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ABSTRACT

Rodriguez, Cristobal, Exploration of Antimicrobial and Cell Proliferation Properties of

Nanofibers Incorporating Nopal (O. cochenillifera) Extract. Master of Science (MS), May, 2021,

43 pp., 2 tables, 16 figures, 90 references, 90 titles.

This study focused on the fabrication of Forcespinning® nanofibers composed of Opuntia
cochenillifera, ‘nopal’, mucilage (N) extract, chitosan (CH), and pullulan (PL) (N/CH/PL) were
developed with an optimum fiber average diameter of 406+127 nm, and studied for their ability
to sustain adhesion and proliferation of mouse embryonic fibroblast (NIH 3T3) cells. After a 6-
day incubation period, N/CH/PL nanofibers displayed robust cell proliferation, while also
exhibiting inhibitory properties through an N extract dip-coating process against gram-negative
bacteria Escherichia coli in a 24 h bacterial growth study. A demonstration of integrated natural
bioactive compounds with combined biodegradable polymers, provide an enhanced environment

for cell growth, leading to a possible natural alternative for wound dressing applications.
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CHAPTER 1

INTRODUCTION

Statement of the Problem

Emerging nanofiber technologies hold potential for a range of biomedical applications.
The ability of nanofibers to simulate the extracellular matrix (ECM) in biological tissues via a
porous three-dimensional surface area motivates the exploration of nanofibers for wound healing
applications (Boyle et al., 2019; Cremar et al., 2018). Standard techniques, such as
electrospinning allow the production of nanofibers from a variety of polymers, but are limited in
the yield of nanofibers produced (Akia et al., 2019; Xu et al., 2014). Conversely, Forcespinning®
(FS) allows the mass production of nanofibers by using centrifugal force to generate a
homogenous polymer solution (Padron et al., 2013). This method allows production of
composite nanofibers with robust yield from a range of polymeric compositions (Akia et al.,
2018; Padilla-Gainza et al., 2019; Padron et al., 2013). Previously, citric acid (CA) was used for
esterification mediated fiber crosslinking (Shi et al., 2009) in combination with chitosan (CH)
and pullulan (PL) to develop biocompatible ternary composite nanofibers to support cell growth
(Xu et al., 2014), suggesting that FS-produced nanofibers may have promise for wound healing
applications. Here, we explore the production of FS nanofibers incorporating cactus extract from

O. cochenillifera, native to much of the Americas, including Mexico and Texas.



Incorporation of bioactive plant compounds to polymeric materials may improve wound
healing capability. In tissue remodeling, complications to wound healing are caused by multiple
factors such as prolonged inflammatory response due to an increase in free radicals, and the
presence of pathogenic bacteria (Guo & DiPietro, 2010; Lobo, Patil, & Chandra, 2010). Plant
components may have antioxidant properties to inhibit or scavenge reactive oxygen species
(ROS), while phenolic acids may prevent bacterial growth (Abbas et al., 2017; Khemiri, Hedi,
Zouaoui, Gdara, & Bitri, 2019; Lobo, Patil, & Chandra, 2010). Plant-based extracts may be
useful as bioactive components of nanofiber matrices for enhanced cell proliferation and
improved wound healing (Khemiri et al., 2019). Many naturally derived plant-based
components, traditionally used as homeopathic medicines, have putative antioxidant, anti-
inflammatory, and antibacterial properties (Blando, et al., 2009; El-Mostafa et al., 2014; Lee et
al., 2002; Osuna-Martinez et al., 2014).

Among the family Cactaceae, species within the genus Opuntia are widely distributed
throughout North and South America. Due to the domestication of several species in the genus,
expanded distributions of several domesticates resulted in novel hybridization and speciation
events (Kiesling, 2009; Majure & Puente, 2014). In addition, artificial selection of Opuntia gave
rise to various modified forms without altering their success in a wide range of environmental
conditions (Majure & Puente, 2014). Opuntia spp. are able to survive both extreme cold and
heat as well as dry conditions, and exhibit strong water retention capabilities (Sepulveda et al.,
2007).

Opuntia cochenillifera (L.) Mill., known colloquially as ‘nopal,” has been used as a
homeopathic folk medicine, as well as for agricultural purposes due to its enriched mineral

composition (Sepulveda et al., 2007; Saenz, Sepulveda, & Matsuhiro, 2004). Cacti may also



confer naturally-derived anti-oxidant and anti-inflammatory properties for wound healing
applications (Chen et al., 2011; Santos ef al., 2017). Cactus mucilage has previously been
incorporated into nanofibers produced by electrospinning (Pais, 2011; Thomas & Alcantar,
2017), but the ability of cells to grow on these fibers has not been investigated.

Statement of Purpose

The ability of mammalian cells to proliferate on nanofiber matrices suggests potential
medical applications; however, the interaction of nanofibers and mammalian cells is still not
fully understood. This research explores 1) the fabrication of FS-produced ternary composite
nanofibers based on chitosan (CH), pullulan (PL), and O. cochenillifera, nopal, mucilage (N)
extract, and 2) the ability of cultured cells to growth on these fibers due to a small fiber diameter
and the incorporation of bioactive compounds. We hypothesize that a nanofibrous material could
improve cell viability through incorporation of plant based bioactive compounds allowing for
cell adhesion and proliferation. This nanofiber environment, resembling the extracellular matrix
(ECM) in surface area and high aspect ratio, may facilitate cell proliferation and migration with
potential for a variety of physiological applications (Xu et al., 2014). In this study, N/CH/PL
composite nanofibers incorporating varying concentrations of N extract and binary CH/PL
composites were characterized via scanning electron microscopy (SEM), a thermogravimetric
analysis (TGA), and Fourier-transform infrared spectroscopy (FT-IR), followed by exploring the
effect of incorporation of bioactive compounds on cell adhesion, proliferation, and cytotoxicity
through cell viability analysis as compared with control composite nanofibers without N extract.
Our data suggests that FS-produced of nanofibers incorporating naturally-derived bioactive
extracts have full structural integrity and antibacterial properties, with the ability to support
mammalian cell growth. This motivates future work exploring the interaction of these fibers with

mammalian cells for potential improved wound healing applications.
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CHAPTER II

