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MOE EI ElI ZIN: PREPARATION OF ANTIMICROBIAL PLASTIC PACKAGING FROM
HYBRID NANO SILVER/ EGGSHELL CALCIUM CARBONATE PARTICLES. THESIS
ADVISOR: ASSOC. PROF. WIMONLAK SUTAPUN, Ph.D., 132 PP.

KEYWORD: ANTIMICROBIAL ~ AGENT/SILVER  NANOPARTICLES/EGGSHELL —~ CALCIUM
CARBONATE/SILVER LOADED EGGSHELL CALCIUM CARBONATE/ELECTROSPINNING

The aim of this present research is to develop the functional filler of hybrid
silver/calcium carbonate particles from eggshell waste and apply as antimicrobial
agent for the plastics food packaging and incorporate into PLA matrix using the
electrospinning technique.

Spherical silver nanoparticles (AgNPs) with an average size of 24.13 + 2.95 nm
were successfully prepared by reducing an AgNO; aqueous solution at 70 °C in the
presence of trisodium citrate as a reducing agent and stabilizer. Hybrid particles of
AgNPs-loaded eggshell calcium carbonate (AgNPs/eCaCOs;) were prepared by co-
precipitating the eggshell in the presence of freshly prepared AgNPs. The hybrid
particles were comparatively precipitated at 25 °C and 35 °C using poly (sodium 4-
styrenesulphonate) as a polyelectrolyte. The AgNPs/eCaCO; particles prepared at 25
°C had a spherical morphology with a mean diameter of 3.56 um whereas the particles
prepared at 35 °C had a broader size distribution with a mean diameter of 3.19 pm.
AgNPs-loaded commercial calcium carbonate particles (AgNPs/CaCO3) comparatively
prepared at 25 °C were perfectly spherical with-a mean diameter of 5.61 um. At
preparing temperature of 25 °C, the hybrid particles contained AgNPs of 0.78 wt% for
AeNPs/eCaCO; and 3.20 wt% for AgNPs/CaCOs. The AgNPs/eCaCO; and AgNPs/CaCOs
particles exhibited the same efficiency against bacteria extracted from beef with an
average inhibition zone diameter of 7-10 mm.

In preparing electrospun fibers from PLA and PLA filled with the hybrid
particles, it was found that with the binary solvent systems of chloroform and acetone
(CHL: AC, 2:1 by volume), 10 and 15% (w/v) PLA solutions gave rise to electrospun
continuous fibers without beads. PLA electrospun fibers filled with 3 % (w/v)

AgNPs/eCaCO; contained particle blooming and nonuniform shape along the fibers.



For binary solvent systems, by 9:1 by volume, of chloroform and
dimethylformamide (CHL: DMF) and dichloromethane and dimethylformamide (DCM:
DMF), 10 % w/v PLA solution electrosupn at 1 mL/h flow rate and 20 kV voltage gave
uniform diameter fiber for both binary solvent systems. Incorporation of 5% (w/v)
AgNPs/eCaCO; filler into the PLA electrospun fiber, the binary solvent system of DCM:
DMF gave rise to larger fiber diameter with bead on the string along the fibers. For
tensile properties, PLA with 5% (w/v) AgNPs/eCaCO; electrospun fibers from the
solvent system of DCM: DMF, showed higher Young’s modulus and tensile strength.

For PLA electrospun fibers mats filled with 5% (w/v) AgNPs/eCaCO; and
AgNPs/CaCO; prepared with binary solvent system of dichloromethane and
dimethylformamide (DCM: DMF, 9:1 by volume) at 10 % w/v PLA solution, it was found
that the XRD patterns showed the serhicrystalline structure of PLA. In addition, the
crystal structures of calcium carbonate particles incorporated into PLA electrospun
fibers were still vaterite polymorph. These filled PLA fibers mats had four stages of
thermal degradation. In addition, it was found that approximately 25 wt % hybrid
particles were incorporated into the PLA matrix. For mechanical properties,
AgNPs/CaCO;s filled PLA had lower hardness than AgNPs/eCaCO; filled PLA.

For antimicrobial testing, both filled PLA fibers mats had no inhibitory effect
against £. coli, bacteria extracted from unpacked raw beef from a local fresh market
and from vacuum-packed beef (“INCHA BEEF” brand). This was because the amount
of 5 % (w/v) AgNPs/eCaCO5; and AgNPs/eCaCO; filler content inside PLA porous fibers
mats was not still enough to kill or inhibit the growth of bacteria.

The electrospun fibers mats of PLA incorporated with approximately 25 wt %
AgNPs/eCaCOs; hybrid particles have high potential to be used in antimicrobial fresh
food packaging or other biomedical applications in the future. However, more study
should be done on the aspect of increasing AgNPs content onto the hybrid particles
and make them homogeneously distributed in PLA matrix to magnify antimicrobial

activity of the filled PLA film.
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CHAPTER |
INTRODUCTION

1.1 Background

Nowadays, plastic packaging plays one of the most important roles in food
industry because it preserves and prevents food from external contamination.
Packaging prevents products in steps of distribution, storage, sale and use. In addition,
the packaging promotes shelf-life extension, quality maintenance and food safety.
Among several types of packaging materials such as papers, glass, and plastics, plastic
packaging is the most mainly used because of its several advantages including cost
effective, versatility, processability and water imperviousness. For packaging trays and
films from polyethylene (PE) and polypropylene (PP) based packaging are the most
common used in food sector because of their low cost and good mechanical
properties.

However, nonbiodegradable plastic packaging from PP and PE are causing the
problem of waste disposal and staying a long time on earth and in ocean without
degradation in short time. This results in pollution problems and this is also responsible
for dying wildlife animals because of eating plastics debris. One of the potential
solutions for this, is to replace nonbiodegradable plastics packaging with biodegradable
plastics and environmental-friendly one. For this reason, biopolymers are getting more
attention. Among them, polylactic acid (PLA), polyhydroxyalkanoates (PHAs) are the
most popular because they are polymerized from renewable raw materials and also
are biodegradable. Moreover, the raw materials for packaging are mostly petro-based
polymers, non-renewable resources. In the past decades, non-renewable resources
are used without limitation and now it is facing critical condition. Therefore, plastics
for societal sustainability have received widespread attention. Due to the increasing
health awareness in twenty-first century, conventional food packaging cannot fulfill
the consumer’s needs because some preservatives which can give negative impacts

on human’s health, are added into the products to prolong the shelf life.



