M ' e I I
" " )J\/\/U\
H H
NO,
1 2 3

Scheme 2. Aldehyde identification reaction scheme.
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The reaction progress was monitored for each hydrogel at 60 °C. The conversion

data of GA as a function of time for hydrogels with a concentration of 2 wt%
and 10 wt% are illustrative of the results as an example (Figure 2). The hydrogel
containing GA at 2 wt% was completely consumed at 50 min of reaction. For the

hydrogel with GA at 10 wt%b, this occurred at 120 min of reaction.

100 4
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Figure 2. GA conversion of 2 wt% (M) and 10 wt% (®) hydrogel.

The reaction order was calculated from the GA conversion data for each

hydrogel. Figure 3 shows the reaction order results for hydrogels with 2 wt% (M)

and 10 wt% (®). It is possible to observe that the reaction between chitosan and

glutaraldehyde has zero-order kinetic. That is, the reaction rate is independent

of the concentration of reactants. Some authors have reported this reaction as

spontaneous and immediate [19].
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Figure 3. Reaction order of hydrogel at 2% by weight (M) and 10% by weight (®).
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Spectra of 'H NMR, result is shown for the crosslinking in the hydrogel
containing GA at 10 wt% (Figure 4). A signal at 6=7.75 ppm was attributed to
the imine protons for cross-linking between GA and CS (-N=CH-), in agreement
with the report by Ali Reza Karimi [23]. A wide signal at =4.66 ppm corresponds
to hydroxyl (-OH) groups in the CS chain, 8=3.16 ppm to oxygen base protons
near hydroxyls (OH-CH-), and 6=1.83 ppm to methylene groups of the cross-

linked glutaraldehyde chain.
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Figure 4. '"H NMR of hydrogel at 10 wt%.

FT-IR analysis was carried out on fresh hydrogels with the crosslinking agent
at 2 wt%, 6 wt% and 10 wt% (Figure 5). The absorption band at 1632 cm™
corresponds to the stretching frequencies of the imine bond (HC=N-). This is

100 +
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Figure 5. FT-IR spectra of
chitosan-glutaraldehyde
hydrogels containing the
crosslinking agent at 2 wt%
and 10 wt%.
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according with a previous study, which employ the same reaction that assigned
the imine group to 1568 cm™ [26] and the ovetlapped stretching vibration of
-N-H and —OH to 3308 cm™ [26]. Both these signals presently increased when
there was a greater cross-linking degree in the hydrogels.

HR-MS reveals a wide distribution of the molecular mass for each hydrogel
(Figure 6). Some chains were found with high molecular weight and others with
low molecular weight. The latter are attributed to a slow reaction that does not
permit the fast growth of polymeric chains. This evidence corroborates the
findings of the NMR spectrum in which residual CS and GA were detected.

[_1E(10%)

Intensidad

0.0
1000

Figure 6. HR-MS spectra of chitosan-glutaraldehyde hydrogels containing the crosslinking
agent at 2 wt% and 10 wt%.

The morphology of fresh and freeze-dried hydrogels was examined by SEM.
Micrographs of the hydrogels containing 2 and 10 wt% of the crosslinking agent
(Figure 7) show highly porous surfaces and the formation of flakes in fresh
(Panel A) and lyophilized (Panel B) gels. There are studies that document the
importance of a porous surface for cells to be implanted inside of the hydrogel

and for nutrients to be able to flow to such cells, thus enabling tissue growth on
the scaffold [3].

The DA-TGA test indicated that the hydrogel with the greatest concentration
of GA decomposed at the highest temperature (Figure 8), caused by the greater
crosslinking density and therefore a higher average molecular weight of the
polymer chains. At first, the hydrogels with GA at 2, 4 and 6 wt.% presented the
same weight loss at 25 < T/°C < 52, attributed to dehydration of the material
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Figure 7. Microscopy images of the surfaces of hydrogels, both fresh (A) and lyophilized (B),
containing 2 wt% and 10 wt% of the crosslinking agent.
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and the beginning of the decomposition of shorter chains. As the temperature
approached 100 °C, there was a faster decomposition of the hydrogels containing
GA at 2 and 6 wt.%. On the other hand, the hydrogel with GA at 10 wt.% di0d

not accelerate its decomposition (due to its greater water retention).

The rheological properties of the hydrogels were studied by oscillatory
rtheology at 30, 35 and 40 °C. The storage modulus (G ) and loss modulus (G ")
were determined as a function of strain, (Figure 9), finding that G’ was higher
than G . Thus, the G " represents the elastic response of the sample, which is
reportedly typical for gels or samples with a certain rigidity in their structure
[33]. The shape of the storage modulus curve at low frequencies is typical of the
shape of a polymer with mechanically weak cross-links [34].
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Figure 9. Storage modulus and loss modulus behavior of hydrogels with glutaraldehyde at 2
wt% (m) and 10 wt% (A).
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The degree of swelling of the material was determined by the quantity of
water absorbed by the hydrogel. The percent of swelling was calculated as a
function of the time. The material was immersed in water, using hydrogels with
2, 6 and 10 wt% of GA (Figure 10). The results reveal that the degree of cross-
linking strongly influenced the swelling volume. That means, the material with
the greatest degree of swelling was the material with the greatest percentage of
the crosslinking agent (10 versus 2 wt%, respectively). Accordingly, the hydrogels
containing 10 wt% GA absorbed 60% of water in the first 1.5 min, while the
materials with 2 wt% only absorbed 20 %.

1

9,04%

Crosslinking per gram of gel (%)

Hydrogels

Figure 10. Crosslinking agent percentage of hydrogels at
2 wt% (m), 6 wt% (@) and 10 wt% (A).

The cytocompatibility of CS-GA hydrogels with human fibroblasts was
evaluated by using a live/dead cytotoxicity assay. The cells were seeded on the
hydrogels and left for three days at 37 °C. Subsequently, the hydrogel platforms
were stained with calcein/ethidium homodimer for the visualization of viable
cells under an epifluorescence microscope (Figure 11). Viable fibroblasts
were clearly seen in the platforms containing 2, 4 and 6 wt.% GA, indicating
cytocompatibility at those concentrations. Viable cells can be appreciated alone
ot clusters, both on the surface of hydrogels. The hydrogels with GA at 8 and 10
wt%o did not display cell viability, cells could not adhere perhaps due to the higher
concentration of GA.
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Figure 11. Fluorescence micrographs of the fibroblast cells onto hydrogels with the
crosslinking agent at 2 wt% (A) and 10 wt% (E). Live cells are visible as green (1), dead cells are
observed as red (2).

5. Conclusions

Novel hydrogels were synthesized by using Schiff reactions to cross-link CS with
GA. Hydrogels having different concentrations of GA were tested to determine the
effect on swelling and rheological properties. Examination was made of the degree
of crosslinking bond formation (with TGA-DA) and of the presence of residual
GA in the uncrossed part (with NMR). The reaction kinetic and reaction order
assessed with UV-vis spectroscopy, showed a pseudo-zero order for the reaction.
Moreover, the constant rate values were dependent on the concentration of GA.
The rheological properties evidenced a decrease in the strain strength when a more
rigid network is formed. There was a significant increase in the swelling capacity of
the material with greater GA content, finding the best water absorption capacity
at 10 wt%. However, only the hydrogels at 2, 4 and 6 wt% were cytocompatible.
The results suggest that hydrogels consisting of CS cross-linked with GA could
possibly provide an adequate scaffold for tissue engineering. Further research is
needed to explore the in vivo plausibility of such a scaffold.
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