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”Normality is a paved road. It is easy to walk but no flowers grow on it.”
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Abstract

Tissue engineering requires scaffold designs with tailored physical properties to achieve
optimal performance. Additive manufacturing techniques have been widely used in
tissue engineering and regenerative medicine, breaching the gap between biological and
mechanical characteristics. These technologies enable the fabrication of scaffolds that mimic
the macro and micro-environment of the native tissue. It has been proven that bimodal
scaffolds can be manufactured with Fused Deposition Modeling and Electrospinning
techniques. However, the development of multifunctional and hierarchically structured
materials is still in demand for achieving successful tissue regeneration and facilitating
drug delivery to ensure a rapid and efficient regeneration process in situ. Xanthohumol,
one of the most interesting metabolites obtained from the hops (Humulus lupulus L.) has
received growing attention due to its broad spectrum of biological activities and beneficial
effects on human health. In this work, bimodal scaffolds were generated through the
combination of FDM and ES, which has been focused on the validation of poly (vinyl
alcohol) (PVA) electrospun nanofibers loaded with xanthohumol/poly (lactic-co-glycolic
acid) nanoparticles (PLGA/XN).

The results showed the successful fabrication of the PVA electrospun nanofibers with
PLGA/XN nanoparticles incorporated inside the fibers. In addition, the morphology
characterization of the bimodal scaffolds showed that the meshes were successfully embedded
into tridimensional poly lactic (PLA) constructs. The Cytotoxicity assay showed that
the PVA electrospun nanofibers loaded with PLGA /XN nanoparticles are biocompatible.
However, further studies to verify the potential osteoinduction of the bimodal scaffolds are
needed.
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Chapter 1

Introduction

Regenerating damaged tissues or organs and restoring their functions has become a very
active line of research, motivated mainly by its potential medical applications
Kwon, & Khang, [2018). Recent advances in tissue engineering (TE) and regenerative
medicine (RM) make it increasingly possible by integrating materials science, biomechanics,
cell biology, and medical sciences (Auriemma et al., 2022). For instance, TE employs cells,
scaffolds, and growth factors to regenerate or replace damaged or diseased tissue, while
RM combines TE with other strategies, such as cell-based therapy, gene therapy, and
immunomodulation to induce tissue/organ regeneration in vivo (Han et al., [2020]).

The scaffolds are the key elements in TE. Since the cells needs a nest to promote
the cell migration and to form the extracellular matrix (ECM), and to have an
appropiate architecture to form the new tissue, while the scaffold is biodegraded. The
geometric-property relationship derived from the manufacturing process allows scaffolds to
perform successfully in tissue and organ regeneration (J. dos Santos et al., 2021} Dalton|
let al., 2013} Huang et al. [2020)). There are several factors to consider when a scaffold
is designed, such as i) porosity, ii) pore size, iii) pore interconnectivity, iv) mechanical
properties, v) biocompatibility, vi) and biodegradation of the materials. Also, the
physical-chemistry of the material surface (Wang et al., 2021; Hassan, Dave, Chandrawati,|
Dehghani, & Gomes|, 2019)).

Considering the complexity of the human body, TE must be focused on the designing
and manufacturing of scaffolds with tailored properties and an architecture that mimics
the macro- and microenvironment of the native tissue (Wang et al., 2021} [Adel, EIMeligy,|
& Elkasabgyl, 2022; [Lara-Padilla, Mendoza-Buenrostro, Cardenas, Rodriguez-Garcia, &]
Rodriguez, [2017). This need has led to the combination of manufacturing techniques
and the use of polymeric biomaterials as a promising approach. This is because a single
fabrication technique will not be suitable for biomedical applications like therapeutic
devices, including temporary prostheses, three-dimensional (3D) porous scaffolds, and
delivery systems for pharmacological applications (Pouroutzidou et al., 2022; |Adel et al.,

2022).

An overview of the background and theory related to electrospinning, additive
manufacturing, and the combination of both techniques for fabricating bimodal scaffolds and
their applications is provided in this chapter. The motivation, problem, and objectives for
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this experimental work are also described. Chapter 2 provides more detail on all materials
and methods employed, while chapters 3 and 4 discuss the results and future works.

1.1 Motivation

Innovative solutions to improve the healthcare of the aging and diseased population
remain a global challenge. To achieve this goal, TE and RM are emerging as promising
approaches to meet the future needs of the patients. The purpose of TE is to develop
a biodegradable matrix, commonly known as a scaffold, that can support tissue growth
in three dimensions (3D) (Han et all [2020). Multi-scale scaffolds with different
architectures have been developed by using different polymeric materials and processing
methodologies (Vazquez-Armendariz et al., 2020; |Vyas et al., 2020; |Lara-Padilla et al.
2017; Banche-Niclot et all [2022). Recently, electrospinning and additive manufacturing
as pioneering technologies to enable the preparation of multi-scale and multifunctional
scaffolds with enhanced in wvitro biological and tenable properties (Mohammadian &
Eatemadi, 2017; |Hassan et al., 2019). However, a fully characterized multifunctional
scaffold system with tuneable physicochemical, morphological, mechanical, and biological
properties is needed for tissue regeneration and drug delivery.

The motivation for this work was part of the research internship carried out at the
Tecnologico de Monterrey as a result of the collaboration between the Tissue Engineering
Research Group of the Dr. Ricardo Vera Graziano of the Instituto de Investigaciones
en Materiales-UNAM and the Advanced Manufacturing Research Group of the Dr. Ciro
A. Rodriguez of the Tecnolégico de Monterrey. In previous works, the manufacturing of
bimodal scaffolds fabricated by combining Electrospinning and Fused Deposition Modeling
have been demostrated (Lara-Padilla et al., 2017; Vazquez-Armendariz et al. [2020). Due
to all that, the elaboration and characterization of embedding electrospun nanofibers with
nanoparticles that can release natural o synthetic drugs, in a controlled manner, inside the
polymeric constructs performed by additive manufacturing could be interesting to explore.
This is a promising approach to contributing to the regenerative capacity of the proposed
bimodal scaffolds.
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1.2 Background and Theory

1.2.1 Electrospinning, Additive Manufacturing, and Nanotechnology: A
promising convergence

The fabrication of bimodal scaffolds has generated significant research interest in recent
years, since one of the most difficult aspects of tissue engineering (TE) is the mimicry of
the complex architecture of human tissue (L. Zhang, Yang, Johnson, & Jia, |2019; Dalton et
2013; [Yu et all [2016; [Pina et all [2019). Adapting scaffolds to real 3D environments for
successful tissue regeneration remains a challenge (Kumar, Kumar, Tyagi, & Singhl 2022;
Wang et al., [2021; [Rajzer et all 2018). The purpose of TE is to develop porous scaffolds,
mechanically stable, and biocompatible that mimic the ECM as closely as possible to
induce cell growth and differentiation both in vitro and in vivo (Han et al., |2020; |J. dos|
[Santos et al., [2021)). As the nanofibers have a high surface-to-volume ratio that stimulates
cell proliferation, the electrospinning (ES) technique has gained popularity in TE, since it
mimic the structure and properties of the ECM (Saniei & Mousavi, [2020; Kumar et al.,
2022} |Jammalamadaka & Tappa), [2018).

Conventional and advanced techniques have been developed to fabricate 3D scaffolds,
each one with its merits and drawbacks. For example, with conventional techniques such
as Solvent Casting/Particulate Leaching (SC/PL), Melt Molding, Gas Foaming, Phase
Separation, Freeze drying and Sol-gel transition, it is not possible to precisely control the
size, geometry, and spatial distribution of the pores in the scaffolds (Adel et all) 2022).
Advanced or Additive manufacturing (AM) techniques such as Stereolithography (SLA),
Selective Laser Sintering (SLS), Fused Deposition Modeling (FDM), and Bioprinting have
been developed (Saniei & Mousavi, [2020). These techniques use layer-by-layer deposition
of materials to create tridimensional structures, offering advantages such as the control over
the scaffold dimensions, porosity, interconnectivity, morphology, and chemical composition.
However, the formation of large pores within the scaffold remains an important issue to
overcome because it limits cell attachment and proliferation (Dalton et all 2013; |Ozbolat,
2015 [Vyas et all [2020; [Smith & Mele, 2021)). In this line, researchers have focused
their efforts on manufacturing hybrid scaffolds with complex architecture that mimic the
architecture of the ECM to overcome the shortcomings of each process (Puppi & Chiellini,
. For instance, ES and AM techniques have been combined to create hybrid scaffolds
with nano and microscale structures to enhance cell activation. These structures, named
bimodal scaffolds, have achieved promising results.

FDM is one of the most used 3D printing technologies to manufacture bimodal scaffolds
since it is versatile, inexpensive, easy to operate, and does not require the use of solvents
(Adel et all 2022; Dalton et all) [2013; [Mendoza-Buenrostro, Lara, & Rodriguez, |2015;
|Vazquez-Armendariz et al,, 2020). The FDM process uses melted filament material to
build complex geometries over a built platform, layer by layer, until a 3D object can be
obtained. Firstly, the filament is supplied to the extrusion nozzle using drive wheels;
secondly, the polymer melts in the extrusion nozzle until it is deposited on a construction
platform, and finally, the extruder head is computer-controlled. This allows to construct
the 3D layer by layer object (Moreno Madrid, Vrech, Sanchez, & Rodriguez, 2019). The
layer thickness varies depending on the nozzle diameter. This method requires heating to
melt the material, therefore its application is limited to the use of thermoplastic polymers,
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such as polycaprolactone (PCL), polylactic acid (PLA), and poly(D,L-lactide-co-glycolide)
(PLGA), which are biodegradable, non-toxic, biocompatible, and have excellent processing
characteristics in terms of their mechanical strength and molecular weight
2022; [L. Zhang et al) 2019). Furthermore, these polymers have a relatively low melting
point, are inexpensive, do not require post-processing to crosslink, and are widely available
(Smith & Mele, 2021)).