Preservatives like sodium nitrite/nitrate which are used in processed meats likely
to increase cancer and heart disease risk. Additionally, most people with modernized
lifestyle are relying on the supermarkets to buy the food products. Therefore, the
functions of plastics packaging are very important such as to protect the external
contamination, to extend the shelf-life and to be safety enough themselves.
Furthermore, the traditional food preservation methods such as freezing, refrigeration,
fermentation, drying, salting and canning etc., and new developing methods including
irradiation, ionizing radiation are all based on only preventing microbial growth or
microbial inactivation.

Therefore, people are trying to look for the packaging systems of which are not
only environmental-friendly but also beneficial to human’s health. These are the
reasons why biodegradable plastics added with new packaging technology called
antimicrobial packaging are growing interesting. Antimicrobial (AM) packaging is a type
of active packaging that can reduce, inhibit or retard the rapid increase of
microorganisms that are contaminating foods by incorporation antimicrobial agents
into a polymer film or tray. Due to its outstanding effect on shelf-life extension and
food safety, AM packaging is one of the most getting people’s notice.

As for antimicrobial agents, they can be divided into two types: natural
antimicrobial (AM) agents and synthesis antimicrobial agents. Although natural AM
agents which are extracted from plants and animals are safe, they are not enough
because of the increasing of food production rate. So, synthesis AM agents which are
safe for human are popular in replacing of natural AM agents. Recently, different types
of metal nanoparticles such as Ag, Au, TiO,, CuO, and ZnO are gained attention due
to their high antimicrobial activity as well as high surface area per volume. Silver is one
of the most well-known synthesis AM agents because of excellent antimicrobial activity
and cost effective comparing with Au and TiO, antimicrobial agents. With the emerging
of nanotechnology, nanosized antimicrobial agents such as silver nanoparticles, gold
nanoparticles are introduced to food industry because of their outstanding
antimicrobial activity in nano levels.

Moreover, silver nanoparticles with different shapes and sizes have been

successfully green synthesized from plants, bacteria, fungi and yeast (Singh, Garg,



Pandit, Mokkapati, & Mijakovic, 2018). AgNPs are nontoxic and safe antimicrobial agent
for the human body. In addition, AgNPs are also reported to possess antifungal activity,
anti-inflammatory properties, antiviral activity, and antiangiogenic activity (Verma &
Maheshwari, 2018). Furthermore, Silver is a safe antimicrobial agent which has a
potential to kill 650 different types of diseases-causing organisms in the body (Bapat
et al.,, 2018).

The microorganisms’ membrane structure of the cell can be degraded by
releasing of silver ions from the surface of silver nanoparticles and it leads to bacterial
death (Emamifar, Kadivar, Shahedi, & Soleimanian-Zad, 2010). Furthermore, they can
also enter into microbial cells and cause DNA damage (Morones et al., 2005). The silver
nanoparticle is  antimicrobial agent for Listeria monocytogenes,  Vibrio
parahaemolyticus, Escherichia coli O157:H7 and Salmonella typhimurium which are
the most common foodborne pathogens (Du et al., 2019). Adding nanoparticles into
the polymer matrix, the agglomeration of nanoparticles is drawback for nanoparticles
to function properly. Using supporter, carrier, vector etc. in micron size for AgNPs will
facilitate the homogeneous distribution-dispersion of the nanoparticles (Apalangya,
Rangari, Tiimob, Jeelani, & Samuel, 2014; Dlugosz, Bulwan, Kania, Nowakowska, &
Zapotoczny, 2012)

Among the functional fillers, calcium carbonate (CaCOs) is the most widely used
filler in the plastics industry because it enhances the abilities of heat resistance,
stiffness and hardness of the polymer. The commercial CaCQs is normally derived from
sedimentary rocks and these rocks are not renewable in short period of time. Another
alternative resource is eggshells which are agricultural wastes containing 95% of CaCOs.
Chicken eggshells from household waste are extensively used as a replacement for
mineral calcium carbonate in several applications such as plastic and elastomer fillers,
heavy metal absorbents, dye removal bio-calcium supplements, concrete
replacement and biodiesel oil catalysts (Boyjoo, Pareek, & Liu, 2014).

Incorporating nanosized silver particles into polymer matrix give the excellent
antimicrobial effect but they are expensive using in food packaging and also result in
particles aggregation. So, using cheap porous calcium carbonate with controllable size,

morphology and crystal polymorph as platforms for metallic nanoparticles will reduce



the agglomeration of the silver nanoparticles and enhance their antimicrobial activity
by sustainable release active species. To prevent agglomeration and maintain the long-
lasting antimicrobial activity of AgNPs, porous micro CaCO, particles in vaterite
polymorph have been used as carriers for metallic nanoparticles (Apalangya et al,,
2014; Dlugosz et al., 2012; C. Wang et al., 2006). The vaterite CaCO; polymorph can be
synthesized with a specific size and morphology in the presence of poly (sodium 4-
styrene-sulfonate) (PSS) as polyelectrolytes at room temperature (Lei, Tang, Cao, Li, &
Yu, 2006).