REVIEW OF LITERATURE

Advancements in Nano-scale Material

Advancements in nano-scale material have included protein binding and impregnation in
drug delivery systems to improve wound healing (Hajialyani et al., 2018). Considered
characteristics over material sustainability have been described with a possible solubility, pH,
and thermal stability of an incorporated protein or chemical cue markers (Jenkins & Little,
2019). Cell adhesion molecules (CAMs), such as cadherin or integrin, confer the ability of cells
to adhere onto fibrous or connective tissue. The extracellular matrix (ECM) functions as a
fibrous environment for support (Sherwood, 2016). Cells are suspended in this fluid system
allowing the exchange of nutrients, waste, and fibroblast collagen secretion. The successful
incorporation of silver nanoparticles was previously incorporated in chitosan-based nanofibers,
with antibacterial effects against microbes and other pathogens (Cremar ef al., 2018). Surface-
integrated zinc oxide nanoparticles was combined in poly(D, L-lactic acid) (PDLLA) and poly(3-
hydroxybutyrate) (PHB) for growth of pre-osteoblast cells (Padilla-Gainza ef al., 2020). In Boyle
et al. (2019), found that reduced levels of inflammatory chemokines, monocyte chemoattractant
1 (MCP-1), and interleukin 8 (IL-8) were present in recessive dystrophic epidermolysis bullosa
(RDEB)-squamous cell carcinoma (SCC) conditioned media within the presence of ternary
composite nanofibers; while also presenting a low SCC cell migration. Ternary composite
nanofibers were shown to be effective in the removal of inflammatory chemokines, which could

4



improve wound treatment within RDEB patients. Composite nanofibers displays a small fiber
diameter range from ~300 to 600 nm in average size (Xu et al., 2015). Implying the variation in
testing the physical characteristics and incorporation in nanomaterials needed to acquire the
desired properties in improving cell adhesion and proliferation.
Wound Healing and Complications

Wound Healing

The skin is one of the major forms of defense against physical damage and exterior
pathogens. Through the epidermal, dermal, and subcutaneous layers, pathogenic invasion is
combatted by both innate and adaptive immune responses that targets foreign entities (Sherwood,
2016) (Fig. 1). Through skin lesions, a rapid immune response is initiated by invading bacteria
found on the skin’s surface surrounding the wound area, where they meet phagocytic cells or
inactivating molecules with/ Toll-like receptors (TLRs) responding to Pathogen-associated
molecular patterns (PAMPs) and danger-associated molecular patterns (DAMs) (Macleod &
Mansbridge, 2014). Inflammation then occurs through the increased flow of blood containing
phagocytic cells that removed damaged tissue and other foreign anomalies, while macrophages
may mediate an anti-inflammatory response through the mediation of mi21- (Macleod &
Mansbridge, 2014). This further allows the migration of fibroblasts cells, which initiate the
production of collagen and wound closure with connective tissue or neighboring cells

(Sherwood, 2016).



Epidermis
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Figure 1. Wound Model: Upon initial damage, and innate immune response is activated through
phagocytes, white blood cells, and migrating fibroblasts for wound repair and closure.
Wound Complications

Wound healing complications include excessive immune response and inflammation, as
well as potential bacterial infection (Guo & Di Pietro, 2010). These complications include tissue
damage and inflammatory response, which lead to the production of cytokines, free oxidative
radicals, and other inflammatory signaling molecules associated with prevalent conditions,
including diabetes mellitus, cardiovascular disease, and aging (Lobo et al., 2010; Sen, 2019).
Complications in diabetic patients include elevated signaling of inflammatory cytokines tumor
necrosis factor-alpha (TNF-a) and interleukin-6 (IL-6) (DeClue & Shornick, 2015); Tanaka,
Narazaki, Kishimoto, 2014), which reduce cell viability due to their negative effects within the
immune response in wounds (Xu, Zhang, & Graves, 2013). Upon release by macrophages, TNF-

a binds to two membrane receptors: tumor necrosis factor receptor 1 (TNFR1) and tumor



necrosis factor receptor 2 (TNFR2); also known as TNFR1 (p55) and TNFR2 (p75), causing an
inflammatory response (Harth & Rosen, 2009; Parameswaran & Patial, 2010) and activation of
fas associated death domain (FADD) and caspases leading to apoptosis (Chau, Chen, Wan,
DeGregori, Wang, 2004). Prolonged exposure of TNF-a and IL-6 may lead to complications
seen through minor lesions, which may develop into a chronic state due to improper wound
treatment placing the patient susceptible to infections.
Plant Innate Immunity and Phytochemical Content

Plant Innate Immunity

The evolutionary development of plants has allowed them to sustain innate immune
response to pathogens. Cell membrane Pattern-Recognition Receptors (PRR) and cytoplasmic
receptors enable the plant cell’s ability to signal targeted pathogens (Kushalappa, Yogendra, &
Karre, 2016). In the activation and recognition of pathogens, the pathogen/microbe-associated
molecular patterns (PAMPs or MAMPs) initiate the PAMP-triggered immunity (PTI) activation
through PRRs. This defensive system further reverses any reaction caused by the pathogen
through the plant’s nucleotide-binding-leucine-rich repeat (NB-LRR), targeting the conserved
domains of microbes (Boller & He, 2009). Viral infection NB-LRR leads to activation of viral
effector-triggered immunity (ETI), while intracellular immune resistance proteins (R) help in
detecting secreted viral effectors (Calil & Fontes, 2017).
Plant Phytochemical Content