The combination of FDM with ES generates structures with macropores arranged
in the form of a lattice that contains meshes formed by electrospun fibers between the
different layers. Previous investigations have demonstrated the feasibility of fabricating
these structures, named bimodal scaffolds (Dalton et al., |2013; Hassan et al., [2019; [Smith|
[& Mele|, [2021); [Rogers et all [2014; [Vazquez-Armendariz et all, 2020} [Mendoza-Buenrostro|
let all, 2015 [Naghieh, Foroozmehr, Badrossamay, & Kharazihal, 2017, [Yu et al., 2016}
ILara-Padilla et al., 2017; |Centola et al. 2010; |Adel et al. [2022; Rajzer et al, 2018]). It
is suggested that the electrospun nanofibers within the scaffolds provide morphological
and biomechanical cues that can regulate the cell behavior and promote tissue regeneration.

In the work of (2011), electrospun nanofibers of PLGA were deposited on
top of the PCL structures. The cytotoxicity test showed high viability and cell attachment
into the hybrid scaffolds due to the presence of the meshes. According to
(2020) and (2020), a rotating drum electrospinning system combined with a
screw-assisted extrusion 3D printer can be used to produce PCL structures with highly
aligned nanofibers incorporated layer by layer as a promising approach for bone tissue
regeneration. In wvitro results showed that high-density electrospun meshes promoted
the attachment of human adipose tissue-derived stem cells (hADSC) and enhanced their
osteogenic differentiation. In the work of Lara-Padilla et al| (2017), the researchers
manufactured PLA microfilaments with PCL electrospun fibers. The cytotoxicity assay
perfomed on human fibroblasts showed a cell viability higher than 88%. By integrating
PCL/gelatin nanofibers into the printing scaffold of PCL, a bimodal scaffold was created
(Yu et all 2016). The results showed that the cells exhibit a better migration and
proliferation into the composite scaffolds, than those of PCL fabricated only by 3D
printing. This could be due to the microporous structure of the electrospun scaffold. An
overview of bimodal scaffolds developed by combining ES and AM techniques is given in
Table It has been demonstrated that bimodal scaffolds are breaching the gap between
mechanical and biological properties. There is still a need for manufacturing bimodal
scaffolds that better tailor specific applications and expand their scope areas. For example,
for the controlled release of drugs and/or growth factors to help in tissue regeneration in situ.

It is important to note that the ES technique offers a significant advantage in
fabricating bimodal scaffolds due to its ability to produce electrospun nanofiber meshes
with an architecture that mimics the ECM of native tissues (Belgheisi, Haghbin Nazarpak,|
& Solati-Hashjin, [2022]). Other remarkable features of these meshes include their high
surface area, high porosity, flexibility, and an adjustable pore size distribution, including
the fiber diameter and topography (Senthamizhan, Balusamy, & Uyar, 2017; Kumar et|
2022} Wang et al. 2021). In addition, to manufacture the electrospun nanofibers a
variety of biocompatible and/or biodegradable polymers can be used, including synthetic
and natural polymers, and nanocomposites (Kumar et al) 2022)). In contrast, scaffolds
manufactured by AM techniques often use synthetic polymers which generally have a poor
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biological activity and cellular affinity (Adel et al., 2022)).

Advances in nanotechnology rekindled interest in electrospinning-related technologies
in the mid-1990°s. ES is a versatile process to produce nano- and microfibers from
polymeric solutions in the presence of an electric field (Kumar et al., 2022)). A standard
electrospinning setup consists of a grounded collector, a high voltage power supply, a syringe
pump, a metallic needle, and a spinneret (Senthamizhan et al. 2017 |Villarreal-Gémez,|
|Cornejo-Bravo, Vera-Graziano, & Grande, [2016)). A polymeric solution is injected through
a conductive needle onto which a high voltage has been applied, causing the viscous
solution to flow toward a grounded collection surface. The polymeric jet experiences
solvent evaporation, as well as bending instabilities and long, continuous fibers, oriented
randomly or aligned, depending on the collector modality (Chun et al 2018). The
fundamentals of electrospinning have been known for a long time, and the effects of various
processing parameters on the morphology of the fibers have been extensively studied
(Kumar et all, [2022).

The biomedical sector particularly benefits from ES for the development of advanced
systems that are relevant to tissue engineering, drug delivery, wound dressing, and
antimicrobial applications (Senthamizhan et al), |2017).  Electrospinning offers the
potential to produce scaffolds with bioactive compositions and long-term drug delivery
capabilities due to their high surface area and interconnected pores (Villarreal-Gomez et
2016). Furthermore, the rate of drug release can be tailored by adjusting the fiber
diameter, porosity, and drug-binding mechanism of the electrospun nanofibers. Nano-
and micro-sized carriers, such as nanoparticles, nanotubes, microspheres micelles, and
liposomes can be incorporated into nanofibers as a promising approach for controlled drug
delivery (Senthamizhan et all 2017} |[J. dos Santos et al., [2021} Banche-Niclot et al.| [2022;
[El-Fiqi, Kim, & Kiml [2015; [Lim, Kathuria, Tan, & Kang], 2018; [Patel & Yadav| [2018]
[Torres-Martinez et al.l [2019).

The use of nanoparticles (NPs) has been explored as a promising approach of drug
delivery systems, due to their nano size, surface properties and their ability to act as
vehicles in the transport and delivery of a wide class of drugs and/or proteins, increasing
their solubility and bioavailability (Kamsani, Haris, Pandey, Taher, & Rullah, 2021). NPs
with drug-functionalized surfaces can modulate drug release by controlling their size, shape,
chemistry, and crosslinking, while the nanofibers can provide mechanical stability and
the ability to support tissue growth. These NPs can be composed of synthetic polymers
such as polylactic acid (PLA), poly lactic-co-glycolic acid (PLGA), or polyethylene glycol
(PEG) (Rouhollahi, Hosseini, Alihosseini, Allafchian, & Haghighat| [2018). Drug-loaded
nanofibers have been demonstrated feasible in several studies (Table [1.2]).

3D printed scaffolds could also be employed as drug reservoirs. In the study of
|Auriemma et al. (2022), the authors mentioned that the interest in three-dimensional (3D)
printing in the scientific world, and particularly in pharmaceutical and medical research,
has grown exponentially. In fact, the number of scientific papers recorded containing the
term “3D printing” increased from 57 in 2012 to 4623 in 2021. In that regard, it is
important to continuously strengthen the alliance between AM and nanotechnology to create
innovative and multifunctional scaffolds. New methodologies for drug delivery systems with
geometric characteristics adapted to overcome problems such as uncontrolled drug release,
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uncontrolled biodistribution, and untargeted manner could be developed (Jammalamadakaj
[& Tappal, 2018} [Kondiah, Kondiah, Choonara, Marimuthu, & Pillay, [2020; [Stewart et|
20205 |J. dos Santos et al., 2021)). Drug-loaded nanoparticles have been incorporated
into tridimensional scaffolds by using techniques such as bioprinting and SLA. Table
summarizes related works on 3D scaffolds containing nano-sized structures for drug delivery
applications.

1.2.2 The use of polymeric materials for biomedical applications

Polymers have several properties that influence host tissue reaction to implant materials.
Chemical composition, structure, morphology, hydrophilicity/hydrophobicity, average
molecular weight, mechanism of degradation, and biocompatibility are some of these
properties. The ideal biodegradable polymer should produce nontoxic degradation chemical
compounds that are easily metabolized and eliminated from the body.

Polyvinyl alcohol (PVA)

PVA is one of the most interesting synthetic polymers that has a very high potential in
diverse TE and RM applications due to their properties such as non-toxic, non-carcinogenic,
bioadhesive, biodegradable, biocompatible, mechanical performance, chemical resistance,
and most importantly, the ability to dissolve in aqueous solutions (Bootdee & Nithitanakul,
. PVA is a synthetic polymer obtained by the hydrolysis of poly (vinyl acetate).
Depending on the proportions of acetate groups in the main chain, PVA can be classified
as fully- or partially-hydrolyzed (Mayilswamy, Prakash, & Kandasubramanian, 2022}
[Torres-Martinez et al., 2019). PVA-based nanofibrous scaffolds have shown great potential
in numerous TE applications, including bone, cartilage, skin, vascular, neural, corneal,
and as vehicles for the controlled delivery of drugs, proteins, growth factors, etc
Amorim, & Felgueiras| 2020; Torres-Martinez et al., [2020). Blends of PVA with compounds
from natural resources is one of the most effective methods for the preparation of composites
with specific properties.

