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Prologue

This book has been written by women involved in the world of science, where they work in what they
believe in, whose mission lies in research, the authors call it their work, but in reality it is their life there,
their time and perhaps it is also their family, their soul full of inspiration, this miraculous and
indescribable symbiosis, called woman-science.

The works submitted to the CIERMMI Congress, cover the areas of knowledge indicated by the
National Council of Science and Technology (CONACYT), which opens a range of possibilities to
publish their work, which contributes to obtaining important recognition for their work, which also
contributes to obtaining personal goals such as the desirable profile of the Program for the Professional
Development of Teachers (PRODEP) and compete to obtain some distinction in the National System of
Researchers (SNI).

As Jane Goodall said "The greatest danger that the future holds for us is apathy”. In light of this
truth, women researchers contribute with their work to the dissemination of their knowledge, in which
they put their heart and their time, this book recognizes their valuable contributions in area I: Physics-
Mathematics and Earth Sciences. As well as area Il: Biology and Chemistry.

My recognition to these women, scientists, teachers, housewives, mothers, wives, daughters, etc.,
who put their wisdom and contribute in a real way to the development of science, which contributes to
improve our common home: our planet and elucidate that perfect machine called living beings, to find
and reconnect the homeostasis so sought and desired for humanity.

Castillo-Martinez, Luz Carmen. MsC

Full Time Professor

Attached to the Industrial Chemistry and Renewable Energies Educational Program.
Universidad Tecnoldgica de San Juan del Rio

San Juan del Rio, Queretaro, November 2022



Introduction

The Colegio de Ingenieros en Energias Renovables de Querétaro A.C. (CIER-QUERETARO), and its
chapters of Renewable Energy, Industrial Maintenance, Mechatronics and Informatics, technical
sponsors of the International Interdisciplinary Congress on Renewable Energy, Maintenance,
Mechatronics and Informatics, CIERMMI 2022 has as general objective to establish a space for
discussion and reflection on issues related to the areas of: renewable energy, industrial maintenance,
mechatronics and informatics with the participation of students, teachers, researchers and national and
international speakers, promoting the formation and consolidation of research networks. Contributing to
provide a space for dissemination and discussion of the presentations of students, graduates, academics
and researchers, representatives of various higher education institutions, research centers in our country,
as well as educational institutions beyond our borders. Promoting the formation of research networks
between different institutions. Offering a space for undergraduate, master's, doctoral and postdoctoral
students, in which they can present the progress of the research they carry out in their different
educational centers. Providing a space in which study groups and members of academic bodies, linked
to the curricular program of renewable energy, industrial maintenance, mechatronics and computer
science careers, can present the research work developed within their institution and in collaboration with
other national or international educational institutions. Establishing a training space for the attendees,
through the development of specific lectures and conferences.

This volume, Women in Science T-X1X-2022 contains 9 refereed chapters dealing with these
issues, chosen from among the contributions, we gathered some researchers and graduate students from
the 32 states of our country. We thank the reviewers for their feedback that contributed greatly in
improving the book chapters for publication in these proceedings by reviewing the manuscripts that were
submitted.
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Chapter 1 Study of Hox protein-protein interactions in living cells using novel
fluorescent techniques

Capitulo 1 Estudio de interacciones proteina-proteina Hox en células vivas
utilizando técnicas novedosas de fluorescencia
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Abstract

Hox genes are master regulators of development that contain the homeobox, a highly conserved region
of 180 base pairs. The homeobox codes for a 60-aminoacid domain called the homeodomain, which
interacts with DNA to regulate gene expression with great specificity. How the homeodomain achieves
this high level of specificity is one of the great questions in developmental biology. Besides interacting
with DNA, the homeodomain also interacts with transcription factors, cofactors, and other proteins to
regulate development. These protein-protein interactions are necessary to understand the functions and
transcriptional regulation of homeoprotein target genes. In this review, we describe the different
techniques used to study Hox protein-protein interactions. These novel fluorescent techniques can be
used to verify these interactions in living cells and further analyze them in model organisms to elucidate
functional implications of these interactions in vivo. As we discover more Hox interacting partners, these
techniques will help us determine the essential role of protein-protein interactions within the interactome
networks to control cellular functions and morphogenesis and organogenesis in vivo.

Protein-protein interactions, BiFC, FRET, Fluorescent techniques, Hox interactome, Cofactors,
Transcription regulation, Homeodomain, Development

Resumen

Los genes Hox son reguladores maestros del desarrollo que contienen al “homeobox”, una region
altamente conservada de 180 pares de bases. El “homeobox” codifica a una region de 60 aminoacidos
Ilamada homeodominio, la cual interacciona con el ADN para regular la expresion genética con alta
especificidad. EI mecanismo de cémo el homeodominio logra este alto nivel de especificidad es una de
las grandes preguntas en biologia del desarrollo. Ademas de interaccionar con el ADN, el homeodominio
también interacciona con factores de transcripcion, cofactores, y otras proteinas que regulan el desarrollo.
Estas interacciones proteina-proteina son necesarias para entender las funciones y regulacion
transcripcional de los genes blanco de las homeoproteinas. En esta revision, describimos las diferentes
técnicas utilizadas para estudiar las interacciones proteina-proteina de Hox. Estas novedosas técnicas
fluorescentes pueden utilizarse para verificar las interacciones en células vivas y analizarlas en
organismos modelo para elucidar las implicaciones funcionales de estas interacciones in vivo. Con el
descubrimiento de mas colaboradores que interaccionan con Hox, estas técnicas nos ayudaran a
determinar el papel esencial de las interacciones proteina-proteina dentro de las redes del interactoma
que controlan las funciones celulares, la morfogénesis y organogénesis in vivo.

Interacciones proteina-proteina, BiFC, FRET, Técnicas fluorescentes, interactoma Hox,
Cofactores, Regulacion de la transcripcion, Homeodominio, Desarrollo

1.1 Introduction

Hox genes are a family of transcription factors (TFs) with a key role as master regulators of development,
responsible for giving identity to the segments of the anteroposterior (A-P) axis of bilateral organisms
(Lewis et al., 1978; Mann and Morata, 2000). All the homeotic genes share a highly conserved region of
180 base pairs (bp) called the homeotic box or "homeobox™ (McGinnis et al., 1984, Scott & Weiner,
1984) that encodes a 60—amino acid DNA-binding domain known as the homeodomain (HD) (Gehring,
1987). The HD’s tridimensional structure consisting of three alpha-helixes allows it to bind to DNA,
specifically through helix 111—the recognition helix—that contains short regions rich in A-T present in
the major groove of DNA (Svingen & Tonissen, 2006, Mann et al., 2009).

However, considering that the HD of all homeoproteins is highly similar and that the DNA
regions to which they bind are also present multiple times throughout the entire genome. In addition,
some Hox proteins bind cooperatively to chromatin (Arunachalam, et al., 2022; Latham & Zhang, 2022).
It is therefore difficult to imagine how each of the homeoproteins is capable of specifically regulating
target genes for the development of the segments along the A-P axis of the different organisms. This
question is known as the “Hox paradox” (Prince et al., 2008; Hueber & Lohman, 2008).
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Many transcriptional factors that interact with homeoproteins have been described in the complete
map of protein interactions called the “Hox interactome” (Baéza et al., 2015). Protein-protein (PPI)
interactions became relevant when it was determined that Extradenticle (Exd) can interact with
homeoproteins through the YPWM motif, improving the specificity of DNA binding site compared to its
monomeric form (Shanmugam et al.,1997; Joshi et al.,2007). Exd dimeric interaction with
homeoproteins like Abdominal A (abdA), Ultrabithorax (Ubx), Sex combs reduced (Scr), and
Antennapedia (Antp) (Passner et al.,1999; Joshi et al., 2007; Papadopoulos et al., 2011) increase the
specificity of homeoproteins. Homothorax (Hth), another Hox cofactor that establishes interaction with
homeoproteins, also interacts with Exd to allow active nuclear export (Rieckhof et al., 1997; Ryoo et
al.,1999). Both cofactors interact with homeoproteins, forming trimeric Hox-Exd-Hth complexes that
improve specificity, allowing the activation or repression of different genes. For example, Ubx-Exd-Hth
and AbdA-Exd-Hth trimers can activate or repress transcription depending on the cis-regulatory module
(CRM) to which it binds. (Merabet et al.,2007; Delker et al.,2019 Zandvakili et al., 2019). Although
these trimeric complexes between homeoproteins with cofactors increase specificity, it is not enough to
explain the transcriptional regulation given by homeoproteins.

To specify cellular identity, homeoproteins interact with cofactors such as Exd, but also with
general transcription factors (GTF) that confer specificity. The first link of functional contact witha GTF
found in Drosophila was between Antp and BIP2 (TAFII155, TAF3), a member of the TFIID complex
(Prince et al., 2008). Other homeoprotein interactions include components of Pol 1l machinery, Med19
from the Mediator (MED) complex, and the transcription-pausing factor M1BP and TFIIEp (Boube et
al., 2014; Zouaz et al., 2019; Baéza et al., 2015). These interactions demonstrate Hox-driven
transcription, but the molecular mechanisms behind transcriptional regulation remain elusive.

1.2 Analysis of protein-protein interactions

Protein-protein interactions (PPIs) are necessary to understand the functions and transcriptional
regulation of homeoprotein target genes. Several techniques are used to study protein-protein interactions
in vitro; of these, Co-IP, pull-down assays, affinity purification coupled to mass spectrometry (TAP-
MS), and yeast two-hybrid have been used to study the Hox interactome and are described below.

In Co-IP, the target protein is recognized by a specific antibody that has been immobilized to a
support, which is then used to co-precipitate the antibody-protein complex from the cell lysate. The
complexes are detected and identified by western blot analysis or mass spectrometry (Free et al., 2009).
Interactomes of the Hox proteins Abd-A, Antp, Scr and Ubx have been validated by Co-IP experiments
(Baéza et al., 2015). Ubx partners have also been identified from nuclear extracts of embryos
(Carnesecchi et al., 2020).

In pull-down assays, the detection system consists of a glutathione S-transferase (GST)-, polyHis-
or streptavidin-tagged protein that is captured by agarose beads coated with the tag-specific ligand. The
immobilized fusion-tagged protein captures its putative interacting partner from a cell lysate; the
complexes are selectively eluted for in-gel or western blot analysis (Brymora et al., 2004). A great
number of Hox PPIs have been identified by pull-down assays including cofactors, GTFs and other Hox
proteins (Emili et al., 1994; Zhu and Kuziora 1996; Rieckhoff et al., 1997).

The TAP-MS assays require two tags instead of one in a sequential manner; typically, a
combination of FLAG and HA peptides are used as affinity tags (Rigaut et al., 1999; Nakatani and
Ogryzko 2003). In the first affinity step, the TAP-tagged protein is expressed in cells for association with
its endogenous partners. In the second step, the complexes formed are purified by interaction with the
corresponding tag ligand using immunoglobulins anchored on agarose beads. Once recovered, protein
complexes can be processed for direct analysis by mass spectrometry (MS) or separated by SDS-PAGE
for reducing sample complexity before MS analysis (Dunham et al., 2012; Adelmant et al., 2019). This
approach has been used to capture lineage-specific Ubx partners at the subcellular level (Carnesecchi et
al., 2020). Also, the interactome of the Hox cofactor Meisla was analyzed using TAP-MS in absence or
presence of its regulator Prepl to gain insight into its oncogenic activity (Dardaei et al., 2014).
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The yeast two-hybrid (Y2H) assay allows the identification of PPIs using the yeast Gal4
transcription factor. The DNA-binding domain and activation domain of Gal4 are fused to two proteins
of interest. If both proteins interact, Gal4 transcription factor becomes functional, activating the
expression of reporter genes under the control of the UAS (GAL promoter). This assay is used to confirm
the interaction between two proteins of interest and discover novel PPIs (Fields and Song 1989). Y2H
screenings identified Ubx interacting proteins like TFs and cell signaling regulators (Bondos et al., 2006).
Another example is the identification of the homeodomain-interacting protein kinases as a novel family
of Hox co-repressors that differentially interact with homeoproteins in living cells (Kim et al., 1998).

Overall, these in vitro techniques are very popular for PPI detection and could be used in large-
screening approaches. However, there are some drawbacks that must be considered when choosing the
most appropriate technique, because these methods rely on indirect detection of the PPI or require
disruption of the cells. Some PPIs are transient or weak, or require a specific cellular environment,
giving false positive or false negative results; in other words, only strong and stable PPIs can be detected.
Also, since these methodologies require lysis of the cell, the compartment in which the PPI occurs cannot
be determined.

Fluorescent labeling techniques can be used to detect protein-protein interactions in live
conditions and visualize the location where they occur within the cell, allowing us to better understand
protein function in vivo. For example, fluorescent fusion proteins have been used to visualize gene
expression of the Hox locus at the subnuclear level in Drosophila imaginal discs (Delker et al., 2022).
Some techniques used to analyze PPIs are fluorescence anisotropy, fluorescence correlation spectroscopy
(FCS), fluorescence lifetime image microscopy (FLIM) and photonic crystal (PC) biosensors. The most
commonly used techniques to study PPIs are Bimolecular fluorescent complementation (BIFC), Forster
resonance energy transfer (FRET), competitive BiFC, and the combined BiFC-FRET.

Bimolecular fluorescence complementation (BiFC) relies on a visible fluorescent signal. This
assay is based on complementation between two fragments of a fluorescent protein that are each fused
to a protein of interest. The interaction between these proteins brings the fragments together and
reconstitutes the fluorescence, indicating protein-protein interaction (Figure 1). The first fluorescent
protein used in complementation assays was the green fluorescent protein (GFP); now there are various
GFP-derivatives such as the YFP, Venus or Cerulean (Hu et al., 2002; Hu and Kerppola, 2003; Shyu et
al., 2006), red fluorescent variants like mRFP1 (Jach et al., 2006) and lately the near infrared fluorescent
protein iRFP (Chen et al., 2015). Venus has been used to determine Antp-TFIIEP interaction, showing a
direct physical interaction of TFIIES with two aminoacidic positions on helix 2 of the Antp HD that is
required for the ectopic function of Antp in thorax and antenna-to-tarsus transformations. Antp-TFIIE
interaction showed the important relationship between Hox proteins and the general transcription
machinery for transcriptional regulation (Altamirano-Torres et al., 2018).

Figure 1 Schematic representation of BIFC. Venus fragments (VN AND VC) are fused to A and B
proteins of interest. The interaction of A and B proteins brings the Venus fragments together and
enables Venus fluorescence, indicating an interaction between A and B

| +g‘ _
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BiFC has been used successfully in yeast (Sung et al., 2013), plants (Lee et al., 2012), mammalian
cells (Lee et al., 2011) and insects like Drosophila melanogaster (Plaza et al., 2008) allowing us to study
PPIs in a tissue- and developmental stage—specific manner in vivo. Its main advantage is that the
complementation between the two fragments causes covalent junctions, leading to the stabilization of the
protein complex. Although it is not possible to monitor the temporal dynamics of PPIs, BiFC allows
detection of transient and weak interactions that occur simultaneously, combining peptides of different
fluorescent proteins (multicolor BiFC) (Bischof et al., 2018). This assay was applied to detect
interactions in living embryos in Drosophila (Hudry et al., 2011) and to create a BiFC library consisting
of a collection UAS-ORF fly lines that allows the simultaneous detection of PPIs in living embryos. This
multicolor BIFC library is updated constantly and aims to cover all Drosophila TFs in the near
future (Bischof et al., 2013).

Forster resonance energy transfer (FRET) is another method that enables the detection of
interactions in vivo. FRET can measure the proximity between two fluorophores that are fused to interest
proteins, upon excitation. The energy transfer between a donor and an acceptor molecule should occur
within a small distance (less than 10 nm) to validate the close proximity between interest proteins and
hence the interaction between them (Shyu, et al., 2006, Truong & lkura, 2001, Parsons et al., 2004,
Kenworthy, 2001). The efficiency of the energy transfer refers to donor excitation that results in energy
transfer to the acceptor, thus the donor emission decreases whereas the acceptor emission increases,
indicating PPI (Figure 2). A variation of FRET is BRET (bioluminescence resonance energy transfer),
where a light-emitting enzyme (luciferase) is used as a donor, and a fluorescent protein is used as an
acceptor (Harikumar et al., 2017).

Figure 2 Schematic representation of FRET. Donor (CFP) is fused to protein A and acceptor (YFP), to
protein B. When the donor is excited, energy is transferred to the acceptor, decreasing the donor’s
fluorescence, and indicating A and B interaction

477nm

433nm\ [ \ 527nm
YFP ‘ CFP  YFP

In FRET, the most commonly used fluorescent proteins are CFP and YFP, although the YFP
mutant Venus and the CFP mutant Cerulean have been used successfully, showing better properties for

live-cell imaging. These techniques require high levels of protein expression as well as specific interfaces
to reliably interpret the few emitted signals and therefore cannot be used for large-scale applications.

BiFC and FRET assays allow the detection of dimeric interactions, and multicolor BiFC can
detect several dimers simultaneously; detecting trimeric complexes, however, has proved to be a
challenging task. In 2004, Galperin et al., developed a three chromophore—based FRET system that can
measure the signals of three donor-acceptor pairs, such as CFP-YFP, CFP-mRFP and YFP-mRFP in vitro
and in vivo, and can be used to visualize trimeric complexes in cells, but required sophisticated optical
setup and data process.


https://scholar.google.com/citations?user=KDk7IPQAAAAJ&hl=es&oi=sra
https://scholar.google.com/citations?user=dNSudCEAAAAJ&hl=es&oi=sra
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One approach to indirectly detect possible candidates for trimeric interactions are competition
experiments. Here, a “cold” competitive partner (not fused to a fluorescent protein fragment) is co-
expressed with proteins fused to the amino and carboxyl ends of fluorophore, expecting a decrease in
dimeric interaction (Baéza et al., 2015). An example is shown in Figure 3, where Antp and TFIIEB
interact in HEK293 cells, giving an interaction of 81%. When the “cold” proteins (TBP, BIP2 and EXD)
were co-transfected with the Antp/TFIIEP complex the interaction decreased, indicating the possible
formation of trimeric interactions with these transcriptional factors.

Figure 3 Antp-TFIIE interaction is affected by TBP, BIP2 and Exd in competitive BiFC assays. The
co-expression of Antp and TFIIEP with TBP, BIP2 and Exd. A) Green fluorescence indicates the
protein-protein interaction of Antp with TFIIE in 81% of the transfected cells. B) The addition of TFs
to Antp-TFIIEP decreased the interaction to 56% in TBP, 43% in BIP2 and 49% in Exd. pCAG-
mCherry was used as an internal control for transfection

A B

+ ©

TFIER TFIER

Antp-TFIIEB

A better option to detect trimeric complexes directly is the combination of BiFC and FRET
(BIFC-FRET) using Venus and Cerulean fluorescent proteins for visualization of trimeric complexes in
living cells (Shyu et al., 2008), avoiding the use of three chromophores. BiFC allows reconstitution of a
fluorescent protein (with proteins of interest fused to the fragments) and can be used as a donor, plus
Cerulean fused to another protein used as an acceptor. An example of BiFC-FRET being used to detect
a trimeric interaction between p65-Jun-Fos is observed in Figure 4.
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Figure 4 P65-Jun-Fos trimeric interaction by BiFC-FRET. (A) Schematic representation of p65 fused
to Cerulean (Cerulean Channel), BiFC by Jun-Fos interaction (Venus channel) and energy transfer due
to p65-Jun-Fos trimeric complex (FRET). Modified from Jiménez-Mejia et al., 2018
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In summary, in vivo approaches enable detection of PPIs in their normal environment without
disrupting the cell, and allowing their visualization and localization, all important aspects to determine
their function during development. Moreover, these techniques can determine key interacting domains
that could be useful, not only to elucidate function, but to find ways to disrupt interactions involved in
pathologies such as cancer. These next-generation therapeutic approaches have been successfully used
to disrupt the interaction between HOX proteins and their co-factors in neoplasms such as glioblastoma
multiforme, leukemia and other neoplasms (Morgan et al., 2017; Arunachalam, et al., 2022).
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1.5 Conclusion

Proteins control basically all biological systems; they rarely act alone and most of them interact with
others to perform their biological activity in the cell. Protein-protein interactions are the physical contacts
with molecular docking between proteins that allow them to achieve their biological functions both at
cellular and organism level, integrating the so-called interactome. In this review we analyze how methods
such as co-immunoprecipitation, pull-down assays, BiFC, FRET and BIFC can be used to analyze the
PPIs of Hox proteins in order to understand the Hox interactome. These novel fluorescent techniques
present the advantage to verify these interactions in living cells and further analyze them in whole in
model organisms to elucidated functional implications of these interactions in vivo.
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Although we have made significant progress in the study of Hox interacting partners to
understand how multimeric complexes between homeoproteins and cofactors increase the specificity of
transcriptional regulation to specify cellular identity, we still possess a limited understanding of how Hox
PPlIs control cellular functions and morphogenesis and organogenesis in vivo.

Moreover, data published in recent years with efficient large-scale technologies that measure
proteome-wide physical connections produced a large collection of PPI databases that are available in
public repositories. All these PPIs complexes should be analyzed in an adequate biological context to
determine their essential role to build and analyze interactome networks.
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Abstract

Chikungunya fever is a disease caused by the chikungunya virus (CHIKV), which is transmitted by
hematophagous female mosquitoes (Mohan, 2010). Chikungunya Fever is a re-emerging illness with a
great global impact, causing severe public health problems (Mohan, 2010) (Gérardin, 2011) (Sebastian,
2009). CHIKV contains a single-stranded RNA genome (+) with two open reading frames (ORFs), one
for nonstructural proteins and the other for structural proteins (Caglioti, 2013). Little is known about the
specific role nonstructural proteins (NSPs) play during viral replication. Nevertheless, NSP1 is known to
be involved in the induction of cytoskeleton and plasma membrane changes and cell prolongations such
as filopodia (Laakkonen, 1998). Currently, there are no commercial antibodies to detect NSP1; hence, it
is of utmost importance to design tools that would allow us to study the role of this protein during the
viral cycle. In this study, primers for CHIKV NSP1 were designed and used to amplify cDNA, which
was cloned into the pPROEX Htb expression vector. The optimal expression time for NSP1 was
determined, and the expressed protein was purified. The recombinant NSP1 (rNSP1) protein obtained
using this process was used to immunize rats to obtain polyclonal antibodies. These antibodies were
tested in Vero cells infected with CHIKV and were observed using immunofluorescence assays, showing
the recognition of viral proteins in their native form.

Chikungunya, NSP1, Antibody, Recombinant, Clonation, Purification
Resumen

La fiebre de Chikungunya es una enfermedad causada por el virus de Chikungunya (CHIKV), el cual es
transmitido mediante la picadura de los moquitos hemat6fagos hembras (Mohan, 2010). La fiebre de
Chikungunya es una enfermedad reemergente con un gran impacto global que ha causado severos
problemas en salud publica (Mohan, 2010)(Gérardin, 2011) (Sebastian, 2009). CHIKV contiene una
cadena monocatenaria de RNA y polaridad positiva. Este genoma tiene 2 marcos de lectura (ORFs) que
codifican para dos poliproteinas: la no estructural y la estructural (Caglioti, 2013). Poco se conoce acerca
de la actividad de las proteinas no estructurales (NSPs) durante la replicacién del virus. Para NSP1, se
ha observado que participa durante la formacion de prolongaciones celulares (como los filopodios), asi
como en la remodelacion del citoesqueleto y membranas plasmaticas (Laakkonen, 1998). Actualmente,
en el mercado no hay anticuerpos especificos que detecten a NSP1, por lo que es de suma importancia el
disefio de herramientas que nos permitan estudiar el papel de esta proteina durante el ciclo viral. En este
estudio se disefiaron oligos para NSP1 y se emplearon para la amplificacién del cDNA. Posteriormente
este cDNA se clond en el vector de expresion pPROEX Htb. La proteina recombinante NSP1 (rNSP1)
fue purificada y utilizada para la inmunizacién de ratas. Los anticuerpos policlonales obtenidos fueron
probados en células VERO infectadas con CHIKV y, mediante ensayos de inmunofluorescencia, se
detect6 a la proteina NSP1 en su forma nativa.

Chikungunya, NSP1, Anticuerpo, Recombinante, Clonacion, Purificacion
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2.1 Introduction

CHIKYV causes Chikungunya fever, which is considered a re-emerging illness and has a severe impact in
public health. This is due to its debilitating and lasting sequelae, mainly of a rheumatological type,
resulting in expensive treatments and therefore burdening the health sector of the countries in which they
occur, such as Mexico, Argentina, Colombia and Bolivia, which have the most confirmed chikungunya
cases (OMS, 2020).

Symptoms of CHIKV appear within 3-7 days of infection and most patients with acute infection
show a fever higher than 38.9 °C, headache, rash, fatigue, nausea, vomiting, joint pain, and conjunctivitis.
Almost all infected people develop severe polyarthralgia, more frequently in the wrists, elbows, fingers,
knees and ankles, and it tends to weaken the patient. In some cases, joint pain, fatigue, and neuritis
continue to be observed up to ten months after infection, with 43—75% of infected people reporting to
have some late- or prolonged-onset symptoms (on average, two years after infection), such as recurrent
joint pain or joint stiffness (Simon, 2007) (Gérardin, 2011) (Manimunda, 2010).

CHIKV belongs to the Togaviridae family and Alphavirus genus. Most alphaviruses are
transmitted by mosquitoes to vertebrate hosts, such as humans, nonhuman primates, birds, amphibians,
reptiles, rodents, and pigs (Chen, 2018). CHIKV has an icosahedral form with a diameter of 60-70 nm
and is wrapped by a phospholipid layer. It contains a genome approximately 11.8 kb long, which is a
single linear chain of positive RNA flanked by two UTRs (untranslated regions) at the 5’ end and a poly-
A tail at the 3’ end (Caglioti, 2013). The CHIKV genome has two open reading frames (ORFs), the first
of which encodes four nonstructural proteins (NSPs): NSP1, NSP2, NSP3, and NSP4. The second ORF
encodes five structural proteins, including those that form the capsid (C) and the envelope glycoproteins
El, E2, E3, and 6k (Li, 2012).

Cell infection starts when CHIKYV binds to the cell membrane, mainly through the interaction of
the E2 protein. Next, the virus enters the cell via clathrin-dependent endocytosis. When an endosome is
formed, the endosome pH begins to decrease, leading to a conformational rearrangement of the virus and
E2-E1 heterodimer dissociation. E1 then participates as a fusogenic peptide, inducing the fusion of the
endosome and the viral coat, allowing the RNA to be released into the cytosol. The nonstructural proteins
are translated as polyproteins and a replicative complex (RC) is formed, wherein genomic RNA and other
nonstructural proteins are cleaved to the plasma membrane where RNA synthesis occurs. The double-
stranded RNA formed leads to the synthesis of genomic and subgenomic viral RNAs. Subgenomic RNA
is translated to produce structural proteins that form the viral capsid, which interacts with genomic RNA,
giving rise to new viruses, and leading to cell exit for the infection of new cells (Cunha, 2020).

Nonstructural protein 1 (NSP1) is highly involved in viral replication. This molecule is 535 amino
acids long (~60 kDa) and has three domains: an N-terminal domain (NT) (with methyltransferase [MT]
and guanylyltransferase functions), a membrane-binding domain (MB), and a C-terminal domain (CT).
The NT domain is involved in the methylation and capping of viral RNA. The MB anchors the replication
complex (CR) to the cell membrane. The function of C-terminal domain is not yet known (Kumar, 2018)
(Cunha, 2020). Thus, NSP1 participates in binding the replication complex (RC) to the inner part of the
plasma membrane and capping the genomic and subgenomic RNA (Ahola, 1995). Additionally, it is
believed that NSP1 is involved in membrane reorganization during cell infection; however, many aspects
of this phenomenon remain to be elucidated (Kumar,2018).

2.2 Methodology
2.2.1 Designing primers

Primers were designed to amplify the coding sequence for NSP1. The sequence of the complete CHIKV
genome from the first clinical case in Mexico reported by INDRE (strain 51CHIK; GenBank:
KP851709.1) was used as a template. Two primers were designed, which were approximately 20 to 25
base pairs in length and had an alignment temperature between 56 and 59 °C. The primers were then
analyzed using NEBcutter V2.0 and Clustal Omega software to rule out other restriction sites of the
enzymes to be used within the sequences and corroborate that their sequences were not complementary.
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2.2.2 Viral RNA and cDNA preparation

A Vero cell culture was infected with Chikungunya virus at 5 MOI for 12 h. Subsequently, the cell
monolayer was washed with Dulbecco's Modified Eagle Medium (DMEM) without Fetal Bovine Serum
(FBS), and trizol reagent was added. The resulting solution was vigorously mixed at room temperature
(20-25°C) for 5 min. Next, 200 pL of a cold solution of chloroform and isoamyl alcohol (49:1, v/v) was
added, mixed via inversion, and centrifuged at 20,000 x g at 4°C for 15 min, and the aqueous phase was
recovered. Next, 500 uL of cold isopropanol was added the aqueous phase, mixed via inversion,
centrifuged at 20,000 x g for 10 min, and the supernatant was removed. The pellet was then washed with
75% ethanol. Finally, the isolated RNA was resuspended in DEPC water and quantified. A mixture
containing dNTPs, DTT, 200 U/uL of the enzyme SuperScript III (reverse transcriptase), and the
previously extracted RNA was added to specific primers previously designed to amplify the NSP1
sequence via RT-PCR.

The coding region for NSP1 was amplified using the designed primer pairs, and the synthesized
cDNA was used as a template for further amplification. For this, 35 cycles were carried out as follows:
initial denaturation at 95 °C for 5 min, primer annealing at 56.8 °C for 1 min, and cDNA extension at 72
°C for 7 min.

2.2.3 Construction design and obtaining recombinant Escherichia coli cells

The amplicon (NSP1) was ligated into a pJET transfer vector following the cloning protocol for blunt
ends (CloneJET PCR Cloning kit, Thermo Scientific). Briefly, the PCR product was purified from the
electrophoresis gel (QIA Quick Gel extraction kit) and digested to produce blunt ends. Nuclease-free
water and the reaction buffer (Thermo Scientific, 1x) were mixed and incubated at 70 °C for 5 min.
Subsequently, the vector and T4 DNA ligase (Thermo Scientific, 1x) were added and incubated at room
temperature for 5 min. The above mixture was used to transform competent XL10 Gold E. coli cells,
which were subject to heat shock at 42 °C for 45 s, placed on ice for 1 min, and 400 puL of LB medium
was added. The transformed cells were then incubated at 37 °C for 1 h with constant agitation. Finally,
the cells were spread onto plates with LB medium supplemented with 120 pg/mL ampicillin and
incubated at 37 °C for 24 h to screen for positive transformants.

Next, the digestion of the expression vector pPROEX Htb was carried out using the restriction
enzymes BamHI and Xhol. This was done for directed cloning during ligation, wherein the amplicon was
inserted in the 5'-3" direction, thus resulting in the appropriate reading frame.

The next step was the release of the NSP1 gene via digestion at 37 °C for 2 h with the enzymes
BamHI and Xhol from the previous construct (NSP1-pJET) and transferring the gene into the expression
vector pPROEX HTb. The transformation process was carried out using competent BL21 E. coli, as
described previously for the XL10 Gold strain. General cloning strategy of NSP1 into the transfer pJET
1.2/ blunt and expression pPROEX HTb vectors is shown below (Figure 2.1).
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Figure 2.1 Schematic representation of general cloning strategy for pJET1.2 and pPROEX Htb vectors
and the final construction pPROEX HTb-NSP1 flanked by BamHI and Xhol restriction sites

NSPI
5 i
< v
pIET 1.2/blunt T4DNA
LIGASE

41},/) ,

Z.
£5
>

pJET 1.2/blunt-NSP1

1

Bamil INSP1 Xhol

\?D

pPROEX HTb

2.2.4 Evaluating the Expression and purification of NSP1

To elucidate the optimal expression time of NSP1, induction kinetics were evaluated in recombinant E.
coli BL21 cells incubated at 37 °C with agitation, with or without induction agent (IPTG, 100 mM).
Bacterial aliquots were taken at 0, 3, 6, 9, and 12 h post-induction. Recombinant bacterial cultures were
lysed and analyzed via western blotting using an antibody against His-tag. The proteins were exposed
using a Super Signal West Femto Maximum Sensitivity Substrate chemiluminescence kit (Thermo Fisher
Scientific) and were analyzed with a ChemiDoc system (Bio-Rad).