The main concerns for incorporation of antimicrobial compounds into polymer
matrix using the traditional melt processing technique like injection, extrusion,
compression etc. are thermal resistance of AgNPs antimicrobial agents and resistance
to the melt processing. The incorporation of antimicrobial substances into the polymer
matrix through extrusion can be altered the film’s barrier, mechanical, and optical
properties (Mousavi Khaneghah, Hashemi, & Limbo, 2018). To maintain the efficiency
of antimicrobial agents, fiber forming technique like electrospinning is one of the best
choices. Due to the controllable fiber morphology such as fiber diameter, high porosity
with interconnected voids, large surface area-to-volume ratio, electrospinning has been
used in tissue engineering, as scaffolds and/or wound dressings (Rodriguez-Tobias,
Morales, & Grande, 2019) and packaging applications (Mousavi Khaneghah et al., 2018).
Therefore, electrospinning can be produced with controlled release properties while
maintaining their antimicrobial activities. Maliszewska et al. reported that the
antimicrobial activity has usually been carried out by diffusion techniques and the
electrospun nanofibers loaded with silver nanoparticles exhibited excellent
antimicrobial properties against both Gram-positive and Gram-negative bacteria.
(Maliszewska & Czapka, 2022).

Electrospinning is a simple technique to prepare nanostructured materials with
relatively high manufacturing rate and low cost. There are important factors affecting
the electrospinning process such as solvent system, polymer concentration, applied
voltage, flow rate, distance between the needle and collector and needle diameter,

relativity humidity and temperature (Alven, Buyana, Feketshane, & Aderibigbe, 2021).



Due to the consumers’ increased awareness of sustainability and health safety,
the products which made from green resources are more favorable in today market.
This is also the same for food industry. Therefore, antimicrobial food packaging which
based on bio-based plastic will be predominant influence in food sector and that will
lead to the sustainable development.

Therefore, this research was aimed to develop hybrid nano silver /eggshell
calcium carbonate particles as antimicrobial agent for the plastics food packaging and
incorporate into PLA matrix using the electrospinning technique.

This dissertation was written in 6 chapter including Chapters I-IV. Chapter | is the
introductory overview. Chapter Il is the literature review on antimicrobial packaging
and agents, antimicrobial biopolymer composites, eggshell calcium carbonate and
electrospinning technique. Chapter Il describes about preparation of hybrid particles
of Ag nanoparticles and eggshell calcium carbonate and their antimicrobial efficiency
against beef extracted bacteria. Chapter IV is about electrospun PLA fibers with silver
loaded calcium carbonate filler, effect of solvent systems and mechanical properties
of the electrospun PLA and hybrid particles filled PLA fibers. Chapter V focusses on
preparation of electrospun PLA fibers with silver loaded calcium carbonate filler as the

antimicrobial material. Chapter VI is the conclusions of the whole study.

1.2 Research objectives
1) To prepare hybrid particles of AgNPs/uCaCOs; from eggshell waste.
2) To apply the hybrid AgNPs/eCaCO3 particles as active antimicrobial agent
against beef extracted bacteria for plastic food packaging.
3) To characterize the hybrid particles and PLA filled with the hybrid particles.
4) To test antimicrobial activity and determine cytotoxicity of the hybrid
particles and PLA filled with the hybrid particles.



CHAPTER II
LITERATURE REVIEW

2.1 Antimicrobial Packaging (AP)

Traditional food preservation processes like freezing, drying and refrigerating can
only prevent food spoilage and contamination caused by microorganisms. The
preservation processes cannot reduce or kill the microorganisms. Moreover, in spite of
adding preservatives into food can extend the shelf life of the foods, they have
negative impact on human health. Antimicrobial packaging is a kind of active packaging
which are incorporated with the antimicrobial agents, that can kill the targeted
microorganisms by adding into polymeric matrix.

2.1.1 Form of antimicrobial packaging (Appendini, 2002; Sofi et al., 2018)

Antimicrobial packaging can be categorized into five different forms
including:

1. Antimicrobial packaging with sachets/pads containing volatile

antimicrobial agents into packages

2. The packaging from volatile and non-volatile antimicrobial agents

incorporated polymers

3. Coating or absorbing antimicrobials into polymer surfaces

4. Polymers with immobilizable ‘antimicrobials to polymers by ion or

covalent linkages

5. Inherently antimicrobial polymers.

Addition of sachets/pads containing volatile antimicrobial agents into
packages is the most widely used as commercial applications and these sachets/pads
are attached to the inside of the package. These also have different forms such as
oxygen and moisture absorbers which are used to prevent oxidation and water
condensation in bakery, pasta and meat, and ethanol vapor generator which is

advantage of reducing water activity of the products like dried fish (Appendini, 2002).



Incorporation of volatile and non-volatile antimicrobial agents directly
into polymers is the most commercial applications of this form, and are medical
related applications, household goods and textiles. However, food related applications
have been developing in double since last 5 years. Antimicrobial agents which can
produce silver ions is the most widely used in food industry because these ions not
only can against gram negative and positive bacteria contaminating the foods but also
cost effective comparing to other metal nanoparticles like gold.

According to incorporation methods, melt or solvent compounding can
be used. Solvent compounding method is suitable for heat sensitive antimicrobial like
enzymes and volatile compound and both antimicrobial and polymer need to be
soluble in same solvent. Biopolymers are good candidates for this method due to the
wide variety of proteins, carbohydrates and lipids involved but also soluble in water,
ethanol and many other solvents which are compatible with antimicrobials. Another
method is called melt compounding such as extrusion and injection molding which is
suitable for thermally stable antimicrobial agents like silver substituted zeolites that
withstand very high temperature up to 800 °C and incorporated as a thin co-extruded
layer with other polymers (Appendini, 2002).

If antimicrobial agent is non-volatile, it must contact the food’s surface
and diffuse to surface. Therefore, surface characteristics and diffusion kinetics are
important. By using multilayer films, the release system of the antimicrobial agents to
the food surface can be controlled (Biji, Ravishankar, Mohan, & Srinivasa Gopal, 2015).
The inner layer controls the rate of diffusion of active substance while the matrix layer
contains the active substance, and the barrier layer prevents migration of agent
towards outside of the package. The theoretical advantage of volatile antimicrobials is
that they can penetrate the bulk matrix of the food and so polymer does not need to
contact directly with the product. The examples of these release systems are chlorine
dioxide, sulfur dioxide, carbon dioxide and allylisothiocyanate. Applications like in
ground beef and cut produce, antimicrobial vapor or gases are appropriate, but the
disadvantages are off odors, particularly in allylisothiocyanate and high volatility

(Appendini, 2002).