Poly lactic-co-glycolic acid (PLGA)

PLGA is a copolymer formed from polylactic acid (PLA) and polyglycolic acid (PGA)
that are connected by ester linkages (Sequeira, Pereira, Ribeiro, Veiga, & Santos|, 2020
2012). PLGA is relatively hydrophobic, requiring organic solvents for dissolving
it. Lactide-rich PLGA copolymers absorb less water and degrade more slowly. Due to
their excellent mechanical performance, nontoxic degrading products, biodegradability,
biocompatibility, and favorable release kinetics, PLGA has shown immense potential in
the production of various therapeutic devices including drug delivery carriers, scaffolds for
tissue engineering, surgical sutures, and tissue grafts (Bohm, Tandon, Hrynevich, Tefimar,|
i& Dalton), [2022} [Sun, Xu, Wu, Ye, & Wang] [2017; [Zhao et al. 2016} [Vazquez et all, [2019).
Different studies have demonstrated the efficacy of PLGA-based nanoparticles as carriers
for encapsulating and delivering hydrophobic agents (Banche-Niclot et al., 2022} |Ghosh et]
2021; Ruiz-Esparza et al., 2014). PLGA nanospheres loaded with protein drugs were
incorporated into poly(vinyl alcohol)/Aloe vera (PVA/AV) nanofibers as a novel wound
dressing by (Bootdee & Nithitanakul, 2021). The influence of AV and PLGA nanospheres
on the physical characteristics, antibacterial activity, and drug release behavior of the
composite nanofibers was studied. The results showed how PLGA NPs can increase the
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stability of biomolecules, protecting them from enzymatic degradation, and restoring
a therapeutic effect within the appropriate therapeutic duration, biodistribution, and
concentration (Banche-Niclot et al.| 2022). In general, the release of bioactive molecules
from biodegradable nanocarriers is regulated by diffusion throughout the polymer matrix,
followed by the bulk erosion of the material.

The most common technique used for the preparation of PLGA nanoparticles is the
emulsification-solvent evaporation technique. This technique allows the encapsulation of
hydrophobic drugs by dissolving the polymer and the compound in an organic solvent. The
emulsion oil (O) in water (W) i.e O/W is prepared by adding water and a surfactant to
the polymer solution. Through hydrophobic interactions, surface adsorption of surfactants
enhances the suspension stability of nanoparticles by ensuring repulsion between them and,
thus, minimizing aggregation. PVA is the most commonly used surfactant. The nanosized
droplets are induced by sonication or homogenization. The solvent is then evaporated
or extracted and the nanoparticles are collected after centrifugation. Drug loading into
nanoparticles is achieved by two methods: (i) the incorporation of the drug during the
nanoparticles production, and (ii) the adsorption of the drug on nanoparticles after their
production (Danhier et al., [2012; |Sequeira et al., 2020; Keloglu, Verrier, Trimaille, &
Sohier,, [2016]).

Polylactic acid (PLA)

PLA is a conventional thermoplastic polymer from the polyester family that is
environmentally friendly and approved for use in clinical medicine by the US Food
and Drug Administration (FDA). The polymerization of lactic acid generates PLA, which
can be derived from renewable sources, such as starch and sugar. Due to the chiral nature
of lactic acid, several distinct types of PLA exist, such as poly-L-lactic acid (PLLA)
and poly-D-lactic acid (PDLA), which are obtained from polymerizing L-lactic acid and
D-lactic acid, respectively, and poly (dl-lactic acid) copolymer (PDLLA) (Turnbull et al.,
2018). In the human body, the PLA degradation is by the hydrolisis of the ester-bond
backbone. Briefly, water molecules attack the ester bonds of PLA molecules, breaking them
into smaller chains. PLA is degraded into water-soluble monomers and oligomers during
hydrolysis, which is later decomposed into water and carbon dioxide, and then excreted.
The characteristics of PLA (such as crystallinity, molecular weight, etc.) and the conditions
of hydrolysis (such as pH, temperature, etc.) play a significant role in this process (Puppi
& Chiellini, 2020). Due to its biocompatibility, biodegradability, and processability, PLA
has been used to manufacture a wide variety of medical implants, including bone screws,
fixation devices, and vascular grafts. For example, highly crystalline. For example, highly
crystalline PLAs are among the most employed materials in FDM thanks to their low T,,
(<180°C) enabling their processing (Puppi & Chiellini, 2020). Research mentioned above
have shown that the fabrication of PLA composite scaffolds by combining manufacturing
technologies has a promising future in tissue engineering and drug delivery. It means that
PLA can continue to improve its biofunctionality and chemical properties as well as its
potential to produce high-performance biomaterials.
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1.2.3 Hop Extracts

A plant-derived compound obtained from the hop plant Humulus Lupulus L; is the
Xanthohumol (XN) (R= C21H2205), the most important flavonoid in hops (Qiao et al.,
2016). This metabolite has received growing attention due to its wide spectrum of biological
activities and the beneficial effect on human health. For example, has been proven to
enhance osteoblast differentiation and proliferation (Jeong et all |2011). Also, xanthohumol
inhibits tumor growth and angiogenesis, and it has demostrated to possess antimicrobial
properties. However, an efficient delivery system of XN remains to be searched (Fonseca et
al., [2021; \Ghosh et al., [2021)).

The extract used in this research is a purified, commercial COs-prepared hop extract
obtained from Hopsteiner Company (New York, NY, USA). It contains mainly a-bitter
acids (humulone R= CHyCH(CHj)2), S-bitter acids (lupulone R= CHyCH(CHjs)2), and
xanthohumol. The Table and show a summary of research studies made on
activity of xanthohumol and encapsulation methods, respectively.

Therefore, it is necessary to develop multifunctional scaffolds that combine tailored drug
delivery systems with specific geometric properties (and that allow to overcome problems
such as uncontrolled drug release, uncontrolled biodistribution, and untargeted manner) to
overcome the limitations of current systems. In this work, bimodal scaffolds were generated
through the combination of FDM and ES, which has been focused on the validation of PVA
electrospun fibers loaded with PLGA /XN nanoparticles to promote adequate strength and
stiffness during the regeneration process of damaged tissue, as well as facilitate the drug
delivery to ensure a rapid and efficient regeneration process in situ.
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Table 1.1: A review of research studies on bimodal scaffolds produced by electrospinning
and additive manufacturing.

Technique Based material Fiber material Results Reference

FDM PCL PCL Improvement in cell proliferation, 1 2020
migration, and adhesion

FDM PCL PCL Improvement in cell proliferation, 1 2020
migration, and adhesion

FDM PLA filament PCL Improvement in mechanical (Lara-Padilla et al.
properties 2017

Bio-extrusion PCL PLGA Improvement in cell viability and 1 2011
adhesion

FDM PLA PVA-nHA* Improved cell adhesion, (Saniei & Mousavi
proliferation and biocompatibility 2020

FDM PLLA Gelatin solution with Improved cell —adhesion and 1 2018)

osteogenon drug proliferation

FDM PLA filament PCL Enhanced biocompatible and (Mendoza-Buenrostro
biodegradable properties in 2015
scaffolds

FDM PLA Gelatin-forsterite Improved mechanical and biological ~(Naghieh et al.||2017

properties

*nHA, nanoHydroxyapatite
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Table 1.2: A review of research studies on composite nanofibrous scaffolds for drug delivery

and tissue engineering applications.

Composite Scaffolds Materials Technique Drugs Application Reference
Drug-loaded mBGn within Bioactive glass, L. Bone o
the fiber matrix PCL, Gelatin Electrospinning DEX Regeneration (El-Fiqi et al. [[2015
Drug-loaded PLA NPs on Jet-Spraying . -
PLGA microfibers PLA, PLGA Co-projection Lz Tissue Repair (Keloglu et al.||2016)
Dental
CsA-loaded PLGA NPs into o ) Engineering (Kuchler-Bopp et al.|
PCL-based scaffolds PLGA, PCL Electrospinning CsA (Tooth 2017
innervation)
MX-Loaded PLGA NPs into . Electrospinning Periodontal (Pouroutzidou et al.|
Silica-base scaffolds PLGA, Silica Sol-Gel MX Regeneration 2022
GS-loaded Mesoporous Silica Prevention
NP into PLGA/PLA based PLGA, Chitosan Electrospinning GS management l 2022)
scaffolds of bone infections
SDF-la loaded PLGA NPs . - (Molina-Pefia et al.|
into Chitosan-based scaffolds PLGA, Chitosan  Electrospinning SDF-1a Cancer treatment 5051
BSA-loaded PLGA NPs onto Electrospraying Tissue (]Shaw & Samavedil
PCL-based scaffolds PLGA, PCL Electrospinning BSA Engineering 2021

DEX, Dexamethasone; LZ, Lysozyme; CsA, Cyclosporine; MX, Moxifloxacin; GS,
Gentamicin Sulfate; SDF-1a;, stromal cell-derived factor-1a; BSA, Bovine serum albumin
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Table 1.3: 3D printing scaffolds for drug delivery and tissue engineering applications.

AM technique  Materials Nanostructure  Drugs Application Reference
Bioprinting Type I Collagen ~ PLGA NPs TGF-p1 Bone Regeneration (Banche-Niclot et al.|
2022)
FDM PLA PLGA nanofibers VC, CTZ  Infections prophylaxis (Chou et al.|[2017)
during treating
the comminuted
metaphyseal fracture
SLA PEG, PEGDA  PLGA core-shell Nerve Nerve regeneration (Lee et al.| 2017
nanoparticles growth
factor
nd PCL, PLLA Silica NPs Enrofloxacin  Antibacterial and bone (Yang, Hu, Wang, &
tissue engineering 2017)
nd HA PLGA NPs BMP-2 Bone tissue engineering  (Kim, Yang, & Kim)|
2018)
FDM PEG, PLA nHA DEX Bone Regeneration 1 2018)
FDM PVP PVP nanofibers Loratadine  Effects of drug-loaded 1 2019
nano-fibers on  the
solubility of the poorly
water-soluble drug
SSE PCL nHA, Silica NPs Ibuprofen To fabricate porous 1 2019)
scaffolds  for  bone
tissue engineering
applications
FDM PLA Citrate, nHA Minocycline Bone regeneration (Martin et al.|[2019)
FDM PCL Porous  silicon BMP Osteoinductive (Rosenberg et al.|[2019)
nanostructure implants

TGF-£1, Transforming growth factor 51; VC, Vancomycin; CTZ, Ceftazidime; BMP-2,
Bone morphogenetic protein 2.
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Table 1.4: References on studies on Xanthohumol activity.