To purify NSP1, it was produced in 1 L bacterial culture for 9 h post-induction, as previously
standardized. Bacteria were centrifuged at 4,000 x g, resuspended in lysis buffer, stirred at room
temperature for 60 min, centrifuged at 10,000 x g at room temperature for 30 min, and the supernatant
was recovered.
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Meanwhile, a NINTA Resin 3x (QIAGEN) was washed with B lysis buffer (The
QlAexpressionist™, QIAGEN; 100 mM NaH2PO4, 10 mM Tris-Cl, and 8 M urea; pH 8.0) and 100 pL
of resin per 100 mL of culture was added. The lysates were mixed with the resin and incubated for 1 h at
room temperature with gentle stirring. The mixture was passed through a column and the eluate was
recovered. Subsequently, the mixture was washed twice with 4 mL of B lysis buffer (pH 8.0), followed
by two washes with 4 mL of C buffer (pH 6.3). Afterward, 2 mL of D buffer (pH 5.9) was added, and
eluates were recovered in 500-pL aliquots. Finally, 2 mL of E buffer (pH 4.5) (The QlAexpressionist ™:
QIAGEN) was added, and 500-uL eluates were recovered.

2.25 Wistar rat immunization protocol and evaluation of hyperimmune serum by
immunofluorescence

Two Wistar rats were immunized intraperitoneally with four doses of 150 ug purified NSP1. Each dose
was administered at 15-day intervals (Figure 2.2). The first immunization included recombinant NSP1
protein mixed with complete Freund’s adjuvant. The next dose was administered with incomplete
Freund’s adjuvant. After immunization, bleeding was performed to obtain the serum.

Figure 2.2 NSP1 immunization protocol
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2.2.6 Immunofluorescence assay

Approximately 8x10° Vero cells were seeded in each well of a 24-well plate and grown until confluence.
The monolayers were infected with CHIKV at 5 MOI for 5 and 24 h. After the infection, the cells were
fixed with 300 puL of 4% paraformaldehyde for 20 min and washed twice with sterile 1x PBS.
Subsequently, the cells were permeabilized by adding 300 uL of 0.1% Triton X-100 in PBS + 0.2%
gelatin and incubated with agitation for 20 min in the dark. The cells were then blocked with 300 uL of
10% goat serum (PBSTCH) diluted in 0.1% PBS-Triton X-100 and incubated with agitation for 1 h.
After incubation, the slides were placed with 20 pL of primary antibody from the immunized rats, diluted
1:100 in PBSTCH, and incubated for 1 h at room temperature. The corresponding secondary antibody
(anti-rat 19G-FitC, diluted 1:50 in PBSTCH) was added, and the cells were incubated for another 1 h at
room temperature in the dark. Finally, the slides were washed with 0.1% PBS-Triton. The slides were
observed under an epifluorescence microscope (Leica) at 60x magnification or in a confocal microscope
(Leica) at 40x magnification.

2.3 Results and Discussion

2.3.1 Design and cloning of recombinant plasmids

Two primers, 24 base pairs long each, were designed and flanked by the restriction sites of Xhol and
BamHI in the forward and reverse directions, respectively, with an annealing temperature of 56.89 °C.

After a series of amplification cycles, the gene encoding the NSP1 protein was obtained at an expected
size of approximately 1,578 bp (Figure 2.3).
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Figure 2.3 NSP1 RT-PCR electropherogram. The NSP1 sequence was amplified using the forward 5'-
CGC-GGA-TCC-ATG-GAT-TCT-GTG-TAC-3' and the reverse primer 5'-CTA-TCT-CGA-CCA-
CGA-GAG-CTC-GAA-3, which were flanked by the BamHI and Xhol restriction sites, respectively
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Besides, pJet blunt vector was selected since it can store large DNA sequences. Once the amplicon
was ligated into the pJET transfer vector, its insertion was confirmed by digesting the construct with the
Bglll enzyme, which released the NSP1 gene, obtaining a fragment of the expected size (Figure 2.4).

Figure 2.4 pJET- NSP1 restriction electropherogram
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As mentioned previously, to perform targeted cloning, both the expression vector pPROEX Htb
and the NSP1 insert were digested with the restriction enzymes Xhol and BamHlI, resulting in the release

of fragments of expected sizes (Figure 2.5).
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Figure 2.5 Electropherogram of the pPROEX Htb plasmid and amplicons digested with the restriction
enzymes BamHI and Xhol
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2.3.2 Expression and identification of recombinant protein NSP1

Additionally, to confirm the functionality of the pPROEX Htb-NSP1plasmid, E. coli cells were
transformed, and the culture was incubated with IPTG to induce the expression of the NSP1 protein. To
evaluate recombinant NSP1 expression, western blot analysis was performed using an anti-His antibody
to detect the protein. It was observed that a higher protein production occurred at nine hours post-
induction (hpi) (Figure 2.6). Additionally, several smaller bands were observed at 6, 9, and 12 hpi that
did not correspond to the product of interest (NSP1). The appearance of these bands may be due to NSP1
degradation since the stationary phase begins after several hours. During this stage, DNA and RNA
synthesis are decreased, while protein synthesis is increased (Ramirez-Santos, 2005); thus, these bands
may correspond to different sizes of NSP1. On the other hand, at 9 and 12 h, the bacterial cultures without
IPTG showed small amounts of NSP1 due to a phenomenon known as “leaking,” which consists of
incomplete repression of the expression of the protein. This is because many promoters are not very well
regulated, showing little expression before the addition of an induction agent; lac promoters are highly
likely to present this phenomenon (Miroux, 1996).

Figure 2.6 NSP1 expression kinetics in E. coli. Western blot analysis shows that the best time of
protein production was at 9 h post-induction
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2.3.3 Purification of recombinant NSP1

Furthermore, recombinant NSP1 was purified under denaturing conditions using histidine columns and
then analyzed via western blotting. Two bands were observed in lanes 2 and 3 (Figure 2.7); the first band
showed a molecular weight of 60 kDa, which was in accordance with the size predicted for NSP1,
confirming the successful purification of the protein. However, a second smaller band was also observed,
which may indicate a truncated product due to the presence of a premature stop codon. Interestingly, this
doublet has not been reported in the literature for NSP1 in Chikungunya. Although it has been reported
for other alphaviruses such as SINV, truncated proteins are still expressed even when there is a mutation
in the reading frame (Akhrymuk, 2012).

Figure 2.7 Purification of recombinant CHIK NSP1 using an Ni-NTA column. The eluted fractions
were analyzed via western blot using a specific anti-His antibody
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2.3.4 Evaluation of recombinant NSP1 to induce specific antibodies

Finally, recombinant NSP1 was used as an antigen to immunize rats, and the hyperimmune serum
samples obtained were evaluated. We then addressed whether the antibodies raised in the immunized rats
could recognize native CHIKYV in infected Vero cells. Figure 2.8 shows Vero cells infected with CHIKV
at an MOI of 5 and analyzed via IF at different times. The micrographs showed nuclei dyed with blue
(DAPI) and green (FITC) staining was observed in the infected cells treated with the hyperimmune anti-
NSP1 antibody. In contrast, the uninfected cells did not show the recognition of NSP1 by the antibody.
However, during the first 5 h of infection, the positive signal was only faint, possibly because the
production of NSP1 was not yet high. As previously reported, the transport of viral RNA is being carried
out simultaneously with the synthesis of other nonstructural proteins (Kallio, 2015). However, at 24 h,
the green signal is already stronger because late replication complexes, including genomic and
subgenomic RNA, were already synthesized, and viral particles were released (Rana, 2014).
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Figure 2.8 Specific recognition of NSP1 in Vero cells infected with CHIKYV that were analyzed via
immunofluorescence staining at 5 and 24 h post-infection. Serum samples from rats immunized with
NSP1 were used as the primary antibody, and anti-mouse IgG-FITC was used as the secondary
antibody. The Figure shows results from a representative experiment
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One of the most relevant domains of the NSP1 protein is the membrane-binding domain, which
allows its association with cell membranes. The presence of a-helical loops and palmitoylation sites in
this domain allows the protein and replication complex to anchor to the plasma membrane (Abu Bakar,
2018). Hence, the presence of NSP1 was more pronounced in the cell periphery, as evidenced by the
strong fluorescence observed in this area. Previously, Kumar et al. (2018) have shown that NSP1 is
mainly found in the plasma membrane of cells infected with CHIKV (at an MOI of 2) at 2 hpi. In contrast,
at 4 and 6 hpi, NSP1 can already be observed in the cell cytoplasm.

Furthermore, it has been previously reported that cells infected with CHIKV induce filopodia
formation (Laakkonen, 1998) and cytoskeleton rearrangement (Karo-Astover, 2010). However, much
work remains to be done to elucidate the changes induced by CHIK infection in host cells. Using the
hyperimmune serum generated in this study, we can highlight and follow the drastic changes in cell
morphology, mainly in the cytoplasmic membrane from where projections come out, as reported by
Laakkonen and Karo-Astover (1998 and 2010, respectively).

Finally, it has also been reported that anti-NSP antibodies might be useful for investigating the
stages of viral replication, describing the expression patterns of different viral proteins, or determining
the location of NSPs in different cell compartments at certain times during infection (Kumar, 2015).
Therefore, obtaining antibodies against the native form of CHIKV NSP1 could provide a valuable tool
to investigate and understand the host-pathogen relationship in Chikungunya fever.
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2.6 Conclusions

Recombinant NSP1 is an immunogenic protein, which allowed us to obtain polyclonal antibodies against
rNSP1 that recognize the native form of NSP1. The antiserum is a powerful tool to study aspects of the
viral cycle of CHIKV.
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Abstract

This article refers to the poor disposal of used vegetable oil management, in cheap kitchens and in homes
in regions 226, 249, 238, 235, 233, New Jerusalem New Millennium, a body of water is located, an
irregular settlement. It is essential to create awareness for the management and disposal of used vegetable
oils, national and international legislation that departs from the importance of the impact caused by the
dumping of used edible oils, but it is necessary at the local level for proper management. of used
vegetable oil, a total of 100 surveys were applied on the management and disposal of used edible oils, in
the regions and irregular settlement of the Municipality of Benito Juarez Quintana ROO with a snowball
statistical treatment, non-probabilistic sampling. The application of the surveys shows us that 70% of the
population pours residual oils into the drain, 45% have a body of water nearby, to the drain or put itin a
plastic bag in the garbage, 6% take it to the center collection, used cooking oils, after receiving adequate
treatment, become raw material to produce biodiesel

Disposal, Used edible oils, Spills, Water bodies
Resumen

Este articulo alude la mala disposicion del manejo del aceite vegetal usado, en cocinas econémicas y en
los hogares de las regiones 226, 249, 238, 235,233, Nueva Jerusalén Nuevo Milenio, se sitla un cuerpo
de agua, asentamiento irregular. Es primordial crear conciencia para el manejo y disposicion de los
aceites vegetales usados, las legislaciones a nivel nacional e internacional que departen de la importancia
del impacto que ocasiona el vertido de los aceites comestibles usados, pero hace falta en el ambito local
para el adecuado manejo del aceite vegetal usado, se aplicaron un total de 100 encuestas sobre el manejo
y disposicidn de los aceites comestibles usados, en las regiones y asentamiento irregular del Municipio
de Benito Juarez Quintana ROO con un tratamiento estadistico bola de nieve, muestreo no probabilistico.
La aplicacion de las encuestas nos arroja que el 70% de la poblacién vierte los aceites residuales al
drenaje, el 45% tiene cuerpo de agua cerca, al drenaje o lo ponen en bolsa de plastico en la basura, el 6%
lo lleva al centro de acopio, los aceites usados de cocina, después de recibir un adecuado tratamiento se
convierte en materia prima para la elaboracion de biodiesel.

Disposicion, Aceites comestibles usados, Contaminacion, Cuerpos de agua
3.1 Introduction

Used edible oils are a latent environmental problem in this globalized world, because it is easier to
dispose of them in sinks, sinks, than to take them to a collection center for treatment, without thinking
about the damage that such discharges may cause to the water table, they are materials of oily type
obtained as a residue of fried foods that, when they are discarded, are mostly mixtures of vegetable oils
of different composition, sometimes contaminated with tallow fats, lard, during cooking, some with
residues of processed foods with high moisture content, and protein, of animal origin, presents an
inadequate management of used vegetable cooking oils. The application of the survey consisted of
knowing if the housewives, economic kitchens where they dispose of the waste of the edible oils used in
the frying process.

3.1.1 Types of fats

Fats or tallows: Solid at room temperature, formed mainly by saturated fatty acids (palmitic acid, stearic
acid, etc.). The most harmful fats for man and are the main components in beef and mutton tallow.
Oils: Liquid at room temperature, formed mainly by unsaturated fatty acids (oleic acid, palmitoleic acid,
linolenic acid, etc.

3.1.2 Classification of fats

Fats by their origin are divided into:

Vegetable fats: “They come from the fruits and seeds of oilseeds, not being entirely edible,
especially olive oil stands out.
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Animal fats: This group includes butter, lard, tallow, and oils from marine animals.
3.1.3 Fat quality

The quality of the fat depends on the content of free fatty acids, moisture, color, odor and hardness.
Common fatty acids found in plant lipids range from C12 - C18. The melting point determines whether
the triglyceride is liquid or solid at room temperature. The melting point depends primarily on the degree
of unsaturation and to a lesser extent on the chain length of the fatty acids. Plant triglycerides typically
contain 70-80% unsaturated fatty acids and tend to remain in a liquid state (oils) at room temperature.
On the other hand, animal fats contain 40-50% saturated fatty acids and tend to stay in a solid state (fat
or tallow).

Generic term for a class of lipids produced by biosynthetic processes in animals and plants. They
are formed by the union of three fatty acids with glycerin through an esterification reaction. For this
reason, they are also called triglycerides or triacyl glycerides

All fats are insoluble in water, and soluble in organic solvents such as ethyl ether, n-hexane,
chloroform, etc., with a density significantly less than unity (they float on water).

3.1.4 Environmental problem caused by the dumping of used edible oils

In the global environmental problem, used vegetable oil is one of the residues that is not handled
correctly, due to ignorance of the environmental effects towards its surroundings, and the consequences
of dumping the oils in the sinks. that goes directly to the drainage or septic tanks without receiving prior
treatment, which has harmful consequences for the environment and the bodies of water that are close to
their homes. This residue is generated by subjecting edible oils to high cooking temperatures, after which
this oil is no longer suitable for further frying.

Used cooking oil is currently one of the main causes of contamination of urban wastewater, since
once used and reused, it is discharged into the sewage network, polluting the environment, producing
obstructions and bad odors in the pipes and a large number of environmental problems, as shown in
Figure 3.1, when residual oils are mixed with other residues that are poured into the sinks, soaps, food
scraps, water, they form solids that when mixed form large obstructions, the figure shows the solidified
fat extracted from the drainage system of a neighbor's house, it generated obstruction, and its gray water
was not discharged to the municipal drainage system.

Figure 3.1 Solidified grease extracted from the drainage, causing obstruction and bad odors, this was
due to the direct discharge of used vegetable cooking oil from a dwelling house into the sink

Source: Own elaboration
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Used edible oil and other types of fats also cause problems in the drainage pipes in our houses,
clogging them and generating bad odors, and creating an ideal food for the proliferation of rodents and
cockroaches, as shown in Figure 3.2 completely. clogged by large oil residue and other debris causing
blockage, and damage to the drainage system.

Figure 3.2 This occurs when the oil is poured directly onto the kitchen sink, it is a clear example of
what this malpractice causes within the home, economic kitchens, etc.

Source: Own elaboration

And as for the drainage network, and particularly in the rainy season, the reduction in flow due
to the accumulation of vegetable oil mixed with soaps and detergents (converted into a solid that adheres
to the upper part of the pipes or channels), generates severe waterlogging, see Figure 3.3. The lack of
adequate management of used edible oils discharged into the drainage, in the areas of invasions, irregular
settlements lacking drainage, go directly to the garbage during the rainy season, leachates, runoffs go to
the bodies of water, which are located in those areas, given the hydrology of the state of Quintana ROO,
characteristic of the karstity of the limestone that makes it up, representing from tiny cavities to large
depressions in where decalcification clays accumulate, in some of which the water table appears (locally
called cenotes), it also has floodable areas, the largest of which are located in the northern portion of the
state. INEGI. In our own homes, the amounts are smaller, being able to generate an approximate average
of two liters per month, which happens with cheap meals, they must produce approximately 5 liters or
more per month, if in the cafeteria of the weekly ITCancin a total of approximately 4 liters, this being
one of the sources that provide the plant in the production of biodiesel.

What leads us to the lack of specific legislation for the management of oils from edible uses means
that the traditional way of disposing of these used oils is to leave them together with other household
waste, organic remains, plastics, glass, cardboard, paper, etc. to be removed by the garbage collection
service, the destination of this waste being the municipal dumps.
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Figure 3.3 Solidified used edible oils generating clogging of wastewater pipes, generated in homes
causing economic losses, due to poor disposal of used edible oil residues

N

5

Crusts of
solidified fat

Source: Own elaboration

3.1.5 Problems in water treatment systems due to used cooking oils

In bodies of water, these spills form hard or oily films on the surface that prevent the passage of sunlight,
which limits photosynthesis and thus the lack of oxygen causing eutrophication, excess organic matter,
bad odors, causing alterations in ecosystems, even the disappearance of these. (NADF-012-AMBT-
2015). When improperly, used cooking oils are poured down the sink or into the garbage, or due to spills
on the ground, it is absorbed and reaches the groundwater, due to runoff generated by leachates, they are
a source of contamination of bodies of water. that are inserted in areas of high population, where some
are irregular settlements, that do not have drinking water, electricity and therefore drainage, causing
problems in the sanitation networks in the Wastewater Treatment plants in the pretreatment they receive
the water the fats, sometimes it is necessary to clean with a degreaser since the fat can clog the holes that
are very small, preventing this phase from being adequate and costly to remove the adhesions due to the
direct pouring of used cooking oils directly to the sewage system.

The removal of fats and oils can be carried out in primary settlers; dissolved air flotation systems
are also used for this purpose, (National Water Commission) they are a source of latent contamination
which has not been given enough attention, that this discharge causes that for each liter of used oil can
to contaminate 40,000 liters of water, in addition, once cold it hardens and can clog pipes or tubes, as
shown in figure No. 2, it is essential that the inhabitants of the Benito Juarez municipality (Cancun),
separate the fats and Used edible oils, whether of animal or vegetable origin, fats, rancid or expired oils,
and those from grease traps in large restaurant chains, hotel kitchens, also harm the soil, making it less
fertile and eroding it, which is why it is It is extremely important to deposit them directly in properly
closed containers with lids, in the collection centers destined to be subjected to treatment and disposal
(data.se dema.cdmx.gob.mx), Gonzéalez-Canal, Ifiigo et all (2015) mention that a liter of used oil has the
following average composition of used edible oil:

- 85% oil.
- 10% is water with traces of oil and organic matter.
- 5% are sludge whose composition is 60% oil, 30% organic matter and 10% Water.

- Relative density: 0.91.
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Uses of used edible oils.

Used edible oils are used in the production of soap, liquid soap as a recycling method and why
not generate a circular economy for them.

Development of biodiesel as a clean alternative energy at the international level, this is since it
reduces the environmental impact as an alternative to contribute to reducing the carbon footprint in the
reduction of fossil fuel consumption day by day new research is carried out to improve production and
improve the methods of obtaining.

Glycerin is a by-product of the production of biodiesel, which can also be used in the soap
industry, giving it a purification treatment to eliminate traces of soda and alcohol. Waxes, candles,
organic fertilizer among others.

Regulations governing the disposal of used edible oils

The Secretariat of the Environment (SEDEMA) of the Government of Mexico City published on
June 12, 2018, in the Official Gazette of the capital, the Environmental Standard for the Federal District
NADF-012-AMBT-015, which establishes the conditions and technical specifications for the
comprehensive management of waste fats and oils of animal and/or vegetable origin in the territory of
Mexico City.

Official Mexican STANDARD NOM-068-ECOL-1994, which establishes the maximum
permissible limits of contaminants in wastewater discharges to receiving bodies from the edible oil and
fat industry of animal and vegetable origin.

The problem of used oil waste, as well as that of urban solid waste in general, should address the
recommendations of the Waste chapter of the so-called Agenda 21, Rio 92 Earth Summit, regarding the
"Ecologically Sound Management of Solid Waste and Sewage Related Issues (Earth Summit 2002)

3.2 Methodology

The application of the surveys was carried out using the snowball statistical treatment, non-probabilistic
sampling. And convenience sampling, non-probabilistic sampling, for low-incidence populations and on
this occasion for individuals that are difficult to access because they are areas of irregular settlements
New Millennium, New Jerusalem, and the selected individuals allow the sample size to grow as that the
selected individuals invite their acquaintances to participate, regions 226, 249, 238, 235,233, see the
location map, this was the treatment carried out on the samples from these regions, given the
epidemiological conditions that emerged in the years 2020-2021, they are practically newly created
regions, with a lack of environmental policies, the lack of regulation directly affects nature, causing
environmental damage in its surroundings. A total of 100 surveys were applied, supported by the students
who lived in those areas, using the statistical treatment.

Which consisted of a total of 10 questions, in situ, to the people in charge of the household,
economic kitchen business, which allowed to collect information in a clear way in both sampled points
in order to know the disposal and elimination of waste of edible oils. with a type of qualitative and
quantitative approach forging an analysis of the field work carried out. With the participation and
collaboration of students who live on the outskirts of the regions, superblock settlements, in an organized
fifteen-day process given the health contingency conditions due to COVID-19.

The objective of this work was to know the management of edible oil residues in households and
economic food. The information derived from this survey made us aware of the management of this
waste that generates high pollution due to spills in kitchen drains and thrown in the garbage. Generating
environmental problems due to the poor disposal of the edible oils used in the frying process.
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Figure 3.4 Map of the regions that served as a sample for the application of the surveys
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3.2.1 Survey design

The collection and analysis of data was carried out a survey with 10 questions, addressed to housewives,
people in charge of economic kitchens, and the disposal, storage of used edible oils, if there is a body of
water close to their home which, due to runoff, may be contaminated by the poor disposal of oils and/or
discharges, as well as knowing the area or region where there is a poor disposal of used edible oils and
therefore the location of said cenotes if they were close to their homes.

3.2.2 Analysis of the applied instrument

Once the interviews were carried out, the respective diagnosis of the problem was carried out, the
processing and interpretation of the information obtained was carried out, to determine if the stated
objective, as well as the proposed hypothesis, is accepted or rejected, and in this way give an answer. to
the question about the final disposal of used edible oils.

3.3 Results

With respect to the data collected from the regions, superblock, and irregular settlements, the results
obtained from the application of the survey are presented, which consists of 6 questions, which are quick
response, we are interested in the response of housewives who generate waste. of the edible oils used in
the cooking or frying process and of some economic kitchens located near the home of the students who
supported us with the application of said survey, see table No. 1, due to the health contingency we only
refer to some regions, and 2 irregular settlements, we leave the superblocks for another job, and for
protocol and protection of the students. See table 3.1.
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Table 3.1 Surveys applied by IT Cancun students, according to the area where their home is located,
the questions of interest for the stated objectives are shown

Questions \ Answer
What do you do for a living? a) Housewife
b) sale of food (cheap kitchens)

The cooking oil once it has been used in the frying process where it is disposed of | a) | take it to a collection center

or disposed of b) I throw it in the drain
¢) throw it in the trash
What type of container do you use to keep (store) the oil once it has been reused a) Glass jars

b) Plastic bottles

c) | reuse detergent bottles

e) | reuse large mayonnaise jars

d) I don't store it

How long do you store cooking oil before discarding a) One week

b) One month until the container is
full

¢) 15 days

d) | don't store it

How many liters of oil do you use per week approximately a) 1 to 2 liters per week

b) 4 to 5 liters per week

Near your house there is a cenote, wetland a) Yes

b) No

Source: Own elaboration

The disposal of used edible oils, and if there are bodies of water close to their homes, obtaining
45% of the total population that, if there is any body of water, and by runoff and the type of hydrogeology
of the Yucatan Peninsula there are leachates that are filtering directly towards said bodies as can be seen
in figure no.5, due to the disposition they make of them, it is shown in Table 3.2 and the corresponding
graph of question no. two.

Cooking oil once it has been used in the frying process where it is disposed of or disposed of,
obtaining that 70% of the total population surveyed disposes of it in the kitchen sink. Table 3.2 shows us
the results obtained by the selected regions and the two irregular settlements, which have 0% of taking
the used edible oil to the collection centers due to the distance where they are located every 2 months,
which is in the recycling case.

Table 3.2 Disposal of used edible oils generated by region and irregular settlement

Irregular settlement 226 | 249 233 Nuevo Nueva
region Milenio Jerusalén
Housewives They throw in the sink 32 20 29 23 18 30 34
They throw it away 16 12 14 26 12 20 21
Collection center 4 2 1 1 2 0 0
Economic kitchens They throw in the sink 8 8 4 3 6 6 8
They throw it away 12 15 10 3 4 6 5
Collection center 4 3 8 4 5 0 0

Source: Own elaboration

According to the response obtained from the people surveyed, they answered that approximately
70% or more of them throw the oil in the sink once it has been used in the process of frying food, in the
region 235 housewives throw the oil to the trash in bags, or they pour it directly on their organic trash,
or they leave it outside their house until the trash pick-up. In the irregular settlements they do not have
the basic services to cover the minimum needs, so it is the same for them to throw the oil in the sink as
it is to throw it in the garbage, see Graphic 3.1.



Graphic 3.1 Disposal of used edible oils by housewives and economic kitchens
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In Graphic 3.2 it indicates the disposal of used edible oils generated by economic kitchens, the
number of economic kitchens surveyed was between 3 to 4 since due to the 2020-2021 health contingency
the economy was affected by closing small businesses established, giving rise to the sale of food in
residential homes, generating twice the amount of used edible oil that is poured into sinks and thrown

away, and a null disposal in the collection centers.

Graphic 3.2 Disposal of the edible oils used by the economic kitchens in the regions, irregular

settlements, it is observed that said residues are thrown in the garbage, in bottles, in plastic bags, or

dumped directly into the garbage
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The answers to the question near where you live is there a body of water, was that 60% were
affirmative. in region 235 there is a cenote that is located in the urban area as shown in Figure 3.5, which
are areas that have adequate drainage for which the dumping of used edible oils in the sinks, or they
throw it into garbage, reach the bodies of water by leachates, filtrations by the cavernous type of Geology.
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Figure 3.5 Cenote located in region 235 which is within the populated area and lacks environmental
policy, there is no drainage system so the disposal of used edible oils should not be adequate

Source: Own elaboration with Google maps

The question about whether they find a body of water near their homes. in region 233 there is a
cenote that is located in the urban area as shown in Figure 3.6, which are areas that have adequate
drainage through which the dumping of used edible oils in the sinks, or what throw them away, electrical
appliances in irregular settlements do not have basic services such as the lack of drainage, they reach
bodies of water by leachate, leaks into the cenotes that are cavernous type that can be closed or open.

Figure 3.6 Cenote located at 233 which is within the populated area and lacks environmental policy,
there is no drainage system so the region for disposal of used edible oils should not be adequate

Source: Own elaboration

Graphics 3.3 and 3.4 there are bodies of water in the different regions and irregular settlements
that, on many occasions, are used as garbage dumps. Causing damage to the ecosystem of water bodies.



Graphic 3.3 Bodies of water (Cenotes, Wetlands) located in the regions, irregular settlements
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Graphic 3.4 Bodies of water near your home
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Figure 3.7 Body of water located within the urban area, region 226

Source: Own elaboration
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The number of liters of edible oil during the COVID-19 pandemic increased due to quarantine
confinement, the family was at home 24 hours a day. the consumption of food was increasing, as well as
fried foods, being one of the responses given by those surveyed, both housewives and those in charge of
economic kitchens.

All the people surveyed indicated that they knew the effects of dumping the oil in the drain. The
people of the irregular settlements 19 respondents indicated knowing such consequences and 21 said they
did not know. Finally, in the regions 223 233 235,226 if they knew and 30 revealed that they did not
know them.

The main effects, according to those surveyed, are damage to the pipeline, undervaluing the
effects in the waters or the environment in general (Figure 3.1, 3.2 and 3.3). This indicates the need to
generate information for housewives as well as those in charge of cheap kitchens, which proliferated as
a means of livelihood during the Pandemic, not only about how to manage waste, but also about the
reasons why a good disposition of this must be made.

41.81% of those surveyed indicated that space should be allocated for the disposal of used edible
oil. 36.88% answered that only a radio campaign be carried out on the disposal of used vegetable oil and
not pour it into the drain, kitchen sinks, thus avoiding contaminating the bodies of water that are within
the urban spraw! of their regions and irregular settlements, and 16.48% that they be given a workshop on
how to take advantage of that oil that they no longer use 65% of those surveyed indicated that they do
not store it to later leave it in the collection centers, the disposal of used edible oil is made by pouring it
directly into garbage bags or placing it in containers to throw it in the garbage and/or throw it in kitchen
clothes. 36.88% answered that they only do not know if throwing away the used edible oil contaminates
the cenote that is close to their home.

Graphic 3.5 Liters of oils used in a week by economic kitchens and home
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3.5 Conclusions

The degree of affectation caused by the poor disposal of used vegetable oils is very high, this is increased
during the COVID 19 health contingency, since the families were locked up, the existence of bodies of
water near their home is almost 50%. of those surveyed that if there is a body of water, the other 40%
there are no bodies of water near their home, 10% do not know if there is any body of water, cenotes or
wetlands, sometimes they are used as garbage dumps, and therefore residues of the oils used in the frying
of food that are poured directly into the sinks, few are the people who take the residues of oils to a
collection center, another 40% throw it away in plastic bags, or they just throw it straight into the
dumpster. The lack of knowledge of the proper management of frying oils, the absence of legislation and
the lack of supervision by those charged with environmental sanitation, we are experiencing a problem
of lack of water, we must take care of it, and protect the bodies of water since in the medium term they
will be sources of water supply. We do not throw garbage, nor use them as a system to eliminate sewage
where there are no sanitary drainage services.
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Abstract

The removal efficiency of activated carbons prepared from Opuntia spp. cladodes in the adsorption of
Crystal Violet from the synthetic wastewater was investigated in a 32 factorial design (two factors and
three levels). Opuntia spp. powder was processed into activated carbon by carbonizing at 650 °C and
activated with acetic acid (60% v/v) for 1 h. Then, synthetic solutions of crystal violet were prepared and
the adsorption process was carried out by varying initial crystal violet concentration and carbon activated
dose, at room temperature. The results showed that 77.8% of adsorption of crystal violet from the
syntethic water and an adsorption of 622.3 mg/g at room temperature and 10 min of contact.

Dyes, Remotion, Wastewater, Cristal-violet
Resumen

Se investigd la eficacia de eliminacidn de carbones activados preparados a partir de cladodios de Opuntia
spp. en la adsorcion de Violeta de Cristal de las aguas residuales sintéticas en un disefio factorial de 32
(dos factores y tres niveles). El polvo de Opuntia spp. se transform6 en carbén activado mediante
carbonizacion a 650 °C y se activé con acido acético (60% v/v) durante 1 h. A continuacion, se prepararon
soluciones sintéticas de violeta de cristal y se llevd a cabo el proceso de adsorcion variando la
concentracion inicial de violeta de cristal y la dosis de carbén activado, a temperatura ambiente. Los
resultados mostraron un 77,8% de adsorcion de violeta de cristal del agua sintética y una adsorcion de
622.3 mg/g a temperatura ambiente y 10 min de contacto.