Coating or absorbing antimicrobials into polymer surfaces is suitable for
Antimicrobials which cannot withstand the high temperature of polymer processing
are used these techniques after forming or being added to the cast films. Mostly, edible
film coating is used on fresh produce surface in order to improve appearance, reduce
bruising during handling and shipping, reduce weight loss. As examples,
nisin/methylcellulose coatings for polyethylene films (Quintavall, 2002) and nisin/zein
coatings for poultry (Appendini, 2002).

Immobilization of antimicrobials to polymers by ion or covalent linkages
need to have functional groups on both polymer and antimicrobial, and peptides,
enzymes, polyamines and organic acids are the examples of antimicrobials with
functional group. Moreover, apart from the functional group presence, “spacer”
molecules are required to connect between the polymer and bioactive agent and give
enough motion of active agent that can kill microorganisms on the food surface.
Dextran, polyethylene glycol (PEG), ethylenediamine and polyethyleneimine are some
examples of spacer used for food application because of low toxicity and common
use in foods (Appendini, 2002; Sofi et al., 2018).

Lastly, polymers with inherently antimicrobial efficiency are cationic
polymers such as chitosan and poly-L-lysine. Mostly, chitosan is used as film coating
in fresh vegetables and fruits because it can reduce fungal degradation (Appendini,

2002).

2.1.2 Antimicrobial Packaging film
The most crucial parameters for antimicrobial packaging films are: (1) films
should not be dangerous when handling or release poisonous particles into foods; (2)
processing technologies should be easy and cost effective ways; (3) films should
maintain their antimicrobial properties along the packaging period , be chemically
stable and act as a water barrier; (4) films should be used minimal concentration of
antimicrobials which is enough to inhibit the growth of microorganisms and bacteria of

the foods [3].



2.1.3 Migration process in Antimicrobial Packaging

The antimicrobial properties of the packaging films depend on the
migration of the antimicrobial agents from the packaging to the surface or to the
headspace of the products. These substances reduce or inhibit the growth of the
microorganisms and bacteria, suspend the food spoilage and extend the shelf life of
the products. The most important fact in migration of antimicrobial packaging is that a
slow and gradual release of antimicrobial agents into the food. It maintains the
effective antimicrobial concentration in the product thought the extended period (Biji
et al., 2015; Quintavall, 2002).

The migration is the transfer of low molecular weight compounds from
packaging materials to packaged food (Gnanasekharan & Floros, 1997). Although
migration in polymer packaging are mainly dependent on the interaction between the
packaging materials and the surface of the food (Arvanitoyannis & Kotsanopoulos,
2013), the migration mechanism can commonly be separated into four main stages:
(1) diffusion of migrants through the polymer; (2) desorption from the polymer surface;
(3) sorption of the compounds in the interface; (4) desorption into the food. However,
the condition when the packaging and the food surface has no direct contact, more
steps are required to complete the migration mechanism. Firstly, the diffusion of
migrants through the polymer in the interface, the interface to the headspace that
surrounds the food, and the mass transference in the interface from the headspace to

the food (Bhunia, Sablani, Tang, & Rasco, 2013).

2.2 Antimicrobial Packaging for fresh meat produce

Nowadays, ready-to-eat and ready-to-cook meats are very popular because of
busy lifestyle of the 21st century. Moreover, microbial contamination is one of the
biggest concerns in meat and meat products where microorganism’s contamination
occurs mostly in surface of the food during processing and subsequent handling. In
addition to this, microbial contamination reduces shelf life and cause foodborne
illness. A variety of methods have been trying to solve these issues. Antimicrobial

packaging incorporating with antimicrobial agents in the packaging matrix can reduce
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or inhibit the microbial contamination that results in shelf-life extension (Barros-

Velazquez, 2016).

2.2.1 Spoilage or Pathogenic Microorganisms in Meat

Meat and meat products are highly perishable food because of nutritious
nature as well as high water content and almost neutral pH, which is an excellent
growth media for microorganisms. Yeast, molds, and bacteria, both spoilage and
pathogens are mostly found in meat products. Microorganisms normally found on the
surface of fresh meat stored aerobically at low temperature include Arthrobacter spp.,
Acinetobacter  spp., Aeromonas  spp., Staphylococcus  spp.,  Brochothrix
thermosphacta, Enterococcus spp., Moraxella spp., Lactobacillus spp., Leuconostoc
spp., and Pseudomonas spp.

Microbes contamination in meat could be either spoilage or pathogenic.
The spoilage microbes are responsible for shelf life while foodborne pathogens relate
with the risk of food safety. Predominant pathogens causing meat-associated outbreaks
include Shiga toxin-producing E. coli O157, Salmonella spp., Clostridium perfringens,
and Campylobacter jejuni. Salmonella strains include Sal. heidelberg, Sal.
typhimurium, Sal. en- teridis, Sal. bareilly, Sal. nchanga, Sal. anatum, Sal. stanley, Sal.

corvallis, and Sal. Hadar (Bodhidatta, 2013).

2.2.2 Action mode of Antimicrobial Packaging in Meat Products

Two types of mode, direct contact and noncontact mode, can be
classified for AM packaging in meat products. Direct contact between the packaging
layer and the food surface gives antimicrobial effect onto the microorganisms on the
food (nonmigratory mode) or delivery of antimicrobials on the food surface, where
diffusion and dissolution occur. In noncontact mode, a volatile antimicrobial
compound should be volatilized from the package surface to the headspace where it
is absorbed onto the food surface. The transfer of the antimicrobial compound works
through the thermodynamics of phase equilibrium and kinetics of diffusion (Barros-

Velazquez, 2016).
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2.3 Antimicrobial Agents

The activities of antimicrobial packaging depend on the antimicrobial agents
which can be divided into natural antibacterial agents and synthetic antibacterial
agents. Natural antimicrobial agents are safe because they are obtained from plants
and animals, but some extraction procedures are quite complex. Moreover, increasing
the production of food, natural antimicrobial agents are not enough. Therefore, organic
or inorganic synthesis antimicrobial agents which cannot harm human health have
been introduced. As an emergence of nanotechnology, inorganic compounds (silver,
copper, zinc and gold) are gaining interest because the nanosized level of these
particles show excellent properties in inhabitation of microbial srowth. The mechanism
of antimicrobial agents in food packaging includes (1) destruction of cell wall or cell
membrane, (2) inhabitation of various enzymes in the microbial cell, or (3) destruction
of the genetic structure of the protoplasm (Radusin, 2013). These metal nanoparticles
are incorporated directly into the polymeric films or embedded into films and use in
food related applications.