Plants have a high complex carbohydrate content, with simple sugars (Rodriguez-
Gonzalez et al., 2014; Hernandez-Carillo, Gomez-Cuaspud, & Martinez-Suarez 2017; Sepulveda
et al., 2007; Thomas & Alcantar, 2017). For example, Opuntia cochenillifera (L.) Mill., known

as ‘nopal’, has been used for agricultural purposes as a consumed food source due to its high



supplemental mineral content in Ca, K, Mg, vitamin E and C (Saenz, Sepulveda, & Matsuhiro,
2004; Sepulveda et al., 2007). Further Opuntia mucilage analysis identified the presence of
carbohydrates such as L-rhamnose, D-galactose, L-arabinose, and uronic acids (Bayar et al.,
2016; Guadarrama-Lezama, Castaio, Velazquez, Carillo-Navas, & Alvarez-Ramirez, 2018;
Monrroy, Garcia, Rios, Renan-Garcia, 2017; Ondarza, 2016; Olivarez-Perez, Toxqui-Lopez, &
Padilla-Velasco, 2012; Park, 2002). Cactus mucilage has also traditionally been used for folk
medicinal purposes due to anti-oxidative and anti-inflammatory properties with potential wound
healing capabilities (Chen et al., 2011; Da Cruz Filho et al., 2019; Del Socorro Santos Diaz et
al.,2017; Keen & Hassan, 2016).
Plant Based Materials

The incorporation of physiochemical compounds has been described in different
applications of plant-based materials through fiber electrospinning techniques, as seen in Table
1. Plant materials are utilized for phytochemical content found in seeds, flowers, leaves, and
even roots. Smart materials may mimic plant behavior for sensing and material morphology
changes (Lunni ef al., 2020). From a mucilage plant extract, multiple physiochemical compounds
are present with an unaltered composition, where prevention in protein and molecule disruption
could be exhibited through a simplified extraction. Incorporation of naturally-derived bioactive
compounds through the FS technique (Fig. 2) would enable the production of fibers and the

potential to restore or improve a wound healing (Padron et al., 2013).



Figure 2. Diagram of Forcespinning®, with surrounding columns, producing dried fibers from a

homogenous polymer solution.



Table 1. Plant based materials and their applications.

Plant Species Part Application Material Reference
Reinforced
polymers
composite,
. . Mohammed
Prosopis juliflora Stalks Papermaking, Fibers et al. (2019)
Plastics and
textile industry
) ) Wound Ahn et al.
Medicago stiva Alfalfa leaf healing Spun Nanofibers (2019)
Chan Seed,
Hyptis suaveolens, .
, Lo Linaza Seed, Tissue Electrospun Ur§na-
Linum usitatissimum, . i Saborio et al.
Mezote Stem engineering Nanofibers (2018)
Triumfetta semitriloba
(mucilage)
- Alyssum seed W? ter Electrospun Golkar et al.
Alyssum lepidium . filtration and
(mucilage) ) Nanofibers (2018)
drug delivery
M vadisi Mature Reinforced Nanocomposite  Pelissari et al.
usa paradisiaca plantain polymers Films (2017)
) . Reinforced . Vieyra et al.
Opuntia ficus-indica Nopal pads polymers Nanowhiskers (2015)
. . . Wound Electrospun Dashdorj et
Maize (Corn) Zein protein dressing Nanofibers al. (2015)
Tissue Electrospun Suganya et al.
Aloe vera Leaf engineering Nanofibers (2014)
Gum Wound Electrospun Ranjbar- .
Astragalus spp. tragacanth dressin Nanofibers Mohammadi
8 & et al. (2013)
Wound Pereira et al
Aloe vera Leaf healing and Hydrogel films '
. (2013)
drug delivery
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CHAPTER III

METHODOLOGY AND FINDINGS

Materials and Methods

Materials

Low molecular weight (50-190 kg-mol-1, based on viscosity) chitosan (CH), citric acid
(CA) were purchased from Sigma-Aldrich®, and pullulan (PL) (P0978) was purchased from
Tokyo Chemical Industry Co. Ltd. (TCI). Deionized water (DI) (18.20 MQcm) filtered through
Barnstead MicroPure ST® (Thermo Fisher Scientific), and 70% Denatured Ethyl Alcohol
(Fisherbrand™). Dulbecco’s Modified Eagle Medium (DMEM (1X)) (Gibco™) was obtained
from Thermo Fisher Scientific, and phosphate-buffered saline (10X PBS solution) was purchased
from Fisher-Bioreagents™. Resazurin (sodium salt) obtained from ACROS (Organics™).
Mucilage Extraction

Cladode was collected from O. cochenillifera plant (originally from Matehuala, San Luis
Potosi, Mexico). Leaves were removed with a sterile blade leaving a bare cladode, which was
then rinsed with DI water (18.20 MQcm) followed by sterilizing with 70% denatured ethyl
alcohol. Cladode was then diced and crushed in a mortar, where crude O. cochenillifera, ‘nopal’,
mucilage (N) extract was obtained. A 5 mL plastic syringe was used to collect N extract in order
to transfer into a 15 mL centrifuge tube, which was centrifuged (CompactStar CS4, VWR®) for
10 min at 6000 rpm to further separate mucilage extract. N extract supernatant was then collected
and filtered using a 0.22 pum size syringe filter.