Dose (M) Cell line Results Reference
5 to 60 C6 XN significantly inhibited the (Hou, Song, Sun, Zhu,
C6 glioma cell proliferation & Wangl 2021
0-50 HL-60 Leukemia cells XN dose-dependently 1 2017)
decreased cell viability
5 HCC Decreased the cell viability, (]Kunnimadaiyaan7
confluency ability and colony [Sokolowski
forming |Balamurugan, |
Gamblin, &
Kunnimalaiyaan| 2015)
25 HCC Suppressed proliferation  (Hellerbrand| [2009)
and migration of HCC.
Concentrations up to 100pM
did not affect viability of
primary human hepatocytes
in vitro
10 HepG2 No cytotoxic (]Plazar, Zegura, Lah, &|
Filipiél 2007p
0.01, 0.1, 1 (ug/mL) MC3T3-E1 Treatment of MC3T3-E1 cell (Jeong et al.| 2011}

with XN resulted in increased
expression of RUNX2




CHAPTER 1.

INTRODUCTION

13

Table 1.5: References on studies on Xanthohumol encapsulation

Materials Method Objective Concentration Cell line Results Reference
PLGA/XN, Coaxial To evaluate the 10/90 MCF-7 cell Good inhibition (X. Zhang et al.
PEO/Resveratrol  Electrospinning effect of drug XN/PLGA; effect  on  the [2020
(RES) content on a new 20/80, 50/50, proliferation  of

core/shell  fiber 80/20 RES/PEO breast cancer

mesh containing cells

RES and XN
Chitosan, Chitosan-based Measure - - Increased (Leonida et al.
Lupolone (L), nanocomposites antimicrobial antimicrobial
XN encapsulating L activity effect

and XN

PLGA/XN, Electrospinning To evaluate the 10wt% MC3TE-E1  Exhibited (Qiao et al. w
HA-g-PLLA effect of blending XN/PLGA; one-level

HA-g-PLLA 10 wt% toxicity, Good

XN/PLGA-5wt% cytocompatibility

HA-g-PLLA
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1.3 Hypothesis

It is possible to develop bimodal scaffolds, composed of PVA electrospun meshes loaded with
PLGA nanoparticles that release therapeutic natural agents, for its potential application in
tissue engineering.

1.4 Objectives

1.4.1 General

To manufacture and characterize PVA electrospun nanofibers with PLGA /XN nanoparticles
incorporated into the nanofibers, and to integrate these meshes into PLA bimodal scaffolds
by the combination of electrospinning and fused deposition modeling, as a promising
bimodal scaffold for biomedical applications.

1.4.2 Specifics

For the manufacturing process:

e To determine and validate the optimal parameters for the fabrication of PVA
electrospun nanofibers.

e To validate the optimal parameters for the the production of PLGA /XN nanoparticles.

e To validate the incorporation of PLGA /XN nanoparticles into the PVA electrospun
nanofibers.

e To validate the fabrication of PLA bimodal scaffolds with embedded PVA /PLGA-XN

meshes.
For the physical and chemical characterization:

e To characterize the morphology of PVA electrospun nanofibers, PLGA nanoparticles,
and the bimodal scaffolds by means of scanning electron microscopy (SEM).

e To determine the size distribution of the nanoparticles by dynamic light scattering
(DLS), and to measure the nanoparticles surface charge through Zeta Potential.

e To characterize chemically the materials employed.
For the biological characterization:

e To study the cell viability of the bimodal scaffolds in vitro
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Materials and Methods

2.1 Polymers

For the synthesis of nanoparticles, poly(D-L-lactide-co-glycolide) (PLGA; 65:35), with an
inherent viscosity range of 0.55-0.75 dL./g was purchased from LACTEL (Birmingham, AL;
USA). The acetone ((CH3)2CO) acquired from CTR Scientific (Monterrey, NL; Mexico)
was used to dissolve the PLGA. Poly (vinyl alcohol)(PVA, Mw = 89000-90000 and 99+%
hydrolyzed) was purchased from Sigma-Aldrich (St. Louis, MO, USA) and used to fabricate
the electrospun nanofibers. For the printing of the scaffolds, a commercial 3D filament
based on polylactic acid (PLA) (eSUN, Hong Kong SAR, China) of 1.75 mm diameter with
a melting temperature of 180°C, a nominal density of 1.240 g/cm? and a glass transition
temperature of 60°C was used.

2.2 Xanthohumol Extraction

The extract used in this research was a purified, commercial COs-prepared hop extract
(Hopsteiner) containing mainly a-bitter acids (humulone R= CHpCH(CHg)s2), B-bitter
acids (lupulone R= CH2CH(CHj3)2), and xanthohumol.

The xanthohumol (XN) extraction was developed by Javier Oswaldo Vazquez
Armendariz during his master thesis. Briefly, the XN was extracted organically from the
commercial hop extract by using 50 mL of methanol (CH3OH) provided by CTR (Monterrey,
NL; Mexico). For the efficient and gentle elimination of the solvent, a Buchi Rotavapor
R100 V (Flawil, Switzerland) was used. The extract was submitted to the evaporation
of the solvent at 60°C and 120 rpm for 1 hour until the pure xanthohumol was obtanied.
The compound was then transferred to a SCIENTZ-10N lyophilizer (Zhejiang, China) and
lyophilized for three days at -85 °C, and a 0.015 bar pressure. After this process, the
crystals were crushed by using a single mortar and pestle and turned into a fine powder.
The lyophilized extract was then stored under vacuum at -20°C and kept in refrigeration.

15
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Emulsification by sonication
T0% A, 50 sec

\ Acetone evaporation

Diropwise addition Overnight Stirring

Organic Phase = =
100 mg PLGA in 1 mL Acetone

]

Aqueous Phase
8 mL of 8.5% wiv PVA

Washed by centrifugation

20 mL of 1.0% w/v PVA

Figure 2.1: Experimental procedure described for production of PLGA nanoparticles.

2.3 Manufacturing Process

2.3.1 Synthesis of XN-Loaded PLGA Nanoparticles

The PLGA nanoparticles were prepared by a single emulsion method followed by solvent
evaporation as described in Figure Briefly, an aqueous solution of 8 mL of PVA
8.5% (w/v) was sonicated using a QSonica Q500 sonicator (New York, USA) at 70% of
amplitude for 50 seconds. An organic phase, prepared with 100 mg of PLGA dissolved in 1
mL of acetone was added dropwise to the aqueous phase during the sonication process to
prepare an oil/water (O/W) emulsion. For the evaporation of acetone and precipitation of
nanoparticles, the final emulsion was poured to 20 mL of PVA 1% (w/v) under magnetic
stirring for 1 day. A centrifuge Eppendorf 5804 (Hamburg, Germany) was used to wash
the nanoparticles at 14,000 rpm, 25°C, for 10 minutes. After removing the supernatant,
the pellets were resuspended in distilled water, and placed in an ultrasonic bath for
approximately 3 minutes, followed by a second wash. A four-step process was used to
remove the majority amount of residue from PVA.

The method of preparing the PLGA nanoparticles containing the XN was carried out
by using the procedure outlined above with the only difference being that 10 mg of XN was
added in the organic phase.

2.3.2 Fabrication of PVA Electrospun Nanofibers

For the preparation of the nanofibers, the PVA was dissolved in distilled water at 80
°C with gentle stirring for 3 h to obtain a homogeneous solution at a concentration of
8.5% w/v. The electrospinning set-up is shown in Figure It consists of a syringe
pump Model KS 100 (KD Scientific Inc., Holliston, MA), a power supply (ES20P-5W,
Gamma High Voltage Research Inc., Ormond Beach, Florida, USA) and two electrodes,
one connected to the needle and the other directly to the aluminum collector of 4 cm?. The
electrospinning parameters initially used were 0.2 mL/h, 0.6 mL/h, and 1.0 mL/h flow rates,
an electrospinning time of 60 minutes, a voltage of 18 kV, and a distance nozzle-collector
of 13-14 cm. These tests were conducted in order to determine which parameters would
result in thicker meshes. A Zeiss STEREO light microscope (Oberkochen, Germany) was
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Flow rate, Fr
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(18 kV] | [20 min]

Figure 2.2: Schematic view of electrospinning process.

used to measure the mat thickness. Parameters such as temperature, relative humidity,
and viscosity were taken into consideration for the fabrication of the electrospun nanofibers.

To measure the mat thickness a section of the mesh was cut out and placed between
two microscope slides (Figure ) Eight measurements were performed, in triplicate,
for each condition evaluated.

2.3.3 Fabrication of the Bimodal Scaffolds

According to the previous protocols used by |Lara-Padilla et al| (2017) and
Vazquez-Armendariz et al| (2020), the bimodal scaffolds were manufactured in a
hybrid printer which was designed and built by Center for Research and Strategic Product
Development at Tecnolégico de Monterrey. Thermoplastic polymers such as PLA and PCL
were used to optimize the parameters. To plot the thermoplastic polymer, a micro extruder
with a 0.4 mm diameter nozzle was employed. Layered microfibers were also generated
using an integrated electrospinning system. FDM began by placing the thermoplastic
polymer filament through the feeder mechanism. After melting the polymer in the micro
extruder, the thermoplastic strands were plotted and the first two layers are completed
(Figure ) Upon completion of the first two layers, the scaffold was transferred to the
electrospinning station (Figure ) The process was repeated until obtaining the final
structure (Figure ) During the process, two layers of FDM strands and one layer of
electrospun fibers were deposited.