Several types of metal and metal oxide nanoparticles such as Ag, Au, TiO,, CuO,
and ZnO, have gained attention owing to their antimicrobial efficiency. Ag
nanoparticles (AgNPs) are less expensive than Au and TiO,. TiO, nanoparticles are
effective antifungal agent against fluconazole-resistant strains and are suitable for
photocatalytic activity. Ag, CuO, and ZnO nanoparticles show antibacterial activity
against Gram-negative and Gram-positive bacteria. However, Ag nanoparticles (AgNPs)
are the most popular antimicrobial agents because of their high activity against drug-
resistant bacteria, high stability, and nontoxicity (Dizaj, Lotfipour, Barzegar-Jalali,

Zarrintan, & Adibkia, 2014).

2.3.1 Silver nanoparticles
Silver particles are one type of antimicrobial agents which is commonly
used in antimicrobial food packaging because of their high stability and high toxicity
against a wide range of microorganisms including sram negative and positive bacteria,
fungi and mold which are caused food spoilage and contamination. The concentration
of silver used in food packaging is very low and effective in against microbes, but this

effect can neglect and cause any negative effect for human cell (Humberto H Lara,



12

2010; Nocchetti et al., 2013). Comparing with the organic antimicrobial agents, using
inorganic antimicrobial agents in packaging have many advantages such as low volatility

and high stability (Dutta, Nenavathu, Gangishetty, & Reddy, 2012).

2.3.1.1  Antimicrobial activity of AgNPs

The cytotoxicity of AgNPs is highly dependent on several factors
such as size, shape, surface chemistry, stability, surface charge, capping agent, pH, ionic
strength, degree of agglomeration, and silver content and the interaction of silver
surface with the polymer (Chen, Li, Luo, Wang, & Ding, 2016; Kim et al.,, 2007,
Marambio-Jones & Hoek, 2010; Xiu, Zhang, Puppala, Colvin, & Alvarez, 2012). The
presence of ligands, divalent cations, and macromolecules are also play a key role on
the cytotoxicity (Chen et al,, 2016; Marambio-Jones & Hoek, 2010; Xiu et al., 2012).
Size-dependent cytotoxicity of AgNPs has been demonstrated in many studies. Smaller
particles have a larger specific surface area, which can expose a large number of atoms
on the surface for redox, photochemical, and biochemical reactions, as well as
physicochemical interactions with cells (Marambio-Jones & Hoek, 2010). Recently,
silver nanoparticles have been developed, and these particles are more effective
antimicrobial effect than ionic silver because of their small size that can penetrate
through the cell membrane of the microorganisms and kill them by releasing silver
ions locally from silver nanoparticles (J. L. Castro-Mayorga et al., 2014, Grigor'eva et al,,
2013; Marambio-Jones & Hoek, 2010). Although the mechanisms underlying the activity
of AgNPs against bacteria have not yet been fully clarified, various antibacterial
mechanisms have been proposed. Yin et al. proposed the following possible
mechanisms: (1) disruption of the cell wall and membrane by Ag*, (2) denaturation of
ribosomes by Ag, (3) interruption of adenosine triphosphate (ATP) production by Ag,
(4) disruption of the cell membrane by reactive oxygen species (ROS), (5) interference
of DNA replication by AgNPs, A¢™ and ROS, (6) denaturation of the cell membrane by
AgNPs and (7) perforation of the membrane by AgNPs (Yin et al., 2020). A diagram of

the antibacterial mechanisms of AgNPs drawn using BioRender is shown in Fig. 2.1.
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Figure 2.1 The antibacterial mechanism of silver nanoparticles (AgNPs) modified
from (Yin et al., 2020)

By using chemical, physical and biological methods, silver
nanoparticles can be synthesized; but the most common one is chemical reduction
method in which silver salt dissolved in water by using reducing agent. The chemical
reduction of a silver salt in aqueous media is a common method for producing AgNPs
with reducing compounds such as sodium borohydride (NaBH,) (Banne, Patil, Kulkarni,
& Patil, 2017; Kandarp Mavani, 2013; S. M. Lee, Song, & Lee, 2010), trisodium citrate
(NasCeHsO7) (Ahari et al,, 2018; Kamat*, 2004; Mamun Ur Rashid, 2013; Pinto et al.,
2012), ascorbate (C,H,04) (Marambio-Jones & Hoek, 2010; Valodkar, Modi, Pal, &
Thakore, 2011), slucose (C4H;,0¢), and hydrazine (N,H,) (Marambio-Jones & Hoek, 2010).
Trisodium citrate was used as a stabilising and reducing agent for silver nitrate to
produce AgNPs (Dlugosz et al., 2012). The citrate reduction of gold and silver colloids
serves the dual role of a reductant and stabiliser and silver particles prepared by the
citrate reduction method produce relatively large-sized (50-100 nm) silver crystallites
with well-defined facets (Kamat*, 2004).

After reduction of metal ions, capping agents are used to coat in order
to be stable the synthesized nanoparticles. The major concerns for using metal
nanoparticles in antimicrobial packaging is to prepare a dispersed system with the
required stability and resistance to the action of external factors, such as high

processing temperature of plastics. Additionally, due to the fact that, the release
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kinetics of silver nanoparticles in polymer matrices depend on the water uptake
capacity of the materials and the release of silver can be modified by the degree of
crystallinity of the polymer (Kumar, Howdle, & Munstedt, 2005). If the polymer matrix
has a high degree of crystallinity, nanoparticles need to diffuse out through the dense
crystalline region that can cause a slow release of silver. So, amorphous films are easier
to diffuse than crystalline and a higher crystallinity degree also mean lower water

sorption (Kumar et al., 2005).