11



Solution Preparation

Solutions were prepared by dissolving 2.4 wt% CH into CA solution (3.2 wt% CA in 10
mL DI water) and left stirring overnight. PL (14.4 wt%) was then added into the CA/CH
prepared solution, left continuously stirring for 2 h and vortexed until fully dissolved. Similar
polymer concentrations were used at different increasing N extract presence. Specifically, N
extract/DI water volume ratios of 1:9 (V/V) combined with CH/PL to produce N1/CH/PL (N1)
composites, N extract/DI water 5:5 (V/V) for N50/CH/PL (N50), and a complete N extract
volume (replacing DI water) was used for CH/PL solution to produce N100/CH/PL (N100).
Nanofiber Production

Nanofiber samples were spun at low (33-50%) relative humidity levels at 7000 rpm via
FS on a Cyclone™ L-1000M (FibeRio Technology, Corp.) equipped with a cylindrical spinneret.
This system allowed for the facile production of fine fibers (Padron et al., 2013). To produce
fibers, 2 mL of prepared polymer solution were injected with a 3 mL plastic syringe and released
as fine solution jets from screwed syringe needles at the two ends of the spinneret, which were
allowed to deposit as dried fibers on 10 collector columns surrounding the spinneret at an 8-inch
distance. A collector aluminum covered frame was used for the collection of nanofibers,
followed by a crosslinking heat treatment process at ~140 °C for 1 hour (Xu et al., 2014).
Nanofiber Characterization

Binary CH/PL (control) and nopal-containing N/CH/PL nanofiber membranes were cut
into ~5 mm x 5 mm mats, sputter-coated with gold, and imaged using a scanning electron
microscope SEM (Carl Zeiss, SigmaVP). ImageJ 1.501 software was then utilized to determine
an average fiber diameter distribution, with 300 fibers measured per sample. A

thermogravimetric analysis (TGA) (TA® Instrumentation SDT-Q600 Simultaneous TGA/DSC)

12



was conducted to analyze concentration and thermal degradation of components. Samples
weighing 10 mg, were heated on a platinum pan from room temperature to 600 °C at a heating
rate of 20 °C min™! under airflow. Fourier transform infrared spectroscopy (FTIR) (VERTEX 70v
FTIR Spectrometer, Bruker®) analysis was conducted in transmittance mode (4000-400 cm™).
Nanofiber Water Absorption Capacity

Water absorption analysis was conducted by submerging nanofibers samples in deionized
water for ~1 h. Samples were air-dried for 5 min, and their final weight (W¢) was then subtracted
from the initial weight (W;) to calculate a water absorption capacity as depicted in Equation 1.

Water absorption capacity (%) = [(Wr— W;)/W;] x 100 Equation 1

Dynamic Mechanical Analysis (DMA)

For the mechanical performance of DN100 samples, a DMA in a tensile mode was
conducted utilizing a DMA 242 E Artemis (NETZSCH®, Germany). Samples with dimensions of
5 x 2 x 1 mm?® were partially hydrated, and fine-grit sandpaper slips were placed at the two ends
of the fiber samples to clamp them in the jaws of the sample holder; to further avoid sample
slippage during the test. The analysis was conducted at a frequency of 1 Hz, with a strain
amplitude of 0.16%, a static force of 0.3 newton (s) (N), and a temperature range of 23 °C to 40
°C at a 2.0 (K/min) rate under an ambient air environment.

Mucilage Dip-coating Process

For the process of dip-coating, N100 nanofiber membranes (DN100) were cut into disk
shapes of 1 cm in diameter and submerged in 1 mL N extract for 1 h. After 1 h, DN100 samples
were removed and air-dried. Samples were then covered and sealed with parafilm in a small petri
dish, and refrigerated at 4 °C for 24 h for preservation and drying.

Antibacterial Study

13



Bacteria growth of gram-negative Escherichia coli (E. coli) (ATCC 8739) resistance or
susceptibility response was determined by utilizing the Kirby-Bauer disk diffusing analysis
(Hudzicki, 2009; Talaro & Chess, 2015). 100 uL of inoculated E. coli cell suspension, were
spread onto Mueller-Hinton agar plates. Nanofiber samples were cut into disk shapes of 1 cm in
diameter, and DN 100 nanofibers were placed individually onto spread E. coli cultures and
incubated at 37 °C for 24 h. After 24 h, the inhibition zones were observed and measured.
Mammalian Cell Culture

Mouse embryonic fibroblasts (NIH 3T3) cells (provided by Eric Schon, Columbia
University) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal
bovine serum (FBS), 100 IU mL™! penicillin, and 100pg mL™! streptomycin, and incubated at 37
°Cin a 5 % COz environment.

Confocal Microscopy and Sample Preparation

CH/PL, N1, N50, N100, and DN100 nanofiber samples were cut ~7 mm x 7 mm, and
sterilized under UV-light for 10 min. Samples were then hydrated with medium and seeded with
1.2 x 10° NIH 3T3 cells in a 6-well culture plate, which was incubated at 37 °C ina 5 % CO;
environment over the course of 2, 4, and 6 days. After incubation, samples were lifted with glass
coverslips and placed in a new 6-well plate. Samples were treated for 20 min at 37 °C with 40
nM MitoTracker Red® (MTR) CMXRos, followed by both medium and 1xPBS washes. Samples
were then fixed with 4 % formaldehyde for 30 min, followed by 300 nM 4’, 6-diamino-2-
phenylindole (DAPI) staining. After several 1xPBS washes, samples were prepared and mounted
with 50% glycerol for imaging using an Olympus® FV10i confocal laser-scanning microscope.

SEM Cell Morphology and Adhesion Analysis

14



To further assess the morphology and adhesion of NIH 3T3 cells, CH/PL and N100
nanofibers were cut ~7 mm x 7 mm, and sterilized under UV-light for 10 min. Samples were then
hydrated with medium and seeded with 1 x 10* NIH 3T3 cells in a 24-well culture plate, which
was incubated at 37 °C in a 5% CO; environment over the course of 6 days. After incubation,
samples were lifted and placed in a new dish then washed twice with 1xPBS. Samples were then
fixed for 1 h, washed with 1xPBS, followed by dehydration with 100% ethanol for 10 min, and
left overnight for full drying in a parafilm sealed small petri dish at 4 °C. Once dried, samples were
sputtered coated with gold and analyzed through an SEM. The method was modified from
Dashdorj et al., (2015).