Colorantes, Remocion, Aguas residuales, Cristal-violeta
4.1 Introduction

A significant impact of dyes is observed in the environment due to their important production of several
goods, notably papers, textiles, plastics, leather, rubber, cosmetics, and food. For example, the textile
industry can produce 7x metric tons of dye annually. The widespread of these dyes and immense
utilization increasingly contribute to the wastewater, causing a detrimental effect on the environment.
Along with it, the color effluents present in the dyes negatively impact the penetration capacity of the
sunlight, which is harmful to the aquatic environment (Al-Shahrani, 2020).

Dyes can be described as colored substances chemically bonded to an applied substrate,
conveying the desired color to that material. The dye's chemical bond (fastness) with the substrate can
be improved using a mordant. Pigments are also dyeing agents. However, pigments do not chemically
bond; rather, they adhere by physical adsorption, covalent bond formation, or mechanical retention. The
organic dye molecules comprise delocalized electronic systems with conjugated double bonds that
possess exclusive chemistry. It usually consists of a chromophore component, capable of absorbing a
visible range of the light spectrum imparting toward color development for the dye molecules, and an
auxochrome constituent that generally increases its affinity toward the substrate (Roy and Sahaa, 2021).

Dyes used in industry are classified into three categories of cationic dyes (all base dyes), anionic
(direct, acidic, and reactive dyes), and non-ionic (disperse dyes). Cationic dyes, being more dangerous
than other types, are widely used. It is reported that 12% of the annual production (about 700,000 tons)
of cationic dyes is wasted through industrial water streams polluting the environment. Crystal violet (CV)
dye is a cationic triphenylmethane dye with high intensity. It is used in various industries such as
pharmaceuticals, paper, textiles, and printing inks (Foroutan et al., 2021). CV dye is more toxic than
negative dye and, if present in water, can reduce the penetration of sunlight and disrupt the process of
photosynthesis. In addition, CV dye in certain concentrations can cause various diseases and illnesses
such as respiratory failure, eye irritation, increased heart rate, skin irritation, blindness, cyanosis, cancer,
and mutagenesis (Essandoh et al., 2021, Mittal et al., 2021). Therefore, removing the CV dye from
industrial wastewater streams is necessary before entering the environment.
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In Mexico, arid and semi-arid lands constitute 49.20% of the national territory. Therefore, Mexico
is also considered one of the main diversity centers of cacti. There are 586 species of cacti and the highest
number of native species in Mexico (Ortega-Baes et al., 2010). The cacti of greatest economic importance
globally are the Opuntia spp., commonly named "nopales”. There is a big interest in valorizing nopales;
for example, it has been used as reagent material in wastewater treatment (Vishali and Karthikeyan, 2015;
Barbera and Gurnari, 2018). The production of nopales for consumption generates waste at agricultural
and industrial levels. For example, in Mexico City, each year dethroning process of nopal generates
around 40,000 tons of waste (Marin-Bustamante et al., 2017). This can become a focus of contamination
(insects and microorganisms) (Colin-Chavez et al., 2021)

On the other hand, to improve the quality of water bodies, the recent modifications in Mexican
regulations have included the removal of color in wastewater, which is why industries need to implement
efficient, cheap, and sustainable treatments. That is why the objective of the present study was to evaluate
the efficiency of crystal violet removal from aqueous solutions using high surface area activated carbon
prepared from Opuntia spp. cladodes by chemical activation of acetic acid as a cheap and readily
available adsorbent.

4.2 Metodology
4.2.1 Sample preparation

First, spines were removed from the Opuntia spp. cladodes (referred to now as nopal), then the cladodes
were washed and cut into 1-2 cm squares and dried in an oven at 100° C for 24 h. Grinding was carried
out in an industrial blender until a homogeneous powder was obtained. The powder was sieved to retain
the particle sizes <1 mm.

4.2.2 Activated carbon

Cactus powder with particle sizes less than 1 mm was taken. The impregnation was carried out with a
1:1.5 ratio of powder: acetic acid (60% v/v), and subsequently, the temperature was brought to 650 °C
and maintained for one h.

4.2.3 Crystal violet dye

Synthetic water was prepared with Crystal Violet Dye (C2sH30CINs CAS#548-62-9) and distilled water.
A calibration curve was arranged for the Crystal Violet dye. Nine points were used: 0, 400, 800, 1200,
2000, 4000, 4800, 5600, and 6400 ng/ml; the absorbance was measured at a wavelength of 590 nm using
a visible spectrophotometer (Thermo Fisher Scientific type Genesys 20 4001/4). The equation of the
curvey = 163.91x - 0.0716 was obtained with a linear fit of Rz = 0.9907.

Figure 4.1 Crystal violet
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4.2.4 Experimental Design

A 32 factorial design (two factors and three levels) was used to optimize the removal of crystal violet dye
(CV) in synthetic water. The initial dye concentration and the nopal activated carbon dose were selected
as the main independent variables (factors), which varied at two levels (low and high) with central points.
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Different combinations of conical tubes with 10 ml of synthetic water with CV and activated
carbon of nopal were prepared according to the 32 factorial design proposals at room temperature. All the
combinations used in the experiment are presented in Table 4.1. After termination of the adsorption
experiments, the remaining concentration of CV in each sample dye was investigated as a dependent
variable (response). It was measured by UV spectroscopy after 10 min of contact. Subsequently, it was
centrifuged to separate the carbon solids from the liquid phase at 3000 rpm for 1 min. Statgraphics
Centurion XVI software generated and evaluated the statistical experimental design. The percentage
removal (%) was calculated using the following equation:

% removal = % X 100 1)

The amount of adsorption at equilibrium ge (mg/g) was calculated as follows:

_ (CO_CE)
e~ w/m) 2)

Where C, is the liquid-phase concentration of dye at initial (mg/L), and C, is the liquid-phase
concentration of dye at final (mg/L), V is the volume of the solution (L), and M is the mass of activated
carbon used (g).

Table 4.2 Experimental design

Run | Independent variables
 Coded values Uncoded values
X1 X2 X1 X2
1 0 -1 8000 300
2 1 -1 16000 300
3 0 1 8000 500
4 -1 0 4000 400
5 1 0 16000 400
6 0 0 8000 400
7 -1 -1 4000 300
8 1 1 16000 500
9 -1 1 4000 500
X1: CV concentration (ng/ml), X»: activated carbon dose (mg).

Source: Own elaboration, 2022

4.3 Results and Discussions

4.3.1 Color remotion

According to the 32 factorial design, the color removal tests were prepared using the combinations
indicated in Table 4.1. The general description of the experimental test and the observed responses are
presented in Table 4.2. The results of the ANOVA showed that the initial concentration of crystal violet
color (p<0.05) and the interaction of the initial concentration of crystal violet with the dose of activated
carbon has a significant effect (p<0.05) on the final residual concentration of dye.
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Run Independent variables Dependent variables
Xl Xz Yl Y2 Y3
1 0 -1 3841.1 52.0 124.8
2 1 -1 6525.5 59.2 284.2
3 0 1 4329.2 45.9 183.5
4 -1 0 2340.3 415 66.4
5 1 0 5470.1 65.8 421.2
6 0 0 3066.3 61.7 197.3
7 -1 -1 2047.5 48.8 58.6
8 1 1 3554.4 77.8 622.3
9 -1 1 2987.0 25.3 50.7
X1: CV concentration (ng/ml), X2: Activated Carbon dose (mg), Ya: residual concentration of Crystal Violet dye (ng/ml),
Y2: color remotion (%), Ya: amount of adsorption at equilibrium ge (mg/g)

Source: Own elaboration, 2022

Statgraphics Centurion XV1 software provided an equation involving individual principal factors
and interaction factors after fitting these data. The model equation relating the residual color
concentration as a response became:

Y, = 3575.4 + 1362.54-X, — 257.255 X, + 75.2445- X,"2 — 977.671- X, - X, + 255.221- X,"2

Residual concentration (ng/ml)
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Graphic 4.1 Main effects plot for CV residual concentration
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Source: Own elaboration, 2022

Graphic 4.1 shows the main effects of the residual concentration of CV. It is observed that a lower
final concentration is obtained with a lower initial concentration of CV; this can be explained by the
adsorption capacity of the material and the saturation of its pores. For Prias et al., (2015), activated carbon
is a compound that contains carbon chains with structures and properties like graphite; its morphological
formation is crystalline, carbon is determined by its high porosity, and because it can form extensive
surface areas approximately between 500-1500 m? per gram of carbon, this is directly proportional to the
chemical activation process that is carried out. Foroutan et al., (2021) mention that the initial
concentration of the CV can have a significant effect on the efficiency and adsorption capacity of the
process because it provides the necessary driving force for the mass transfer between the aqueous phase
(aqueous solution containing dye) and the solid phase (adsorbent) (Sulyman, Namies$nik,& Gierak et al.,
2016). On the other hand, a maximum ¢e of 622.3 mg/g was obtained at high levels (1) of initial CV and
carbon dose, while the minimum of 58.6 mg/g was found at low levels (-1). For various materials and
dyes, for example, a qmax 0f 203.34 mg/q is reported for activated carbon from Waste tea activated carbon
with Acid Blue 25 dye (Auta & Hameed, 2011) and one of 340.0 mg/g for activated carbon from date
stones with Methylene Blue (Jassem et al., 2011). This represents a potential material for higher initial
concentrations and controlling constant agitation.
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Graphic 4.2 Main effects plot of CV residual concentration
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Table 4.3 Optimization values obtained by the mathematical model

Factor Low High Optimium
CV concentration (ng/ml) -1.0 1.0 -1.0
Activated Carbon dose (mg) -1.0 1.0 -1.0

Source: Own elaboration, 2022

4.4 Conclusions

It was confirmed that the activated carbon obtained from nopal bagasse and activated with acetic acid
removes the crystal violet dye at 16,000 ng/ml and below it in synthetic waters. The analysis of the results
obtained allows us to establish that the activated carbon reached an efficiency of 77.8% in the conditions
handled during the tests. Therefore, it was identified that other levels of activated carbon dose should be
experimented with to determine the maximum capacity of adsorption of the active sites and to evaluate
the influence of agitation on the adsorbent-adsorbate contact. On the other hand, the material shows a
good adsorption potential at room temperature compared to other materials.
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Chapter 5 Removal of aluminium (Al) and lead (Pb) in contaminated water using
carboxymethylcellulose (CMC) gel polymer
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Abstract

Water is a renewable resource, very important for living beings and essential for various activities.
However, when it is contaminated, it becomes a non-renewable resource and it is necessary to investigate
and know how to preserve it. Nowadays, water is a highly polluted resource, mainly due to human and
industrial activities, due to this, a treatment is sought to solve one of the problems, such as the presence
of heavy metals such as: lead, cadmium, arsenic and mercury, which are very toxic and accumulate by
the organisms that absorb them, which in turn are a source of contamination of food chains that, when
ingested by man, cause blindness, amnesia, rickets, myasthenia or even death (Covarrubias and Pefia,
2017). On the other hand, aluminum has a wide application in the food, pharmaceutical, paper and
construction industries and in the treatment of drinking water and wastewater. However, the possible
damage to health caused by the consumption of this element has not been emphasized. One of the diseases
that has been associated with the intake of this element is Alzheimer's and there is a risk of developing
other conditions (Trejo et al., 2004). Currently, the use of clean technologies is being promoted, which
are products, tools or processes that seek to reduce environmental pollution. An example are gels, these
are cross-linked hydrophilic polymers capable of expanding their volumes due to their high expansion in
water and are widely used in wastewater purification. There are different types of absorbent materials
such as activated carbon, minerals, zeolites, ion exchange resins, biosorbents (biomasses) and cross-
linked polymers. In this research work, a polymer (carboxymethylcellulose gel) was synthesized, using
glutaraldehyde (GA) as a binding agent. crosslinking and hydrochloric acid (HCI) as reaction catalyst.
The carboxymethylcellulose (CMC) gel was in contact with the contaminated water containing Al and
Pb ions, these were retained by the absorption process within the cross-linked network of the CMC gel,
and by atomic absorption (AA) analysis. the amount of Al and Pb ions removed from the contaminated
water was determined.

Aluminum, Lead, Gels, Carboxymethylcellulose

Resumen

El agua es un recurso renovable, muy importante para los seres vivos y fundamental para diversas
actividades. Sin embargo, cuando se encuentra contaminada se convierten en un recurso no renovable y,
es necesario investigar y conocer la manera de preservarla. Hoy en dia el agua es un recurso muy
contaminado principalmente por las actividades humanas e industriales, debido a eso, se busca un
tratamiento para resolver uno de los problemas como son, la presencia de metales pesado como: plomo,
cadmio, arsénico y mercurio, los cuales son muy toxicos y acumulables por los organismos que lo
absorben, los cuales a su vez son fuente de contaminacion de las cadenas alimenticias que al ser ingeridos
por el hombre provocan, ceguera, amnesia, raquitismo, miastenia o hasta la muerte (Covarrubias y Pefia,
2017). Por otro lado, el aluminio tiene una amplia aplicacion en la industria alimenticia, farmacéutica,
del papel, de la construccién y en el tratamiento de agua para beber y agua residual. Sin embargo, no se
ha dado énfasis a los posibles dafios a la salud originados por el consumo de este elemento. Una de las
enfermedades que ha sido asociada a la ingesta de este elemento es el Alzheimer y se corre el riesgo de
desarrollar otros padecimientos (Trejo et al., 2004). En la actualidad se esta fomentando el uso de
tecnologias limpias que son productos, herramientas o procesos que buscan reducir la contaminacion del
medio ambiental. Un ejemplo, son los geles, estos son polimeros hidréfilos reticulados capaces de
ampliar sus volimenes debido a su alta expansion en el agua y son ampliamente utilizados en la
purificacion de aguas residuales. Existen diferentes tipos de materiales absorbentes como carbon
activado, minerales, zeolitas, resinas de intercambio ionico, biosorbentes (biomasas) y polimeros
entrecruzados, en este trabajo de investigacion se sintetizé un polimero (gel de carboximetilcelulosa),
utilizando glutaraldehido (GA) como agente de entrecruzamiento y acido clorhidrico (HCI) como
catalizador de la reaccion. El gel de carboximetilcelulosa (CMC) estuvo en contacto con el agua
contaminada que contiene iones de Al y Pb, estos fueron retenidos mediante el proceso de absorcion
dentro de la red entrecruzada del gel de CMC, y mediante el analisis de absorcion atomica (AA) se
determind la cantidad de iones de Al y Pb eliminados del agua contaminada.

Aluminio, Plomo, Geles, Carboximetilcelulosa
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5.1 Introduction

For many years, surface waters such as rivers, streams, lakes and estuaries were used as a vehicle to
dispose of all kinds of waste and there was not enough knowledge about the impact that these pollutants
could have on ecosystems and human health.

The Santiago River in the state of Jalisco, Mexico, is an example of the above and has generated
a socio-environmental conflict because on the health and well-being of the surrounding population.
Contamination is identified through the spectacular foamy fall and nauseating waterfall of the Santiago
River, by the Juanacatlan Fall. In 2012, Greenpeace Mexico used that image as part of a campaign to
denounce toxic rivers, when brave volunteers wearing protective gear entered the river below the
waterfall in inflatable canoes and were almost overwhelmed by white foam.

The Santiago River receives municipal wastewater without treatment (or with low levels of
treatment), especially discharges in the Guadalajara Metropolitan Area, in addition to industrial
discharges, leachate from landfills located nearby, and agricultural runoff.

In addition to this, the problem of contamination in the agricultural area of the Barranca de
Metztitlan Hidalgo Biosphere Reserve, Mexico, is caused by the contribution of residual water that is
made through the aquifers that irrigate the area, has generated that this site is exposed to a great risk of
contamination by heavy metals, hydrocarbons and other contaminants, which remain bioavailable to
plants and indirectly there is a high possibility of entering the food chain of animals and finally to
humans, with the risks that this would generate for the inhabitants and final consumers of the agricultural
products that are generated there.

The most frequent contaminants in water are organic matter, microorganisms, hydrocarbons,
industrial waste, heavy metals, pesticides, household chemicals and radioactive waste. These, heavy
metals are considered among the most serious pollutants in aquatic ecosystems, since they are generally
not removed by natural processes like organic pollutants and they can enter food chains through
bioaccumulation, bioconcentration and biomagnification processes. Toxic elements such as Hg, Cd, Cr,
Cu and As are accumulated in the sediment where it can be suspended in bioavailable chemical forms
producing acute or chronic poisoning. (Tejeda et al., 2011).

Heavy metals in high concentrations are harmful to humans, aquatic and terrestrial flora and
fauna. The harmful capacity of metals is mainly since most of them are non-biodegradable. For this
reason, it is necessary to prevent the entry of toxic metals into aquatic environments and, above all, for
industries to reduce their concentration to levels that do not generate toxicity problems. Consequently,
controlling the discharge of heavy metals and their removal from the water has become a challenge for
this new century.

Recently and in response to this problem, procedures have been developed to try to counteract
pollution in water bodies. Conventional methods for the treatment of effluents with heavy metals include
precipitation, oxidation, reduction, ion exchange, filtration, electrochemical treatment and membrane
technologies, or chemical processes that have the drawbacks of high costs, low efficiency for dilute
solutions and in some cases the production of sludge that is difficult to manage or dispose of (Tenorio-
Rivas, 2006). One of the new developments for metal removal in recent years is the use of bio-absorption.

Bio-adsorption is a surface property by which certain solids (of biological origin) preferentially
capture certain metals from a solution, concentrating them on their surface. For which many materials of
biological origin have been studied as adsorbents to remove metal ions from water in industrial effluents
(Bayramoglu et al., 2002).

Chitosan is a biomaterial that has been used for the adsorption of heavy metals such as Cu (Il),
Cd (I1), Zn (1), Pb (11), Fe (I1), Mn (1), Ag (1), this fact is due to the ability of this polymer to undergo
chelation reactions (Rhaza et al., 2002). One of the disadvantages of using this material is that in solutions
with a low pH, chitosan suffers some dissolution. One way to avoid dissolution in an acid medium is by
modifying it structurally and functionally through chemical crosslinking reactions.
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Carboxymethylcellulose (CMC) is a water-soluble biopolymer derived from cellulose with
anionic behavior. This colloid is a physiologically inert, rapidly soluble protector that can form films, as
well as being able to thicken, suspend, stabilize and disperse. These properties give it a wide industrial
application and a special interest in its application as bio-absorbent and/or coagulant-flocculant for water
treatment.

This book chapter aims to synthesize a polymeric material from a cellulose derivative such as
carboxymethylcellulose (CMC), which is a CMC gel that has the purpose of absorbing the metals
aluminum (Al) and lead (Pb) of the water contaminated with these metals and thus recover the
contaminated water and be able to reuse it in other processes.

The techniques that were used for the development of this research work were: (1) Swelling tests,
where the optimal absorption time was determined, (2) Infrared spectroscopy (IR) showed the functional
groups of the CMC gel before and after being in contact with water contaminated with Al and Pb, (3)
Scanning Electron Microscopy (SEM) presented the morphological surface of the CMC gel before and
after being exposed to water contaminated with Al and Pb and (4) Absorption Atomic (AA) allowed to
quantify the amount of metal eliminated in the water contaminated by the metals under study.

5.2 Background

The increase in recent years of industrial production activities in our country has brought with it
environmental problems such as contamination of national waters by heavy and non-heavy metals from
extractive and manufacturing companies.

A clear example of the above is the case of the Upper Course of the Lerma River (CARL), which
is part of the Lerma-Chapala-Santiago hydrological system, which is a very active industrial area with
very important agricultural production and accelerated urban growth. and industrial, which has caused
an overexploitation of its aquifers, as well as the contamination of its residual water bodies and
agricultural runoff. Much of the wastewater generated is treated in several treatment plants and is later
discharged directly into the Lerma River, thus this body has become a collector of industrial and domestic
waste that channels, and streams drag. Due to this contamination, the quality of the river's water and
sediments have seriously deteriorated, causing in turn an alteration of the trophic chains and the
disappearance of fish and other aquatic organisms, surviving in some areas, only those organisms that
are highly resistant such as the water lily (Eichhornia crassipies), some species of nematodes and
plankton, among others (Government of the State of Mexico, 2005).

Recent research works on the evaluation of the water quality of the Lerma river during a
hydrological cycle (Tejeda et al., 2006) show the presence and distribution of heavy metals such as Cr,
Mn, Fe, Cu, Zn and Pb in the matter. suspended, with Fe being the element found in the highest
concentration (average 4244 mg/kg), Cr and Cu with a measurement of 34 mg/kg, and Zn with an average
value of 158 mg/kg; Mn and Pb present an average of 172 mg/kg respectively.

The World Health Organization in 2010, published that Lead is a toxic chemical element with the
characteristic of accumulating and affecting numerous parts of the body, such as the neurological,
hematological, gastrointestinal, cardiovascular and renal systems. Children are vulnerable to the
neurotoxic effects of lead, which even at low levels of exposure to said metal can cause serious
neurological damage and in some cases irreversible, there is no level of exposure to lead that is safe for
health.

They also published that Cadmium has toxic effects on the kidney and on the bone and respiratory
systems and is also classified as carcinogenic to humans. Arsenic in its inorganic form is soluble and
highly toxic, the alterations it causes can take years to appear, this is in relation to the level of exposure;
The toxic effects of arsenic are the generation of skin lesions, peripheral neuropathy, gastrointestinal
symptoms, diabetes, kidney problems, cardiovascular diseases and cancer.
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Finally, Mercury is a metal that is toxic to human health and a threat to the proper development
of the fetus in the womb. This substance can be presented in various forms: elemental (or metallic);
inorganic (for example mercuric chloride) and organic (for example methyl and ethylmercury), each form
in which mercury occurs generates different toxic effects, in general mercury affects the nervous,
digestive and immune systems, as well as the lungs, kidneys, skin, and eyes.

Heavy metal contamination of water resources is of great interest due to the toxic effects to
humans and other animals and plants in the environment. The sources of heavy and non-heavy metals as
pollutants are usually industries such as mining, electrolytic finishing, manufacturing of electrical
products, among others. For example, Salas et al., in 2019 published that lead is a metal that has had a
great impact on environmental contamination. It is found naturally in the soil, air, water, and fresh and
processed foods of plant origin. The presence of this metal has caused numerous health problems and
death in individuals.

They also reported that irrigation water contaminated by industrial waste or fertilizer remains is
one of the main factors of lead contamination, while in industry contamination can occur in different
areas such as: glass, plastic, combustion anti-knocks, batteries. (accumulators), etc. In addition, lead is a
metal present in the environment and highly harmful to human health, its contamination has spread to
fresh, processed foods and even kitchen utensils, causing serious health problems and affecting the
quality of life of individuals.

On the other hand, the high concentrations of fluorides in the drinking water of states such as
Aguascalientes, San Luis Potosi, Durango, Zacatecas, Jalisco, Hidalgo, Chihuahua, Guanajuato and
others, and the fact that aluminum compounds are present in the purification processes of the water with
unknown concentrations, there is a risk not yet evaluated, due to exposure of the population to alumina
fluoride compounds whose effects occur in the long term, and most of the human intake of aluminum
comes from food, through different sources and In the pharmaceutical industry, aluminum is used as the
main compound of medicines used to counteract heartburn, diarrhea and other gastrointestinal problems.
(Trejo and Hernandez, 2004).

Therefore, it is important to detect measures to prevent contamination, which can help reduce the
risk of contamination by these metals (Al and Pb). Currently, research work is in search of clean
technologies and every day it grows very rapidly. Given this scenario, research centers, organizations or
institutions seek alternatives to develop new or better products or procedures that allow the elimination
or reduction of metals present in contaminated water.

5.3 Theoretical framework
Removal of metals in wastewater

Environmental contamination with heavy metals represents one of the biggest problems in the world.
Cleanup methodologies are based on energy-intensive engineering processes, which are complicated and
expensive. Within these technologies are chemical precipitation, electrodeposition, ion exchange,
membranes and adsorption. Of these methods, chemical precipitation, for example with OH- or S, has
the lowest operating cost, but is inefficient for dilute solutions. Furthermore, the biggest drawback is the
formation of sludge which must be subject to restrictions.

lon exchange and reverse osmosis are generally effective but have high operation and
maintenance costs and are subject to scaling. Adsorption is a promising alternative for this purpose,
especially using low-cost adsorbents such as clays, agricultural residues, and shellfish processing
residues (Bailey et al., 2008).

On the other hand, biopolymers are a potential tool that provides ample opportunity for chemical
reactions with metals, soil particles, and other biopolymers. In addition, they may have the ability to
create interpenetrating cross-linking networks that manage to encapsulate contaminants (Etemadi et al.,
2008).
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One of these polymeric materials of great interest in recent research for the removal of heavy
metal ions present in wastewater has been chitosan [poly (-1-4)-2-amino-2-deoxy-D-glucopyranose] a
derivative of the N-deacetylation of chitin, a natural biopolymer from crustaceans or the biomass of fungi
capable of removing ions such as mercury, lead, cadmium, etc. by physical or chemical adsorption. This
material has the advantage of adsorption at very low concentrations of the ion, in addition to being widely
available and friendly to the environment (Li and Bai, 2009).

Adsorption of metals in aqueous solution

Adsorption is the adherence or retention of a thin layer of molecules of a gas or liquid mixture in contact
with a solid surface, because of force fields on that surface. Due to the fact that the surface can present
different affinities to the various components of the fluid, causing the composition of the adsorbed layer
to be different from the composition of the fluid, this phenomenon is an excellent means of removing
contaminants, since the unwanted components of a fluid mixture, in addition to the fact that the amounts
removed can be very high compared to other methods (Ruthven, 2003).

In general, there are three stages involved in the sorption of contaminants within the solid sorbent:
(1) transport of the contaminant from solution to the sorbent surface (2) adsorption on the particle surface;
(3) transport within the sorbent particle (Crini, 2010).

Due to the complexity of the materials used and the specific characteristics (such as the presence
of complex chemical groups, small surface area, poor porosity), the sorption mechanism in
polysaccharide-based materials is different from other conventional adsorbents. These mechanisms are,
in general, complicated because they imply the presence of different interactions. Furthermore, a wide
range of chemical structures, pH, salt concentrations, and the presence of bonds often complicate the
process (Kumar et al., 2009).

Some of the interactions reported for the contaminant adsorption process with polysaccharide-
based materials are: ion exchange, complex formation, coordination/chelation, electrostatic, acid-base,
hydrophobic, hydrogen bond, physical adsorption and precipitation interactions (Crini, 2010).

On the other hand, for the selection of the best adsorbent, the surface area, the type of solute and
the solvent that act in the process must be considered, as well as the possible associations that are
established between the adsorbent and the adsorbate. Recognizing the type of association, the process
can be classified as chemical or physical adsorption, also called chemisorption or physisorption,
respectively (Maron and Pruton, 1978).

If the VVan der Waals forces justify the association of the adsorbate on the surface, this process is
of the physical adsorption type. In this case, the process releases an amount of heat known as heat of
adsorption. It is known that the amount of adsorbed matter, in the case of physical adsorption, increases
with decreasing temperature. The process is interpreted as the accumulation of multiple layers of
adsorbate on the adsorbent (Tryebal, 2005).

Chemical adsorption is justified by the sharing of electrons between the adsorbate and the
adsorbent. With this, the formation of a bond justified by the release of energy known as heat of reaction
is proposed. This process is known to restrict adsorption to monolayer formations. The amount of
adsorbate fixed in this type of process is greater with increasing temperature (Mc Cabe et al., 1998).

Bioadsorption

Bioadsorption is a physicochemical process that includes the phenomena of adsorption and absorption
of molecules and ions. This unconventional method mainly seeks the removal of heavy metals in
wastewater from the industrial sector, using different materials of biological origin (alive or dead) as
sorbent, such as: algae, fungi, bacteria, fruit peels, agricultural products and some types of biopolymers.
These materials are inexpensive and are found in great abundance in nature, and their transformation to
biosorbent is not an expensive process.
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The bioadsorption process involves a solid phase (biomass) and a liquid phase (water) containing
dissolved substances of interest to be adsorbed (in this case, metal ions). For the bioadsorption process
to be carried out successfully, there must be a great affinity between the functional groups of the biomass
and the contaminant, since the latter must be attracted to the solid and bound by different mechanisms.

The phenomenon of bioadsorption of metal ions, using biological materials as adsorbents, can be
carried out through various physicochemical and metabolic mechanisms in which the process of
capturing heavy metals can differ, and there are two methods:

1.  Bioaccumulation: It is the adsorption of metallic species by means of accumulation mechanisms
inside living biomass cells.

2.  Bioadsorption: It is the adsorption of ions on the cell surface. This occurs by ion exchange,
precipitation, complexation, or electrostatic attraction.

The bioaccumulation process involves a first stage that is bioadsorption, however, it is followed by
other stages that allow the transport of contaminants through an active transport system that provides
energy consumption inside the cell.

Due to the above, it is established that bioadsorption can be considered as the best alternative for
the elimination of metallic ions present in wastewater, since it does not use living organisms as biosorbent
materials; since these can be affected by the high concentrations of said contaminants, interrupting the
adsorption process due to their death. Therefore, by using dead biomass, the rapid deterioration of the
biosorbent material can be avoided, and certain variables can even be adjusted to increase the efficiency
of the process.

Carboxymethylcellulose

Carboxymethylcellulose (CMC) is a derivative of cellulose with carboxymethyl groups (-CH2-COOH)
well known for its superabsorbent properties. It is a water-soluble anionic polymer that is produced by
reacting cellulosic alkali with an esterifying agent known as sodium monochloroacetate. Its production
is simpler than that of cellulose ethers because all the reagents are solid or liquid and allow working at
atmospheric pressure. It is soluble in water and is very useful for its super absorbent characteristic.

All grades of CMC are white, odorless and non-toxic. Its dispersion and aqueous dissolution are
not complicated, however, since it is a polymer it tends to agglomerate and form lumps when it is
moistened, for which it is necessary to disperse and dissolve it in water, adding it very slowly and with
vigorous stirring.

Among the most important physical properties are its hydrophilic character, high viscosity in
diluted solutions, ability to form films, innocuousness, ability to act as a water-retaining agent, null
toxicity, biocompatibility and excellent behavior as a colloid, protector and adhesive, make that CMC
can be widely used in the pharmaceutical industry for tablet coatings (because it is insoluble in the acidic
environment of the stomach but soluble in the basic medium of the intestine), as a drug-carrying gel
former, tablet disintegrator and stabilizer for suspensions, emulsions, aerosols and bioadhesives in tablets
that adhere internally to the mucus of some part of the body, in agriculture in pesticides and water-based
sprays, CMC acts as a suspending agent. Also, it works as a glue after application to bind the insecticide
to plant leaves. On some occasions, CMC is used as an aid in the degradation of some highly polluting
fertilizers, among others.
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Gels

A gel is a three-dimensional network made up of flexible polymer chains that absorb considerable
amounts of water. These polymers have well-known characteristics, such as being hydrophilic, soft,
elastic and insoluble in water, in addition to swelling in its presence, increasing their volume appreciably
while maintaining their shape until reaching physical-chemical equilibrium. Additionally, they can have
great mechanical resistance depending on the method with which they are obtained. Its three-dimensional
conformation occurs in concentrated aqueous solutions when the initial polymer is capable of gelling
with the consequent formation of non-covalent spatial networks. The hydrophilic character is due to the
presence of hydrophilic functional groups such as: OH, COOH, CONH, among others. (Arredondo et
al., 2009).

Since gels are very brittle, it is necessary to improve their mechanical properties in the swollen
state. Due to the above, research has been carried out on hydrogels of semi-interpenetrated polymeric
networks based on cross-linked polyacrylamide (PAAm) and having poly N-isopropylacrylamine
(PNIPAAM) inside, presenting qualitatively good mechanical properties, even in a swollen state (Mufioz
y Zuluaga, 2009).

Polymeric materials can undergo temporary deformations when a stress is applied to them. This
behavior is called elasticity and is related to the molecular flexibility of polymers when the material is
cross-linked (either through chemical or physical bonds) forming a mesh and can withstand much greater
stresses without losing its original shape, since intermolecular bonds prevent the displacement of some
chains with respect to others.