A proportional-integral-derivative (PID) control system governed the extrusion
temperature, while another regulated the cooling of the printing base and the
electrospinning process. Aerotech MP drivers (Pittsburgh, PA, USA) controlled the
stepper motors used for X, Y, and Z axis movement.
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LabVIEW v2013 (National Instruments, Austin, TX, USA) was used to design the
printer control software. SolidWorks was used to design scaffolds in order to obtain points
and cartesian coordinates required for G code structuring. This code was introduced in
the control program of the printer for subsequent manufacture.

The scaffolds used for the study were fabricated in a square shape of 5x5 mm?,
approximately 1 mm as pore size and 0.4-0.5 mm as the layer height. The final design
consisted of four layers of FDM strands and one layer of electrospun meshes.

a) b) c)

PLGA-XN NPs

- — » Micro Extruder

PVA-Electrospun
nanofibers

¥

Polymer Strand Spinneret < — - o
(PLA) -

Grid-print bed

___________

Cooling system Electrospinning (ES) Fused Deposition Modeling (FDM)

Figure 2.3: Schematic of hybrid processing with Fused Deposition Modeling (FDM) and
electrospinning (ESP) with cooling system: (a) initial fused deposition modeling stage;
(b) subsequent electrospinning stage; and (c) subsequent fused deposition modeling stage
(Lara-Padilla et al, 2017)(Vazquez-Armendariz et al, 2020).

2.4 Characterization

2.4.1 Characterization of XN-Loaded PLGA Nanoparticles

The particle size distribution and polydispersity index (PDI) of the PLGA and PLGA/XN
nanoparticles were analyzed by dynamic light scattering (DLS), by using a Malvern Zetasizer
Nano ZS instrument (Malvern Instruments Ltd, Worcestershire, UK). The nanoparticles
were previously sonicated to break up agglomerates formed by their interactions. These
measurements were conducted in triplicate in clear disposable zeta cells at 25 °C with
the following parameters: dispersant viscosity of 0.8872 cP, dispersant refractive index of
1.33, material absorption of 0.010, and material refractive index of 1.59. Zeta potential
was determined by electrophoretic mobility analysis with the same equipment. GraphPad
Prism was used to process the data collected with the Malvern Zetasizer software. The
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morphological features, uniformity of particle-shape and size of PLGA and PLGA/XN
nanoparticles were verified by SEM EVOMA25 (Carl Zeiss, Oberkochen, Germany) at an
accelerating voltage of 20 kV.

2.4.2 Characterization of Electrospun Fibrous Scaffolds
Morphology of the electrospun nanofibers

Electrospun nanofiber mats were cut, placed on aluminum stubs, dried overnight in a
desiccator, and then coated with a gold film of 5 nm through plasma-assisted sputtering for
approximately 15 minutes. The morphology of the samples was analyzed with a Scanning
Electron Microscope EVOMA25 (Oberkochen, Germany) at an accelerating voltage of 20
kV. The average diameter of the electrospun nanofibers was calculated from SEM images
using ImagelJ software. During the measurement process, a total of 70 fibers were selected
and analyzed from the SEM micrographs. A histogram of average diameter distribution
was plotted by using the collected data.

The distribution of PLGA nanoparticles inside the nanofibers was observed with a
Transmission Electron Microscope ARM200F JEOL operated at an accelerating voltage of
200 keV. A sample of the electrospun nanofibers was cut and deposited on a copper TEM
grid and covered with carbon. The instrument was equipped with an Energy-Dispersive
Spectrum (EDS) to know the crystallinity of the nanofibers.

Fluorescence Microscopy

Rhodamine B (Rh), pratical grade, was used to ensure that the NPs were being
incorporated into the nanofibers. For the incorporation of Rh, 6 g were dissolved in 40
mL of acetone. A thermo scientific centrifuge was employed to wash this solution at
13,000 rpm, 20°C, and 5 minutes. 1 mL of the supernatant was used to dissolve 100 mg of
PLGA and synthesize the NPs as previously described (Figure [2.1). Rh-loaded PLGA
NPs were dispersed in PVA solution to obtain the meshes. A glass microscope slide was
used to collect these meshes. A Zeiss Axio Observer.Z1 microscope (Zeiss, Germany)
was employed to observe nanofibers. A 63X objective was applied to all micrographs.
LED illuminator intensity and exposure time were 67.3% and 2490 milliseconds (ms),
respectively. Before fluorescence analysis, a cover glass was placed over the sample
and a drop of immersion oil was deposited. The optical and viscosity characteristics
of immersion oils enhance the resolution and brightness of microscope images. Because
it reduces light refraction by replacing the air gap between the objective lens and cover glass.

Interaction of XN, PLGA NPs and PVA electrospun nanofibers Assessed by
Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance
(ATR-FTIR)

Chemical analysis of XN powder, PLGA NPs, and PVA meshes with and without NPs were
performed by using a FTIR equipment (Perkin-Elmer Frontier, Mexico City, Mexico) with
a universal ATR polarization accessory. The spectra were obtained by collecting 16 scans

of each sample, between 4000 and 600 cm™1, with a resolution of 4 cm~".
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PVA Electropun Nanofibers Thermogravimetric Analysis (TGA)

The degradation and thermal stability of PVA meshes were evaluated using a Perkin-Elmer
Pyris 8000 TGA analyzer (Mexico City, Mexico). Under a nitrogen atmosphere, samples of
approximately 3 mg were heated from 25 to 600 °C at a rate of 10 °C/min.

2.4.3 Morphology of the Bimodal Scaffolds

The 3D PLA scaffolds were coated with a gold film of 5 nm through plasma-assisted
sputtering for approximately 15 minutes. The morphology of the samples was analyzed
with a SEM EVOMA25 (Oberkochen, Germany) at an accelerating voltage of 10 kV. SEM
images were used to evaluate the scaffold geometry (pore size, strand diameter, and layer
height), and the distribution and incorporation of meshes

2.5 Cytotoxicity Assay

To assess the in witro cytotoxicity of the scaffolds, human fibroblasts cells (Detroit
548, CCL-116, American Type Culture Collection, Rockville, MD, USA) were seeded
(4x103 /well) with 200 uL of Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) in 96-well culture plates (Corning®), Cat. No.
CLS3596). Cells were allowed to grow for 24 h. Afterward, the medium was changed to
200 pL of fresh medium and 5 uL of hop extract (4mg/mL in methanol) was added. Disc
samples (bmm) were cut from the meshes. The discs and the 3D scaffolds were placed on
top of the monolayer of cells with help of tweezers. The cultured plates were then incubated
under an atmosphere of 5% COs, at 37°C for 24 h. Subsequently, the culture medium was
removed and 100 L of fresh medium and 10 uL of MTT (5 mg/mL) (BioBasic, Cat. No.
T0793) were added and incubated at 37°C for 4 h.

In witro cell viability was examined by using the MTT assay (Ciapetti, Cenni,
Pratelli, & Pizzoferrato, (1993). This method is based on the conversion of MTT
(3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium  bromide) to formazan, which
determines mitochondrial activity. After incubation, the medium was removed and
100 pL of dimethylsulfoxide (DMSO, Fisher, No. Cat. D128-1) was added and mixed
until the formazan crystals dissolved and the absorbance at 570 nm was read with a
Biotek Synergy 2 plate spectrophotometer (Winooski, VT, USA). Before reading in the
spectrophotometer, membranes and 3D constructs were removed.

As a blank, 200 uL of medium was used per well. The medium with untreated cells was
used as negative control, and an additional control with 200 pL of DMEM/10% FBS and
5ull of methanol was performed. Cell viability and mortality percentages were calculated
according to the following equations (Eskandani et al., 2014):

_ OD of treated cells — OD of blank .
~ OD of untreated cells — OD of blank

Cell viability (%) 100 (2.1)

OD: Optical density

Mortality(%) = 100 — Cell viability (%) (2.2)
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Results and Discussion

3.1 Characterization of XN-Loaded PLGA Nanoparticles

In general, DLS is used to determine the particle size distribution of nanosize droplets in
polymer emulsions, colloids, suspensions, or solutions. This technique is based on detecting
the rate of diffusion of particles, whose Brownian motion is greater the smaller their size,
by irradiating the sample with a laser. The particle size distribution as a function of
intensity is shown in Figure for PLGA and PLGA/XN nanoparticles. The presence
of two distinct populations of particles, smaller (100-1000 nm) and larger (> 1000 nm),
can be observed. Through DLS illumination, the particles use the laser to analyze the
intensity fluctuations in the scattered light. The laser is sensitive to the presence of large
particles/aggregates/dust. This means that larger particles can scatter the laser path more,
and generate a certain intensity, as demonstrated in the figures. DLS will not precisely
characterize a polydisperse sample.
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Figure 3.1: PLGA nanoparticle size distribution prior to and after encapsulation with XN.

For PLGA NPs, the average size was 252.93 nm + 2.08 with a polydispersity index
(PDI) of 0.36 £ 0.02. For the PLGA/XN NPs, the average size was 479.15 nm + 13.36
with a PDI of 0.43 & 0.06. According to the literature, a PDI between 0.0-1.0 indicates a
narrow distribution, 0.1-0.4 moderate and > 0.4 wide. The PDI reported here indicates
a moderate size distribution for PLGA NPs and a broad size distribution for PLGA /XN

21
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NPs. As a result of XN presence, the average diameter of NPs increased significantly. It is
possible that the formation of larger particles or aggregates occurred during the synthesis
process because of electrostatic interactions among particles. In the case of agglomeration,
the DLS technique may be unable to accurately determine the Z-average size as it is
sensitive to small changes in the sample.