Cell Viability

Resazurin cell viability test was conducted in order to evaluate the metabolic activity of
NIH 3T3 cells. CH/PL and N100 nanofiber samples were cut ~7 mm x 7 mm, sterilized under
UV-light for 10 min, then glued down onto the bottom of the culture plate for a direct exposure.
A cell density of 1 x 10* NIH 3T3 cells were seeded in a 24-well plate, where a positive control
was compared between CH/PL and N100 samples in a 2, 4, and 6 day incubation period at 37 °C
in a 5% CO; environment. Samples were treated with 300 pL of prepared Resazurin solution
(0.01 wt% in 10 mL DI water) and incubated for 4 h for reaction. After incubation, 300 pL of the
reaction were loaded into a 96-well plate and read in a microplate reader (BioRad®) at 570 nm.
Protocol was modified from Saenz et al. (2016).

Cell-nanofiber Depth Analysis

To determine 3T3 cell proliferation and migration within nanofibers, a depth analysis was

conducted. A cell density of 1.2 x 10° 3T3 cells were seeded onto CH/PL and N100 samples for

a 14-day incubation at 37 °C in a 5% CO; environment. Cell culture media was changed and
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replenished every 4 days. After incubation, samples were lifted onto glass coverslips and placed
in a new 6-well plate. Samples were then treated with MTR and DAPI, as above, followed by
fixing and prepping for mounting for confocal microscopy.
Statistical Analysis

In all experimental studies, samples were conducted in triplicate. A t-test was performed
for mean = SD values through GraphPad Software Inc., followed by a statistical analysis
between mean sample variance through one-way ANOV A/Post-hoc Tukey’s test analysis, where
a significant difference was based on a p-value < 0.05.

Results and Discussion

Polymers

Chitosan is a cationic linear polysaccharide (1-4)-2-amino-2-deoxy-B-D-glucan natural
polymer (Fig. 3(a)), with antimicrobial, fibrous, and encapsulation capabilities for drug delivery
systems (Xu et al., 2015). This natural biocompatible and biodegradable polymer is able to
interact with multiple enzymatic and cellular targeting functions (Teixeira ef al., 2017). As CH
is insoluble in water, an acidic aqueous solution was required for a full polymer solubility and
subsequent use in-multiple polymer combinations. Pullulan a natural linear exopolysaccharide
(Fig. 3(b)), described with a a-(1-6) maltotriose unit where its alpha-linkage provides a physical
ability to be flexible and water soluble (Coltelli et al., 2020).
Nanofiber Production

In order to fabricate nanofibers containing O. cochenillifera (Fig. 4(a)) (N) extract,
pullulan (PL) was used due to its biodegradable and fiber integrity, while citric acid (CA) and
chitosan (CH) were used to allow a crosslinking reaction to promote water stability as previously

shown (Xu et al., 2014). Using the FS method, N extract-based nanofibers were produced at
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varying concentrations as N1, N50, and N100 (Fig. 4(b)). SEM micrographs in Figure 5(a-d),
show long continuous fiber structure obtained for all samples at different concentrations of N
extract with some bead formation. Figure 5(e-h) depict a one-way ANOV A past-hoc Tukey
statistical analysis with a significant difference (***p < 0.001) between samples, where CH/PL
displayed an average fiber diameter of 260 nm with a standard deviation of 82 nm with no
significant difference (p > 0.05) with N1/CH/PL with an average fiber diameter of 251477 nm,
while N50/CH/PL and N100/CH/PL show 341+112 nm and 406+127 nm, respectively. The
range in fiber diameter could be attributed to the concentration of N extract, where an increase in
viscosity of solution due to high mucilage concentration used was shown (Cardenas, Higuera-
Ciapara, & Goycoolea, 1997; De J. Cano-Barrita & Leon-Martinez, 2016; Monrroy, Garcia,
Rios, Renan-Garcia, 2017; Obregon et al., 2016), potentially influencing the average nanofiber

diameter between samples.

(a) (b

sl x\%ﬁ

Chitosan Pullulan

Figure 3. Structure of chitosan (a) and pullulan (b) are displayed provided by Marvin JS TCI®
drawing tool program.
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Figure 5. SEM Analysis of Nanofiber morphology and Fiber Diameter Distribution: Nanofiber
morphology for CH/PL (a), N1 (b), N50 (¢), and N100 (d) nanofibers is shown. Graphs are
shown with nanofiber diameter distribution of CH/PL (e), N1/CH/PL (f), N50/CH/PL (g), and
N100/CH/PL (h). Sample size: n=300. One-way ANOVA post-hoc Tukey’s test exhibited a
significant difference between samples (p < 0.001), while a non-significant difference between
CH/PL (e) and N1/CH/PL (f) (p > 0.05) is shown.