Some derivatives of natural polymers such as xanthan gum or cellulose (methylcellulose,
ethylhydroxyethylcellulose, hydroxypropylmethylcellulose) and certain synthetic copolymers, gelation
occurs because of a change in temperature. Cellulose derivatives can chemically cross-link forming a
three-dimensional hydrophilic network through intermolecular covalent bonds between polymer
molecules. Methylcellulose (MC) has been chemically crosslinked with a di-aldehyde (GA) in the
presence of a strong acid (HCI) to generate a hydrogel (Park et al., 2001).

Due to their wide field of applications, gels have great technological and economic importance.
The presence of water is beneficial for the biocompatibility of hydrogels, but it causes a decrease in the
mechanical properties, which is why it is necessary to develop them with a high absorption capacity,
while maintaining good mechanical properties.

In general, polymeric gels are capable of being polymerized in long linear chains that chemically
or physically intersect to form a three-dimensional network. In the case of chemical gels, using
bifunctional monomers in small amounts, crosslinking of the chains is achieved, while in physical gels
this crosslinking is due to non-covalent secondary interactions (Mufioz y Zuluaga, 2009).

The two possible states of a gel are: the collapsed state and the swollen state, in the dry state it is
called xerogel, but when a solvent is added it swells until it reaches the swelling equilibrium, so that the
solvent is retained inside. (Séez et al., 2003).

Aluminum

Aluminum is the third most abundant element in the earth's crust. Even when its toxicity has been
demonstrated, geochemical control maintains its bioavailability within harmless parameters. However,
natural modifications and anthropogenic interventions contribute to its release, increasing the incidence
of diseases in the population and generating harmful accumulations in the environment. The most
important sources of non-occupational exposure to aluminum are food, water, certain medications and
cosmetics, as well as the containers and utensils used for food preparation (Torrellas, 2013).

Aluminum is found in the natural environment in the form of the ionic species Al*3. In soils it is
combined in minerals and rocks of aluminosilicates (feldspars, imogolite, kaolinite), phosphates
(variscite), sulfates (jurbanite) and hydroxides (gibbsite) (Soon, 1993).
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From a chemical point of view, this ion with a small ionic radius (0.50 A) and a strong charge
produces an intense electric field that attracts electrons. Aqueous solutions of aluminum salts are acidic
due to hydrolysis of the Al*® species (Cotton, 1989).

The concentration of the Al*® ion in water is much higher than that of other biologically important
cations such as Mg*?, Fe*® or Zn*2. Aluminum is not an essential element for living organisms in
ecosystems and has been found to be a toxic agent (Bondy, 2010; Lewis, 1989). The main reason why
this toxic ionic species does not affect organisms in their natural environment is because aluminum
readily reacts with silicon, the most abundant element on the planet, thereby forming aluminosilicates
and bauxite with oxygen. Thus, geochemical control maintains the bioavailability of aluminum within
harmless parameters. However, interventions in the environment are increasing its bioavailability and,
consequently, causing impacts (Gustafsson, 2001).

Lead

Lead is a heavy metal whose density is 11.34 g-cm at 20°C and its atomic mass is 207.19 g-mol™. This
metal can be found naturally in the environment, more specifically in the earth's crust. Its proportion in
the earth's crust is approximately 15 mg-kg™?, whose total amount is estimated at 3.8-10 tons. Also, it
can be found anthropogenicly due to human activities such as the burning of fossil fuels and mining.
(Jacobs y Belaire, 2017).

Lead exposure can occur through ingestion of contaminated food and drinking water, and through
inadvertent ingestion such as lead paint or dust particles from soil. Furthermore, 95% of inorganic lead
is absorbed by inhalation.

This chemical element is toxic, dense and cumulative, which affects both living organisms and
humans, and can enter food chains. Currently, the intake of this metal is reduced due to the controls
established by regulations at the industrial level, leading to a lower risk of exposure (Londofio et al.,
2016).

Lead is used as a metal in 40%, and of that percentage, 25% is used for applications in alloys and
35% is used as chemical compounds of both organic and inorganic origin. Some of the main applications
are lead oxide in the production of paints and car battery components (Ubillus, 2003).

5.4 Methodology
Synthesis of carboxymethylcellulose gel

In a batch-type glass reactor with a capacity of 500 ml, 10 g of CMC and distilled water were added until
a 5% solution by weight was obtained and mixed for 1 hour, maintaining constant stirring and a controlled
temperature of 80°C. Subsequently, 4 ml of glutaraldehyde were added as a crosslinking agent and 4 ml
of hydrochloric acid as a catalyst for the synthesis reaction, and it was kept under constant stirring at
80°C for a reaction time of 2 hours. After this time, the mixture was poured into polycarbonate molds
and placed in an oven at 60°C for 48 hours until a completely dry film of constant weight of the CMC
gel was obtained. Finally, the films were removed from the molds and used in the recovery treatment of
water contaminated by Al and Pb.

Swelling tests

This technique consisted of evaluating the absorption capacity of the CMC gel, maintaining constant
temperature and pH. In this test approx. 200 mg of the gel with dimensions of 1 cm? and dried in an oven
at 45 °C for 24 hours until constant weight was obtained. Subsequently, they were placed in vials with a
capacity of 20 ml and 0.1 ml of distilled water was added every hour for 24 hours until the gel reached
its maximum swelling.

These swelling tests were carried out at a temperature of 40 °C and agitation at 120 rpm in a bath
with agitation and controlled temperature. The amount of water absorbed by the gels was determined
using equation 1, expressed as a percentage (Rivas et al., 2010).



56

H =825 100% (1)

o

Where:
H = Swelling, %
W = Weight of swollen gel, g (at different contact times)
W, = Initial dry gel weight, g
Infrared Spectroscopy (IR)

Infrared spectroscopy has the potential to determine a myriad of substances by virtue of almost any
species absorbing in this region, it allows identifying and establishing the structure of organic, inorganic
and biochemical species.

The infrared (IR) region of the electromagnetic spectrum covers the upper visible range (7.8 x 10
"'m), but only medium absorption (from 4000 cm™ - 400 cm™) is used for organic chemical compounds.
IR radiation energy levels range from 48 kJ/mol to 4.88 kJ/mol (11.5 to 1.15 kcal/mol). This tool is
mainly used in organic chemistry to detect functional groups, identify compounds, and analyze mixtures
(McMurry, 2009).

The IR characterization technique was carried out to identify the different characteristic groups
of the CMC, which make up the gels, and it was also corroborated whether Al or Pb was found in the
polymeric network of the gel. For this analysis, the Varian 640-IR model Fourier transform
spectrophotometer was used, using the ATR technique with 12 scans and a frequency range of 4000 -
400 cm. In this interval, the main functional groups of the CMC gel were observed, and it was verified
if secondary reactions were present.

Preparation of Al and Pb solutions at laboratory level

The calculations were made to prepare the Al and Pb solutions that will have contact with the CMC gel
called "substrate™ and its function is to remove the two metals to be studied. The preparation consisted
of the following: 11.8 mg of AIK(SO4)2 were weighed out and added to 1 I volumetric flask and deionized
water was added. Subsequently, 11.8 mg of Pb(NOs3)2 was weighed and added to another 1 | volumetric
flask and deionized water was also added.

15 ml of the Al solution was added to a 20 ml capacity vial, which contains the substrate (CMC
gel), this was done in triplicate. The same procedure was performed for the Pb solution. Subsequently,
the 6 vials were placed in a bath with controlled temperature and agitation, and the optimal contact time
for removing the two metals was found. In addition, the amount of metal absorbed by the substrate was
determined using the atomic absorption technique.

Atomic Absorption

In analytical chemistry, atomic absorption spectrometry is a technique for determining the concentration
of a given metallic element in a sample and is used to analyze the concentration of more than 62 different
metals in a solution. The technique makes use of absorption spectrometry to assess the concentration of
an analyte in a sample. It is largely based on the Beer-Lambert law. In short, the electrons of the atoms
in the atomizer can be promoted to higher orbitals for an instant by absorbing an amount of energy (i.e.
light of a certain wavelength). This amount of energy (or wavelength) specifically refers to one electron
transition in an element, and in general, each wavelength corresponds to a single element.

Since the amount of energy that is put into the flame is known, and the amount remaining on the
other side (the detector) can be measured, it is possible, from the Beer-Lambert law, to calculate how
many of these transitions take place, and thus obtain a signal that is proportional to the concentration of
the element being measured.
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In this analysis, the amount of aluminum (Al) and lead (Pb) ions present in the water solutions,
before and after being in contact with the CMC gel, was determined using the atomic absorption
equipment, model AA 240Z, and PSD 120, VARIAN brand, using an acetylene/air gas ratio and a lamp
for detection of aluminum and lead. Once the initial (stock solution) and final concentration were
determined, the amount of Al and Pb absorbed per dry gram base of the CMC gel, g (mg/g), was
calculated using equation 2.

V(Co=Cy)
m

q(mg/g) = )
Where:
g = Amount of metal absorbed per gram of substrate, mg/g
V = volume of metal solution, |
Co = Initial concentration, mg/l
Cs = Final concentration, mg/I
m = mass of substrate (CMC gel) on a dry basis, ¢
5.5 Results
Figure 5.1 shows the film obtained from the synthesis of the carboxymethylcellulose gel, with a
transparent appearance and flexible to the touch, presenting an adequate homogeneity to be used in the

tests of absorption and elimination of metals (Al and Pb).

Figure 5.1 Carboxymethylcellulose gel film

Source: Own elaboration

200 mg of film cut into vials approximately 1 cm? was added and placed in an oven at 45°C until
a constant weight was obtained, proceeding with the swelling tests and determining the maximum degree
of absorption. Table 5.1 shows the results of the weights obtained in the swelling tests, to determine the
absorption capacity of the CMC gel with a degree of substitution (DS) of 0.7 at 25°C for 24 h.
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Table 5.1 Increase in swelling with respect to time

Time (min) |  Swelling (%)
1 43.8212
2 77.7491
3 113.8293
4 163.7598
5 204.9231
6 242.2268
7 277.4690
8 322.0128
9 350.8397
10 391.3876
11 444.0103
12 475.2322
13 473.0119
14 527.1385
15 564.5464
16 610.1092
17 639.4191
18 639.4191
19 709.4710
20 749.9724
21 783.37298
22 816.9908
23 852.2581
24 889.5588

Source: Own elaboration

The data obtained were plotted in figure 5.2 using Excel to observe the behavior of the CMC gel
with respect to time, maintaining the temperature and controlled agitation of 40°C and 120 rpm,
respectively, showing that the gel absorbs around 889. 5% in a period of 24 hours.

Figure 5.2 Percentage of swelling of carboxymethylcellulose gel
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Figure 5.3 shows the infrared spectrum of CMC gel before being incorporated into water
contaminated with Al and Pb, showing the characteristic functional groups, at a wavelength of 3271 cm-
! the characteristic -OH group of CMC is observed. the structure of carboxymethylcellulose, while at
2904 cm'* the CH. group was found, at 1591 cm™ and at 1417 cm there is a stretch band due to the
carbonyl and carboxyl groups, respectively. On the other hand, the bending by the -CHa- groups at 1323
cm™t are shown and finally in the region of 1038 cm™* we find the C-C bonds, characteristic of cellulose.
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Figure 5.3 IR spectrum of carboxymethylcellulose gel
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Figure 5.4 shows the IR spectrum of the carboxymethylcellulose gel after being in contact for 12
h in an Al solution and using 200 mg of substrate (CMC gel), showing a broad band at 3253 cm™ of the
group - OH characteristic of the CMC structure, at 2904 cm™ a weak signal of the CH2 group is present,
at 1597 cm-1 and 1417 cm a stretching of the carbonyl and carboxyl group is shown, respectively. On
the other hand, at 1319 cm™ a bending of the -CH?- group is observed and in the region of 1026 cm™ the
C-C bond, characteristic of cellulose, was present.

Figure 5.4 IR spectrum of carboxymethylcellulose gel after exposure to water contaminated with Al
metal
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Figure 5.5 shows the IR spectrum of the carboxymethylcellulose gel after being in contact for 12
h in a Pb solution and using 200 mg of substrate (CMC gel), showing a broad band at 3298 cm of the
group -OH characteristic of the CMC structure, at 2910 cm™ a weak signal of the CH, group is present,
at 1587 cm™ and 1419 cm™ a stretching of the carbonyl and carboxy! group is shown, respectively. On
the other hand, at 1325 cm™ a bending of the -CHz- group is observed and in the region of 1049 cm the
C-C bond, characteristic of cellulose, was present. In addition, at 895 cm-1 a peak appears due to out-of-
plane twisting of the carboxyl group dimer.
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Figure 3.5 IR spectrum of carboxymethylcellulose gel after exposure to water contaminated with the
Pb metal
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The effect of the substrate (CMC gel) was studied in each of the prepared solutions of Al and Pb,
and it was carried out in triplicate for each solution, keeping the temperature constant at 25°C, agitation
at 120 rpm and contact time at 12 h, after that time, the amount of Al and Pb that was removed from the
contaminated water was determined, using the Atomic Absorption technique.

Figure 6.6 shows the data obtained by atomic absorption analysis (AA), where the results for

metal removal (Al and Pb) are observed, obtaining a reduction of 92.4% and 90.33% for Al and Pb,
respectively.

Figure 6.6 Concentration of Al and Pb after being exposed with the carboxymethylcellulose gel
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The initial concentration (Co) of the Al and Pb solutions that were prepared was 10 mg/l; and 15
ml of solution was added to 0.2 g of CMC gel contained in 20 ml vials and kept in contact for 12 h, and
then the AA analysis was performed, reaching the final concentrations of Al and Pb of 0.76 mg/ | and
0.97 mg/ml, respectively. Subsequently, equation 2 was used to determine the amount of metal absorbed
per gram of substrate, obtaining 9.24 mg/g for Al and 9.03 mg/g for Pb.
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5.7 Conclusions

The CMC gel was obtained according to the conditions described in the methodology, presenting
favorable characteristics for the swelling tests, these were performed in triplicate and the values were
averaged, obtaining a maximum absorption value of 889.5% in 24 h, after that time. the gel collapses and
its structure are no longer cross-linked, that is, the material cannot capture or retain more liquid.

By means of FTIR, the hydroxyl, carboxyl and carbonyl functional groups that are part of the
structure of carboxymethylcellulose were observed and the Atomic Absorption analysis showed a
retention of Al and Pb of 92% and 90%, respectively. In addition, it was shown that when using 1 g of
substrate (CMC gel) around 9 mg of metal is retained per gram of substrate, which is advantageous for
treating water contaminated by these metals.
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Abstract

Synthetic plastics have facilitated the transport of food and various products; however, their time to
degrade has caused severe environmental problems due to their accumulation in seas and rivers.
Polyhydroxyalkanoates (PHA) have been proposed as an alternative to synthetic plastics due to their
biodegradable characteristics and similar properties to polypropylene and polystyrene. PHA are polymers
produced by bacteria such as Bacillus spp., Streptomyces spp., Staphylococcus spp., Cupriavidus necator,
R. eutropha and Alcaligenes latus that accumulate the polymer in intracellular lipid granules that serve
as their energy source. This review aims to provide an overview of research in recent years on identifying
PHA-producing strains, methods for their extraction, factors affecting their production, the study of their
structure and film-forming characteristics, and their applications and future developments related to
PHA.

Polyhydroxyalkanoates, Intracellular, Bioplastics, Environmental
Resumen

Los plésticos sintéticos han facilitado el transporte de alimentos y de diversos productos, sin embargo,
el tiempo que requieren para degradarse ha ocasionado graves problemas ambientales debido a su
acumulacién en mares y rios. Los polihidroxialcanoatos (PHA) han sido propuestos como una alternativa
para la reduccidn al uso de sintéticos plasticos debido a sus caracteristicas biodegradables y propiedades
similares al polipropileno y al poliestireno. Los PHA son polimeros producidos por bacterias, por
ejemplo, Bacillus spp., Streptomyces spp., Staphylococcus spp., Cupriavidus necator, Rastonia eutropha
y Alcaligenes latus que acumulan al polimero en granulos lipidicos intracelulares que sirven como su
fuente de energia. El objetivo de esta recopilacion es proporcionar un panorama sobre las investigaciones
que se han realizado en los ultimos afios acerca de la identificacion de cepas productoras de PHA, los
métodos para su extraccion, factores que afecten su produccion, el estudio de su estructura y
caracteristicas para la formacion de peliculas; asi como las aplicaciones y los futuros avances
relacionados con los PHA.

Polihidroxialcanoatos, Intracelular, Bioplasticos, Ambiental
6.1 Introduction

The increase in the production of plastics by industry has caused their accumulation in the seas and soils,
causing dramatic changes in the biosphere and affecting the survival of several species (Luengo et al.,
2003). The production of plastics has increased significantly, reaching 350 million tons annually. One of
the main reasons for this is the advantages of these materials, such as durability, flexibility, and low
production cost. However, it is estimated that more than 250 000 tons of plastic float in the sea, negatively
affecting marine wildlife (Heidbreder et al., 2019). In most cases, plastic waste reaches the ocean after
being mismanaged on land. Plastic pollution has gained political attention, causing challenges for its
reduction. Globally, it has been estimated that plastic pollution causes about $13 billion in financial
damages annually (Nielsen et al., 2019). It has been reported that the five countries originating the most
significant amounts of plastic pollution are China, Indonesia, the Philippines, Vietnam, and Sri Lanka,
which are responsible for more than half of the plastic leakage from land to sea. However, the leading
cause of these leaks is the export of waste from other countries, so measures have been taken, such as
the return of waste to the exporting countries (UNEP, 2014; Gregson and Crang, 2018; Nielsen et al.,
2019).

New alternatives have been sought to reduce the production and use of plastics worldwide.
Polyhydroxyalkanoates (PHA) are polyesters stored intracellularly by different bacteria as a carbon
source. They are made up of fatty acid chains with ester bonds between their hydroxyl group and the
carbonyl group of the following monomer (Muhammadi et al., 2015). Due to their characteristics, like
conventional plastics, have been taken as an alternative to replace synthetic polymers. According to the
ScienceDirect database, the number of publications on PHA production increased from 238 articles in
2011 to 1139 by 2021 (Graphic 6.1). Studies have focused on increasing the yield in the production of
PHAs, their biomedical applications, the use of low-cost carbon sources, physicochemical modifications
of the polymer to improve its characteristics and the search for new PHA-producing strains.
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At the industrial level, countries such as the United States, China, Italy, Canada, and Germany
produce polyhydroxyalkanoates such as polyhydroxybutyrate (PHB) and PHB-co-hydroxyvalerate
(PHV) copolymers from bacteria such as Rastonia eutropha, Cupriavidus necator, Aeromonas
hydrophila and Pseudomonas putida. TianAn, a Chinese PHA producing company, has reported PHA
production of 10 thousand to 50 thousand tons per year. Nodax, a U.S. company, annually produces 91
thousand tons of different types of PHA. The thermoplastic nature of PHA makes it a candidate for a
wide range of standard manufacturing techniques, including injection molding, extrusion, film-forming
and blow molding. This compilation aims to provide an overview of the research carried out in recent
years on identifying PHA-producing strains, methods for their extraction, factors affecting their
production, the study of their structure and film-forming characteristics, as well as applications and future
developments related to PHA.

Graphic 6.1 Articles published in Sciencedirect on Polyhydroxyalkanoates
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6.2 Chemical structure of PHA

PHAs are polyesters of 3,4,5 and 6 hydroxyalkanoic acids with a general structure shown in Figure 6.1.
The radical group is regularly substituted by an unsaturated or saturated alkyl group ranging from C; to
C13. PHAS are linear polymers that form ester bonds between the carboxyl group of one monomer and
the hydroxyl group of the next. More than 150 types of hydroxycarboxylic acids have been identified as
PHA monomers. In all PHAs that have been characterized, the hydroxyl-substituted carbon atom has the
R configuration due to the stereo-specificity of PHA biosynthetic enzymes. Because of this chirality at
the center of the structure, the chemical synthesis of PHAs is complex. The monomer composition,
macromolecular structure, and physicochemical properties of PHA vary depending on the microorganism
and carbon source used for their growth (Berezina and Martelli, 2014; Muhammadi et al., 2015; Prados
and Maicas, 2016).
Figure 6.1 The general structure of PHAs

R group No. of PHA polymer
carbons
Metyl Cy Poly (3-Hydroxybutyrate)
R 0 Etyl Cs Poly (3- hidroxivalerate)
Propyl Ce Poly (3-hydroxyhexanoate)
‘ ‘ ‘ Butyl c, Poly (3-hydroxyheptanoate)
0 C (C H ) ) N C Pentyl Cg Poly (3-hydroxyoctanoate)
K H X Hexyl Co Poly (3-hydroxynonanoate)
Heptyl Cio Poly (3-hydroxydecanoate)
Octyl Ci1 Poly (3-hydroxyundecanoate)
Nonyl Ciy Poly (3-hydroxydodecanoate)

Source: Muhammadi et al.,2015
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According to their chain size, PHA can be classified into short-chain (3-5 carbon atoms), medium-
chain (6-14 carbon atoms) and long-chain (more than 14 carbon atoms) hydroxyalkanoic acids. It has
been reported that strains such as Alcaligenes eutrophus can only synthesize short-chain PHA. On the
other hand, Pseudomonas oleovorans are associated with the production of medium-chain PHA
(Muhammadi et al., 2015). The synthesis of both short-chain and medium-chain PHA has also been
reported. For example, in the presence of propionic and valeric acid, Alcaligenes eutrophus produces
copolymers of 3-hydroxybutyrate acid and 3-hydroxyvalerate acid (Anderson et al., 1990). Aeromonas
caviae is another bacterial strain that produces a copolymer of hydroxybutyrate and 3-hydroxyhexanoate.
Boyadin et al. (2008) reported that Photobacterium leiognathi and Vibrio harveyi produced 2 to 3 PHA
heteropolymers (hydroxybutyric, hydroxyvaleric and hydroxyhexanoic acid). As observed in these
studies, the type of PHA depends on the producing bacteria; therefore, in the following section, different
sources of isolation of PHA-producing strains and some of their yields will be mentioned.

6.3 PHA-producing microorganisms, isolation sources and nutritional factors that affect its
production

Some bacteria accumulate substances, such as PHA, when external energy exceeds the cell need for
growth. PHA is utilized when external energy input is insufficient to maintain cell growth, division, or
viability. About 300 different bacteria, including Gram-positive and Gram-negative bacteria, have been
reported to accumulate PHA. These bacteria accumulate PHA intracellularly in lipid granules in the
presence of excess carbon sources and limited nitrogen source conditions. Once the microorganism
depletes this carbon source, PHA is depolymerized and metabolized to act as a carbon and energy source
(Muhammadi et al., 2015; Prados and Maicas, 2016).

Several genera capable of synthesizing PHA have been identified, among which the Bacillus and
Pseudomonas genera stand out. The source of isolation can be soil samples, marine sediments, dairy
products, used oils or waste from different industries, for example. Ching et al. (2007) isolated bacteria
from marine sediments, four of the twenty phenotypically different colonies were positive in the Nile red
staining test. The bacteria were PHA producers. They identified by 16S rDNA sequencing that the four
isolates belonged to the genus Vibrio with 98% identification. In the same year, Jamil et al. isolated a
PHA-producing strain from sediment samples from the Karachi coast. The 16S rRNA gene analysis
identified it as Pseudomonas sp. with 94 % homology. Sangkharak and Prasertsan (2012) isolated PHA-
producing bacteria from different sources (pickle waste, nitrogen-rich soils, cow and chicken manure,
and municipal garbage). In total, fifty strains were isolated and tested positive with Nile blue. Six
different genera were identified, including Bacillus spp., Proteus spp., Pseudomonas spp., Aeromonas
spp., Alcaligenes sp. and Chromobacterium spp. Nevertheless, the bacterium identified as Bacillus
licheniformis JN 162418 was determined to have the highest PHA production (6.58 g /L).

In 2019, Alshehrei collected soil samples from Saudi Arabia to determine the presence of PHA-
producing bacteria. Twenty strains tested positive for PHA production using Sudan black. It was
determined that strain F15 belonged to the Bacillus genus and had the highest PHA production (4.3 g/L).
Mohammed et al. in 2019, isolated two different PHA-producing Bacillus species from plastic waste
landfills. Both bacteria tested positive using Sudan black B and Nile blue A. They reported that the
highest PHA production for Bacillus BPPI-14 (49.46 +2.79%) was obtained using glucose as a carbon
source, a temperature of 37 °C and a pH of 7. It has also been possible to isolate PHA-producing strains
from oil-contaminated soils. Al-Ardawy and Taj-Aldeen (2020) identified the presence of PHA granules
in Lactiplantibacillus plantarum isolated from dairy products and Pseudomonas isolated from oil. They
determined that Lactiplantilactobacillus plantarum had the highest PHA production (1.5 g /L) compared
to Pseudomonas spp. 1 (0.95 g/L).
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Isolation sources of PHA-producing bacteria can be varied, and their production conditions can
also be a significant effect when considering their yield. Yiksekdag et al., (2007) analyzed different
carbon and nitrogen sources in PHB production from Streptococcus thermophilus Ba21S; their results
showed that the percentage of PHB increased when using sucrose (35.56%) compared to the control
(glucose) (12.47%) opposite case when changing the nitrogen source where it decreased from 21.15%
(Protease peptone) to 3.69 % when using L-cysteine. Sharma et al., (2012) studied PHA production in a
Pseudomonas putida LS46 at high and low concentrations of ammonium sulfate (4 g/L and 1 g/L). They
determined that the highest production occurred when using nitrogen at low concentrations in a 48h
incubation period. Other examples of PHA-producing genus and their isolation source, as well as their
PHA production and carbon source used for PHA synthesis, are shown in Table 6.1. Each bacterium
synthesizes PHA differently depending on the carbon source and the enzymes involved in the process.
In section 6.3, some of the most common routes for PHA synthesis will be described.

Table 6.1 PHA-producing bacteria isolated from different sources and their polymer production yield
using different carbon sources

Bacteria Insulation source Carbon source
Vibrio MK4 Soil samples from Sesame oil 4.22 | Arun etal., 2009
Katch Island.
Lactiplantilactobacillus Fermented milk Starch 3.5 | Monilola and Makinde,
plantarum CW10 Whey 3.3 | 2020
L. casei WWD3
Bacillus subtilis MSBN17 | Sea sponge waste pulp, 2.46 | Sathiyanarayanan et al.,
Callyspongia diffusa | tamarind powder 2013
and palm sugar
Bacillus spp. Liquid wastewater Fructose 2.2 | Ataei et al., 2008

samples from the
"salwa" industry

L. casei Different dairy Glucose 1.9 | Aslimetal., 1998
L. plantarum A products 0.66

L. brevis C3 0.86

P. halophilus B1 0.11

S. thermophilus E1 0.19

Pseudomonas Soybeans Nonanoic acid 0.9601 | Sharmaetal., 2017
chlororaphis PA23

Halomonas AT1214 Shrimp shell Yeast extract 0.270 | Simon-Colin et al., 2008
Pseudomonas aeruginosa | Sediments from Yeast extract 0.376 | Jamil et al., 2007
AU1292 the Karachi coast

Vibrio M20 Marine sediment Glucose 0.176 | Chien et al., 2007

6.4 Metabolic pathways for the synthesis of PHA

A total of 14 pathways have been reported for PHA synthesis (Figure 6.2). Regularly, short-chain PHA
is synthesized by pathway I, where two molecules of acetoacetyl-CoA are condensed to one molecule of
acetoacetyl-CoA by the enzyme [-ketothiolase (PhaA). Acetoacetyl-CoA is converted to 3-
hydroxybutyrate-CoA by the enzyme NADPH-acetoacetyl-CoA reductase (PhaB). Subsequently, the
ester bond is catalyzed by PHA synthase (PhaC) action to form poly (3-hydroxybutyrate). In pathway I,
the substrates originated from the B-oxidation of fatty acids. In this pathway, different hydroxyalkanoate
monomers are generated by the action of (R)-enoyl-CoA hydratase (PhaJ), acyl-CoA oxidase and 3-
ketoacyl-CoA reductase (Sharma et al., 2021). The V-XIV pathways are engineered pathways leading to
the production of unconventional PHA, for example, the use of a recombinant E. coli to produce poly-4-
hydroxybutyrate using glucose as a carbon source. This strain contained genes encoding succinate
degradation from Clostridium kluyvery and PHA synthase from Ralstonia eutropha. The native succinate
semialdehyde dehydrogenase genes (sad and gabD) in E. coli were inactivated to enhance carbon flux to
poly-4-hydroxybutyrate biosynthesis via pathway 5 (Zhou et al., 2012).
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Figure 6.2 Pathways for PHA synthesis
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Enzymes for PHA synthesis: 1(B-Ketothiolase);2 (NADPH dependent acetoacetyl-CoA); 3(PHA synthase); 8 (R-Enoyl-CoA
hydratase); 9 (Epimerase); 10(3-ketoacyl-CoA reductase);11(Acyl-CoA oxidase, putative); 12 (Enoyl-CoA hydratase,
putative); 13 (3-Hydroxyacyl-ACP-CoA transferase); 14 (NADH-dependent acetoacetyl-CoA reductase);15 (Succinic
semoaldehyde dehydrogenase); 16 (4-Hydroxybutyrate dehydrogenase); 17(4-Hydroxybutyrate-CoA transferase); 18
(Aspartokinase 1, Homoserine kinase, Threonine synthase); 19 (Threonine deaminase); 20 (BktB(PhaA)); 21 (Alcohol
dehydrogenase, Aldehyde dehydrogenase); 22 (Hydroxyacyl-CoA synthase, putative); 23 (Lactonase, putative); 24
(Cyclohexanol dehydrogenase); 25(Cyclohexanone monooxygenase); 26 (Caprolactone hydrolase); 27 (6-Hydroxyhexanoate
dehydrogenase); 28 (6-Oxohexanoate dehydrogenase); 29 (Semialdehyde dehydrogenase, putative); 30 (6-Hydroxyhexanoate
dehydrogenase, putative); 31 (Hydroxyacyl-CoA synthase, putative); 32 (3-Ketoacyl-CoA thiolase, 3-hydroxyacyl-CoA
dehydrogenase); 33 (Lactate dehydrogenase); 34(Propionate CoA-transferase); 35 (Type II PHA syhthase); 36(o-
Isopropylmalate synthase); 37(3-Isopropylmalate dehydratase); 38 (3-lsopropylmalate dehydrogenase); 39 (2-
Hydroxybutyrate dehydrogenase); 40 (Propionate CoA-transferase);41(Type Il PHA syhthase); 42 (Propionyl-CoA synthase);
43 (Glycerol dehydratases); 44 (Propionaldehyde dehydrogenase)

Source: Modified from Meng et al., 2014

Each pathway involves several enzymes that play an essential role in PHA synthesis. However,
PHA synthase is one of the enzymes in charge of defining the chain length size of PHA. The different
PHA synthases are classified into four categories based on their structure, composition and chain length.
Class | comprises a subunit that polymerizes short-chain PHA, and class Il comprises a subunit that
polymerizes medium-chain PHA. Class Il and IV are heterodimer enzymes formed by two subunits,
class Il is constituted by a subunit of PhaC and another subunit of PhaE, and class IV comprises two
subunits, one of PhaC and PhaR (Tripathi et al., 2021). PhaC from Rastonia eutropha has been known
to polymerize PHA monomers consisting of 3 to 5 carbons such as poly(3-hydroxypropionate), poly(3-
hydroxybutyrate),  poly(4-hydroxybutyrate),  poly(3-hydroxyvalerate) and  copolymers  of
hydroxypropionate and 4-hydroxybutyrate).