To avoid agglomeration formation and to obtain a smaller size, the PLGA/XN NPs
were filtered before washing with a syringe filter (glass fiber membrane of 1 pm pore size).
As can be seen in the Figure the particle size distribution of the PLGA/XN NPs
filtered is more uniform with a value of 261 nm + 2.51 and a PDI of 0.26 + 0.01. As
noted by [Akolpoglu Basgaran, Giindiiz, Tezcaner, and Keskin et al. (2021) it is important
to obtain smaller and monodisperse NPs to achieve a homogeneous distribution of NPs in
the scaffold and for controlled drug release.

The zeta potential is a measure of the particles surface charge. In the case of PLGA
NPs is negative due to the carboxyl groups of lactic-co-glycolic acid residing on the surface
of the particles (Surassmo et all 2015). In previous studies, zeta potential values of PLGA
NPs which were obtained with single emulsion method followed by solvent evaporation
were reported as -27.10 mV + 8.40 and -16,4 mV =+ 0,23 (Akolpoglu Basaran et al., [2021)).
Other results are summary in (Table
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=
S 300000+
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04—5—4 R————"
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Figure 3.2: Zeta potential analysis of PLGA nanoparticles prior to and after encapsulation
with XN.

Table 3.1: References on the characterization of PLGA nanoparticles.

Reference NPs Size [nm]  Zeta Potential [mV] PDI

; PLGA 201.9 + 0.1 216 + 0.3 0.045

(Ghosh et al.| [2021) PLGA-XN 191.0 + 0.8 24.8 + 0.2 0.029

; PLGA 273 + 18 154 £ 2.1 0.285

(Fonseca et al.| 2021) PLGA-XN 312 + 49 182+ 1.4 0.259
(Banche-Niclot et al.| 2022) PLGA/TGF-B1* 256.6 £ 7.3 -33.5 £ 6.0 0.1+0.5

TGF-41*, Transforming growth factor S1
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As shown in Figure the zeta potential of the PLGA NPs was -19.9 mV + 0.62,
and with the addition of XN was -39 mV + 1.27. |Fonseca et al.| 2021, |Ghosh et al.
and [Banche-Niclot et al.| 2022 suggest that the more negative potential of loaded PLGA
NPs (Table can be attributed to the exposure on the surface of encapsulated drug.
The adsorption process is governed by noncovalent interactions, including electrostatic,
hydrophobic, and Van der Waals forces (Chatterjee & Chandal, 2022). According to
this, the more negative zeta potential for the PLGA/XN nanoparticles could be since
the XN was adsorbed on the surface. However, for the PLGA/XN NPs filtered, the zeta
potential decreased to -16.07 mV =+ 0.38. |Fonseca et al. 2021 and |Ghosh et al.| 2021
mentioned that small size, unimodal distribution, and negative surface charge result in
higher particle-particle repulsion, thus increasing formulation stability. In this case, the
filtration was better since smaller particles were obtained and the distribution was more
homogeneous. Therefore, the method explained in this work to obtain PLGA/XN NPs is
feasible and reproducible. Table presents the nanoparticle characterization results
obtained in this work

Table 3.2: Nanoparticle characterization results obtained in this work

NPs Size [nm)] Zeta Potential [mV] PDI
PLGA 252.93 £ 2.08 -19.90 + 0.62 0.36 +£ 0.02
PLGA-XN 479.15 £+ 13.36 -39 £ 1.27 0.43 £+ 0.06
PLGA-XN filtered 261.23 £+ 2.51 -16.07 + 0.38 0.26 £+ 0.01

The morphology of PLGA and PLGA/XN particles is shown in Figure SEM
images showed sphere-shaped particles. The presence of large particles, 3 to 6 microns in
size, was evident. Also, there were smaller ones, between 500 to 700 nanometers. It was
difficult to see smaller particles at a higher magnification because larger particles were
affected by the high voltage used during characterization. Agglomeration was observed
(dashed red circles) because of the Ostwald Ripening Effect, a general growth mechanism
that controls nanoparticle synthesis. This process leads to the diffusion of smaller particles
onto bigger ones, increasing particle size. This happens because colloidal particles are
inclined to minimize their surface-to-volume ratio, thereby minimizing their surface-free
energy. Ostwald ripening occurs when nanoparticles (either organic or inorganic) are
dispersed in a solution. Materials such as polymers, metals, and inorganic oxides exhibit
this phenomenon (Hernandez-Cruz et al., |2016; [Piletska et al., [2017; [Dagtepe & Chikanl,
2010)). The morphology of the PLGA /XN particles after filtration is shown in Figure
Some particles are in the range of 100-200 nm in size. In addition, agglomerates decreased
evidently. Because of the high acceleration voltage (20 kV) and the higher magnification
used during characterization, some nanoparticles acquired an oval shape. Polymeric NPs
are sensitive to the high energy of electron beams, which causes them to collapse or erode.
When beam energy increases, primary electrons penetrate deeper into solid specimens,
affecting surface detail.

These results confirmed that a filtration phase was essential to achieve a better particle
size distribution and to prevent the formation of agglomerates and large particles. Since
NPs with diameters between 100-200 nm would be optimal for in vivo applications (Singh,
Tanurajvir, Ravinder, & Kaur, 2014)).
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Figure 3.4: SEM images of filtered PLGA /XN Nanoparticles.
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3.2 Characterization of Electrospun Nanofibrous Scaffolds

3.2.1 Morphology of the Electrospun Nanofibers

The initial parameters used in electrospinning are summarized below:

Table 3.3: First electrospinning parameters

Parameter Value
Flow rate, F, [mL/h] 0.2, 0.6 and 1
Distance nozzle-collector, D [cm] 13-14
Electrospinning time, E; [min] 60 min
Applied Voltage, V [kV] 18
Nozzle Diameter, &, [mm] 0.86

Ey, 60 min

20 156,33 + 5180 nm

£

210 “ 5
5 ! B
0 !

0 40 B0 120 160 200 240 280
Fiber diameter, F@ [nm]

0.2 mL/h

92.24 = 20.65 nm

0.6 mL/Mh %

Frequency [%]

0 40 B0 120 160 200 240 280
Fiber diameter, F& [nm]

204 - 90.49 £ 23.84 nm
1.0 mL/h
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Figure 3.5: Morphology of the PVA electrospun nanofibers.

Figure [3.5] illustrates the effect of solution flow rate on fiber morphology. With a
flow rate of 0.2 mL/h, the jet was more stable and fiber morphology included fewer beads
(Figure ) By increasing the flow rate, a major jet distortion was generated, resulting
in the formation of beads due to non-evaporation of the solvent and low stretching in the
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solution during a flight between the needle and metallic collector as illustrated in Figure
[3.5b-c. Initially, the objective of this test was to determine the optimal parameters for
thicker meshes with defect-free morphology. A thicker mesh will allow more drugs to be
loaded. As a result, the mesh degradation time will be longer, prolonging period of time
for drug release. The advantage of electrospinning in drug delivery is that drugs can
be loaded into the fibers to improve their bioavailability or to achieve controlled release
(Torres-Martinez et al., 2019; [Torres-Martinez et al.l 2020). According to Figure ,
mat thickness increased with flow rate at the same electrospinning time (60 minutes). The
mat thickness was 5.92 ym + 0.75 at 0.2 mL/h, 14,39 ym + 1.7 at 0.6 mL/h, and 19.14
pum £ 2.73 at 1.0 mL/h. These results indicate that flow rate significantly affect mat
thickness. However, the optimal parameters that were chosen to obtain PVA electrospun
nanofibers with smooth, uniform, and bead-free morphologies were a 0.2 mL/h flow
rate, 18 kV voltage, 13-14 cm distance, and an electrospinning time of 20 minutes. The
electrospinning time was changed because the hybrid printer employed to manufacture
bimodal scaffolds was not isolated from the electric field. Therefore, 60 minutes of
electrospinning was considered a long exposure time. In addition, Armendariz in his
master’s thesis obtained suitable meshes with an electrospinning time of 20 minutes, and
the manufacture of bimodal scaffolds was not affected. Although mat thickness decreased
at 5.70 pm 4+ 3.67 in 20 minutes, a defect-free morphology was obtained as shown in
(Figure . This study indicates that the electrospinning time and flow rate significantly
affect mat thickness. Further research could be conducted on this topic in the future. For
example, for applications in drug delivery systems and the manufacture of bimodal scaffolds.

Environmental factors, such as relative humidity and temperature, also affect the
diameter and distribution of the fibers (Sanchez-Alvarado et al., 2018). Relative humidity
causes changes in the nanofiber diameter by controlling the solidification process of the
charged jet (Torres-Martinez et al., [2020)). Due to the high relative humidity, less solvent is
evaporated resulting in a reduction in fiber diameter as indicated in the Figure [3.6fc. PVA
average fiber diameters for 60 minutes of electrospinning at 0.2 mL/h, 0.6 mL/h, and 1
mL/h were 156.33 nm + 51.80, 92.24 nm =+ 20.65, and 90.49 nm =+ 23.84, respectively. The
PVA average fiber diameter for 20 minutes of electrospinning at 0.2 mL/h was 131.45 nm
+ 23.47. The fiber diameter distribution is a parameter that is reported when electrospun
nanofibers are manufactured. The purpose of this thesis was not to evaluate how the fiber
diameter affects the potential application of the scaffolds proposed herein.