Thermal Degradation Analysis
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The degradation patterns of nanofibers with different concentrations of N extract are
shown in Figure 6(A). Systems presented an initial weight loss at ~100 °C, corresponding to
water evaporation; specifically, in the range of 50 to 180 °C the physically adsorbed water was
0f 10.3, 9.03, 9.03, 9.07, and 11.6 % for CH/PL, N1/CH/PL, N50/CH/PL, N100/CH/PL, and
DNI100 respectively. On the other hand, within the second degradation stage, when 5% of
polymeric material has degraded a slight decrease in the thermal stability was observed with the
increase of the N extract concentration. The DN100 degradation pattern presented similarities
with the nopal mucilage extract thermogram reported by Lopez-Garcia ef al. (2017), where the
degradation temperature (Td) was 220 °C, slightly less than pullulan and chitosan. However, it
was observed that the system degradation profiles changed with temperature; at ~300 °C the N
extract systems presented a greater thermal stability with a pronounced effect on the DN100,
possibly due to the reaction of the remaining components within the systems, producing a strong
network (Nady & Kandil, 2018). In addition, these last stages could be related to the portion of
crosslinked components that originated with the heat treatment carried out in the manufacturing
stage of the systems (Zhuang, Zhi, Du, & Yuan, 2020). In Figure 6(B), the exothermic reaction
peaks related to the degradation stages are clearly observed, an increase in the enthalpy of the
reaction is observed for the last stage of degradation; 294, 2600, 3375, 4277, and 5423 J/g for
CH/PL, N1/CH/PL, N50/CH/PL, N100/CH/PL, and DN100 respectively. An increase in thermal
stability is exhibited in composite nanofibers undergoing a crosslinking heat treatment process at

140 °C, as through the initial degradation patterns.
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Figure 6. TGA analysis on nanofibers: TGA weight (%) loss (A) and heat flow (B) of nanofiber
samples CH/PL (a), N1 (b), N50 (c), N100 (d), and DN100 (e).
FTIR Analysis

Figure 7 shows the FTIR spectrums of the CH/PL, N1/CH/PL, N50/CH/PL,
N100/CH/PL, and dry N extract in order to further elucidate the presence of N extract
components at an increasing concentration. As can be seen in all the spectra, the characteristic
bands of polysaccharides are identified through different functional groups such as carboxylic
acid, carboxylate, ether, amide, and alcohol groups. The broad band in the interval 3500-3100
cm’! corresponds to O-H stretching from alcohol and carboxylic acid-OH groups involved in
hydrogen-bond formation between polysaccharide chains and water molecules (Monrroy et al.,
2017); similar behavior observed in all the systems. The free carboxyl group promotes the water
absorption capabilities, which is a defining property of these systems (Cardenas et al., 1997,
Rodriguez-Gonzalez et al., 2014). Bands around 2900 cm™! related to the vibrations of CH and
CHa> groups as previously described (Karim et la., 2009; Rodriguez-Gonzalez et al., 2014; Xu,
Weng, Gilkerson, Materon, Lozano, 2015). However, this vibrational band has also been

assigned to the methoxy group in the nopal extract (Guadarrama-Lezama et al., 2018). A
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transmittance peak at ~1718 cm™!, relates to a C=0O stretching vibration from carboxylic groups
which appears with more intensity as the nopal concentration increases. Two bands are shown at
~1640 cm™ and ~1585 cm™!, which correspond to the N—H bending vibration of primary amines
(Yasmeen et al., 2016) or/and C=0 vibration of amino acid (Hernandez-Carillo, Gomez-
Cuaspud, & Martinez-Suarez, 2017; Olivarez-Perez, Toxqui-Lopez, & Padilla-Velasco, 2012).
The CH? bending was confirmed by the presence of bands around 1450 cm™!. A peak at 1240 cm”
!, can be based on C-O stretching from hydroxyl groups. Finally, the transmittance band at 1153
cm™ and 1045 cm™! can be attributed to asymmetric stretching of the C-O-C bridge and C-O
vibrations, respectively (Rodriguez-Gonzalez et al., 2014). Through the combination of natural
polymers and N extract content, the presence of polysaccharides remains while exhibiting no

chemical alteration after the crosslinking process.
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Figure 7. FTIR analysis on nanofibers: FTIR spectrum of nanofiber samples CH/PL (a), N1 (b),
N50 (¢), N100 (d), and dry N extract (e).
Water Absorption Capacity

Before submerging in DI water, an initial weight (W;) measurement was recorded from a
dry nanofiber sample. While submerged in DI water, the crosslinking membranes showed water
stability while maintaining their nanofibrous structure. Samples were removed and air-dried,
followed by a final weight (Wr) measurement. Through the water absorption capacity equation
(Eq. 1), CH/PL and N100/CH/PL nanofibers were shown to have 377% and 442% water
absorption capacity, respectively. Water absorption capabilities could be attributed due to
hydrophilic characteristics of CH and PL (Xu et al., 2015), and to the N extract content which as
previously described, the water absorption capacity of mucilage extract is due to a high structure
of free hydroxyl groups (Bayar, Kriaa, & Kammoun, 2016; Rodriguez-Gonzalez et al., 2014);
this was further confirmed through the swelling of the membranes after undergoing an N extract
dip-coating process as shown in Figure 2(e). For tissue engineering purposes, an adequate
absorption ability would be highly beneficial (Bacakova et al., 2004). This can be displayed in
the ability of a nanofiber structure to merge with the ECM, allowing for cell migration, adhesion
through fiber interaction, and promoting cell proliferation.

DMA

In Figure 8, mechanical analysis of DN100 before and after water absorption, a decrease
in storage modulus (E’) was demonstrated in the interval of analyzed temperature (23-40 °C).
The initial measurements of E’ at 23 °C were 87 and 42 MPa before and after water absorption,
respectively. At low temperature, the stiffness of DN 100 samples is expected given the
crosslinking and brittleness of the dried samples. However, after water absorption, the sample

regains its flexibility and quantitatively measured as a decrease in the storage modulus.
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Figure 8. DMA of DN100 before and after a water absorption capacity test.