Once PHA is formed, it is stored in lipid granules inside the cell, where their number and size
depend on the producing bacterium. About 8-13 granules ranging from 0.2 to 0.5 um have been reported
for Alcaligenes eutrophus. However, in Pseudomonas oleovorans, it is estimated to accumulate around
one to two large granules (Muhammadi et al., 2015). On the other hand, PhaC identified in the
Pseudomonas genus can polymerize 6 to 14 carbon monomers (Meng et al., 2014). Once PHA is formed,
it is stored in lipid granules inside the cell, where their number and size depend on the producing
bacterium. About 8 tol13 granules ranging from 0.2 to 0.5 um have been reported for A. eutrophus.
However, in P. oleovorans, it is estimated to accumulate around one to two large granules (Muhammadi
etal., 2015).
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The variety of PHA, synthesized by the different pathways, has led to this polymer having
physicochemical properties that differ from one other giving them applications in different areas. Some
examples of different PHA synthesized and their physicochemical properties will be mentioned in section
6.5.

6.5 Physicochemical properties of PHAS

PHAs are biodegradable thermoplastics that are insoluble in water but soluble in chlorinated
hydrocarbons such as chloroform. They have poor resistance to acids and bases. The properties of PHAs
differ depending on their chemical composition. In some cases, their properties can be similar to common
polymers. The PHB has some characteristics similar to polypropylene (Table 6.2). PHBs found in pure
form are brittle because it presents an elongation percentage lower than 15 %. However, they have
Young's modulus above 1 GPa, indicating that it is a rigid material (Bugnicourt et al., 2014). The use of
a polyhydroxybutyrate/polyhydroxyvalerate (PHB-HV) blend reduces the percentage crystallinity and
Young's modulus from 60 % (PHB) to 53 % and from 1700 MPa to 1200 MPa, respectively (EI-Hadi et
al., 2002). Another author who studied the blend of these polymers was Arcos-Hernandez et al. (2013),
who studied the properties of a 38%mol PHB -62%mol HV copolymer. Their data determined that this
presented Young's modulus of 867 MPA and an elongation percentage of 5%. A glass transition
temperature of -12.4 °C and a degradation temperature of 268.1 °C.

Corre et al. (2012) studied the properties of different commercial PHA (Enmat Y1000P, Mirel
F1006, Mirel F3002 and P226). Their results showed that the commercial PHA Enmat Y1000P presented
values of Young's modulus (2624 MPa) and maximum tensile stress (32.2 MPa) higher than P226 and
Mirel F3002, in addition to Young's modulus increased from 2624 MPa at day 0 to 4329 MPa at day 74.
This process could be due to a secondary crystallization presented by this type of material.

Wecker et al. (2015) analyzed PHA synthesized by an Enterobacter sp. FAK 1384 determined
that the PHA was a medium-chain of different polymers (3-hydroxydecanoate, 3-hydroxyoctanoate, 3-
hydroxydodecenoate, 3-hydroxydodecanoate and 3-hydroxyhexanoate and 3-hydroxytetradecanoate).
They determined that it had a crystallinity index of 0.26, a melting point temperature of 47 °C and a glass
transition temperature of -47 °C. In 2016, Ray et al. analyzed PHA by the strain Pannonibacter
phragmitetus ERC8. They determined by the nuclear magnetic resonance that the synthesized PHA was
a copolymer of 3HB and 3HA (medium-chain PHA). The polymer's melting temperature was 163.29 °C
with a percentage crystallinity of 48.55 %. The thermogravimetric analysis determined that requiring 500
°C for its complete degradation.

Perez-Arauz et al. (2019) reported the production of a heteropolymer composed of 98.2% mol
HB, 0.75% mol HV and 1% mol HA from the Cupriavidus necator strain. They determined that the
melting temperature for this polymer was 159.4°C with a crystallinity percentage of 22.2 %. Regarding
its mechanical properties, the maximum stress of 2.7 MPa and an elongation of 25.7 % were obtained.
The films elaborated from this polymer also showed a water vapor permeability (2.59%103kg m s* Pa-
'm2) lower than that reported for those elaborated from PHB (6.9" kg m s Pa'm?)
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Table 6.2 Maximum tensile stress, % elongation and degradation temperature of different PHB
copolymers and traditional synthetic polymers

)& (%)
PHB 177 43 5
P(3HB-c0-20%mol3HV) 145 20 50
P(3HB-c0-16%mol4HB) 150 26 444
P(3HB-co-15%mol 3HHX) 115 23 760
P(HB-co-10%mol HV) 150 25 20
P(HB-co-20%mol HV) 135 20 100
P(HB-c0-10%mol HHx) 127 21 400
P(HB-co-17%mol HHx) 120 20 850
Polypropylene 170 34 400
Polystrene 110 50 -
Polyethylene 130 - 500
HDPE 135 29 620
LDPE 130 10 7300
PET 262 56 -
Tm: melting temperature.

o: Tensile strength.

e: Elongation at break.

HDPE: high-density polyethylene.
LDPE:low-density polyethylene.
PET: poly(ethylene terephthalate).

Source: Modified of Muhammady et al., 2015

6.5 Methods for the identification of PHA-producing bacteria

A method traditionally used for the detention of PHA granules is the use of Sudan black dye B, which
consists of growing colonies in agar culture media where the dye previously dissolved in 96% ethanol is
added. Once the dye is added for 20 minutes, the dye is decanted, and 96% ethanol is added for 1 minute.
The colonies that present a bluish-black will be taken as positive for the production of the polymer. It is
a convenient method for arresting a large number of PHA-producing bacteria (Schlegel et al., 1970;
Godbole, 2016). Phanse et al., 2011, used this method to screen bacteria isolated from different sources
(including domestic and industrial wastewater, dairy waste and soil samples). Twenty-three isolates
tested positive for PHA production, showing a blue-black staining of their colonies, of which twelve
belonged to the genus Bacillus, five to the genus Pseudomonas, and four to the genus Azotobacter and
two isolates to Staphylococcus.

Another dye employed for the detection of PHA is the use of Nile blue, a basic water-soluble
oxazine. Heat-fixed smears are stained with 1% Nile blue A at 55 °C for 10 minutes and then washed
with water and 8% acetic acid for one minute to remove excess dye. The stained smears are examined at
460 nm because PHA granules show orange fluorescence (Ostle and Holt, 1982). In 2017, Mascarenhas
and Aruna identified PHA-producing bacteria isolated from different sources (raw honey samples, sugar
industry waste, used machine oil and petroleum-contaminated soil) using Sudan black B and Nile blue.
Their results showed that 81 strains isolated from these sources were positive when screened with Sudan
black B. However, only 34 positive strains fluoresced in ultraviolet light when secondary screening was
performed with Nile blue. Evangeline and Sridharan (2019) identified one PHA-producing bacterium out
of the five isolated soil samples collected from the Ranipet area using Sudan black B and Nile blue as
the screen. The bacterium was identified as Bacillus cereus VIT-SSR1.

Nile red, a derivative of Nile blue, is a sensitive screening method that allows observation of PHA
accumulation in viable bacteria and is proposed by Spikerman et al. (1999). This method uses a stock
solution of 0.25 mg of Nile red dissolved in 1 mL of dimethyl sulfoxide. This solution is poured into the
sterile culture medium with a final concentration of 0.5 pg of Nile red per milliliter. The agar plates are
exposed to ultraviolet light at 312 nm; as with blue, samples positive for PHA accumulation will
fluoresce.
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6.6 Methods used for PHA extraction

Cell disruption and removal of the protein sheet surrounding the PHA granules are necessary to extract
PHA granules. Several protocols have been described for obtaining PHA. Among the methods mentioned
in the literature are solvent extraction, chemical digestion, and enzymatic and physical methods (Visakh,
2014; Muhammadi et al., 2015).

Most of the extraction methods use solvents such as chloroform and methanol. Modification in
permeability of cell walls and dissolution of PHA in the solvent are the mechanisms of PHA extraction.
Separation of PHA from the solvent can be performed by evaporation or precipitation of the polymer
with a non-solvent material (Visakh, 2014). Due to the degradation of endotoxins present in Gram-
negative bacteria, extraction by this method has been used for medical applications (Mohammadi and
Ghaffari-Moghaddam, 2014). Regularly, the solvent ratio used is 20 parts for one part of the polymer,
making it a costly method for the industry. (Perez-Rivero et al., 2019). Currently, strategies have been
sought for the use of chloroform, such as dimethyl carbonate. Samori et al. (2015) used this solvent to
extract PHA from mixed cultures (Amaricoccus sp., Azoarcus sp. and Thauera). They obtained a purity
of 98 % and a polymer molecular weight of 1.2 MDa.

Another method studied is digestion, where sodium hypochlorite dissolves cellular substances
such as proteins, carbohydrates, lipids and nucleic acids. PHA can be separated from the solution by
centrifugation. Despite being a less expensive method, it has been reported that it can reduce up to 50%
of the molecular weight of PHA because it is a potent oxidant, so the extraction conditions must be
adequately designed to control the decrease in molecular weight (Tripathi et al., 2021). Ramsay et al.
(1990) extracted PHB from Alcaligenes eutrophus using sodium hypochlorite and surfactants (SDS and
Triton X-100). They obtained purity of 97 to 98 % with a molecular weight between 730000 Da and
790000 Da when using surfactants, higher than that obtained by using only sodium hypochlorite (87%
purity and molecular weight of 680000 Da). Heinrich et al. (2012) extracted PHB from Ralstonia
eutropha H16 strain using sodium hypochlorite 13 % (v/v). They determined that they obtained a purity
of 95.66% with an extraction percentage of 91.32%. Using gas chromatography, they determined that
the weight of the extracted polymer was in the range of 460000 and 830000 Da lower than that reported
for PHA extracted by chloroform (1700000kDa). The reduction in the molecular weight of PHA has led
to the use of sodium hypochlorite and chloroform for polymer extraction. Hahn et al. (1994) obtained
PHB from A. eutrophus using 30% concentrated hypochlorite and chloroform in a 1:1 ratio. Their results
showed that polymer recovery was higher using this combination (97%) than sodium hypochlorite alone
(91%). They also reported that the molecular weight of PHA did not significantly reduce its molecular
weight (1020000 Da) with the control (chloroform: 1272000 Da). In 2013, Hamieh et al. used a sodium
hypochlorite solution to lyse the Lactobacillus acidophilus cell wall for 24 hours. Chloroform was added
to dissolve the PHA, and the polymer was precipitated with an acetone-ethanol solution 1:1 (v/v) to
remove the membrane lipids. Chloroform was evaporated at 70 °C to obtain polymer crystals (Jacquel et
al., 2008).

Homes and Lim (1989) developed the enzymatic digestion method as an alternative to solvent
extraction. The procedure starts with heat treatment of the cell mass, followed by enzymatic hydrolysis,
treatment with surfactants and final decolorization with hydrogen peroxide. Although enzymes lead to
high recovery levels, their high cost is a disadvantage. Some enzymes have high activity in protein
dissolution but little effect on PHA degradation. Yasotha et al., (2006) extracted a medium-chain PHA
synthesized by Pseudomonas putida using the commercial protease enzyme Alcalase. Their results
showed a purity of 92.6% with an extraction of 90%. Another author who used this enzyme to obtain
PHA was Kathiraser et al. (2007), who obtained a medium-chain PHA synthesized by Pseudomonas
putida. Their analysis determined a purity of 92.63 % lower than that reported using chloroform (96.6%).
In 2012, Neves and Miller studied the use of the proteases Corolase® L10, Alcalase® 2.4L, Corolase®
7089 and Protemax® FC and glycosidases Celumax® BC, Rohament® CL and Rohalase® for the
extraction of P(3HB) and P(3HB-co-3HV) synthesized by Cupriavidus necator. The Celumax® BC
enzyme obtained the cell membrane's best lysis, obtaining a recovery of 93.2 % of P(3HB-co-3HV) with
a purity of 94%. Like the previous ones, the enzymatic digestion method has been combined with other
methods.
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Extraction using high pressure has also been used for the industrial extraction of PHA. The
instruments used in this method destroy the cell wall. For its use, the pressure, temperature, biomass
concentration, size, shape and strength of the cell wall must be considered. Cultures in the logarithmic
phase have a lower resistance to cell wall rupture, while in the stationary phase, the resistance increases
due to the increase in wall thickness (Tripathi et al., 2021). Ghatnekar et al. (2002) extracted PHA
produced by Methylobacterium sp. V49 using a ceramic cell disruption valve (APV Gaulin). Using a
pressure of 400 kg cm and two homogenization cycles resulted in 95 % recovery and 80 % purity of
PHA. Hwang et al. (2006) obtained PHA and synthesized Haloferax mediterranei using ultrasonication
with an amplitude of 20 kHz and a power of 525 W.

6.7 Methods for structural characterization of PHA

One of the most common methods used for the structural characterization of PHA is Fourier transform
infrared spectroscopy (FTIR). It is a technique used to obtain an absorption spectrum of a sample. This
method has been used for the detection of PHA in intact bacteria. This method can identify the carbonyl
group in the fatty acid chain depending on the absorption peak. According to Hong et al. (1999), using
this technique has identified PHA of short chains (such as hydroxybutyrate), medium chains (such as
hydroxyoctanoate and hydroxydecanoate) or the combination of both, showing characteristic absorbance
bands at wavelengths of 1728 cm™, 1740 cm™ and 1732 cm™. Table 6.3 shows the characteristic bands
of short- and medium-chain PHAs synthesized by Azotobacter vinelandii UWD, Pseudomonas
mendocina AS 1.2329 and Pseudomonas pseudoalcaligenes AS 1.2328.

Table 6.3 Comparison of results from Fourier-transform infrared (FTIR) spectra and gas
chromatography (G.C.) for component analysis of polyhydroxyalkanoates (PHA)

FTIR analysis GC analysis:
Wave-number | Possible PHA  PHA monomer composition (%)
(cm™) components
1728 | PHB 100HB
1262
1739 | HB and mclHA | 92HB, 8HD
1261
2925
1739 | HB and mclHA | 98HB, 2HO
1260
2924
1744 | mclHA 0.3HB, 58HO, 41HD
1165
2926
1744 | mclHA 22HO,78 HD
1162
2926
1744 | mclHA 0.6HB,19HO, 80HD
1665
2928
1744 | mclHA 0.4HB,20HO, 80HD
1165
2928
1739 | HB and mcIHA | 23HB, 39HO, 38HD
1257
2926
1739 | HB and mclHA | 14HB, 50HO, 36HD
1258
2926
1739 | HB and mcIHA | 22HB, 40HO, 38HD
1257
2926
1744 | mclPHA 0.3HB, 59HO, 41HD
1168
2929
HA: polyhydroxyalkanoate.
HB: polyhydroxybutyrate.
HO: polyhydroxyoctanoate.
HD: polyhydroxydecanoate.
mcl: medium chains

Source Hong et al.,1999
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In 2013, Sathiyanarayanan et al. identified PHA synthesized from Bacillus subtilis isolated from
a marine sponge (Callypongia diffusa) by FTIR analysis, reporting absorption bands at 1728 cm™ and
1283 cm! corresponding to the C=0 and C-O, respectively. The bands at 1230 cm™, 1382 cm™ and 1184
cm represented the -CH,, -CHs and C-O-C. Finally, they reported an absorption band at 3450 cm™
corresponding to the hydroxyl group. Another study with similar results was by Evangeline and Sridharan
(2019), who extracted PHA synthesized by Bacillus cereus VIT-SSR1 and identified it by FTIR using
KBr and a wavelength of 4000 cm™ at 400 cm™. Their results showed an absorption band at 1724.34 cm
! corresponding to the carbonyl group, characteristic of short chains of PHB monomers. The absorption
bands at 3419.79 cm™* correspond to the hydroxyl group.

This method can be combined with gas chromatography coupled to mass (GCMS) which helps
to quantify and determine the proportion in which each PHA is present in the structure. To perform this
analysis, a methanolysis of PHA is necessary. In addition to the use, the temperatures to use the
equipment and the temperature increase must be contemplated. Sathinarayanan et al. (2013) analyzed by
GCMS the PHA synthesized by Bacillus subtilis MSBN17 and determined the presence of a retention
peak at 2,548 min corresponding to a PHB. This value was close to that reported by Evangeline and
Sridharan (2019) using an elite-5MS capillary column. They analyzed PHA produced by Bacillus cereus
VIT-SSR1 peaks at times 3.69 (3-HB), 11.81, 17.26 and 21.40. However, this is non-pure, so it presented
other retention peaks. Wecker et al. (2015) analyzed PHA synthesized by an Enterobacter sp. FAK 1384
was isolated from a marine source by GCMS. Their results determined a PHA consisting of 62% mol-3-
hydroxydecanoate, 18% mol 3-hydroxyoctanoate, 12% mol of 3-hydroxydodecenoate, 7.6% mol of 3-
hydroxydodecanoate and a small fraction of 0.3% mol 3-hydroxyhexanoate and 1.3% mol of 3-
hydroxytetradecanoate. The composition of the medium-chain PHA induced a higher elasticity and
elongation of the extracted polymer, having a crystallinity index of 0.26, indicating an amorphous
polymer.

Another method used to identify PHA is nuclear magnetic resonance (NMR). The composition
of the hydroxyalkanoate units can be identified by analyzing the nuclear magnetic field of the NMR
spectra. This method allows for a differentiation between blends and hetero polymers of PHA and
provides details about the topology and functional groups in the polymers. Another advantage is that the
hydrolysis step of the polymer can be avoided (Godbole, 2016). Kathiraser et al., (2007) used this
technique to compare the structural variation of PHA synthesized by Pseudomonas putida extracted by
two different methods (solvent and enzymatic). Their results showed that there was no variation in the
structure of PHA. The spectra showed a peak at 2.58, corresponding to CHz. The peak at 5.1 ppm
belonged to the CH group. The peaks at 5.30 ppm and 5.52 ppm determine the presence of a side chain
where protons bind to two ethylene carbon sequences (-CH=CH-) associated with the unsaturated
monomer. The signal at 1.5 ppm represents the first side chain of the monomers and at 1.3 is attributed
to the methyl (CH>) of the monomers. The bit at 0.89 ppm indicates the terminal methyl group (CHz). In
2017, Sharma et al. used this technique to analyze PHA synthesized by P. chlororaphis PA23-63. The
spectrum identified five peaks corresponding to protons on the methylene group, a hydroxyl group, a
methyl group attached to a carbonyl group, a saturated methyl side-chain group, a methyl group and a
terminal methyl group. FTIR identified the presence of different functional groups such as aliphatic C-H
bonds, = C-H bonds, =CH bonds and =C-O bonds, and stretching of the =O bond and deformation of the
=C-H bond. It was observed that the C-H methylene peaks were more prominent in the medium-chain
PHA.

6.8 Biodegradability of PHAS

PHAs are biodegradable in different environments, making them an attractive option for replacing
plastics. The general degradation process consists of the breakdown of the polymer into shorter chains
by hydrolytic depolymerase, followed by the PHA trimers or dimers being processed by lipases and
hydrolases. PHA depolymerizes are carboxylesterases that have a catalytic triad (serine-Histidine-
aspartic acid) as their active site (Knoll et al., 2009). Extracellular PHA depolymerase is the most studied
protein that consists of three main domains: (I11) a binding domain responsible for surface adsorption
and breakdown of the polymer structure; (1) a linker domain that joins the binding domain to the catalytic
domain; and (1) a catalytic domain that cleaves the PHA and any available dimer/trimer in two parts
(Figure 6.3). Hydrolytic enzymes have excellent adhesion to amorphous surfaces due to their less ordered
structure, making them more accessible to enzyme action (Meereboer et al., 2020).
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Figure 6.3 Single PHB crystal enzymatic degradation by PHB depolymerase
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Source: Meereboer et al., 2020

The short and medium-chain PHA can be degraded by many bacterial genera such as Bacillus,
Clostridium, Comamonas, Enterobacter, Klebsiella, Pseudomonas, Staphylococcus, Streptomyces,
among others. Different fungi have also been used for PHA degradation, such as Acremonium,
Aspergillus, Candida, Paecilomyces and Emericelopsia (Kim et al., 2013; Bugnicourt et al., 2014;
Meereboer et al., 2020).

In 2016, Ong and Sudesh analyzed three different PHA (poly 3-hydroxybutyrate and
combinations of PHB and Polyhydroxyhexanoate) and their effect on the soil microbial community.
Films made from these PHAs were buried in the soil for eight weeks. The results concluded that poly 3-
hydroxybutyrate-co-21%mol 3-hydroxyhexanoate showed the presence of holes three weeks after
initiation of the test. Metagenomic analysis revealed that some of the significant Phyla found at the site
included Actinobacteria, Firmicutes, and Proteobacteria that can degrade PHA. In the following year,
Volova et al. (2017) studied the microbial degradation of polyhydroxyalkanoates with different chemical
compositions. They determined that the surface community of bacteria differed between polymers. The
polyhydroxybutyrate was degraded by bacteria of the genus Mitsuaria, Chitinophaga and Acidovorax,
which could not degrade the other three types of pHA. Roseateles depolymerans, Streptomyces gardneri
and Cupriavidus, were poly(3HB/4HB)-degrading species. Roseomonas massiliae and Delftia
acidovorans degraded poly(3HB/3-hydroxyvalerate), and poly(3HB/3-hydroxyhexanoate) was degraded
by species of Pseudoxanthomonas sp., Pseudomonas fluorescens, Ensifer adhaerens, and Bacillus
pumilus. The microbial community formed on the polymer surface and the soil microbial community
differed depending on the polymer composition.

6.9 Applications of the PHA

The properties of this compound and the mixture of different PHA have broadened the possible
applications for its use. Due to their biocompatibility, biodegradability and low cytotoxicity to cells, PHA
has been used for packaging, medical equipment (gloves) and fishing nets. It has been proposed to
manufacture resorbable saturates, pharmaceuticals, and transplants for tissue engineering and
pharmacology (Chee et al., 2010).

Shishatskaya et al. (2004) used PHA synthesized by the bacterium Ralstonia eutropha to realize
monofilament sutures. The preparation uses PHB (340000 Da) and a copolymer of PHB and
polyhydroxyvalerate (PHV). Their results showed that the suture adequately held the muscle-fascial
incision in animals and that the animals did not show any adverse reaction to the PHA fibers. Hufenus et
al. (2011) elaborated on polylactic acid fibers and a mixture of PHB and 8mol% of 3-hydroxyvalerate
(Tianan). They studied their biocompatibility in human dermal fibroblasts. Their results showed that
there was no toxicity. The fibroblasts that grew were adhering to the fibers covering after a culture period
of 1 week. Degradation tests showed a reduction of maximum stress up to 33% after four weeks of
incubation. Another biomedical application given to PHA is in bone tissue engineering, Meischel et al.
(2016) evaluated the response of bone to PHA composite implants in rat femurs. PHB constituted these
implants with zirconia dioxide, Herafill® and Mgalloy WZ21. Their results showed that implants with
30% Herafill, PHB and zirconium dioxide possessed the highest bone accretion values and that the
mechanical properties were similar to that of bone. In agriculture, this polymer has been used to reduce
ghost fishing caused by nets made of synthetic polymers that, when discarded, cause a negative economic
and ecological impact as they continue to catch and retain fish (Amelia et al.,2019).
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Another application of PHA in agriculture is the controlled release of pesticides and insecticides,
producing films for crop protection or seed encapsulation (Sharma et al., 2021). PHA has also been used
to make shopping bags, containers, and utensils such as rakes, feminine hygiene products, and cosmetic
containers, among others (Chen, 2009).

6.10 Financing

This work has been funded by CONACYT [scholarship number: 815355, 2022]; Tecnoldgico Nacional
de México [Project TecNM code: 14073.22-P].

6.11 Conclusions

The accumulation of plastics in the soil and the oceans is becoming more evident and alarming. It is
enough to walk along the streets or beaches of some countries to observe this accumulation. Garbage on
the streets has become so common that people walk through this waste without caring. This problem is
caused due to poor waste management by governments. This does not exempt us as citizens from blame
since the industry's increased plastic production is due to the growing consumer demand. Recyclable
materials have been proposed to reduce the accumulation of plastics. However, people's lack of
awareness causes the recycling process to be inefficient. It is easier to throw garbage on the streets where
we walk than find a recycling point.

Using biodegradable polymers has been another option studied for years to replace plastic. While
many are easy to degrade, their mechanical properties are inadequate to match or resemble the properties
of currently used synthetic plastics. PHAS, as mentioned in this chapter, have the advantage of the show
a wide variety of structures that can be used individually or in combination to improve their
characteristics. PHB is the most reported biodegradable polymer for plastics in the literature because it
is produced by a wide variety of bacteria and has properties similar to polypropylene. Another advantage
of PHA is that it can be degraded by enzymes of the PHA-producing bacteria or bacteria living naturally
in soils and seas. They can be degraded in less than two months, depending on environmental conditions.
Since they are fatty acid monomers, their applications have been widely studied in medicine. However,
applications have also been proposed in agriculture. The varied applications of PHA have led to their
industrial production in different countries such as China, the United States and Canada. Despite more
sources of isolation of producing bacteria, genetic modifications to increase polymer production and
chemical modifications of the polymer to give them other applications are still being studied. PHAs have
proven to be a viable candidate to replace the use of plastics, but industry and individuals have yet to
determine if their value is less than that of plastics.
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Abstract

Beans are some of the most important legumes in human nutrition since they contain various secondary
metabolites with antioxidant activity, such as phenolic compounds, associated with the color of the seed
coat. Several reports indicate that beans with dark colors (black, red, brown, etc.) provide the highest
contents of phenolic compounds, while those with light-colored seed coats have the lowest contents.
Furthermore, selenium (Se) is an essential microelement for humans since it acts as an antioxidant and
can help prevent various types of cancer and maintain good immune system functioning. This work aims
to determine the effects of selenium on the yield, seed size, and phenolic compound content of common
bean varieties with white seed coats. Four (0, 2.5, 5, and 10 pM) concentrations of sodium selenite
(Na2Se0s) were evaluated during the cultivation of three beans (Phaseolus vulgaris L.) varieties with
white coats, named OX-7, OX-11, and OX-14. Selenium concentrations were applied along with
irrigation every 15 days. The OX-7 variety had the longest seeds, while the OX-11 and OX-14 varieties
had the highest and lowest numbers of pods, respectively, and the highest and lowest yields. The highest
content of phenolic compounds was obtained in the OX-11 variety, with the application of 5 uM
Na>SeOs. Moreover, the highest concentration of flavonoids was found in OX-11, with both 5 and 10
UM NazSeOs treatments, as well as in OX-14 treated with 2.5 uM Na,SeOs. These findings indicate that
the beneficial effect of selenium depends on the concentration, variety, and stage of plant development.

Secondary metabolites, Phenolic compounds, Legumes, Beneficial element
Resumen

El frijol es una de las leguminosas mas importantes en la nutricion humana debido a que contiene varios
metabolitos secundarios con actividad antioxidante, como los compuestos fendlicos, asociados con el
color de la testa de la semilla. Algunos reportes indican que los frijoles de colores oscuros (negro, rojo,
café, etc.) proporcionan un alto contenido de compuestos fendlicos, mientras que aquellas semillas con
testa de colores claros tienen contenidos bajos. Por otro lado, el selenio (Se) es un microelemento esencial
para los humanos debido a que actia como un antioxidante, puede ayudar a prevenir varios tipos de
cancer y mantener el funcionamiento del sistema inmune. El objetivo de este trabajo es determinar los
efectos del selenio en el rendimiento, el tamafio de la semilla'y el contenido de compuestos fendlicos de
variedades de frijol comun de testa blanca. Se evaluaron cuatro (0, 2.5, 5 y 10 uM) concentraciones de
selenito de sodio (Na2SeOs3) durante el ciclo de cultivo de tres variedades de frijol (Phaseolus vulgaris
L.) con testa de color blanca, codificados como OX-7, OX-11 y OX-14. Las concentraciones de selenio
se aplicaron junto con el riego cada 15 dias. La variedad OX-7 presentd las semillas mas grandes;
mientras que, las variedades OX-11 y OX-14 tuvieron el mayor y el menor nimero de vainas,
respectivamente, asi como los mayores y menores rendimientos. EI mayor contenido de compuestos
fenolicos se obtuvo en la variedad OX-11, con la aplicacion de 5 uM NazSeOs. También, la mayor
concentracion de flavonoides se encontré en la variedad OX-11, con ambos tratamientos de 5y 10 pM
Na>SeOs, al igual que OX-14 tratada con 2.5 pM Na>SeOs. Estos hallazgos indican que los efectos
benéficos del selenio dependen de su concentracion, la variedad y el estado de desarrollo de la planta.

Metabolitos secundarios, Compuestos fenolicos, Leguminosas, Elemento benéfico

7.1 Introduction

7.1.1 General characteristics of selenium

Selenium (Se) can be found in five allotropic forms, two of which are amorphous with the remaining
three crystalline. This element can form molecules with a ring structure consisting of eight atoms and

chain molecules of considerable length. Ring-shaped molecules are unstable and occur in red a B
crystalline forms (Kieliszek, 2019).
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Selenium is an essential microelement for humans and very important for cell metabolism,
especially for antioxidant reactions (Woch & Hawrylak-Nowak, 2019). Its deficiency in the human body
can lead to heart disease, viral infections, hyperthyroidism, diabetes, and cancer (Pannico et al., 2020).
This element enters the food chain mainly through the diet, and its level in food depends on the
bioavailable reserves in the soil and the absorption and accumulation capacity of plants (Hajiboland et
al., 2015). Moreover, it is commonly added to the diet as sodium selenite (Na>SeOs). However, there is
growing interest in dietary supplementation with organic selenium. Organic sources are more efficiently
assimilated than inorganic selenium sources and are considered less toxic and, therefore, more
appropriate for use as food supplements (Shini et al., 2015).

The World Health Organization (WHQO) recommends a daily selenium dose of 55 pg for adults.
This required amount of Se changes with sex and age, 40-70 ug for men and 45-55 pg for women, while
for children, the recommended daily dose is 25 ug (Kieliszek, 2019).

Selenium has been identified as a cofactor of the enzyme glutathione peroxidase, a catalyst in the
reduction of peroxides that can damage cells and tissues, and can act as an antioxidant (Mezeyova et al.,
2020). Besides, Se is incorporated into selenoproteins that exert antioxidant and anti-inflammatory
effects. The selenoprotein family in humans includes the following enzymes: glutathione peroxidases
(GPX1-GPX4 and GPX®6), thioredoxin reductase (TXNRD1-2), thioredoxin-glutathione reductase
(TXNRD3), iodothyronine deiodinases (D101-3), selenophosphate (SEPHS2), and methionine sulfoxide
reductase B1 (MSRB1) (Zoidis et al., 2018). These selenoproteins depend mainly on Se intake through
the diet. Selenoproteins are essential for human health, mainly due to their antioxidant activity
(Mezeyové et al., 2020).

Furthermore, selenomethionine is the main chemical form of selenium in plants, while
selenocysteine predominates in animals. Therefore, selenoamino acids (selenocysteine and
selenomethionine) are necessary for the synthesis of selenium-containing peptides and proteins (Shini et
al., 2015).

The effects of selenium have been addressed in many aspects of biomedicine, biochemistry, and
environmental science. Selenium also has agricultural applications as a soil fertilizer and animal feed
(Natasha et al., 2018). The application of Se at low concentrations has emerged as a possible alternative
to synthetic fungicides for controlling plant diseases and reducing their potentially dangerous effects on
the environment and human health (Lépez-Velazquez et al., 2019)

7.1.2 Selenium in the soil

Selenium exists naturally in the Earth’s crust and is highly available to living things in arid areas with
alkaline soils. Selenium concentrations are low, from 0.01 to 2.0 mg/kg, with an average of 0.4 mg/kg,
although concentrations of 1200 mg/kg can be found in seleniferous soils (Becvort-Azcurra et al., 2012).
Selenium in the soil exists in four oxidation states: selenite (Se**), selenate (Se®*), elemental selenium
(Se%), and selenide (Se?). Plants can absorb selenium in the forms of selenite and selenate, both of which
are components of the most common inorganic compounds present in the soil (Leon-Morales et al.,
2019), but selenium can also be present in organic forms such as selenomethionine (SeMet),
selenocysteine (SeCys), and methyl selenocysteine (MeSeCys) (Natasha et al., 2018). Selenium can bind
with organic and inorganic elements and can form complexes with different elements, such as hydrogen,
oxygen, iron, and halogens (Natasha et al., 2018).