PVA electrospun nanofibers morphology with the incorporation of PLGA and
PLGA/XN NPs are shown in Figure [3.8a-b. The average diameter distribution of the
meshes with PLGA and PLGA-XN NPs were 85.46 nm + 37.84 nm and 112.87 nm =+
49.31, respectively. The addition of NPs not affected fiber formation or integrity, but the
presence of beads was evident. The addition of NPs into polymer solution will change the
viscosity of the solution, which leads to bead formation during spinning. The SEM images
showed the presence of some particles (blue circles) and beads formation. The nanofibers
morphology with filtered PLGA /XN NPs showed a more homogeneous distribution of them
and fewer beads (Figure ) NPs filtration decreases the number of large particles or
aggregates, thereby improving nanofiber morphology. According to [Akolpoglu Basaran
et al| et al. (2021), for homogeneous NPs distribution into scaffolds and controlled drug
release, small and monodisperse NPs are essential.
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Several analyses were considered during this process to evaluate whether NPs was
incorporated. In Figure backscattered electrons (BSE) were used to characterize
meshes with PLGA/XN NPs (unfiltered). Based on the composition of the surface, BSE
generates images with different levels of brightness. The shades on the grayscale are
different if the NPs have a different electronic density than beads and/or fibers. Results
show some NPs incorporated, and some large particles on the fiber surface. In addition,
beads were evident. Figure [3.10| shows the morphology of meshes in cross-section. These
results also showed the presence of some NPs and the formation of beads. To ensure the
incorporation of NPs, TEM and fluorescence microscopy were used to characterize the
meshes.

In TEM images, Figure a-b, beads are highlighted by red ovals, and nanoparticles
are highlighted by green ovals. Unlike nanoparticles, beads are composed of the same
polymer, so they are lighter. Also, these differences may be due to differences in the
molecular weights of the polymers. Figure c-d indicate that the fibers were
amorphous and that the smallest fiber had a diameter of 50 nm.
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Figure 3.6: (a) Mats thickness measurement scheme; (b) Mats thickness variation with the
electrospinning time and flow rate; (c) Fiber diameter variation with the flow rate.
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Figure 3.7: Morphology of the PVA electrospun nanofibers with the optimal parameters.
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Figure 3.8: Morphology and fiber diameter distribution of the PVA nanofibers with the
incorporation of (a) PLGA NPs, (b) PLGA-XN NPs and (¢) PLGA-XN NPs filtered.
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Figure 3.9: SEM image of PVA nanofibers with PLGA /XN NPs using the HD backscattered
detector (HDBSD).
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Figure 3.10: SEM image of the cross-section of PVA nanofibers with incorporated PLGA
NPs.

Figure 3.11: TEM images of PVA nanofibers with incorporated PLGA NPs
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3.2.2 Fluorescence microscopy

Rhodamine B (Rh) was used to ensure that the NPs were being incorporated into the
nanofibers. Figure [3.12| show the brightfield, merged, and fluorescence images of the
PVA nanofibers with PLGA NPs empty and loaded with Rhodamine. The PLGA /Rh NPs
were integrated into PVA nanofibers as demonstrated by their fluorescence.

Brightfield Merged Fluorescence

PVA MATs
PLGA/Rh-NPs

PVA MATs
Empty PLGA-NPs

Figure 3.12: Fluorescence microscopy images of PVA electrospun nanofibers with
incorporation of PLGA NPs with and without Rhodamine B.

3.2.3 Interaction of XN, PLGA NPs, and PVA Electrospun Nanofibers
Assessed by ATR-FTIR

Infrared spectroscopy is a characterization technique to enable investigate the structure
chemical composition and the bonding arrangement of constituents in polymeric materials
(Singh et al., [2014). The ATR-FTIR analysis was conducted to investigate the interactions
of PVA electrospun nanofibers with PLGA and PLGA /XN NPs.

PVA mat, PLGA NPs, and XN powder were used as controls. Table summarizes
the most characteristic absorption bands and vibrations mode of PVA mat, PLGA NPs,
and XN. Figure shows the FTIR spectra to PVA mats, PLGA NPs and XN. PVA mat
exhibited a characteristic peak of absorption between 2840-3000 cm™!, which is attributed
to C—H symmetric stretching vibrations from alkyl groups. C—H bending vibrations
occurred at 1416-1328 cm™!. C-O stretching vibrations of acetyl groups and C-H rock
peaks were identified at 1080 and 844 cm™!, respectively (Bootdee & Nithitanakul
. PLGA exhibits C-H stretching and bending vibrations between 2995-2946 cm™
and 1450-850 cm™!, respectively. Characteristic signals, between 1750-1763 cm™!, are
attributed to the stretching vibrations of the C=0 groups. Stretching vibrations of the
C-O groups between 1187-1188 cm ™! were identified (Singh et al. [2014)).




CHAPTER 3. RESULTS AND DISCUSSION

PVA mats, PLGA NPs and XN spectrums showed a peak at 3500-3200 cm ™! assigned
to the O-H stretching vibration of the hydroxyl group. The C=0 stretching spectral band
ations at 1544 cm~! and 1514 cm™', due to phenol and
hydroxyl-benzoyl fractions were also observed in the XN spectrum (Fonseca et al., [2021)).

at 1600 cm~!, and ~C=C- vibr

The characteristic bands of the PVA mat were more intense and wider in the spectrum
ans that PLGA NPs and PVA exhibited intermolecular
interactions. A very faint band characteristic of the C=0 group was observed at 1752. In the
case of the PVA /PLGA-XN spectrum, it was difficult to distinguish the characteristic bands
ue to the fact that PVA is found in higher concentrations
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Table 3.4: Summary of the most characteristic absorption bands and vibration modes in
the ATR-FTIR spectra of PVA mats, PLGA NPs and XN.

Sample  Assigment bonds Vibration mode Peak position [cm™]
OH Hydroxyl group 3500-3200
C-H Symetric stretching vibrations from alkyl groups 2840-3000
PVA Mat C-H Bends 1416-1328
C-O0 Stretching 1080
C-H Rocks peaks 844
OH Hydroxyl group 3500-3200
C-H Stretching 2995-2946
PLGA NPs Cc=0 Stretching 1763
C-H Bends 1450-850
C-O Stretching 1187-1188
OH Hydroxyl group 3500-3200
XN Cc=0 Stretching 1600
-C=C- Hydroxyl-Benzoy! fractions 1544

3.2.4 PVA Electrospun Nanofibers Thermogravimetric Analysis

TGA was used to investigate the effect of PLGA and PLGA/XN NPs on the
thermal stability of PVA electrospun nanofibers. = The stability as a function of
temperature-dependent weight changes are shown on the thermograms in Figure
3.14a. The corresponding derivative thermogravimetry (DTG) are shown in Figure
[3.14p, which indicated the temperature at which the maximun weight loss happen.

PVA meshes, with and without NPs, exhibited three distinct stages of weight loss.
Approximately 5% of the initial weight loss, below 150 °C, could be due to moisture loss
since PVA is a hydrophilic polymer. The second stage, which results in approximately
62-68% weight loss, occurred between 200-400 °C due to the removal of the hydroxyl group
and degradation of the PVA backbone. The third step ocurred above 400°C where the
decomposition products are carbon and hydrocarbons, produced by the degradation of
polyene structures (Torres-Martinez et al., [2020; [Park et al., 2019).

Some changes were observed in the PVA meshes due to the incorporation of PLGA and
PLGA-XN NPs. The thermogram of the PVA/PLGA mat showed that thermal stability
increased with the addition of PLGA NPs. DTG curves indicate the greatest weight loss
occurred at 361°C, which can be attributed to PLGA weight loss at 324°C, according to
the literature (Singh et al., 2014). The thermal stability of PVA/PLGA-XN and PVA
mats was similar. Possibly, xanthohumol, an organic compound, lowers the temperature at
which the greatest weight loss occurred.

It is very important to highlight that PVA meshes with the incorporation of PLGA-XN
NPs are quite stable at temperatures below 150°C, which is critical for future biomedical
applications since human body temperature is the standard.
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Figure 3.14: a) Thermogravimetric analysis (TGA) curves of PVA, PVA/PLGA, and
PVA/PLGA-XN Mats and b) First derivative (DTG) graphs indicating the temperature
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3.3 Morphology of the Bimodal Scaffolds

Figure 3.15: PLA Bimodal Scaffolds.

Figure shows the successful fabrication of bimodal scaffolds embedded with
PVA/PLGA-XN NPs meshes. The morphology of the nonmodified PLA 3D constructs
is presented in Figure a-c. In these structures, morphological features were observed
within design parameters derived from previous studies by |[Lara-Padilla et al.| 2017. The
pore size, strand diameter, and layer height were determined using ImageJ Software as
shown in these micrographs. The results obtained were 898.78 pum =+ 69.43, strand
diameter 510.31 um + 34.96, and layer height 360.05 ym + 34.93, respectively. Figure
e-j shows the morphology of bimodal scaffolds with PVA/PLGA-XN NPs meshes
embedded. Mesh integrity was evident despite beads and drops of the polymer solution.
It is possible that vertical electrospinning results in more droplets within the electrospun
nanofibers. The cross-section morphology (Figure h-j) confirmed the integration
of the PVA/PLGA-XN inner layer. In general, the results confirmed the feasibility of
manufacturing bimodal scaffolds. Furthermore, PVA meshes loaded with PLGA-XN NPs
have a promising approach to biomedical applications.
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Figure 3.16: Morphology of 3D PLA constructs and bimodal scaffolds.

3.4 Cytotoxicity Assay

To support biological function and prevent rejection by body tissue, materials should be
biocompatible. Physicochemical properties define biocompatibility, bioactivity, and safety.
In this sense, size, chemical composition of the surface, shape, charge, and topography
could influence the cell response (Gomez, Magana, Bravo, Graziano, & Cai, 2022). Based
on Table XN reported cell viability of 67.93%, or approximately 30% mortality,
suggesting a possible toxicity. Cell viability of the PVA meshes was 88.69% and for the
PVA meshes with PLGA/XN NPs incorporated was 84.83%. These results confirmed the
cytocompatibility of the meshes. In the study of |Qiao et al.| (2016) showed cell viability
for fibrous membranes of PLGA and 10 wt%XN/PLGA of 86.66% and 78.42%, respectively.