Bacterial Growth Study

For bacterial growth studies, nanofiber samples were incubated with inoculated E. coli to
assay for their impact on bacterial growth. Sample inhibition zone measurements were
determined by their diameter, where the absence of a clear zone was recorded as no inhibition. In
Table 2, after 24 h CH/PL and N1 nanofiber membranes showed no signs of an inhibition zone,
whereas N50 and N100 membranes exhibit a slight inhibition with a significant difference (*p <
0.05) compared to the control (Fig. 9(a-d)). The slight inhibition zones in N50 and N100 were
still considered to have a bacterial resistance due to standard resistant measurements of E. coli
against antibiotics (Hudzicki, 2009). This led to the approach of an N extract dip-coating process
for antibacterial properties. Following dip-coating, SEM analysis of DN100 samples
demonstrated a full coated layer and a change in fiber size due to uptake and retention of N
extract, while sustaining the integrity of the material due to a heat mediated crosslinking (Fig.
10(a)). DN100 discs were laid onto agar plates with inoculated E. coli and incubated at 37 °C.
Further, a separate assessment of N extract was demonstrated, where crude N extract was loaded

onto individual agar plates in the presence of inoculated E. coli. In Figure 10(b), after 24 h
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DN100 showed total inhibition of bacterial growth, while crude N extract displayed similar
inhibition of bacterial growth (Fig. 10(c)). Results were previously observed, where mature and
immature Opuntia cladodes inhibited the growth of both S. aureus and E. coli (Blando et al.,
2019; Suryawanshi & Vidyasagar, 2016). Further, Opuntia spp. mucilage contains phenolic
acids, a range of 4-5 pH levels, leading to a bacterial susceptibility of membrane disruption,
protein inactivation, and bacterial cell death (Khemiri, Hedi, Zouaoui, Gdara, & Bitri, 2019). The
results that are shown in Figure 10(a-c), suggest that dip-coating confers both incorporated and
outside inhibiting factors. In a supportive study, Texas sour orange juice (SOJ) dip-coating
process allowed for the inhibition against E. coli and S. aureus bacteria, while demonstrating a
structural integrity (Akia et al., 2019). Our results indicated that incorporation of N extract
confers antibacterial properties, allowing a possible adequate environment for mammalian cell
growth.

Table 2. Zone of Inhibition Analysis: A mean +standard deviation (SD) diameter zone of
inhibition measurement for CH/PL (control) was compared with N1, N50, and N100 against E.

coli. (*p-value < 0.05; (---) = no value) (n = 4 sample size).

Material Inhibition Zone

on E. coli Sample:ze Mean+SD P-value
CH/PL 4 0+0
N1 4 0+0 >0.05
N50 4 10.75+0.289 %< 0.05
N100 4 11.38+0.629 %< 0.05
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.

Figure 9. Images of Antibacterial Study: CH/PL (a), N1 (b), N50 (c), and N100 (d) nanofiber

disks are displayed against E. coli on agar plates. (n = 4 sample size).

:

Figure 10. DN100 SEM Characterization and Bacterial Growth: Membrane morphology (a) and

images from an antibacterial analysis of DN100 (b) compared to N extract (white circle) (c) are
shown against E. coli. (SEM Mag. = 1.00 KX) (n =4 sample size).
Cell Adhesion and Proliferation

To determine 3T3 cell localization and morphology within nanofibers, MitoTracerRed
CMXRos (MTR) dye was used for staining the mitochondria and DAPI for cell nuclei. MTR is a
rhodamine-derived dye that is taken up by organelles with an active mitochondrial transmembrane
potential (Xu et al., 2015). Using confocal microscopy, representative images were captured using
a grid scan method (Fig. 11), demonstrating cell presence throughout the sample area. Figure 12

shows the representative images of cell adhesion and proliferation presence onto nanofiber
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samples after a 2, 4, and 6 day incubation period. After incubation, nanofiber samples were lifted
and placed in a new 6-well dish to prevent the detection of non-adherent cells. Fluorescent
treatment allowed for the localization of cells, where the staining of fibers was also exhibited due
to possible hydrophilic property or dimers that allowed the retention or affinity of DAPI and MTR.
Cell morphology in CH/PL samples appeared rounded throughout its nanofiber structure. Small-
diameter pore size in the nanofiber matrix may reducing a migration capability due to a lack of
penetration (Jenkins & Little, 2019). This compares to N50, N100, and DN 100 nanofibers, where
an elongated cell morphology is shown through MTR signaling. In a separate assessment of cell
morphology, SEM micrographs of 3T3 cells were shown after a 6 day incubation period. Control
CH/PL displayed rounded cell morphology, while N100 nanofibers displayed a more extended
cellular morphology in the nanofiber matrix (Fig. 13), further demonstrating cell adhesion of N
extract composite nanofibers.

Engineered materials can support cell growth onto fiber diameters around < 400 nm,
promoting differentiation and beneficiary gene expression depending on the cell line, allowing the
nanofibers to resemble the ECM (Jenkins & Little, 2019). As a supportive structure, the ECM
promotes cell adhesion and proliferation. Nanofibrous structures can present similar characteristics

for cell migration and alignment.
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Figure 11. Representative Grid Map Image of Nanofiber Membrane Surface Area: Through
confocal microscopy, a grid scan is used to capture 10 representative images for cell growth

analysis. Selected image section (Red box) 212 x 212 um. Scale bar = 200 pm.
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Figure 12. Confocal Microscopy of 3T3 Cell Adhesion and Proliferation on Nanofiber

Membranes: 3T3 fibroblast cells were seeded onto nanofiber membranes in a 6-well dish and
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treated after 2, 4, and 6 day incubation period. Cell adhesion was compared between control
(CH/PL) with N1/CH/PL (N1), N50/CH/PL (N50), N100/CH/PL (N100), and N extract dip
coated N100 (DN100) nanofibers. Samples were stained with DAPI (blue) for cell nuclei and

MitoTracker Red for mitochondria. (n = 3 experiments). Scale bar = 20 um. (60x magnification).