Soil is the primary source of Se for plants, while plants are the main sources of Se for humans
and animals (Shini et al., 2015). Application of fertilizer containing Se is the best possible strategy for
enriching soils deficient in this element. The use of organic fertilizers amended with Se is widespread in
countries with Se-deficient soils (Natasha et al., 2018).

7.1.3 Selenium uptake and metabolism in plants
Plants assimilate Se mainly in the form of Se®* or Se**. Selenate is absorbed by the plasma membranes

of root cells using sulfate (SO4) assimilation pathways with the action of the enzyme sulfate permease,
while selenite is absorbed through phosphate (POa) transporters (Pannico et al., 2019).
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The selectivity of these transporters depends on the plant species and is affected by the
concentration of sulfate and the salinity, pH, and redox potential of the soil (Pannico et al., 2020).
Different types of sulfate carriers may have different selectivity for selenium and sulfur. However,
compared to selenate, selenite is less soluble, more phytotoxic, and more difficult to transport and
accumulate in plant tissues (Pannico et al., 2019).

Selenate can access the SO. assimilation pathway and be reduced through Se** to Se?” (Malagoli
et al., 2015) with greater incorporation of selenium into amino acids, especially in the accumulation of
low molecular weight methylated species in plants (Wrobel et al., 2020). Methylated Se species have
shown biological activity of great relevance to human health. Moreover, a defensive mechanism found
in accumulator and hyperaccumulator plants is based on the synthesis of various methylated selenium
species that cannot be integrated into the protein structure (Wrobel et al., 2020).

Some plants accumulate organic Se compounds such as methyl selenocysteine (MeSeCys), v-
glutamyl-MeSeCys, and selenocysteine (SeCys). Moreover, Se can also volatilize from plants in the form
of dimethyl selenide or dimethyl diselenide, which are produced from SeMet and methyl SeCys,
respectively (Malagoli et al., 2015).

The phytotoxicity of Se in plants is mainly due to its incorporation into the amino acids
selenocysteine and selenomethionine, which replace their sulfur analogs in plant proteins (Pannico et al.,
2020). Selenium uptake capacity depends mainly on plant species, with most agricultural and
horticultural plants classified as nonaccumulators. At the same time, accumulators can grow in soils with
high concentrations of salts (Mimmo et al., 2017). Plants have been classified according to their Se
accumulation capacity as hyperaccumulators (1000-15000 mg/kg), accumulators (do not exceed 1000
mg/kg), and nonaccumulators (<100 mg/kg) (Wrobel et al., 2020).

Selenium accumulates mainly in the sprouts of plants. However, the degree of transfer of Se from
the root to the aerial part of a plant depends on the plant species and the type and form of the Se species
present in the soil (Natasha et al., 2018). Selenate accumulates more readily in the aerial part of the plant,
while most of the selenite remains in the roots and is quickly converted to organic forms (Natasha et al.,
2018).

7.1.4 The role of selenium in plant growth and physiology

Selenium, at low concentrations, acts as an antioxidant and can stimulate plant growth and improve
tolerance to oxidative stress. In contrast, it acts as a pro-oxidant at high concentrations, which reduces
plant growth by interfering with the sulfur metabolic pathway (Pannico et al., 2019). A low concentration
of Se stimulates antioxidant activity and the potential of the plant to cope with biotic or abiotic stress.
On the other hand, high Se concentrations are tolerated by accumulator and hyperaccumulator plants,
causing adverse effects in nonaccumulator plants (Wrobel et al., 2020).

The growth of lettuce plants has been evaluated through the application of sodium selenite
(NazSeOs3). The results showed that the optimal dose for plant growth was 7.35 uM (Nawaz et al., 2014).
Furthermore, selenium has been applied to tomato and pepper plants in the form of sodium selenite
(Na2SeO3) in a 50% nutrient solution with concentrations of 5, 10, and 20 uM After 20 days, greater root
and sprout growth was observed, and increases in dry biomass in both tomato and pepper were observed
with the 5 uM concentration (Saldafia-Sanchez et al., 2019).

Rice seedling growth has been evaluated with sodium selenate (Na>SeOa) applied at 15, 30, 45,
60, 75, 90, and 105 mg/kg. The results indicated that the highest growth occurred at a concentration of
15 mg/kg (Du et al., 2019). Furthermore, the effect of foliar application of Se at concentrations of 5, 10,
and 20 mg/L Na>SeOas on grape plants (Vitis vinifera L.) has been evaluated. The results showed that the
application of Se had a positive effect on the height of the plant, the number of leaves, and the leaf area,
especially at a concentration of 5 mg/L (Karimi et al., 2020).
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To evaluate the germination and initial growth of pepper (Capsicum annum L.) and radish
(Raphanus sativus L.), Na>SeOs and Na>SeO4 were applied at concentrations of 1.25, 2.5, and 5 puM. In
general, the germination percentage of pepper increased, but germination of radish remained unaffected.
The addition of selenite increased the heights of the seedlings in both radish and pepper at a 5 uM
concentration, while selenate at a 1.25 uM concentration improved length and number of roots in pepper
and radish; height increased with this same concentration (Ledn-Morales et al., 2019).

7.1.5 The importance of beans

Mexico has been recognized as the primary center of bean diversification. This crop is considered one of
the oldest; some of the archaeological finds in Mexico and South America indicate that it was known
5000 years BC (Quintana-Blanco et al., 2016). In Mexico, beans are the legumes with the highest human
consumption, ranging from 110 g to 10.38 kg per person in a year (SAGARPA, 2017). In Mexico, 70
species of the genus Phaseolus are reported out of the 150 species that exist in the world; of these, five
have been domesticated: Phaseolus vulgaris (common bean), P. coccineus (ayocote bean), P. lunatus
(lima bean), P. acutifolius (tepary bean), and P. dumosus (year-long bean) (Alcazar-Valle et al., 2020).
Bean grains are sources of carbohydrates, proteins, lipids, B vitamins, fiber, minerals, and bioactive
compounds with high antioxidant activity, such as flavonoids, anthocyanins, polyphenols, tannins, and
flavones (Garcia-Diaz et al., 2018). Among the Phaseolus vulgaris varieties, there are different types of
grains. Commercial value is influenced by characteristics such as size, color, grain uniformity, cooking
time, and flavor (Mederos, 2006). Depending on the type of bean, the protein content varies from 14 to
33%, being rich in amino acids such as lysine and phenylalanine but with deficiencies in sulfur amino
acids such as methionine and cysteine. Nevertheless, according to biological evaluations, the protein
quality of cooked beans can reach as high as 70% (Ulloa et al., 2011).

The color of the bean seed coat is often highly variable. This characteristic is determined by nine
main genes that are responsible for generating changes in the patterns of seed color variation ranging
from homogeneous primary colors or primary colors with secondary colors expressed as variegated spots,
marks, stripes or patterns to combinations of two phenotypic expressions up to a uniform color (Garcia-
Diaz et al., 2018). The color of the bean seed coat is related to the contents of various phenolic
compounds, mainly tannins, flavonoids, and anthocyanins (Chavez-Mendoza et al., 2019). Some authors,
such as Xu & Chang (2009), have reported that black bean seeds provide a higher content of phenols,
while white bean seeds have a lower content.

7.1.6 Phenolic compounds of beans

Phenolic compounds are molecules that contain one or more aromatic or benzene rings that are attached
to one or more hydroxyl groups. These compounds are widely distributed in nature, especially in plants
such as cereals, fruits, and vegetables, whether in stems, roots, flowers, fruits, or seeds. Therefore, they
play various roles in metabolism, growth, reproduction, and protection against pathogenic organisms
such as viruses, bacteria, and fungi (Abarca-Vargas & Petricevich, 2019). They contribute to some
organoleptic properties of plant foods, for example, color and flavor.

Studies carried out by Xu & Chang (2009) indicate that the content of phenolic compounds in
beans is higher than in other legumes, such as lentils, chickpeas, and soybeans. Phenolic compounds have
a wide range of biological effects, with their anticarcinogenic and anti-inflammatory activities
highlighted (Pérez-Pérez et al., 2019).

Phenolic compounds are divided into hydroxycinnamic acids and hydroxybenzoic acids. The
mean phenolic compounds in bean are ferulic, p-coumaric, caffeic, and sinapic acids, which are
hydroxycinnamic acids. Gallic, p-hydroxybenzoic, vanillin and syringic acid are hydroxybenzoic acids
(Yang et al., 2018)

Flavonoids are low molecular weight compounds that can act as inhibitors of the growth of tumors
and some types of cancer; together with phenolic acids and tannins, they increase the antioxidant capacity
of foods due to their high redox potential (Pérez-Pérez et al., 2019). However, various factors can degrade
these compounds, such as storage at high temperatures and exposure to light. The main flavonoids present
in bean seed coats are quercetin and kaempferol (Capistran-Carabarin et al., 2019).
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Common bean is a food source rich in proteins, lipids, vitamins, minerals, bioactive molecules,
and compounds with high antioxidant activity, such as phenolic compounds, which are associated with
the color of the seed coat (Xu & Chang, 2009). Black bean seeds provide a higher content of phenolic
compounds than white bean seeds. Phenolic compounds exert various biological effects, in particular,
antioxidant, anticarcinogenic, and anti-inflammatory activities.

Selenium plays a vitally important role because it is an essential element for humans as a
component of several enzymes, such as glutathione peroxidase (GSH-Px), which protects the human
body against oxidizing agents. Selenium also has anticancer and anti-inflammatory properties, so a
deficiency in this element can alter the body’s physiological functions, causing heart disease, diabetes,
and cancer (Pannico et al., 2020).

An option for increasing Se intake is to consume crops enriched or supplemented with this
element. Biofortification is the process of increasing the bioavailable content of specific elements in the
edible parts of plants through agricultural intervention or genetic selection. Biofortification with Se seeks
to improve the nutritional quality of vegetables, which implies the production of crops with more
significant health benefits. The level of Se in food depends on the bioavailable reserves in the soil and
the absorption and accumulation capacities of plants.

This work aimed to determine the effect of selenium on the phenolic content of the common white
bean seed. Various concentrations of sodium selenite (Na>SeOz) were evaluated through application to
the roots with irrigation every 15 days during bean cultivation until seeds were obtained.

7.2 Methodology
7.2.1 Establishment of the experiment

Bean seeds were sown in germination trays with a commercial substrate (SUNSHINE, 90% sphagnum
and 10% vermiculite, dolomite, limestone) under greenhouse conditions at an average temperature of 24
°C and average relative humidity of 52.6%. At 21 days after sowing, seedlings of uniform size were
selected and transplanted into pots with the commercial substrate (SUNSHINE), with two plants per pot.
Four concentrations of sodium selenite (Na>SeO3) were used for this experiment: 0, 2.5, 5, and 10 pM,
as well as three bean varieties (OX-7, OX-11, and OX-14). Different concentrations of Na,SeOz were
applied to the roots together with irrigation every 15 days. There were six replicates (six pots) for each
bean variety and each Se treatment, for a total of 120 pots.

7.2.2 Determination of the number and lengths of pods

Four months after the establishment of the experiment, pods were collected. The lengths of 20 pods were
measured for each combination of bean variety and treatment. A total of 240 pods were used. An
electronic Vernier caliper was used to measure pod length.

7.2.3 Determination of bean seed size

The length, width, and thickness of each seed obtained were determined. Measurements were made on
20 seeds per replicate for each bean variety and for each treatment for a total of 1440 seeds. An electronic
Vernier caliper was used to measure the seeds.

7.2.4 Determination of the weight of 100 seeds

For seed weight, 100 seeds were counted for each treatment for varieties OX-7 and OX-11. For variety
OX-14, the weight of 50 seeds was recorded.
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7.2.5 Preparation of extracts for the determination of phenolic compounds

Extracts were prepared from white bean seeds. First, each sample of seeds was ground in a coffee grinder
until a very fine powder was obtained. Next, we weighed 1 g of fine powder and added 10 mL of a
solution composed of acetone, water, and acetic acid in a 70:29.5:0.5 (v/v/v) ratio (Gu et al., 2002). Then,
maceration was carried out at room temperature in the dark with stirring for 17 h. After this time, the
extracts were centrifuged at 4000 rpm for 8 min, washed, and centrifuged again under the same
conditions. Subsequently, the supernatants from the maceration and washing were combined for each
sample. Finally, the extracts were concentrated at 40 °C in a rotary evaporator (Buchi, R-100,
Switzerland). The extracts were stored at -20 °C until analysis (Alcazar-Valle et al., 2020).

7.2.6 Determination of total phenolic content

Total phenolic content was determined using the Folin-Ciocalteu (F-C) method. The previously obtained
extracts were used; 50 puL of each sample was mixed with 3 mL of distilled water, 250 pL of the F-C
reagent (2N), and 750 pL of the sodium carbonate solution (7%, w/v) and incubated at room temperature
for 8 min. Next, 950 uL of distilled water was added to each sample, and the solutions were mixed and
left in darkness for 2 h to read the absorbance at 765 nm with a spectrophotometer (Tecan, Infinite M200
Pro, Switzerland). Phenolic compounds were quantified using a gallic acid standard curve (0 to 500 mg
L) and reported in gallic acid equivalents (GAE) per gram of sample (Alcazar-Valle et al., 2020).

7.2.7 Determination of flavonoid content

Flavonoid content was determined using aluminum chloride (AICIs) solution. First, 133 mg of AIClz and
400 mg of sodium acetate (C2HsNaOz) were weighed and dissolved in 100 mL of diluent solution
(methanol-water-acetic acid; 140:50:10 v/v). Then, fifty microliters of each sample, previously extracted,
was mixed with 700 uL of deionized water, and 250 uL of AICI3 solution was added. The resulting
solutions were mixed and kept at room temperature for 30 min to complete the reactions. Finally,
absorbance values were read at 410 nm with a spectrophotometer (Tecan, Infinite M200 Pro,
Switzerland). Flavonoid quantification was performed using a quercetin standard curve (0 to 80 pg mL"
1y and expressed as quercetin equivalents (QE) per gram sample (Alcazar-Valle et al., 2020).

7.2.8 Statistical analysis

An analysis of variance and comparison of means was performed with the Duncan multiple range test (p
< 0.05) using the procedures of the SAS 9.1 statistical package.

7.3 Results

To evaluate the effect of sodium selenite (Na2SeQOs), three bean varieties (OX-7, OX-11, and OX-14)
were used, applying four concentrations of Na.SeOz (0, 2.5, 5, or 10 puM). The treatments were applied
by root application during the bean crop cycle. At the end, yield production, number, length of pods, and
seed dimensions were obtained. Besides, the contents of total phenolic compounds and flavonoids in
bean seeds were also determined.

7.3.1 Effect of selenium on the yield production of common bean

The OX-7 variety did not show significant variation in bean yield per plant among the 2.5, 5, and 10 uM
Se concentrations; however, yields from these treatments differed significantly from that of the control
(0 uM). In the OX-11 variety, no significant difference was observed between the 0 uM and 5 pM
concentrations, but there were significant differences between the control (0 uM) and the 2.5 and 10 uM
concentrations of Se. The OX-14 variety showed significant differences between the 0 and 10 puM
concentrations, with a yield higher for the higher concentration of sodium selenite (Na.SeO3). The OX-
11 variety had the highest yield, and OX-14 had the lowest yield (Graphic 7.1 A).
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About the weight of 100 seeds for the OX-7 and OX-11 varieties, the OX-7 variety showed
significant differences between the control (0 uM) and the 5 and 10 uM concentrations of Se, with a
tendency for seed weight to increase as the concentration of sodium selenite (Na2SeOs) improved. In the
OX-11 variety, a significant difference was observed between the control (0 pM) and the 2.5 uM Se
concentration. In the OX-14 variety, the weight of 50 seeds was recorded because 100 seeds were not
obtained for each replicate and treatment. Variety OX-14 did not show significant differences among the
treatments applied (Graphic 7.1B).

Graphic 7.1 Total yield per plant (A) and 100-seed weight (B) of white bean varieties grown under the
application of different concentrations of sodium selenite (Na2SeOs). Means with different letters
indicate significant differences according to Duncan's test (p<0.05), + standard deviation
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7.3.2 Characteristics of bean seeds due to the effect of selenium

In the OX-7 variety, the greatest seed length was observed with the 10 uM concentration, while in this
same variety, there were significant differences between the 0 and 10 M concentrations in seed width
and thickness. Variety OX-11 did not show significant differences in seed length between the 0 and 10
MM concentrations, while significant differences were observed in seed width and thickness for the 2.5
MM concentration. In the OX-14 variety, no significant differences were observed in seed length or
thickness between the 0 and 10 uM concentrations. In contrast, there was a significant difference in seed
width between the same concentrations. In general, variety OX-7 had the longest seeds, while variety
0OX-14 had the widest and thickest seeds (Table 7.1).
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In the OX-7 variety, a significant difference was observed between the 0 and 2.5 pM Se
concentrations. Varieties OX-11 and OX-14 had the highest and lowest number of pods, respectively,
with the 2.5 uM Se concentration, although there were no significant differences with respect to the
control. In general, the OX-11 variety exhibited the highest number of pods among the varieties; OX-7
had an intermediate number, while OX-14 had the lowest number of pods (Table 7.1). Regarding pod
length, the most significant differences in length were observed in the OX-7 variety with the 2.5 and 10
M Se concentrations. In comparison, in the OX-14 variety, the greatest length occurred with the 2.5 uM
Se concentration. In the OX-11 variety, there were significant differences between the control (0 puM)
and the 10 UM Se concentration (Table 7.1).

Table 7.1 Seed and pod characteristics of white bean varieties supplemented with different
concentrations of Na SeOs (Se)

Bean Se Seed lenght Seed width Seed thickness Pod number | Pod length (cm)
varieties [um] (mm) (mm) (mm)

OX-7 0 9.61+0.33ab 5.64+0.23c 4.51+0.26d | 22.67+2.02¢f 7.51+0.45bcd
2.5 9.30+0.29de 5.63+0.16¢ 4.74+0.18c | 28.33+2.07cd 8.02+0.39%ab
5 9.06+0.35f 5.70+0.20c 4.87+0.24bc | 23.00+3.22¢f 6.87+0.30e
10 9.77+0.42a 5.90+0.19b 4.86+0.19bc | 26.17+1.53de 8.22+0.19a
OX-11 0 9.62+0.31ab 4.92+0.14e 3.96+0.19¢ | 32.67+2.80abc 7.73+0.22abc
2.5 9.30+0.37cde 5.32+0.31d 4.49+0.37d| 36.33+1.91a 7.35+0.36¢de
5 9.50+0.34bc 4.95+0.14e 4.02+0.16e | 30.67+0.61bc 7.5040.18cd
10 9.62+0.34ab 4.85+0.14e 3.97+0.16e | 33.33+1.37ab 7.41+0.15de
OX-14 0 9.52+0.46bc 6.14+0.19a 5.22+0.19%| 17.0040.63g 6.89+0.34e
2.5 9.11+0.68ef 5.73+0.39¢ 4.85+0.37bc | 15.33+1.21g 7.76+0.27abc
5 9.23+0.42def 5.91+0.20b 4.96+0.22b | 19.33+0.93gf 7.46+0.28cd
10 9.39+0.42bcd 5.99+0.20b 5.12+0.23% | 19.83+1.83¢f 7.16+0.21de

Means with different letters indicate significant differences according to Duncan's test (p<0.05), + standard deviation

Source: Author's elaboration

7.3.3 Total phenol and flavonoid contents in bean seeds with different concentrations of Se

Concerning total phenols, the OX-7 variety showed a significant difference between the 0 and 10 pM
concentrations, with a tendency for phenolic content to increase with increasing concentration of Se.
Variety OX-11 showed significant differences for the 5 uM concentration of Se and the highest content
of total phenols with this same concentration. In the OX-14 variety, no significant differences were
observed among the applied treatments (Graphic 7.2A).

The content of flavonoids in bean seeds of variety OX-7 did not show significant differences
among the applied treatments. The OX-11 variety showed significant differences at 5 and 10 uM Se
concentrations. The variety OX-14 showed significant differences for the 2.5 uM Se concentration. In
general, the highest flavonoid content was observed in the OX-11 variety at 5 pM, while at this same
concentration, the OX-14 variety showed the lowest flavonoid content (Graphic 7.2B).
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Graphic 7.2 Effect of Na2SOs (Se) in the content of total phenolic compounds (A) and flavonoids (B)
in seeds white bean varieties. Means with different letters indicate significant differences according to
Duncan's test (p<0.05), + standard deviation
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7.4 Discussion

Biofortification with Se is an excellent strategy for increasing the Se content in food and improving the
nutritional quality of vegetables, which implies the production of crops with more significant health
benefits (Leon-Morales et al., 2019). The application of Se in a nutrient solution in soilless cropping
systems (SCS) is the most efficient approach, as it can be applied more reliably through precise
management of the composition and concentration of the nutrient solution (Pannico et al., 2020). Studies
by Pannico et al. (2019) reported that biofortification with a 40 UM concentration of Na>SeOs increased
the Se content in red lettuce plants. In an investigation of wheat plants reported by Poplaciones et al.
(2014), the greatest effect was found with the 10 uM concentration of Na2SeOa.

Seed size and growth habit are related to the efficiency of biomass allocation to grain in the
growth environment. Nevertheless, these attributes depend on other seed characteristics, such as vigor
(Morales-Santos et al., 2017). Vigor is a seed’s biological potential for rapid and uniform establishment
even under unfavorable plant conditions (Morales-Santos et al., 2017).

In this work, the OX-7 variety had the longest seeds, while the OX-14 variety had the thickest
and widest seeds. According to studies reported by Alcazar-Valle et al. (2020), the species P. coccineus
had the longest seeds. However, P. vulgaris was distinguished as the most heterogeneous species in terms
of size differences among varieties.
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The total yield per plant of white bean varieties OX-7, OX-11, and OX-14 varied among varieties
and concentrations of Na>SeOz. This work reports the highest yield for the OX-11 variety, while the
lowest yield is reported for the OX-14 variety. Studies by Premarathna et al. (2012) reported that the
optimum dose in rice plants was 15 pM NaxSeOs. In this work, the highest yield was with a concentration
of 10 uM NaSeO:s.

The highest flavonoid content was found in the OX-11 variety at a concentration of 5 uM, while
the lowest content was found in the OX-14 variety at the same concentration. For the total phenolic
content, a tendency was observed in the OX-7 variety: as the concentration of Se increased, the total
phenolic content increased. Particularly in beans, in studies by Alvarado-Lo6pez et al. (2019), the purple
variety of the ayocote bean (P. coccineus) exhibited high concentrations of total phenolic compounds
and flavonoids and high antioxidant activity. Xu & Chang (2009) mention the relationship between bean
color and phenolic compound content, with light-colored beans containing lower levels of phenols than
in dark-colored beans. However, in studies reported by Pérez-Pérez et al. (2019), Peruvian beans with
yellow pigmentation showed higher content of phenolic compounds than did black beans.

In other crops, Malagoli et al. (2015) reported that a concentration of 2 UM NaSeOs was the best
treatment for increasing the flavonoid content in tomato. Chomchan et al. (2017) reported an increase in
phenolic compounds with 10 and 20 uM Na>SeOs concentrations in rice. Studies by Woch & Hamrylak-
Nowak (2019) showed that the optimal dose of Na>SeO3z was 20 uM in alfalfa, while Pannico et al. (2020)
reported that the concentrations of 16 M in cilantro and 8 UM in green and purple basil were the most
effective for biofortification with Se and for increasing the contents of bioactive compounds.

Several authors, such as Schiavon et al. (2013), have reported the effect of selenium on the content
of phenolic compounds in tomato leaves, where the highest contents of phenolic compounds were
obtained at concentrations of 5 and 10 uM, studies conducted by Ghasemi et al. (2015) with garlic plants
reported that the highest contents of flavonoids and total phenols were obtained with 10 uM concentration
of NaxSeOas. In this study, the highest phenolic compound content was obtained in the OX-11 variety
with 5 UM NaxSeOz, while the highest flavonoid concentration was found in the OX-11 (5 and 10 uM
NaSeOs3) and OX-14 (2.5 pM NaSe0Os) varieties. Thus, variation is observed concerning the
concentrations and sources of selenium to obtain the highest content of phenolic compounds in the
various cultivars.
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7.7 Conclusion

Variety OX-7 had the longest seeds, and no significant differences in yield were observed among the
applied treatments. Variety OX-11 had the highest number of pods, with no significant differences in
pod length but with the highest yield. Variety OX-14 had the lowest number of pods and the lowest yield.
Regarding flavonoid and total phenolic contents, variety OX-11 exhibited the highest phenol and
flavonoid contents, while variety OX-12 had the lowest flavonoid content. Therefore, the beneficial
effect of Se depends on the concentration and the variety and stage of development of the plant.

Future studies will consider including another source of selenium, such as sodium selenate (Na>SeO.),
and other forms of selenium application, with foliar application being an alternative, and will determine
the contents of inorganic and organic Se in bean seeds.
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Abstract

Synthetic polymers usage has increased according to modern society to have basic applications such as
high technology in generating different plastic materials. Therefore, plastic debris accumulates in the
environment while biodegradation occurs very slowly. Therefore, the application of hydrolases in the
degradation of polyesters has been limited by the ranges of pH and temperature of the environment where
these contaminants are found; for this reason, changes have been made in the sequence of some enzymes,
resulting in modifications in the structure and change in its characteristics, using molecular techniques
such as site-directed mutagenesis, error-prone PCR and random mutagenesis. Many enzymes with
polyester degradation activity have been discovered, characterized and designed. However, the
classification and integrated knowledge of these enzymes are of interest. For this reason, this paper
summarizes the currently known improvement of polyester-degrading enzymes, focusing on their
structural and activity modifications.

Mutagenesis, PCR, Enzyme, Mutation, Polyesters
Resumen

El uso de polimeros sintéticos como los poliésteres estd en aumento acorde a la sociedad moderna,
teniendo tanto aplicaciones basicas como de alta tecnologia en la generacion de diferentes materiales
plasticos. Por lo tanto, los desechos plasticos se acumulan en el medio ambiente en grandes cantidades
mientras que su degradacion ocurre muy lentamente. La aplicacion de hidrolasas en la biodegradacion
de polimeros sintéticos se ha visto limitada por los rangos de pH y temperatura del ambiente donde se
encuentran estos contaminantes, por lo que se han realizado cambios en la secuencia de algunas enzimas,
resultando en modificaciones en la estructura. y cambio en sus caracteristicas, utilizando técnicas
moleculares como la mutagénesis sitio-dirigida, la PCR propensa a errores y la mutagénesis aleatoria. Se
han descubierto, caracterizado y disefiado enzimas con actividad de degradacion de poliésteres. Sin
embargo, la clasificacion y el conocimiento integrado de estas enzimas son de interés. Por esta razon, en
este articulo presentamos una revision sobre el mejoramiento de enzimas degradadoras de poliésteres
actualmente conocidas, centrandonos en sus modificaciones estructurales y de actividad.

Mutagénesis, PCR, Enzima, Mutacion, Poliésteres
8.1 Introduction

According to modern society, synthetic polymers have increased to have had basic applications such as
high technology. This increase is because of the low production costs of plastic from fossil feedstock,
besides the material's high durability, being both relevant advantages and becoming a burden on the
global ecosystem (Moharir and Kumar, 2019). Therefore, plastic debris accumulates in the environment
to a large extent, while biodegradation occurs very slowly (Lebreton et al., 2018).

Among these contaminants are heteroatomic plastics such as polyamides, polyurethanes and
polyesters, which contain groups of greater reactivity and therefore are more easily biologically degraded
(Wei and Zimmermann, 2017). In recent years, enzymes have been used for the degradation of polyesters,
such as carboxylic ester hydrolases (E.C.3.1.1) that have degraded PCL (polycaprolactone), PLA
(polylactic acid) and PET (polyethylene terephthalate) (Nikolaivits et al. al., 2018). However, some
polyesters have not been hydrolyzed efficiently, which is why the structure and functioning of enzymes
have been investigated through enzymatic engineering to improve the hydrolysis activity of polyesters
(Dubey et al., 2019).

The application of hydrolases in the degradation of polyesters has been limited by the ranges of
pH and temperature of the environment where these contaminants are found; for this reason, changes
have been made in the sequence of some enzymes, resulting in modifications in the structure and change
in its characteristics, using molecular techniques such as site-directed mutagenesis, error-prone PCR and
random mutagenesis (Lu et al., 2022).
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One of the most studied enzymes regarding the degradation of polyesters has been the esterase of
Ideonella sakaiensis, which without making modifications, can degrade PET but only under certain
conditions, for which they decided to make modifications in its sequence with the help of molecular
techniques such as site-directed mutagenesis changing the amino acids (S160A, D206A, H237A) thus
obtaining better results of enzyme degradation activity and stability (Liu et al., 2019).

Many enzymes with polyester degradation activity have been discovered, characterized and
designed. However, the classification and integrated knowledge of these enzymes are of interest. For this
reason, we present a review of currently known improved polyester-degrading enzymes, focusing on
their structural and activity modifications.

8.2 Site-directed mutagenesis

It is a technique that is one of the most used for the modification of enzymes, which allows the selective
engineering of gene sequences and has been used to investigate the catalytic properties of proteins. One
of the most critical steps in this technique is selecting and identifying the site of the mutations.
Bioinformatics-based 3D modeling of the enzyme structure can be carried out using the PDB protein
database (Dubey et al., 2019; Liu et al., 2008). In this technique, two independent PCR reactions are
performed. The resulting first PCR products are used for an overlapping extension PCR reaction, with
the products of the overlapping extension PCR reaction finally cloned into plasmids and expressed.
Commonly in bacteria and yeasts, figure 8.1 (Tseng et al., 2008; Tee et al., 2013).

Figure 8.1 Principles of molecular cloning: (A) complementary overhangs, (B) homologous sequences,
(C) overlapping PCR and (D) megaprimer

——————— /\
A /_\\ Sticky ends (cohesive /—\

ends) creation with
RE/asymmetric PCR/
PS bond cleavage/
NIiDE/ZFN
_
Annealing and ligation
(optional)

Gene fragment with

B homologous er%—\\

_ >
In vitro or in vivo
recombination

Gene fragment with

C comp!ementawy\
P 4

Overlapping
PCR

D Mega primers/_\\

Whole plasmid
amplification

OO0

Source: (Tee et al., 2013)



99

The position of the bound ligand in the active site of RPA1511 and analysis of PLA hydrolysis
products suggest that this enzyme can cleave PLA with both endo- and exoesterase. Using structure-
based site-directed mutagenesis, we identified several residues of RPA1511 that were essential for PLA
hydrolysis but not required for activity against a soluble monoester substrate. These residues represent a
potential structural motif for PLA binding, and further characterization will help narrow the search for
new PLA depolymerase based on sequence analysis (Hajighasemi et al., 2016).

Studies were also carried out on a Clostridium botulinum polyesterase in which the Cbotu_EstA
zinc-binding domain was modified by site-directed mutagenesis, and a specific domain consisting of 71
amino acids at the N-terminus of the enzyme was also removed. A combination of substitution of residues
in the zinc-binding domain synergistically increased enzyme activity in PET seven-fold when combined
with truncation of 71 amino acids at the N-terminus of the enzyme alone. Compared to the native enzyme,
the combination of truncation and substitutions in the zinc-binding domain leads to a 50-fold
improvement in activity (Biundo et al., 2018).

This technique was used with a carboxylic ester hydrolase from a marine bacterium Pseudomonas
aestusnigri (VGXO014T), modified by mutagenesis to improve the potential for PET degradation,
obtaining a variant (Y250S) in which changes were made to stabilize the MHET at the catalytic site with
the help of hydrophobic interactions. After making these changes, the production of MHET was
measured, resulting in 5.4 mg/L in 48 h at 30 °C, compared to the unmodified enzyme, which was 4.2
mg/L of MHET (Bollinger et al., 2020).