In this study, the 3D PLA scaffolds showed a cell viability of 45.38%, and for bimodal
scaffolds, it was 50.55%. A toxic effect was evident from the high mortality of the cells.
Baran and Erbil| (2019) explained that PLA is a relatively hydrophobic polymer that results
in a low cell affinity in biomedical applications and sometimes it can cause an inflammatory
response from the surrounding tissue with direct contact. According to [Saniei and Mousavi|
(2020), PVA meshes had a higher cell viability than 3D PLA constructs. The electrospun
PVA nanofiber coating improved the hydrophilicity of 3D-printed PLA screws. It also
created a nano-pattern feature on the surface that mimicked the ECM, which is favorable
for cellular attachment and proliferation. PVA meshes loaded with PLA /XN NPs increased
the viability of bimodal scaffolds by approximately 5%. However, further investigation is
required to confirm the results reported here.




CHAPTER 3. RESULTS AND DISCUSSION 38

Table 3.5: Viability percentage of fibroblasts with different treatments.

Treatments Viability (%) SD (+)
Xanthohumol 67.93 0.98
PVA meshes 88.69 1.97
PVA/PLGA-XN NPs 84.83 0.94
3D PLA scaffold 45.38 1.32
Bimodal scaffold 50.55 4.92
Control (Methanol) 78.28 2.34

3.5 Potential Applications of the Proposed Bimodal
Scaffolds

Periodontitis is an inflammatory disease caused by oral pathogens that affect the alveolar
bone, periodontal ligament, cementum, and gingiva that support the teeth. Without a
proper treatment, this disease can lead to the destruction of the periodontium and tooth
loss, compromising the patient’s health (J. dos Santos et al., 2021} D. M. dos Santos
et all 2022). Although the treatments currently used can limit the progression of the
disease, alternative procedures are required when clinical therapies are not able to promote
the complete regeneration of lost periodontal tissues (Hasani-Sadrabadi et al., [2019).
It is necessary to design multifunctional and hierarchically structured biomaterials to
achieve successful tissue regeneration because the periodontium consists of soft tissues
(gingival ligaments and periodontal ligaments) and hard tissues (cementum and alveolar
bone) (Vaquette et all 2018)). As a result, new scaffold manufacturing techniques are
being developed to enhance tissue engineering functionality. In this regard, the potential
application of the bimodal scaffolds presented here is for maxillofacial procedures, such as
alveolar bone, where in situ drug delivery is desired to prevent the natural tendency for
infections in the oral cavity.

PVA meshes can be used to create dense layers and provide barrier properties due to
their densely packed arrangement (Figure . These meshes could mimic the ECM
and facilitate a controlled release of the proposed compound (Xanthohumol) in situ. PVA
is a synthetic polymer that has a very high potential for biomedical applications because
of its biocompatibility, hydrophilicity, water retention properties, and fiber/film-forming
properties (Bootdee & Nithitanakul, [2021). However, PVA nanofibers alone not are
sufficient for therapeutic activity. For this reason, PVA mixture with natural extracts is
one of the most effective methods for the preparation of compounds with specific properties
(Bootdee & Nithitanakul, 2021; Torres-Martinez et al., [2020)). The application of PLGA
NPs as drug delivery systems has been widely investigated (Singh et al., 2014} [Bootdee &
Nithitanakul, [2021). Therefore, the incorporation of PLGA NPs into PVA nanofibers could
be useful for the proposed application. Due to the polymeric matrix, encapsulated XN
could have a controlled release and produce therapeutic effects in situ. For example, the
incorporation of thermosensitive bioactive compounds is difficult through AM because the
extrusion processes use high temperatures that can degrade these compounds (D. M. dos
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|Santos et al., 2022). Hence, the incorporation of meshes is essential to improving the
performance of 3D-printed scaffolds in biomedical applications. The porous layer of PLA is
intended to help in bone tissue regeneration and support electrospun meshes. The goal is
that these bimodal scaffolds provide a microenvironment that promotes the regeneration of
soft tissue and bone tissue, accelerating periodontal defect healing (Sowmya et al., [2017)).

Enamel

Dentin
Pulp
Gingiva
() PLGA-XNNPs
Cementum
B PVA-Electrospun
nanofibers Pericdontal
ﬁ PLA-3D construcs ligament
PLA printed layer Alveolar bone
W (Porous layer)
Electrospun layer
(Dense layer)

Periodontal defect

Figure 3.17: Potential aplication of the bimodal scaffolds (adapted from 2020).

About the nanostructured materials proposed here. Based on in wvitro cytotoxicity
tests, PVA/PLGA-XN meshes showed 84.83% viability, indicating cytocompatibility.
The viability percentage of PLA constructs was 45.38%. According to the literature,
materials composed entirely of this polymer (PLA) exhibit low biological activity and high
hydrophilicity, limiting their ability to regenerate tissues (Hasani-Sadrabadi et al., 2019;
[Vaquette et all [2018; [D. M. dos Santos et al., 2022} [Sowmya et al., 2017). The viability
of PLA constructs increased to 50.55% when PVA/PLGA-XN meshes were incorporated.
Despite the low viability of bimodal scaffolds, their potential applications cannot be
discounted. In witro cytotoxicity tests should be repeated to improve these results. For
example, [D. M. dos Santos et al| 2020 achieved viability percentages above 80& using
commercial PLA filament and coating the construct with a curcumin-containing zein film
before PCL electrospun meshes were deposited on the surface.




Chapter 4

Conclusions

This research showed that it is possible to manufacture PVA nanofibers with PLGA /XN
NPs and that the methodology used is reproducible. The best parameters to fabricate
nanostructured meshes were a concentration of 8.5% w/v, a flow rate of 0.2 mL/h, a
collector distance between 13-14 cm, a voltage of 18 kV, and an electrospinning time of 20
minutes.

The synthesis of PLGA/XN NPs was validated by using a single emulsion method.
According to DLS results, NPs filtration resulted in less agglomeration, small size, a
better particle size distribution, and a negative surface charge, which is diserable to obtain
a higher particle-particle repulsion and increase the formulation stability. The results
obtained were a size distribution of 261.23 nm + 2.51, polidispersity index of 0.26 £+ 0.01
and a zeta potential of -16.07 mV =+ 0.38.

In general, the morphology of PVA, PVA/PLGA, and PVA/PLGA-XN meshes by
SEM showed the presence of beads and NPs. As a result of phase filtration, the scaffold
morphology improved since beads formation decreased and a better distribution of NPs
was observed. TEM analysis validated the incorporation of NPs into PVA electrospun
nanofibers.  Fluorescence microscopy results also demonstrated PLGA nanoparticles
incorporated into nanofibers.

The FTIR analysis showed that the materials that make up the nanofibers do not
chemically react with each other. For nanostructured materials with potential for drug
delivery, this is desirable property. Electrospinning does not generate chemical changes in
the components, thus only physical changes are observed. By FTIR, the absorption bands
confirm that PVA is the polymer with the highest concentration. It is very important to
highlight that PVA meshes with the incorporation of PLGA/XN NPs are quite stable at
temperatures below 150°C, which is critical for future biomedical applications since human
body temperature is the standard.

The morphology of the bimodal scaffolds demonstrated that the proposed meshes
can be embedded into 3D PLA constructs through the combination of Fused Deposition
Modeling and Electrospinning. Bimodal scaffolds were fabricated successfully in a square
shape of 5x5 mm? with approximately 1 mm pore size and 0.4-0.5 mm layer height. The
final design consisted of four layers of PLA strands and one layer of PVA/PLGA-XN
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meshes. Our results validate the previous results obtained where bimodal scaffolds were
produced.

In wvitro cytotoxicity tests showed that PVA meshes with PLGA/XN NPs showed
84.83% viability, indicating cytocompatibility, which is encouraging for future research.
The viability percentage of bimodal scaffolds was 50.55% compared to PLA constructs
which were 45.38%. These showed that the incorporation of PVA/PLGA-XN meshes could
improve the application of the 3D construct. Despite their low viability, bimodal scaffolds
have potential applications. To improve these results, in vitro cytotoxicity tests should be
repeated.

4.1 Contributions

This research has demonstrated and validated the feasibility to manufacture scaffolds with
micro-nanostructured structures by the combination of manufacturing techniques. One
of the most relevant contributions of this work was the encapsulation of a plant-derived
compound (xanthohumol) obtained from the hop plant (Humulus Lupulus L.) into PLGA
nanoparticles incorporated in PVA nanofibers meshes that can be used as drug delivery
systems. This type of bimodal scaffold promises very interesting applications in tissue
engineering and the biomedical sector. In addition, the use of different polymers may
represent a means to achieve better control over the degradation kinetics and the release
profile of the loaded bioactive agents.

4.2 Future Work

Considering the potential application of bimodal scaffolds in this study. It is necessary to
conduct some studies in order to evaluate scaffold efficiency:

e [In wvitro cytotoxicity tests on bimodal scaffolds should be performed to improve the
results reported in this study.

e Analysis of drug release of PLGA-XN nanoparticles by High-Performance Liquid
Chromatography (HPLC).

e In-vivo testing of the scaffold.

e During periodontal regeneration therapy, infection prevention is crucial. Thus, it
is important to examine the antibacterial efficacy of xanthohumol and the scaffolds
obtained against a variety of periodontal pathogens.
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