2.3.2 Calcium carbonate

Calcium carbonate (CaCOs) is the most widely used filler in the plastics
industry because of low cost and increased modulus with minimal effect on impact
strength. For polypropylene nanocomposites, adding calcium carbonate increased the
flexural strength and modulus of PP nanocomposites and the yield strength depended
on calcium carbonate content (Yang, Yang, Li, Sun, & Feng, 2006).

The commercial CaCO5 is normally derived from sedimentary rocks by
using standard mining procedures. There are two types of CaCO; which are used as
functional fillers in plastic processing. Natural ground calcium carbonate (GCC) and
precipitated calcium carbonate (PCC), produced chemically, which have finer and

higher purity than natural one, but also more expensive.

2.3.2.1 Production methods
More than 90% of calcium carbonate used in plastic processing
are produced by conventional grinding methods. Different kind of grinding methods
are as followed (M., 2009).

1. Dry grinding with single stage milling can be obtained the finest
ground powder with particle size nearly in diameter of 12 um
and this is suitable for inexpensive dark floor tiles and vinyl foam
carpet backing. By using multiple stage milling with air classifier,
3 um range particle size can be produced which is used in high-
end applications.

2. Wet grinding process give higher purity and a much finer medium

particle size in 1 um range for demanding applications. In wet
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grinding — high solids process, a dispersant is added to ease
deagglomeration, that can reduce the moisture resistance but
can be obtained the particle range as low as 0.7 um whereas
low solids process, no dispersant is added and slightly bigger
particle size about 1 um can be produced. The material needs
either flash or spray dried after wet grinding and classification

steps.

2.3.2.2 Alternative sources of calcium carbonate

There are many alternative sources that can exact calcium
carbonate instead of using sedimentary rocks because these rocks are hard to
renewable. Among them, eggshells which are agricultural wastes and contain 95% of
CaCO:s. Chicken eggshells from household waste are extensively used as a replacement
for mineral calcium carbonate in several applications such as plastic and elastomer
fillers, heavy metal absorbents, dye removal bio-calcium supplements, concrete
replacement and biodiesel oil catalysts (Boyjoo et al., 2014). Eggshell waste can be
used as an alternative and green precursor for hybrid particles of AgNPs and CaCOs.
The number of patents on eggshell application has exponentially increased in the last
seven years, from 150 in 2014 to 250 in 2020, emphasising biotechnological application
involving biomedical, chemical, engineering and environmental technology (Ahmed,
Wu, Younes, & Hincke, 2021). One of the biotechnological applications of eggshell
calcium carbonate is as a hybrid particle. The ceramic-ceramic and ceramic-metal
hybrid particles exploit the advantages of the synergistic function of the compositions
of the hybrid particles. For example, TiO,/SiO,, as ceramic-ceramic hybrid particles, can
be applied as a functional filler for elastomers and possesses the advantages of
photocatalytic properties and antimicrobial biomaterials by TiO,, as well as high
thermal stability and excellent mechanical strength by SiO, (Teamsinsungvon,
Ruksakulpiwat, Amonpattaratkit, & Ruksakulpiwat, 2022). For ceramic-metal hybrid
particles, AgNPs/CaCOs, could be utilized as an antimicrobial agent with CaCO; acting
as an AgNPs carrier and AgNPs as an active antimicrobial agent. The CaCOj; carrier also

improves the distributive of AgNPs (Apalangya et al., 2014; Dlugosz et al., 2012).
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2.3.3 Silver nanoparticles/Calcium carbonate hybrid Particles

Owing to growing concerns about antibiotics resistance, incorporating
AgNPs into different matrices/supporters/carriers has emerged as an effective way to
produce materials with high antimicrobial efficiency. AgNPs incorporated into polymer
matrices are currently a popular type of nanocomposite with excellent antimicrobial
properties. One of the main challenges in producing this type of antimicrobial is the
synthesis of stable nanoparticles, as their antimicrobial effectiveness greatly depends
on their size, size distribution, and agglomeration state (J. L. Castro-Mayorga et al,,
2014). Notably, the most common application problem involves the agglomeration
and diffusion of these nanoparticles into a polymer matrix, which reduces antibacterial
activity. To prevent agglomeration and maintain the long-lasting antimicrobial activity
of AgNPs, porous micro CaCOs particles in vaterite polymorph have been used as
carriers for metallic nanoparticles (Apalangya et al., 2014; Dlugosz et al., 2012; C. Wang
et al, 2006). Using porous micro CaCO, particles as carriers or supporters, the
antimicrobial activity of the active AgNPs can be prolonged owing to reduced
agglomeration of the nanoparticles as well as limiting contact of AgNPs with the human

body (Dlugosz et al., 2012).

2.4 Antimicrobial Packaging from AgNPs/Biopolymer Composites

As a consequence of using synthesis polymer in packaging, several environmental
problems are occurred including landfill and plastic pollution. So, biopolymers which
can be degradable and compostable are alternative ways to solve above mention
concerns. Using biopolymers as polymer matrix can get stabilized and dispersed
nanoparticles because of embedding these metal compounds into the matrix.
Polylactydes, polyhydroxyalkanotes, cellulose and chitosan are mostly used to
incorporate with silver and the main function of these antimicrobial biopolymer films
is to extend the shelf life of the products by reducing the targeted microorganisms.
Cellulose-derived polymers such as methylcellulose has been used to synthesize
silver nanoparticles to yield good mechanical properties and barrier properties, offering
the nanocomposites highly interesting antimicrobial activity (J. L. Castro-Mayorga,

Martinez-Abad, A., Fabra, M. F., Lagaron, J.M., Ocio, M.J. and. Sanchez, G.).
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2.4.1 Biodegradable Poly(lactic acid) Packaging