W

Figure 13. SEM 3T3 Cell Morphology: SEM micrographs are shown displaying 3T3 cell
morphology onto control CH/PL (a) (scale bar = 10um) and N100 (b) (scale bar = 20um)

nanofibers after a 6 day incubation. (n = 3 experiments).

After a 2 and 4-day incubation, cell adhesion and proliferation appear to be constant with
no significant difference (p > 0.05) due to a standard error variation between most samples as by
the average quantitative cell count method (Fig. 14). The only significant difference (*p < 0.05)
was between N100 and DN100 on day 4 due to an initial slow cell progression with an N extract
dip-coated layer. After a 6 day incubation period N50, N100, and DN100 composite nanofibers
exhibited robust cell proliferation (Fig. 12); where a significant difference (*p < 0.05) in an
average cell presence was shown in DN100 between the control and N1 (Fig. 14). An increase in
DN100 cell proliferation could be based on a dip coating process, which over a 6-day incubation
allowed for an improved cell culture media retention due to a water absorption capability

(Monrroy et al., 2017; Ondarza, 2016). This further suggests that cell proliferation could be
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attributed to the addition of the N extract and an adequate structure porosity (Cimmino et al.,

2018) due to fiber diameter.
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Figure 14. 3T3 Cell Average Presence/Image on Nanofibers: 3T3 cells were seeded onto
nanofibers in a 6-well dish and treated after 2 day, 4 day, and 6 day incubation period. Cell
proliferation was compared between control (CH/PL) with N1, N50, N100, and DN100
nanofibers. From a 3-trial experiment, an average cell presence/image was recorded from 10
images/sample. An ANOV A/Post-hoc Tukey statistical analysis is shown measuring the standard
error of the mean +/- (SEM). (* P - value < 0.05).
Cell Viability

In Figure 15, a Resazurin cell viability test was conducted to further asses the viability of
present adherent cells found on these nanofiber membranes. This bioassay monitors cellular
metabolic activity based on the fluorescence of reduced form resorufin (Saenz et al., 2016). After

day 2, samples were treated with reactive salt Resazurin, where no significant difference (p >
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0.05) was shown between the positive control, CH/PL, and N100 composite nanofibers. After
day 4, N100 nanofibers were shown with a 3% increase in absorbance with a significant
difference (*p < 0.05) between positive control and CH/PL nanofibers. In day 6, N100
nanofibers exhibited a constant 3% increase compared to positive control and CH/PL, where no
significant difference was shown due to a possible cell confluency with an exposed reaction.

Based on the cell viability results, 3T3 fibroblasts retain full viability on nanofibers.
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Figure 15. Resazurin Cell Viability Test: Cell viability was compared between control 3T3 cells
on coverslip (Control (+)), CH/PL, and N100 nanofiber samples after a 2, 4, and 6 day
incubation. An ANOVA/Post-hoc Tukey statistical analysis is shown with average sample
absorbance (%) at 570 nm. (*P-value < 0.05). (n = 3 experiments).
3T3 Depth Analysis

To further observe cell proliferation and cell migration, a depth analysis was compared
between control CH/PL and N100 composite nanofiber membranes after a 14 day incubation

period. Figure 16(A, B) shows selected areas from the acquired nanofiber sample map images,
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where a depth stepwise analysis was conducted with a series of 5 um depth distance between
every focal plane (Fig. 16(a, b)). A clear distinction in cell morphology and a representation of
cell migration can be seen in both nanofiber samples. Control CH/PL nanofibers consistently
showed a rounded cell morphology (Fig. 16(a)), where a lack of physical or chemical interaction
could be observed due to a weak static or high hydroxyl bond that alters the cell adherence by
cell adhesion molecules (CAMs) preventing any substrate adsorption capability (Bacakova,
Filova, Rypacek, Svorcik, & Stary, 2004; Hoshiba, Yoshikawa, & Sakakibara, 2018; Takeichi &
Okada, 1972). 3T3 cells can be observed to have a higher interaction within N100 composite
nanofibers, as shown anchoring through an overlapping cell presence at different depths of the
nanofibrous membrane. This can be seen through a Resazurin cell viability test, where a higher
metabolic activity was shown due to cells adhering onto and migrating within N100 composite
nanofibers, as described in a previous study where a nanofiber structure sustains the viability of
migrating cells (Dashdorj et al., 2015). Our results suggest that after 14 days, cell adhesion and

proliferation are consistent with favorable environment in N100 composite nanofibers.
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Figure 16. Depth Analysis of CH/PL and N100 Nanofibers: Confocal microscopy of CH/PL (A)

and N100 (B) nanofiber sample map images are shown, with a selected image section (yellow
box) 212 x 212 um. Scale bar = 200 pum. A depth analysis was compared after a 14 day
incubation period between control (CH/PL) (a) and N100 (b) nanofibers, where a stepwise
analysis was conducted with a series of 5 pm depth distance between every focal plane. Scale bar

=20 um. 60x magnification. (n = 3 experiments)
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CHAPTER IV

SUMMARY AND CONCLUSION

Here, we show the successful incorporation of N extract into Forcespinning® composite
nanofibers, with fiber matrix characteristics resembling an extracellular matrix (ECM)
environment. In addition to characterizing the mechanical properties of these fibers, N/CH/PL
composed nanofibers have antibacterial properties, while sustaining its nanofiber structure due to
a crosslinking treatment. NIH 3T3 fibroblasts demonstrated robust cell adhesion and
proliferation, while embracing an active non-toxic cellular activity. With an abundant crude O.
cochenillifera extract incorporation, a nanofibrous membrane may confer an adsorption property
enabling cell interconnectivity, allowing a promising wound repair and reepithelization of skin
tissue. Further indicating the potential use of N/CH/PL composed nanofibers for wound healing

applications, and the advancement in material sciences within other nanotechnology industries.
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