Figure 8.2 Predicted ligand binding modes in wild-type PE-H and variant Y250S. The predicted binding
poses of BHET (magenta), MHET (yellow), and 2-HE(MHET)4 (brown) in WT PE-H (navy) and the
variant Y250S (cyan). In (A, C, F), S171 is shown in orange, and in (B, D, E), the catalytic triad (S171,
D217, and H249) is shown in orange and interacting residues are shown in white. (A) In wild-type PE-
H, BHET and MHET bind to a groove adjacent to the catalytic site (white arrow). (B) BHET and MHET
bind to the hydrophobic groove and are stabilized by hydrogen bonding interactions with S103, D106,
S248, and S256. 2-HE(MHET)4 binds similarly to BHET and MHET in the groove adjacent to the
catalytic site. (C) In the variant Y250S, MHET binds to the catalytic site, while BHET occupies the
hydrophobic groove. (D) MHET binds to the catalytic site and is stabilized by hydrophobic interactions
to F98, V99, M172, and 1219 such that S171 can attack the carbonyl carbon for ester hydrolysis. (E) A
second binding pose of BHET binds similarly to MHET. (F) Proposed mechanism of PET polymer
interaction. Residues G254, Y258, and N259, which, when substituted, decrease esterase activity, are
shown in red. One polymer unit (stylized green rectangle) binds to the groove adjacent to the catalytic
site, a second unit bridges the distance to the catalytic site, and a third unit cleaves from the polymer
chain at the catalytic unit

(Bollinger et al., 2020)
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Another enzyme modified by this method was a PET hydrolase from Ideonella sakaiensis
(6THS), which managed to degrade 90% in 10 h, achieving productivity of 16.7 grams of terephthalate
per liter per hour (200 grams per kilogram of PET suspension). , with an enzyme concentration of 3
milligrams per gram of PET), the changes made to this enzyme were in the amino acids D238 and S283,
where these amino acids carry out the formation of disulfide bonds (Fig. 8.2), which allows the thermal
stabilization of 94.4 °C, 9.8 °C higher than the wild-type enzyme, with a decrease in the activity of only
28% (Tournier et al., 2020).

Figure 8.3 Improvement of LCC thermostability by addition of a disulfide bridge. (a), The leading figure
shows the locations of putative sites that coordinate divalent metal ions in the crystal structures of
identified PET hydrolases. On wild-type LCC (ribbon), catalytic residues (S165, D210 and H242) and
the C-terminal disulfide bond (C275-C292) are shown as blue rods. Divalent metal ions are shown as
green spheres. In the upper inset, residues that bind metal ions in Thermobifida alba Est119 (PDB ID
3WYN) are shown as purple sticks, with the residues indicated with an asterisk; metal-binding residues
in Thermobifida cellulosilytica Thc Cutl (PDB ID 5LUI) are shown as yellow sticks, with the residues
underlined in black; and the metal-binding sites in Saccharomonospora viridis Cut190 variants (PDB 1D
4WFJ and 5ZNO) are shown as grey sticks, with residue names underlined in red. The left panels show
a putative calcium-binding site formed by E208, D238 and S283 in LCC (with calcium shown as a blue
sphere) and the disulfide bond (yellow) introduced here
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Source: (Tournier et al., 2020)

In 2019 Hajighasemi and collaborators conducted a study on 90 microbial hydrolases, selecting
2 enzymes (ABO2449 and RPA1511) from Alcanivorax borkumensis and Rhodopseudomonas,
respectively. These were selected for the study due to the polyesters PLA (polylatic acid) and PCL
(polycaprolactone) degradation power. These enzymes underwent site-directed mutagenesis changes
where they identified several other residues necessary for the hydrolysis of both substrates, including
His113, Leul82 and Tyr198 in RPA1511 and Leu32 and Leu249 in ABO2449. In the structure of
RPA1511, the His113 side chain is located close to the catalytic Ser114. In contrast, the Leul82 and
Tyr198 side chains are part of the alcohol-binding pocket, suggesting that these residues contribute to
the binding of alcohol substrates. monoester and polyester.
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RPA1511-V202A showed significantly higher activity against PLA and lower activity towards
a-naphthyl propionate than the wild-type protein, suggesting that the Val202 side chain might interfere
with PLA binding. The crystal structure of RPA1511 revealed the presence of an active site-bound
polyethylene glycol molecule near the Serll14 catalyst, likely mimicking the bound PLA substrate
(Figure 8.4) (Clarke, D. J., y Dobson, A. D., 2020). In the case of the ABO2449 enzyme, it was able to
completely degrade the solid and emulsified PLA substrates in 2 days.

Figure 8.4 Crystal structure of RPA1511: overall fold and catalytic triad. (A) The overall structure of
the RPA1511 protomer is shown in three views related by a 90° rotation. The protein core domain is
shown in gray, whereas the lid domain is colored in cyan. The position of the active site is indicated by
the side chain of the catalytic Ser114. (B) RPA1511 protomer with bound PEG 3350 (dodecaethylene
glycol, shown as sticks). 2Fo-Fc map contoured at 1.0 o displayed (shown as a blue mesh) around the
dodecaethylene glycol molecule (colored in orange). (C) The surface presentation of the RPA1511
protomer reveals the entrance into the active site with bound PEG 3350 (shown as green sticks).
Electrostatic potential mapped onto the solvent-accessible protein surface with red color representing
potential below 5 kT, blue above 5 kT, and white as neutral. (D) Close-up view of the dodecaethylene
glycol molecule (PEG 3350) bound close to the catalytic triad Ser114, His270, and Asp242 (shown as
sticks along the protein ribbon colored in gray). (E) Close-up view of the RPA1511 active site with bound
PEG 3350

Source: (Clarke, D. J., y Dobson, A. D., 2020)
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8.3 Error-prone PCR

This method introduces random mutations in a DNA segment >100 bp that are too long to be synthesized
chemically (Wilson and Keefe et al., 2000). It is a method based on the polymerase chain reaction (PCR),
in which the gene of interest is amplified under conditions that the enzyme adds wrong nucleotides
randomly throughout the entire gene sequence and in the copies generated during replication cycles. The
conditions that can change the fidelity of DNA polymerase MgCl,, the presence of Mn.+, a high
concentration or asymmetric concentrations of deoxyribonucleotide triphosphates (dNTPs) and high
concentrations of primers figure 8.4 (Cadwell & Joyce, 1992; Jaeger et al., 2001).

Figure 8.5 Asexual methods to generate point mutations. A) ep-PCR and mutagenic strains introduce
errors at random positions along the gene sequence. Several random sequences are modified, so a group
of mutagenic primers is used, hybridizing in the template's homologous regions

ep-PCR
Cepas mutagénicas

A

Source: (Cadwell y Joyce, 1992)

In 2006, the depolymerase enzyme obtained from Ralstonia pickettii responsible for degrading
poly[(R)-3-hydroxybutyrate] (PHB) was mutated. It was modified to improve PHB degradation,
changing amino acids found in its domain of Substrate binding (SBD), changing the Ser, Tyr, Val, Ala
and Leu residues in the SBD for amino acids with high frequency in other enzymes, as can be seen in
figure 8.4. The PhaZRiT1 variant was obtained from these mutations. It degrades PHB through hydrogen
bonding between the hydroxyl groups of Ser on the enzyme and the carbonyl groups on the PHB polymer,
but also hydrophobic interaction between the enzyme residues and the methyl groups on the PHB
polymer. With these changes, the kinetic analysis of PHB degradation resulted in a decrease in the affinity
of SBD towards dPHB (denatured PHB), causing a decrease in the degradation rate of dPHB without
loss of its hydrolytic activity for the polymer chain (Hiraishi et al.,2006).

Similarly, in 2010 Hiraishi and coworkers investigated the effects of mutations in Leu441, Tyr443
and Ser445 on PHB degradation, as shown in Figure 8.5. They predicted that the modified residues would
form a beta-sheet structure and be oriented in the same direction to interact directly with the PHB surface
possibly. Mutant enzymes L441H, Y443H and S445C, were prepared. The hydrolytic activities for water-
soluble substrates were identical to those of the wild-type enzyme, indicating that these mutations do not
influence their structures and ability to break the bond ester.
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Figure 8.6 Proposed mechanism of PHB degradation by PhaZRpiT1l (A) wild-type and (B) S445C
enzymes based on the present kinetic studies. Inset shows a plausible model of the interaction between
amino acid residues at positions 441, 443, and 445 in the SBD of the S445C enzyme and the PHB polymer
chain. A predicted tertiary structure of SBD depicts only the R carbon, and the R carbons at positions
441, 443, and 445 in SBD of S445C are indicated in green, blue, and orange spheres, respectively
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The PHB-degrading activity of the mutants differed from the wild-type enzyme, enzyme L441H
and Y443H had lower PHB-degrading activity than their wild-type counterpart, while S445C had higher
activity. Kinetic analysis of PHB degradation by the mutants suggested that hydrophobic residues at these
positions are essential for the adsorption of enzymes on the PHB surface, and substitutions such as
Y443H and S445C may more effectively alter the PHB surface to enhance the hydrolysis of PHB polymer
chains than the wild-type enzyme (Hiraishi et al., 2010).

Another enzyme modified by the error-prone PCR method was a PETase obtained from Ideonella
sakaiensis (IsPETase), where a mutant library based on a thermostable triplet mutant (TM) of ISPETase
was obtained. Four variants showed higher melting points; the most promising ISPETAse
TMK95N/F2011 had a melting point of 5 °C higher than ISPETAseTM. This variant showed slightly
lower activity in PET at lower incubation temperatures; its thermostability makes it a more active PET
hydrolase at higher action temperatures of up to 60°C.

The degradation of the amorphous PET film was carried out with the TMK95N/F2011 variant at
an incubation temperature of 60 °C for 72 h, where a higher concentration of products (2500 mM) was
observed, which are the sum of MHET, TA, and BHET released (Brott et al., 2022).
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8.4 Modified enzyme degraded polyesters

Enzymes that can degrade polyesters have amino acids and critical bonds that allow them to carry out
this activity; some enzymes are modified using the techniques mentioned in the previous sections.
Depending on the requirement or use of the enzymes, they can be modified so that these enzymes change
their characteristics, such as thermostability, halotolerant or increase the affinity to the substrate. In Table
8.1, mutated polyester-degrading enzymes are shown; PETases can be observed first since these were

studied for their significant activation on PET (Han et al., 2017).

Table 8.1 Modified enzymes for improvement of polyesters degradation

Enzyme Mutation Substrate Reference
IsPETase C203S, C2395,W185A, S214H, 1208A, W159A, M161A, | PET Film Han et al., 2017
Y87A, T8BA, W168H.
IsPETase S160A, D206A, H237A, Y87A, M161A, W185A, 1208A, | PET Film Joo et al., 2018
W159A, S238A, N241A, R280A, C203S, C239S, S238F,
W159H
IsPETase S238F/W159H, W185A. PET Film Austin et al., 2018
IsPETase P181A, S121D/D186H, S121E, D186H, D186F, P181G, | PET Film Son et al.,2019
P181S, P181A/S121D/D186H.
ISPETase S160A,D206A, H237A, Y87B, M161A, W185A, 1208A, | BHET Sagong et al., 2020
W159A, S238A, N241A, R280A, C203S, C239S, S238F,
W159H.
ISPETase S160A, D206A, H237A, W159A, W159H, M161A, A2091, | BHET Liuetal., 2018
Q119A.
ISMHETase R411K, F415S, F424D, F424E, F424H, FA4241, FA24L, | MHET Sagong et al., 2020
FA24N, F424T, FA424V, R4A11K/F424N, R411K/F424V,
FA15H/FA24N.
S225A, D492A, H528A, W397A, R411A, R411Q, F415A, Palm et al., 2019
F415H, S416A, S416G, S419G, F424Q, H488A
PaPETase G254S, S256N, 1257S, Y258N, N259Q, Y250S, p-NPB Bollinger et al., 2020
PaPETase S256N, 1257S, Y258N, N259Q, Y250S BHET Bollinger et al., 2020
PaPETase G254S, S256N, 1257S, Y258N, N259Q, Y250S Amorphous Bollinger et al., 2020
PET
CutinasaSvCut190 | S226P/R228S/S176 Succinate Numoto et al.,2018
Cutinasa S226P/R228S NPB Kawai et al.,2014
SxCut190
CutinasaSvcut190 | S226P/R228s/E184R PBSA, PET Odaet al., 2018
Cutinasa TcCutl S131A PBA Perz et al., 2015
Cutinasa TcCutl R29D/A30V p-NPA Herrero et al.,2013
Esterase TaEstl A68V/t253P 3PET Thumarat et al.,
2015
Esterase TaEstl A68V/T253P 3PET Thumarat et al.,
2015
Esterase TaEstl A68V/M259K 3PET Thumarat et al.,
2015
Lipase TlLip E109A p-NPB Skjold et al., 2017
Lipase TILip 1108c/1277¢ p- Skjold et al., 2017
NPDecanoate
Esterase TfCa E184Q p-NPB Billig et al., 2010
Esterase TfCa E319D p-NPB Billig et al., 2010
Esterase TfCa E184H/A186M p-NPB Billig et al., 2010
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8.7 Conclusions

The enzymes have been improved to meet industrial requirements. These improvements have been made
through various molecular techniques, such as site-directed mutagenesis and error-prone PCR. For the
modifications, it is necessary to consider strategies and selective practices imitating the evolutionary
processes of nature, thus creating enzymes with new characteristics of industrial interest.

For the use of enzymes in an industrial context, high temperatures close to the glass transition
temperature of polyesters are desirable. For this reason, modified enzymes are required for the efficient
hydrolysis of polyesters at high temperatures and in extreme conditions since most polymeric
contaminants are found in extreme environments such as wastewater.
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Abstract

Biotechnology has been explored as a potential low cost, environmentally benign alternative to many of
the current mineral processing techniques. Recent investigations have shown that selected bacteria may
also assist in the beneficiation of these minerals through bioflotation bioflocculation. Bioflotation
represents an innovative in the minerals benefit process, where the bacteria are generally used as a
collector avoiding the use of conventional reagents. The aim of this study was to evaluate the use of
Staphylococcus Carnosus as bio-reagent in the flotation process of sulfides such as galena (PbS), pyrite
(FeS.) and chalcopyrite (CuFeS;). To evaluate the bacterial influence on minerals floatability Hallimond
flotation test was carried out. The absorption zeta potential and adhesion measurements were useed to
determine the adhesion of the bacteria from each mineral. The assays were carried out with and without
bacteria. The results showed that S. Carnosus has a hydrophobic behavior and different affinity grade to
sulfides mineral substrates. This interaction allowed the bacteria to act as a collector. The biomodified
sulfides show the following floatability in decreasing order: galena>chalcopyrite>pyrite. These
differences point out the possibility of future application of S. carnosus in selective separation of sulfide
minerals to depress the gangue type ores (pyrite among others).

Biotechnology, Bioflotation, Hydrophobic, Alternative, Processing
Resumen

La biotecnologia ha sido explorada como una alternativa potencial de bajo costo y benigna para el medio
ambiente a muchas de las técnicas actuales de procesamiento de minerales. Investigaciones recientes han
demostrado que bacterias también pueden ayudar en el beneficio de estos minerales a través de la
biofloculacién de bioflotacion. La bioflotacion representa un proceso innovador en beneficio de los
minerales. Donde las bacterias se utilizan generalmente como un colector evitando el uso de reactivos
convencionales. El objetivo de este estudio fue evaluar el uso de Staphylococcus Carnosus como agente
biol6gico en el proceso de flotacion de sulfuros como galena (PbS), pirita (FeSz) y calcopirita (CuFeSy).
Para evaluar la influencia de las bacterias en la flotabilidad de minerales, la prueba de flotacion de
Hallimond fue llevado a cabo. Las mediciones de absorcion del potencial zeta y de adhesion se utilizaron
para determinar la adhesion de las bacterias de cada mineral. Las experiencias se llevaron a cabo con y
sin bacterias. Los resultados mostraron que la bacteria S. Carnosus tiene un comportamiento hidrofébico
y un grado de afinidad diferente a los sustratos minerales sulfurosos. Esta interaccion permitié que las
bacterias actuaran como colectoras. Los sulfuros biomodificados muestran la siguiente flotabilidad en
orden decreciente: galena> calcopirita> pirita. Estas diferencias sefialan la posibilidad de una futura
aplicacion de S. carnosus en la separacion selectiva de minerales de sulfuro para deprimir los minerales
de tipo ganga (pirita, entre otros).

Biotecnologia, Bioflotacidon, Hidrofdbico, Alternativa, Procedimiento
9.1 Introduction

Today, Mexico continues to stand out as one of the world's largest producers of different minerals such
as: copper, bismuth, fluorite, celestite, wollastonite, cadmium, molybdenum, lead, zinc, diatomite, barite,
graphite, gypsum, gold and silver. Being the latter who occupies the first place of productive demand
worldwide.

However, today mining companies are required to comply with newer and more stringent
environmental legislation in order to ensure that exploration and mining activities have a reduced impact
on the environment.

A very promising alternative with a lower environmental impact that requires less infrastructure
and resources than traditional technologies is the biomining process.

Biomining comprises a series of microbiological processes that can be used for the extraction and
recovery of metals from very low-grade minerals. And this process can be applied in three different areas
of mining activity, such as: Bioflotation, Biolleaching and Biooxidation.
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9.1.1. Bioflotation

The gradual depletion of high-grade deposits makes interesting the benefit of complex sulfides. Thus, it
is important the development of better flotation schemes in order to beneficiate and process complex
ores, which are represented by polymetallic sulfide associations. Along with the industrial necessity to
develop new technologies for the processing of ores, the design of methods, which accomplish to strict
environmental regulations is unavoidable. (Pecina et al., 2009).

In Mexico, the use of these biological reagents as bacteria and their manipulation for their
selective adhesion on mineral surfaces are relatively important aspects for mineral beneficiation.
Considering that there are serious concerns regarding the availability of these mineral elements in the
future due to their low abundance, complexity or low-grade ores and difficult access, viable alternative
methods are required.

Traditionally, the benefit of low-grade sulfides ores has been carried out through the conventional
flotation process. Which employ highly selective inorganic modifiers, such as cyanides, sulfides and
ferro-cyanides (Bradshaw et al., 1998). Despite the many advantages of flotation process, the hazardous
chemicals used limits the development of this process and other minerals.

Nowadays the industry is trying to develop environmentally friendly technology for processing
ores, different from traditional separation methods. Many previous attempts have been made to replace
hazardous materials in the flotation processes, using environmentally friendly reagents, instead of
harmful chemicals. The biotechnology has opened up possibilities for the utilization of microorganisms
in mineral beneficiation as flotation collectors.

The use of microorganisms as a bio-collector could be an alternative in mineral flotation. This
process offers various advantages such as, as lower operating costs in the processing of low grade ores,
mineral selectivity in the processing of fine and ultrafine mineral particles and to the constant quest of
reagents that attends the rigorous specifications for production of concentrates and stricter environmental
legislation (Gericke and Govender, 2011; Lopez et al., 2015; Ramos-Escobedo et al., 2016).

Bioflotation can be used as an alternative to the conventional process and consists of the selective
separation of commercial minerals (Cu, Pb, etc.) from the gangue (pyrite, etc.) through microorganisms
interactions (Deo and Natarajan., 1997). Where the adhesion is governed by physicochemical interactions
(most likely electrostatic interactions) (Botero et al., 2008, de Mesquita et al., 2003); Dwyer et al., 2012;
Merma et al., 2013).

Generally, the three mechanisms used during biomodifaction of minerals surface are: a) the
adhesion of hydrophilic bacteria to the mineral substrate; b) the oxidation that directly or indirectly,
generates the biomodifaction of sulfur; and c) adsorption or chemical reaction with metabolic products
on the substrate (Rao et al., 2010).

Some microorganisms such as Acidithiobacillus ferrooxidans, Leptospirillum ferrooxidans,
Polymyxa Paenibacillus, Acidithiobacillus thiooxidans, among others (Ramos Escobedo et al., 2012,
Nagaoka et al., 1999, Subrahmalannian et al., 2003, Pecina et al., 2009, 2010; Santhiya et al., 2001a,
2001b, 2001c, 2002) were reported for sulfidic ores benefit.

In the case of bioflotation of sulfides minerals, the most common minerals and some non-metallic
minerals systems employed the bacteria Acidithiobacillus ferrooxidans and Acidithiobacillus
thiooxidans, reaching a successfully separation of sphalerite (ZnS)-galena (PbS). Sphalerite without
promoter/collector is selectively floated from lead ores, especially as galena is oxidized (PbS to PbSO4),
highlighting the importance of parallel single bacterial adhesion (Santhiya et al., 2001). While for pyrite
and arsenopyrite systems, using xanthate as a collector emphasizes that Acidithiobacillus ferrooxidans
acts as a pyrite depressant.
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This reaction is established because bacteria have greater affinity for iron-rich substrates, showing
a descending effectiveness of the next minerals: pyrite>galena~millerite> molibdenite~calcocite. The
tests were performed at pH 2 without collector (Nagaoka et al., 1999). The depressant effect is interpreted
in terms of surface free energy decrease that weakens contact with the Xanthate. Moreover, Vilinska,
(2007) mention that bacteria, achieve superficial chemical changes and could be manipulated for specific
purposes in flotation, depending on the concentration and composition of medium culture, as well as
bacteria adaptation to a mineral type.

Possible interaction mechanisms based on the interaction of carbohydrate metabolite/galena to
acid / base model are set based using xanthate as a collector. (Subrahmanian et al., 2003). The depressant
effect is interpreted according to the decrease in surface free energy diminishing the contact with the
xanthate. The advantage of bioflotation is that bacteria can have the same functions as conventional
reagents and provides specificity for different type of minerals. The aim of this study was to evaluate the
use of S. carnosus as froth flotation reagent for sulfide minerals (galena (PbS), pyrite (FeSz), chalcopyrite
(CuFeSy)).

9.1.2. Staphylococcus carnosus description
9.1.2.1. Characteristics and taxonomy

Staphylococcus carnosus is a unicellular non-pathogenic, Gram-positive bacteria. It comes of the
Staphylococacceae family. Schleifer and Fischer (1982) describe Staphylococcus carnosus
morphologically as cocci from 0.5 to 1.5 um in diameter, presented mainly in pairs or individually.
Staphylococcus carnosus is a facultative aerobic microorganism may develop NaOH concentrations
more than 15%, with the ability to reduce nitrates and produce acetoin. In addition, these micro-organism
has polysaccharides, carboxylic acids, and lipid groups (Ramos-Escobedo et al., 2016). The
peptidoglycan represents the major component of the cell wall (50-80 wt%) (Madigan et al., 2004)

Exist very few studies on the use of S. carnosus as a biocollector in the mineral processing
research.). The aim the purpose of this investigation is to evaluate the S. carnosus floatability in systems
of sulfide minerals of commercial interest (chalcopyrite and galena) and gangue type (pyrite, etc.) under
similar conditions used in chemical flotation. The importance of this investigation is to find an alternative

flotation bio-reagent applied to sulfidic ores.

Figure 9.1 Growth curve of S. carnosus bacteria
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Figure 9.2 Hydrophobicity of the bacteria as a function of pH
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Figure 9.3 Effect of the culture period the bacteria in the floatability of the chalcopyrite with fresh
bacteria (culture medium) and washed bacteria (without culture media)

100 +
®
80 -
®S.c. fresh 4 S.c washed

X
§ 60 ¢
I
5]
[
S 40 -
D
=
=

20 o

0 10 20 50 o

Zorime, Housros



114

Figure 9.4 Effect of the floatability of S. carnosus + CuFeS; bacteria with culture medium and without

culture medium at pH 9
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Figure 9.5 Adhesion isotherms of S. carnosus bacteria with minerals of interest at pH 9
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Figure 9.6 Zeta potential of S. carnosus bacteria (control) depending on: a) pH and b) Time (H)
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Figure 9.7 Zeta potential of S. carnosus bacteria with the mineral of interest. a) Before the interaction
and b) after the interaction
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Figure 9.8 Floatability of the natural mineral at pH 9. Minerals conditioned in a 1 x 10 M solution of
NaNOs at pH 9, in the absence of bacteria
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Figure 9.9 Floatability of bio-modified minerals. After interaction with S. carnosus bacteria at a pH of
9
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Table 9.1 Chemical analysis of minerals

Minerals Formula Cu% Zn% Fe% S% Pb% Purity %
Chalcopyrite | CuFeS, | 31.24 | 0.22 | 32.58 | 30.45 | 0.01 90
Galena® PbS 0.009 | 0.157 | 0.135 | 12.39 | 73.01 85
Pyrite®*) FeS, 0.002 | 0.004 | 40.42 | 47.439 | 0.006 88
™) Associated gangue silicates.

Table 9.2 Surface area of the mineral fraction used

Minerals | Surface area, m?/g

Chalcopyrite 0.0109
Pyrite 0.00874
Galena 0.00673
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9.2 Methodology
9.2.1 Reagents and minerals

Three pure mineral samples of chalcopyrite (CuFeSz), pyrite (FeSz) were obtained from Santa Eulalia,
Chihuahua, while the galena (PbS) was attained from the Plomosas Mine at Chihuahua.
The chemical compositions of the chalcopyrite, pyrite and galena used during the microflotation tests are
presented in Table 9.1. Other chemical reagents used for this test were distilled water was used to prepare
the solutions and n-hexadecane was used as foaming agent.

9.2.2 Microorganism

The bacteria used was Staphylococcus carnosus ATCC No. 51365 strain. Bacteria was cultured in
tryptone soy broth with yeast extract (ATCC Medium No 1887). The culture media consisted of 30 g
tryptone and 3 g yeast, which were diluted in 1 L of distilled water and the pH was adjusted to 7. The
medium was autoclaved (Model No 25 x All American Autoclave) for 15 min. After annealing the
culture, broth was inoculated with the lyophilized bacterium Staphylococcus carnosus (ATCC 51365)
and then incubated for 24 h at 37 ° C. (Ramos-Escobedo et al., 2016).

9.2.3 Growth Kinetics

The kinetics of bacteria growth was conducted by counting the microorganisms in the culture medium at
different times in a period between 0 to 60 h, using the Neubauer chamber (Neubauer Reichert) and phase
contrast microscopy (Axioskop 40, ZEISS). Cell counting was performed in 14.5 ul of sample.

9.2.4 Preparation of minerals

The crystals were crushed in porcelain mortar and then wet sieved using -100 + 200 mesh, -200 + 400,
and -400. The fraction between -100 +200 mesh was separated for flotation test. A sample of 5 g of each
mineral (-400 mesh) was analyzed by atomic absorption spectroscopy (AAS) to determine its chemical
composition (Table 9.1).

9.2.5 Bacterial adhesion

For bacterial adhesion test, 1 g of each mineral was collected in 50 ml of fresh bacterial culture, over a
period of 5 to 1440 min. The initial concentration of bacteria at time t was determined by direct counting
in a Neubauer chamber. The amount of attached bacteria was determined by Eq. (1):

(B, —B)V
WA

m

Bu = 1)

Where: Bag is adhering bacteria (cell/m?); Bo and B are the concentration of free bacteria at zero
time and t, respectively (cell/ml); V is the volume of sample in ml; w is the exact weight of mineral in
grams, Anm is the surface area determined by Coulter counter mineral (Table 9.2).

9.2.6 Zeta potential

Prior to the measurement of zeta potential, microorganisms were washed to eliminate the culture medium
used in culture of bacteria. To accomplish this, a solution of NaNO3z at pH 7 was prepared and the sample
was centrifuged for 5 min at 2,000 rpm, the supernatant was pulled, and the precipitate was washed with
the appropriate solution (pH 6, 7, 8, 9). Then, the samples were shaken in a Vortex to re-suspend the
bacteria, which were placed in test tubes and refrigerated. After that, samples of 20 ml of the
microorganisms in suspension were analyzed for zeta potential in the equipment Zetaphoremeter 1V
(CAD Instruments). The effect of the mineral-bacterium interaction was determined by contacting 5 g of
each mineral (38 um) in 250 ml of fresh culture. At a given time (0-1440 min), a sample of 3 ml was
centrifuged at 1000 rpm for 5 min to remove bacteria and ore. Subsequently, they were separately
suspended in 30 ml of 10 M NaNOs at pH 9 and its zeta potential was measured.
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9.2.7 M.A.T.H. (Microbial adhesion to hydrocarbons)

Hydrophobicity was measured by MATH, for which, 1 ml of suspended bacteria and 0.16 ml of solvent
n-hexadecane, were mixed in a vortex for 20, 45, 60 and 90 seconds. Tests were performed at pH 7. The
concentration of bacteria was recorded as a function of conditioning time by counting microorganisms
in the aqueous phase using a Neubauer chamber. (Ramos-Escobedo et al., 2016).

9.2.8 Microflotation

Microflotation tests were performed using a Partridge microcell (Partridge and Smith, 1972), which is
superimposed on a magnetic stirring grid. For this purpose, the sample was conditioned before floatation,
using a 25 ml beaker with 25 ml of sample (culture medium with bacteria in suspension) at different pH
values (6, 7, 8, 9) and 1 g of the mineral of interest, (chalcopyrite, pyrite, galena and). The mixture was
conditioned for 24 h at 160 rpm.

During flotation, the mixture bacteria / mineral was poured in the flotation cell, which was
regulated at a nitrogen pressure of 60 psi and flow rate of 60 ml/min. After solution was added to the
respective pH to the sample to reach the volume optimal for flotation. Flotation was carried out for two
min. The not floated and floated minerals, were filtered, dried and floatability was calculated according
to Eq. (2)

% Mineral flotability = =X 100 ()

Where: A is the weight fed in grams of ore and C is the weight in grams of concentrated ore
(float).

9.3 Results and discussion
9.3.1 Growth phases and kinetic of S. carnosus

The kinetics of S. carnosus growth is presented in Figure 9.1, which shows the bacterial concentration
versus incubation time. This figure shows how the exponential phase starts at 2 h and ends at about 6 h.
According to the results, it was determined that the optimal incubation time for the bacterium was about
20 h, as the bacteria concentration remained practically constant for larges times.

The concentration of the bacteria was determined using the optical density method in a UV-1800
Shimadzu spectrophotometer, at a wavelength of 620 nm. Each of the experimental tests was done in
triplicate.

In the Figure 9.2 can be observed and the concentration of the bacterium of Staphylococcus
carnosus with respect to pH.

9.3.2 Hydrophobicity of S. carnosus

The hydrophobicity of bacteria was determined by affinity of S. carnosus to n-hexadecane (nonpolar
solvent) (Ramos-Escobedo et al., 2016). The results are presented in Figure 9.2, showing a high
percentage of bacteria removal from agqueous phase, obtaining values from 87.5 to 89.5%, noting a slight
increase as more alkaline is the pH. This indicates that the surface of S. carnosus has hydrophobic
characteristics, which are accentuated in alkaline conditions, property suitable for conventional flotation
of sulfides minerals.

Key features of great importance for using S. carnosus in this research are the hydrophobic
characteristics of bacteria, which are necessary for flotation. Therefore, it may function as a collector in
sulfides systems, resulted by the adherence of bacteria to the ore, hydrophobic properties. On this aspect,
Langwaldt and Kalapudas, 2007 reported the application of S. carnosus in the nickel concentration of
shales by flotation. No report has documented the use of S. carnosus in sulfides systems (Thewes et al.,
2014).
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9.3.3 Effect of S. carnosus in the preparation time of bacteria and in the presence of a hydrophobic
medium

In Figure 9.3 the test results for chalcopyrite floatability are presented, respect to subsequent washout
observed using fresh bacteria (wash and application of bacteria) and washed bacteria after 48 h (bacteria
stale). Results indicate that fresh bacteria remains hydrophobic causing chalcopyrite recoveries up to
80% after an interaction period of 10 h. Ore floated with washed bacteria after 48 h is not significant,
which shows that the surface of the bacteria undergoes changes that decrease the hydrophobicity due to
the separation of the cells from the medium, i.e. absence of nutrients generated by means culture in which
the microorganism was cultured.

The floatability of the chalcopyrite generates information on the hydrophobic effect of S.
carnosus, an increase in the mineral floatability can be interpreted as optimizing the hydrophobic effect
of the mineral-bacterium interaction.

The change in the hydrophobic surface of S. carnosus is unknown. Moreover, whereas in an
industrial system conditioning chemical collectors is relatively fast (minutes order), the results with S.
carnosus indicate that biomodification of the mineral surface requires a very long period to generate
optimal conditions flotation.