One of the most promising biopolymer is the poly(lactic acid) (PLA)
obtained from the controlled depolymerization of the lactic acid monomer obtained
from the fermentation of sugar feedstock, corn, etc., which are renewable resources
and biodegradable (Siracusa, Rocculi, Romani, & Rosa, 2008). Depending on the ratio
and distribution of L- and D-LA in the polymer chains, the thermal and mechanical
properties of PLA would be justified. L-lactide would produce semicrystalline polymer
(PLLA), while poly (DL-lactide) (PDLLA) is an amorphous polymer (Taib et al., 2022). Tg
for both semicrystalline and amorphous PLAs are between 50 and 70 °C (Storz, 2013).
The degradation half-life is dependent on the PLAs’ stereochemistry, and the
molecular weight typically ranges from six months to two years. Among the rigid
bioplastics, one of the most commercially and successfully used bioplastics is poly
lactic acid (PLA) because it has good processability and mechanical properties, and
transparency compared to the other biodegradable products (Taib et al., 2022).

Compared to other aliphatic polyesters, PLA has shown many excellent
properties such as high mechanical strength and modulus, biodegradability,
biocompatibility and easy processing. The increment of PLA application is also related
to enhancing its properties as heat-resistance modification, copolymerization and
blending modification. PLA has been used in different industries such as Medical and

biomedical, food packaging, agriculture and automotive industries (Taib et al., 2022).

2.5 Egg and Eggshell

The egg contains three main parts: eggshell with eggshell membrane, albumen
and yolk as shown in Fig. 2.2. It comprises approximately 30 wt.% yolk, 60 wt.%
albumen and 10 wt.% shell. The yolk is covered by albumen which is surrounded by
eggshell membrane and eggshell (M. T. Hincke, Nys, Y., Gautron, J., Mann, K., Rodriguez-
Navarro, A.B. and McKee, M.D, 2012).
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Figure 2.2 Schematic of different parts of egg structure (M. T. Hincke, Nys, Y.,
Gautron, J., Mann, K., Rodriguez-Navarro, A.B. and McKee, M.D, 2012)

2.5.1 Structure of eggshell

The eggshell is composed of eggshell membrane and calcified eggshell
matrix. The eggshell membrane consists of two layers which are called inner
membrane which contact directly to the albumen and the outer membrane which is
attached to calcified eggshell matrix as shown in Fig. 2.3.

The calcified eggshell is the combination of both inorganic and organic
components which are mainly found in palisade and mammillary layers. Calcium
carbonate in the form of calcite is the main component of eggshell about 94 wt.%, 1
wt.% magnesium carbonate, 1 wt.% calcium phosphate, and organic materials such as

type X collagen, sulfated polysaachrides, and other proteins about 4 wt.%.
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Figure 2.3 SEM micrograph of a cross-fractured chicken eggshell structure (M. Hincke,

Gautron, J., Rodriguez-Navarro, A. B. and McKee, M. D., 2011).

Mammillary layer (~100 um) is the innermost layer of the calcite and
represents as calcitic columns/ cones in which the fibers of the outer shell membrane
embedded. Mammillae is the major source of calcium and contains microcrystals
calcite with spherulitic textures. Palisade layer which is the thickest part (~200 um) of
the eggshell and can be found above mammillary layer. The top layer is the vertical
layer (~5-8 um) covered by the organic cuticle and crystalline structure of calcite is
higher density than the palisade layer. Moreover, the numerous pore canals are
distributed at the outer eggshell surface about 7000-17000 pores per egg (M. Hincke,
Gautron, J., Rodriguez-Navarro, A. B. and McKee, M. D. , 2011) and the smallest pore
size of 3-13 pm (Kinayturk, Tunali, & Turkoz Altug, 2021; Rahn, Paganelli, & Ar, 1987).

2.5.2 Crystalline form

Calcium carbonate can be found three crystalline form: calcite, aragonite
and vaterite. Calcite is the most stable form of calcium carbonate whereas aragonite
and vaterite are not stable in ambient temperature and atmospheric pressure, and
vaterite can be found during high temperature precipitation of CaCOs;. Aragonite and
vaterite can transform readily into calcite by heating (Sutapun, Pakdeechote,
Suppakarn, & Ruksakulpiwat, 2013). Eggshells are readily available with a high CaCO,
content (94 wt%), in the form of calcite polymorph (Hassan, Rangari, Rana, & Jeelani,
2013; M. T. Hincke, Nys, Y., Gautron, J., Mann, K., Rodriguez-Navarro, A.B. and McKee,
M.D, 2012).
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2.5.3 Eggshell matrix proteins

Eggshell matrix proteins are the organic matrix composed of proteins,

glycoproteins and proteoglycans. Their function is to participate in its antimicrobial

defenses. Eggshell matrix proteins can be divided into three groups (M. Hincke, Gautron,

J., Rodriguez-Navarro, A. B. and McKee, M. D., 2011).

1. Eggshell specific

2. Bone protein

- Ovocleidin-17, ovocleidin-116, ovocalyxin-32,
Ovocalyxin-36

- Osteopontin

3. Egg white protein - Ovalbumin, ovotransferrin, lysozyme

Table 2.1 Occurrence of proteins in eggshell (M. Hincke, Gautron, J., Rodriguez-

Navarro, A. B. and McKee, M. D. , 2011)

1. ovocleidin-17 in entire calcified part of the shell

2. ovocleidin-116 in the palisade layer of the eggshell

3. ovocalyxin-32 external part of the shell (palisade, vertical and
cuticle)

a. ovocalyxin-36 shell membrane and inner the calcified shell

5. ovocalyxin-36 shell membrane fibers in mammillae, outermost of
palisade

6. osteopontin Mammillae cores and outermost part of palisade
layer

7. ovalbumin in-shell

8. ovotransferrin and eggshell membrane and mammillae

lysozyme

2.6 Preparation of Vaterite Calcium carbonate

2.6.1 Factors Effecting Preparation of CaCO; particles (Vaterite)

Chicken eggshell mainly composed of calcite crystalline form. To

incorporate into polymer matrix as carrier for nanoparticles antimicrobial agent, rough

surface and spherical shape morphology are required. The morphology and size of

CaCO; particles can be controlled by using different polyelectrolytes such poly
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(sodium 4-styrenesulphonate) (PSS), sodium polyacrylate (PAA), sodium polyvinyl
sulfonate (PVSA), sodium poly (maleic acid-co-olefin) (PMACO), ethylene glycol (EG),
polyethylene glycol (PEG, 600 and 6000) (Azarian & Sutapun, 2022; Jada & Jradi, 2006).