9.3.4 Effect of culture on the floatability of minerals

In Figure 9.4, the culture medium effect on the biomodification and the percentage of chalcopyrite
floatability is presented. The results of the curve sharper were performed using bacteria suspensions in
culture medium. The percentage of chalcopyrite floatability increased, reaching 86% with the culture
medium. Less favorable results were observed using washed bacteria, preserved in solution at pH 9,
which significantly reduces its ability to float chalcopyrite, that in the absence of nutrients during
experimentation. Based on these results, it was determined carrying out the experimentation using
bacterial culture, since the results show that the bacteria retain their hydrophobicity and achieve longer
adhesion to mineral generating good floatability.

9.3.5 Characterization of the adhesion of S. carnosus

The rate of bacterial adhesion of S. carnosus on various sulfide ores were determined by adhesion
isotherms as shown in Figure 9.5. The adhesion of S. carnosus is almost completed in the first 5 min of
the bacteria-mineral interaction by chalcopyrite and pyrite. While in the case of galena the adhesion of
the bacteria is reached after of 20 min. Adhesion speed can be represented as galena >> pyrite>
chalcopyrite

The results suggest that the adhesion of the bacteria is favored in the galena mineral. Because the
galena has more adhesion bacterias at pH alkaline (Patra et al., 2008). Followed by a lower adhesion to
iron containing minerals (CuFeS;, FeS, FeS»). The results indicate that S. carnosus exhibits different rates
of adhesion sulfide ores, which may be used to generate a selective adhesion during the separation of
mineral mixtures in future work.

9.3.6 S. carnosus and biomodified minerals Zeta potential

Figure 9.6 shows the results of zeta potential of the bacterium S. carnosus varying the pH. It shows a
positive charge along pH values evaluated. The utility of measuring the zeta potential is primarily
determining the surface charge of both controls (bacteria and mineral) as that of bioengineered mineral
(mineral + bacteria), their behavior explains the interaction mechanisms between the mineral-bacteria.
Some interesting aspects are evident due to the evolution of the zeta potential with S. carnosus. Where
for the case of fresh bacterium, the bacterium ¢ exhibits a positive charge independent of pH (Fig. 9.6
(a)). In the case of separate culture medium and suspended in electrolyte solution (10-*M NaNOs) and
adjusted to pH 9 with NaOH, changes to a negative value were observed (Fig. 9.6 (b)). The reason for
this result is due to the bacterial wall of S. carnosus, which consists of peptidoglycan and polysaccharide,
and the strain reducing action by nitrate (Schleifer, 1982) is highlighted. Liu et al, 2000; mentioned that
the absorption of polysaccharides on the surface of mineral can happen by some beneficial mechanisms
such as hydrogen bonding, or chemical complexation.
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In the case of the polysaccharides, these commonly establish equilibrium between cyclic and
linear forms; therefore, due to the bacteria conditions with the electrolyte (NaNOs3), and the susceptibility
of the aldehyde group of polysaccharide to chemical interaction with ions (NO*). This could promote
the release of H* ions (Wade, 2004), affecting the modification of the bacterial surface with the
consequent change in the value of the zeta potential.

Moreover, the bacteria with negative charge is less hydrophobic than fresh cells or cells in their
culture medium stored under refrigeration, indicating that the separation of the bacteria from the medium
and resuspension of the cells in the electrolyte generates an alteration on the surface characteristics of S.
carnosus.

The results of biomodified minerals (Figure 9.7) reveal changes in both surfaces, mineral and
bacterial. It shows that the zeta potential of mineral evaluated is modified to the value generated by the
¢ of bacteria, indicating that the surface is covered with S. carnosus. In addition, the zeta potential of the
modified bacteria to negative values could be due to the modification described above. The authors
consider the possibility that the ions released from minerals contribute to the modification of the zeta
potential of the bacteria

The correlation of the results suggests that in the initial stage of modification with S. carnosus
could be characterized by a physical process due to the attractive forces generated between the positive
bacterial cell and the negative charge of mineral substrate. Subsequently loading the bacterium, modifies
the complex to negative values, however, the release of the bacteria is observed, indicating the adherence
of S. carnosus to ore. See Figure 9.7.

9.3.7 Effect of Biomodification floatability mineral sulfides

Figure 9.8 shows the results of the natural floatability of mineral conditioned at pH 9 in the absence of
bacteria. The results indicate a lower floatability than 10% of the sulfides evaluated (pyrite, chalcopyrite
and galena). The hydrophilicity of sulfide ores relates to the precipitation of metal hydroxides in the
mineral surface (Senior and Trahar, 1991).

The effect of biomodification mineral sulfides by conditioning with S. carnosus are shown in
Figure 9. The results indicate that floatability of all minerals evaluated increases due to bio-modification,
corroborating the hydrophobicity of S. carnosus.

The floatability of minerals in descending order is as follows:
galena >> chalcopyrite> pyrite>

The highest floatability is obtained by the biomodified galena (61.17%), followed by that reported
for the chalcopyrite (41.2%) and 27% for the pyrite. It should be noted that faster floatability of
chalcopyrite and galena are desirable because they are valuable minerals. Instead, the floatability of the
pyrite is not desirable because they are gangue mineral type (unmarketable).

Galena has the highest adhesion of bacteria (see isotherms results) which causes a significant
increase in the floatability of the mineral. No correlation was found with the results of the floatability of
the other minerals (chalcopyrite and pyrite) and adhesion isotherms. Because the hydrophobicity of the
biomodified minerals is influenced by the alteration of the bacterial surface itself species from the mineral
with which it interacts, as demonstrated in tests zeta potential, in these cases, the hydrolysis of iron
species (Fe (I1)) of iron ore (pyrite) counteracts the hydrophobicity conferred by bacterial cells.
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9.5 Conclusions

From the results, it can be concluded that S. carnosus has a hydrophobic effect on minerals, resulting on
its adherence on surface minerals and acting as a natural collector. The bio-modification generates
different degrees of minerals hydrophobicity, which indicates the possibility to control the bio-collector
for selective separation of minerals. The magnitude of the floatability of minerals showed the descending
order as follows:

galena >> chalcopyrite> pyrite

The sulfides mineral bio-modification mechanism was evaluated in the presence of S. carnosus
and the results shows a physical mechanism, due to the electrostatic attraction generated between the
bacterial surface charge or positive zeta mineral powder and negative surface charge (negative zeta
potential).

It is concluded that the usage of this strain are promising for environmentally friendly bioreagent,
thus being applicable for the eco-friendly development of the bioflotation of sulfide minerals.
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9.7 Nomenclature

A Weight fed mineral in grams

C Weight of the mineral concentrate in grams

Bads Number of bacteria Adhered cells /m?

Bo Concentration of free bacterial at zero time cells/m?
B Concentration of free bacterial at time t in cells/m?
\Y Sample volume, mL

W Ore weight, g

An  Specific surface area of the mineral, g/m?

t Time, h
h hour
g grams

wt% percentage in weight
min  minutes

Greek symbols

¢ Zeta Potential

9.8 References

Botero, A.E.C., Torem, M.L., de Mesquita, L.M.S., (2008). Surface chemistry fundamentals of
biosorption of Rhodococcus opacus and its effect in calcite and magnesite flotation. Minerals
Engineering 21, 83-92. https://doi.org/10.1016/j.mineng.2007.08.019

Bradshaw, D.J., Harris, P.J., O’Connor, C.T., (1998). Synergistic interactions between reagents in
sulphide flotation. The Journal of South African Institute of Mining and Metallurgy, 189-194.
https://www.saimm.co.za/Journal/v098n04p187.pdf

de Mesquita, L.M.S., Lins, F.F., Torem, M.L., (2003). Interaction of a hydrophobic bacterium strain in a

hematite-quartz flotation system. International Journal of Mineral Processing 71, 3144.
https://doi.org/10.1016/S0301-7516(03)00028-0



122

Deo, N., Natarajan, K.A., (1997). Interaction of Bacillus polymyxa with some oxide minerals with
referente to mineral beneficiation and environmental control. Minerals Engineering 10, 1339-1354.
https://doi.org/10.1016/S0892-6875(97)00125-8.

Dwyer, R., Bruckard, W.J., Rea, S., Holmes, R.J., (2012). Bioflotation and bioflocculation review:
microorganisms relevant for mineral beneficiation. Mineral Processing and Extractive Metallurgy
(IMM Transactions section C) 121, 65-71. https://doi.org/10.1179/1743285512Y.0000000005

Gericke, Y., Govender, M., 2011. Extracellular polymeric substances (EPS) from bioleaching systems
and its application in  bioflotation. =~ Minerals Engineering 24  (11), 1122-1127.
https://doi.org/10.1016/j.mineng.2011.02.016

Langwaldt, J., Kalapudas, R. (2007). Bio-beneficiation of multimetal black Shale ore by flotation.
Physicochemical Problems of Mineral Processing. 41, 291-299.
http://www.minproc.pwr.wroc.pl/journal/pdf/2007/291-299.pdf

Liu, Q., Zhang, Y. Laskowski, J.S. (2000), The adsorption of polysaccharides onto mineral surfaces: an
acid/base interaction. Int. J. Miner. Process, 60, 229-245. https://doi.org/10.1016/S0301-7516(00)00018-
1

Lopez, Leslie Y., Merma, Antonio G., Torem, Mauricio L., Pino, Gabriela H., 2015. Fundamental aspects
of hematite flotation using the bacterial strain Rhodococcus ruber as bioreagent. Minerals Engineering

75, 63-69. https://doi.org/10.1016/j.mineng.2014.12.022

Madigan, M.T., Martinko, J.M., y Parker, J., (2004). Book Brock, Biologia de los Microorganismos
Biologia de los microorganismos Pearson Prentice Hall. 10 Edicion. Espafia. ISBN 10: 8420536792 /
ISBN 13: 9788420536798
https://www.academia.edu/39077515/Biolog%C3%ADa_de_los_microorganismos_BROCK

Merma, A.G., Torem, M.L., Moran, J.J.V., Monte, M.B.M., (2013). On the fundamental aspects of
apatite and quartz flotation using a gram-positive strain as a bioreagent. Minerals Engineering 48, 61-67.
https://doi.org/10.1016/j.mineng.2012.10.018

Nagaoka, T., Ohmura, N., Saiki, H., (1999). A Novel mineral flotation process using Thiobacillus
ferrooxidans. Applied and Environmental Microbiology 65, 3588-3593. https://doi.org/10.1016/S1572-
4409(99)80123-0

Partridge, A.C. y Smith. G.W. (1972). Technical Note. Small sample flotation testing: a new cell. Trans
of IMMC 80, 199-200.

Pecina, E.T., Rodriguez, M., Castillo, P., Diaz, V., and Orrantia, E. (2009). Effect of Leptospirilum
ferrooxidans on the flotation kinetics of sulphide ores. Minerals Engineering 22: 462-468.
https://doi.org/10.1016/j.mineng.2008.12.008

Ramos Escobedo, G., Gallegos-Acevedo, P.M., Lépez Saucedo, F.J., Orrantia-Borunda, E. (2012).
Bioflotation of sulfide minerals with Acidithiobacillus ferrooxidans in relation to Cu-activation and
surface oxidation. Canadian Journal of Microbiology 58, 1073-1083. http://doi.org/10.1139/w2012-072

Ramos-Escobedo, G.T., Pecina-Trevifio, E.T., Bueno-Tokunaga, A., Concha-Guerrero, S.l., Ramos-
Lico, D., Guerra-Balderrama, R., Orrantia-Borunda, E. (2016). Bio-collector alternative for the recovery
of organic matter in flotation processes. Fuel, 176, 165-172. https://doi.org/10.1016/j.fuel.2016.02.018

Rao, K.H., Subramanian, S. (2007). Bioflotation and bioflocculation of relevance to mineral
bioprocessing. In: Micobial Processing of Metal Sulfides, (E.R. Donati, y W. Sand, eds.), Springer,
Paises Bajos 267-286. https://link.springer.com/book/10.1007/1-4020-5589-7

Rao K. H., Vilinska A., Cheryshova I.V. (2010) Minerals Bioprocessing: R&D needs in mineral
biobeneficiation. Hydrometallurgy, 104, 467-470. https://d0i:10.1016/j.hydromet.2010.01.016



123

Santhiya, D., Subramanian, S., Natarajan, K.A. (2001a). Surface chemical studies on sphalerite and
galena using Bacillus polymyxa: I. Microbially induced mineral separation. Journal of Colloid and
Interface Science. 235 (2), 289-297. https://doi.org/10.1006/jcis.2000.7374

Santhiya, D., Subramanian, S., Natarajan, K.A. (2001b). Surface chemical studies on sphalerite and
galena using Bacillus polymyxa: 1. Mechanisms of microbe—mineral interactions. Journal of Colloid and
Interface Science. 235 (2), 298-307. https://doi.org/10.1006/jcis.2000.7256

Santhiya, D., Subramanian, S., Natarajan, K.A., Rao, K.H., Forssberg, K.S.E. (2001c). Biomodulation
of galena and sphalerite surfaces using Thiobacillus thiooxidans. International Journal of Mineral
Processing. 62 (1-4), 121-141. https://doi.org/10.1016/S0301-7516(00)00048-X

Santhiya, D., Subramanian, S., Natarajan, K.A. (2002). Surface chemical studies on sphalerite and galena
using extracellular polysaccharides isolated from Bacillus polymyxa. Journal of Colloid and Interface
Science. 256 (2), 237-248. https://doi.org/10.1006/jcis.2002.8681

Santhiya, D., Subramanian, S., y Natarajan, K.A. (2001). Surface chemical studies on galena and
sphalerite in the presence of Thiobacillus thiooxidans with reference to mineral beneficiation. Minerals
Engineering 13, 747-763. https://doi.org/10.1016/S0892-6875(00)00059-5

Schleifer, K.H., Fischer, U. (1982). Description of a New Species of the Genus Staphylococcus:
Staphylococcus carnosus. International Journal of Systematic Bacteriology. 32, 153-156.
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/00207713-32-2-153

Senior, G.D., and Trahar, W.J. (1991). The influence of metal hydroxides and collector on the flotation
of chalcopyrite. International Journal of Minerals Process. 33, 321-341.
https://doi.org/10.1016/0301-7516(91)90061-M

Subrahmanian, S., Santhiya, D., Natarajan, K.A. (2003). Surface modification studies on sulphide
minerals using bioreagents. International Journal of Mineral Processing 72, 175-188.
https://doi.org/10.1016/S0301-7516(03)00097-8

Thewes, N., Loskill P., Jung P., Peisker H., Bischoff M., Herrmann M. Jacobs K. (2014). Hydrophobic
interaction governs unspecific adhesion of staphylococci: a single cell force spectroscopy study. Beilstein
Journal of Nanotechnology 5, 1501—1512.

https://www.researchgate.net/publication/265908161 Hydrophobic_interaction_governs_unspecific_ad
hesion_of_staphylococci_A_single_cell_force_spectroscopy_study
http://doi.org/10.3762/bjnano.5.163

Vilinska A. (2007) Bacteria-Sulfide Mineral Interactions with Reference to Flotation and Flocculation.
Licentiate Thesis. Luled University of Technology, Luled, Swaden. http://www.diva-
portal.se/smash/get/diva2:998994/FULLTEXTOL.pdf

Wade, L.G. (2004). Quimica Organica. 5ed, Ed. Pearson Prentice Hall, Espafia. ISBN: 84-205-4102-8
https://clea.edu.mx/biblioteca/files/original/54cf5e0505683274cf95b8f0fb580034.pdf



Instructions for Scientific, Technological and Innovation Publication

[Title in Times New Roman and Bold Type No. 14 in English and Spanish]

Last Name (IN CAPITAL LETTERS), First Name of 1st Authorf*, Last Name (IN CAPITAL
LETTERS), First Name of 1st Co-Author, Last Name (IN CAPITAL LETTERS), First Name of 2nd Co-
Author and Last Name (IN CAPITAL LETTERS), First Name of 3rd Co-Author.

Author's Institution of Affiliation including dependency (in Times New Roman No.10 and Italics)

International Identification of Science - Technology and Innovation

1%t Author ID: (ORC ID - Researcher ID Thomson, arXiv Author ID - PubMed Author ID - Open ID) and CVU 1% Author:
(Scholar-PNPC or SNI-CONACYT) (No.10 Times New Roman)

1%t Co-author ID: (ORC ID - Researcher ID Thomson, arXiv Author ID - PubMed Author ID - Open ID) and CVU 1% Co-
author: (Grantee-PNPC or SNI-CONACYT) (No.10 Times New Roman)

2" Co-author ID: (ORC ID - Researcher ID Thomson, arXiv Author ID - PubMed Author ID - Open ID) and CVU 2" Co-
author: (Scholar-PNPC or SNI-CONACYT) (No.10 Times New Roman)

3 Co-author ID: (ORC ID - Researcher 1D Thomson, arXiv Author ID - PubMed Author ID - Open ID) and CVU 3™ Co-
author: (Grantee-PNPC or SNI-CONACYT) (No.10 Times New Roman)

(Indicate Date of Submission: Month, Day, Year); Accepted (Indicate Date of Acceptance: Exclusive Use by ECORFAN)

Citation: First letter (IN CAPITAL LETTERS) of the Name of the 1st Author. Last Name, First Letter (IN CAPITAL
LETTERS) of the 1st Co-author's Name. Last name, first letter (IN CAPITAL LETTERS) of the 2nd Co-author's name. Last
Name, First Letter (IN CAPITAL LETTERS) of the Name of the 3rd Co-author. Last name

Institutional Mail [Times New Roman No.10].
First letter (IN CAPITAL LETTERS) of the Name Editors. Surname (eds.) Title of the Handbook [Times New Roman No.10],
Selected Topics of the corresponding area ©ECORFAN-Filial, Year.

ECORFAN® All rights reserved México — Bolivia — Spain — Ecuador — Cameroon — Colombia — Salvador —
Guatemala — Paraguay — Nicaragua — Peru - Democratic Republic of Congo — Taiwan


http://www.ecorfan.org/servicios/ID-Researcher.pdf

Instructions for Scientific, Technological and Innovation Publication

Abstract

Text written in Times New Roman No.12, single spaced, in English.
Indicate (3-5) keywords in Times New Roman and Bold No.12.

1 Introduction

Text written in Times New Roman No.12, single spaced.
Explanation of the topic in general and explain why it is important.
What is its added value with respect to other techniques?

Focus clearly on each of its characteristics.

Clearly explain the problem to be solved and the central hypothesis.
Explanation of the sections of the Chapter.

Development of Sections and Sections of the Chapter with subsequent numbering.
[Title in Times New Roman No.12, single space and Bold].
Development of Chapters in Times New Roman No.12, single space.

Inclusion of Graphs, Figures and Tables-Editables

In the content of the Chapter, all graphs, tables and figures must be editable in formats that allow
modifying size, type and number of letters, for editing purposes, these must be in high quality, not

pixelated and must be noticeable even if the image is reduced to scale.

[Indicating the title in the upper part with Times New Roman No.12 and Bold, indicating the font in the

lower part centered with Times New Roman No. 10].

Table 1.1 Title
Variable Description Value
P Partition 1 481.00
P, Partition 2 487.00
P, Partition 3 484.00
P, Partition 4 483.50
P, Partition 5 484.00
P Partition 6 490.79
P, Partition 7 491.61
Source:

(They should not be images, everything should be editable)

ECORFAN® All rights reserved México — Bolivia — Spain — Ecuador — Cameroon — Colombia — Salvador —

Guatemala — Paraguay — Nicaragua — Peru - Democratic Republic of Congo — Taiwan



Instructions for Scientific, Technological and Innovation Publication

Figure 1.1 Title

Source:

(They should not be images, everything should be editable)

Graphic 1.1 Title

Root length (cm)

Day 14 Day 7 Day 3

Source:

(They should not be images, everything should be editable)

Each Chapter should be presented separately in 3 Folders: a) Figures, b) Graphs and c) Tables in .JPG
format, indicating the number in Bold and the sequential Title.

For the use of Equations, indicate as follows:

.1 .1 _2 2
flllm:fllm :[1(1) :Q:\/ﬁzoz 0 >x 1)

im~1 lim~1 lim lim
They should be editable and with numbering aligned on the far right.
Methodology to be developed
Give the meaning of the variables in linear wording and it is important to compare the criteria used.
Results
The results should be per section of the Chapter.
Annexes

Tables and appropriate sources.

ECORFAN® All rights reserved México — Bolivia — Spain — Ecuador — Cameroon — Colombia — Salvador —
Guatemala — Paraguay — Nicaragua — Peru - Democratic Republic of Congo — Taiwan



Instructions for Scientific, Technological and Innovation Publication

Acknowledgements

Indicate if they were financed by any Institution, University or Company.
Conclusions

Clearly explain the results obtained and the possibilities for improvement.
References

Use the APA system. They should not be numbered or bulleted, however, if numbering is necessary, it
will be because there is a reference or mention in some part of the Chapter.

Technical Data Sheet
Each Chapter should be presented in a Word document (.docx):

Name of the Handbook
Title of the Chapter
Abstract

Keywords

Sections of the Chapter, e.g:

Introduction

Description of the method

Analysis based on demand curve regression
Results

Acknowledgement

Conclusions

References

NogakrownhE

Name of Author(s)

Correspondence E-mail to Author

References

Intellectual Property Requirements for its edition:

- Author's and co-authors' autographic signature in blue colour of the originality form.

- Author's and co-authors' autgraphic signature in blue colour of the author and co-authors' acceptance
form.

ECORFAN® All rights reserved México — Bolivia — Spain — Ecuador — Cameroon — Colombia — Salvador —
Guatemala — Paraguay — Nicaragua — Peru - Democratic Republic of Congo — Taiwan


http://www.ecorfan.org/pdf/Originality%20Format-Formato%20de%20Originalidad_2.pdf
http://www.ecorfan.org/pdf/Authorization%20Form-Formato%20de%20Autorizacion_2.pdf
http://www.ecorfan.org/pdf/Authorization%20Form-Formato%20de%20Autorizacion_2.pdf

Reservation to the Editorial Policy

ECORFAN Handbooks reserves the right to make any editorial changes required to bring the Scientific
Work into compliance with the ECORFAN Handbooks Editorial Policy. Once the Scientific Work has
been accepted in its final version, ECORFAN Handbooks will send the author the proofs for review.
ECORFAN® will only accept the correction of errata and errors or omissions arising from the editing
process of the journal, reserving in its entirety the rights of authorship and dissemination of content.
Deletions, substitutions or additions that alter the formation of the Scientific Work will not be accepted.

Code of Ethics - Good Practices and Statement of Solution to Editorial Conflicts

Declaration of Originality and unpublished character of the Scientific Work, of Authorship, on the
obtaining of data and interpretation of results, Acknowledgements, Conflict of interests, Assignment of
rights and distribution.

The Management of ECORFAN-Mexico, S.C. claims to the Authors of the Scientific Work that its
content must be original, unpublished and of Scientific, Technological and Innovation content in order
to submit it for evaluation.

The Authors signing the Scientific Work must be the same who have contributed to its conception,
realization and development, as well as to the obtaining of the data, the interpretation of the results, its
writing and revision. The Corresponding Author of the proposed Scientific Work should fill in the
following form.

Title of the Scientific Work:

- The submission of a Scientific Paper to ECORFAN Handbooks implies the author's commitment
not to submit it simultaneously to the consideration of other serial publications. To do so, he/she
must complete the Originality Form for his/her Scientific Paper, unless it is rejected by the Referee
Committee, it may be withdrawn.

- None of the data presented in this Scientific Work has been plagiarized or invented. The original
data are clearly distinguishable from those already published. And we are aware of the
PLAGSCAN test, if a positive plagiarism level is detected, we will not proceed to refereeing.

- The references on which the information contained in the Scientific Work is based are cited, as
well as theories and data from other previously published Scientific Works.

- The authors sign the Authorization Form for their Scientific Work to be disseminated by the means
that ECORFAN-Mexico, S.C. in its Holding Mexico considers pertinent for the dissemination and
diffusion of their Scientific Work, ceding their Scientific Work Rights.

- Consent has been obtained from those who have provided unpublished data obtained through
verbal or written communication, and such communication and authorship are properly identified.

- The Author and Co-Authors signing this work have participated in its planning, design and
execution, as well as in the interpretation of the results. Likewise, they critically reviewed the
work, approved its final version and agree with its publication.

- No signature responsible for the work has been omitted and the criteria for Scientific Authorship
have been met.

- The results of this Scientific Work have been interpreted objectively. Any results contrary to the
views of the signatories are stated and discussed in the Scientific Work



Copyright and Access

The publication of this Scientific Work implies the assignment of the copyright to ECORFAN-Mexico,
S.C. in its Holding Mexico for its ECORFAN Handbooks, which reserves the right to distribute on the
Web the published version of the Scientific Work and the availability of the Scientific Work in this
format implies for its Authors the compliance with the provisions of the Law of Science and Technology
of the United Mexican States, regarding the obligation to allow access to the results of Scientific
Research.

Title of the Scientific Work:

Name and surname(s) of Contact Author and Co-authors Signature

HlwN[E

Principles of Ethics and Editorial Conflict Resolution Statement
Editor's Responsibilities

The Editor undertakes to guarantee the confidentiality of the evaluation process, and may not reveal the
identity of the Authors to the Referees, nor may he/she reveal the identity of the Referees at any time.

The Editor assumes the responsibility of duly informing the Author of the stage of the editorial process
in which the submitted text is, as well as of the resolutions of the Double Blind Arbitration.

The Editor must evaluate manuscripts and their intellectual content without distinction of race, gender,
sexual orientation, religious beliefs, ethnic origin, nationality, or political philosophy of the Authors.

The Editor and its editorial staff of ECORFAN® Holdings will not disclose any information about the
submitted Scientific Work to anyone other than the corresponding Author.

The Editor must make fair and impartial decisions and ensure a fair peer review process.
Responsibilities of the Editorial Board

The description of the peer review process is made known by the Editorial Board so that the Authors are
aware of the evaluation criteria and will always be ready to justify any controversy in the evaluation
process. In case of Plagiarism Detection to the Scientific Work, the Committee notifies the Authors for
Violation of the Right of Scientific, Technological and Innovation Authorship.

Responsibilities of the Referee Committee

The Referees undertake to notify any unethical conduct on the part of the Authors and to point out any
information that may be a reason to reject the publication of the Scientific Work. In addition, they must

undertake to keep confidential the information related to the Scientific Work they evaluate.

Any manuscript received for refereeing must be treated as a confidential document, not to be shown or
discussed with other experts, except with the permission of the Editor.

Referees should conduct themselves in an objective manner; any personal criticism of the Author is
inappropriate.

Referees should express their views clearly and with valid arguments that contribute to the Scientific,
Technological and Innovation achievements of the Author.

Referees should not evaluate manuscripts in which they have conflicts of interest and which have been
notified to the Editor before submitting the Scientific Work for evaluation.



Responsibilities of Authors

Authors must guarantee that their Scientific Works are the product of their original work and that the
data have been obtained in an ethical manner.

Authors must guarantee that they have not been previously published or that they are not being considered
in another serial publication.

Authors must strictly follow the rules for the publication of Scientific Works defined by the Editorial
Board.

Authors should consider that plagiarism in all its forms constitutes unethical editorial conduct and is
unacceptable; consequently, any manuscript that incurs in plagiarism will be eliminated and will not be
considered for publication.

Authors should cite publications that have been influential in the nature of the Scientific Work submitted
for refereeing.

Information Services
Indexing - Bases and Repositories

RESEARCH GATE (Germany)

MENDELEY (Bibliographic Reference Manager)

GOOGLE SCHOLAR (Citation Indexes-Google)

REDIB (Ibero-American Network of Innovation and Scientific Knowledge- CSIC)

Editorial Services

Citation Identification and H Index
Originality and Authorization Format Management
Handbooks Testing with PLAGSCAN
Evaluation of Scientific Work
Issuance of Referee Certificate
Scientific Work Editing

Web Layout

Indexing and Repository

Publication of Scientific Work
Scientific Work Certificate

Invoicing for Publishing Services

Editorial Policy and Administration

143 - 50 ltzopan, Ecatepec de Morelos - Mexico. Tel: +52 1 55 6159 2296, +52 1 55 1260 0355, +52 1
55 6034 9181; E-mail: contact@ecorfan.org www.ecorfan.org



ECORFAN®

Editor in Chief
VARGAS-DELGADO, Oscar. PhD

Executive Director
RAMOS-ESCAMILLA, Maria. PhD

Editorial Director
PERALTA-CASTRO, Enrique. MsC

Web Designer
ESCAMILLA-BOUCHAN, Imelda. PhD

Web Diagrammer
LUNA-SOTO, Vladimir. PhD

Editorial Assistant
TREJO-RAMOS, Ivan. BsC

Philologist
RAMOS-ARANCIBIA, Alejandra. BsC

Advertising and Sponsorship

(ECORFAN® - Mexico — Bolivia— Spain — Ecuador — Cameroon — Colombia - El Salvador — Guatemala
— Nicaragua — Peru — Paraguay - Democratic Republic of The Congo - Taiwan),
sponsorships@ecorfan.org

Site Licenses

03-2010-032610094200-01-For printed material, 03-2010-031613323600-01-For electronic material,
03-2010-032610105200-01-For photographic material, 03-2010-032610115700-14-For Compilation of
Data, 04 -2010-031613323600-01-For its Web page, 19502-For Ibero-American and Caribbean
Indexing, 20-281 HB9-For Latin American Indexing in the Social Sciences and Humanities, 671-For
Indexing in Electronic Scientific Journals in Spain and Latin America, 7045008-For dissemination and
publication in the Ministry of Education and Culture-Spain, 25409-For its repository in the University
Library-Madrid, 16258-For its indexing in Dialnet, 20589-For Indexing in the Directory in the countries
of Iberoamerica and the Caribbean, 15048-For the international registration of Congresses and Colloquia.
financingprograms@ecorfan.org

Management Offices

143 - 50 Itzopan, Ecatepec de Morelos - Mexico.

21 Santa Lucia, CP-5220. Libertadores -Sucre - Bolivia.

38 Matacerquillas, CP-28411. Moralzarzal -Madrid-Spain.

18 Marcial Romero, CP-241550. Avenue, Salinas | - Santa Elena-Ecuador.
1047 Avenida La Raza - Santa Ana, Cusco-Peru.

Boulevard de la Liberté, Immeuble Kassap, CP-5963.Akwa- Douala-Cameroon.
Avenida Suroeste, San Sebastian - Ledn-Nicaragua.

31 Kinshasa 6593- Republique Démocratique du Congo.

Avenida San Quentin, R 1-17 Miralvalle - San Salvador-EIl Salvador.

16 kilometers, U.S. highway, Terra Alta house, D7 Mixco Zone 1-Guatemala.
105 Alberdi Rivarola Capitan, CP-2060. Luque City- Paraguay.

69 Street YongHe District, Zhongxin. Taipei-Taiwan.

43 Street # 30 -90 B. El Triunfo CP.50001. Bogota-Colombia.



86078169 :
ISBN: 978-607-869-58-67

www.ecorfan.org



	CIERMMI Women in Science T-XIXBiological SciencesHandbooks
	Prologue
	Introduction
	Chapter 1 Study of Hox protein-protein interactions in living cells using novel fluorescent techniques
	Chapter 2 Molecular biology: tools for the study of re-emerging diseases
	Chapter 3 Used edible oils a latent threat in the contamination of water bodies
	Chapter 4 Evaluation of activated carbon from cactus residues in the colour removal process in synthetic water
	Chapter 5 Removal of aluminium (Al) and lead (Pb) in contaminated water using carboxymethylcellulose (CMC) gel polymer
	Chapter 6 Polyhydroxyalkanoates (PHA): natural polymers produced by bacteria, an option for the replacement of plastics
	Chapter 7 Effects of selenium on yield, seed size, and phenolic compound content of common bean (Phaseolus vulgaris L.)
	Chapter 8 Genetic improvement of polyester degrading enzymes
	Chapter 9 Staphylococcus carnosus study as an alternative bio-collector for metal minerals