Moreover, CaCO; concentration on the crystallization of CaCO3, PH and
crystallization temperature are also affected on morphology and size of CaCO;

particles (Lei et al., 2006; Matahwa, Ramiah, & Sanderson, 2008).

2.7 Preparation Technique of AgNPs/CaCO; hybrid particles
There are two types techniques for preparation of nAg/uCaCO; particles. The first
technique used CaCOs particles while the second one used Ca (NOs), to prepare the

hybrid nano silver/ calcium carbonate particles.

2.7.1 Mechanochemical Technique using eggshell and AgNO;

Two grams of the eggshell powder was magnetically stirred into a uniform
dispersion in 20 ml of deionized water and ethanol (1:2 v/v) mixture for 10 min. Two
grams of silver nitrate was dissolved in 10 ml of distill water. The dissolved silver nitrate
solution is then added at a rate of 1.0ml per minute into the eggshell mixture while
the content was being stirred at 150 rpm for a total time of 10 min. The dispersed
mixture was divided into two and each part added to 5 ml of PPG and ball milled for
2 h using 6 mm stainless balls each as shown in the scheme. The product was washed
with 20 ml of distilled water and each time the supernatant was removed by
centrifuging at 12,000 rpm for 5 min. In the last step the product was washed with 10

ml of ethanol and then dried in vacuum overnight (Apalangya et al., 2014).

2.7.2 Preparation Technique using AgNPs/CaCO; particles
Firstly, 45mg of silver nitrate will be dissolved in 250 ml of deionized
water and then 5ml of 1% trisodium citrate will be added into the silver nitrate
solution. The reaction mixture will be placed in ultrasonic bath which will be heated
to75°C for 60 min. Then, 20 ml of the obtained nAg colloid will be simultaneously
mixed with 50ml of 0.03 M Ca (NOs), solution and 50 ml of 0.03 Na,CO5 with addition
of 4.8 ¢/L of poly (sodium 4-styrenesulfonate). The mixture will be sonicated for 5 min

at 25 °C. The obtained white colloid will be washed with deionized water and
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centrifuged at 4,000 rpm for 5 min to remove excess of silver. The washing process
will be repeated three times and the obtained product will be dried under vacuum

(Dlugosz et al., 2012).

2.8 Electrospinning Technique for Preparing Polymer Film
Electrospinning is a simple but versatile and facile technique to prepare
nanostructured materials with relatively high manufacturing rate and low cost. The
obtained fibers possess advantages of nanoscale, high porosity, and high surface-to-
volume ratio, making it easy to obtain a high encapsulation efficiency of bioactive
substances, achieving controlled release system of drugs (Wu et al., 2022). Electrospun
nanofibers and their nanowebs have also shown some potential in biotechnology and
active food packaging, because active additives such as antibacterial, antioxidants,
essential oils, or even probiotics can be effectively encapsulated into an electrospun

nanofibrous matrix (Kayaci, Umu, Tekinay, & Uyar, 2013).

2.8.1 Effects of parameters on electrospinning

There are several factors affecting the electrospinning process. These
factors are classified as electrospinning parameters, solution and environmental
parameters. The electrospinning parameters include (1) the applied electric field, (2)
distance between the needle and collector, (3) flow rate, and (4) needle diameter.
The solution parameters include (1) the solvent, (2) polymer concentration, (3)
viscosity and (4) solution conductivity. The environmental parameters include relativity
humidity and temperature (Haider, Haider, & Kang, 2018). All of these parameters

directly affect the generation of smooth and bead-fee electrospun fibers.

2.8.1.1 Effect of applied voltage
The strength of the applied electric field controls formation of
fibers from several microns in diameter to tens of nanometers. The formation of
smaller-diameter nanofibers with an increase in the applied voltage is attributed to
the stretching of the polymer solution in correlation with the charge repulsion within

the polymer jet (Sill & von Recum, 2008). An increase in the applied voltage beyond
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the critical value will result in the formation of beads or beaded nanofibers (Haider et

al., 2018).

2.8.1.2 Effect of flow rate

The flow of the polymeric solution through the metallic needle
tip determines the morphology of the electrospun nanofibers. Uniform beadless
electrospun nanofibers could be prepared via a critical flow rate for a polymeric
solution (Haider et al., 2018). Increasing the flow rate beyond a critical value not only
leads to increase in the pore size and fiber diameter but also to bead formation (due
to incomplete drying of the nanofiber jet during the flight between the needle tip and
metallic collector) (Silke Megelski, Jean S. Stephens, D. Bruce Chase, & Rabolt, 2002).
Due to increases and decreases in the flow rate affect the nanofiber formation and
diameter, a minimum flow rate is preferred to maintain a balance between the leaving
polymeric solution and replacement of that solution with a new one during jet

formation (Haider et al., 2018).

2.8.1.3 Effect of needle to collector distance and needle diameter

The distance between the metallic needle tip and collector
plays an essential role in determining the morphology of an electrospun nanofiber.
Similar to other electrospinning parameters such as applied voltage and flow rate, the
distance between needle to collectors also varies with the polymer system (Haider et
al., 2018). The nanofiber morphology could be easily affected by the distance because
it depends on the deposition time, evaporation rate, and whipping or instability interval
(Matabola & Moutloali, 2013). Matabola et al. (Matabola & Moutloali, 2013) and Wang
et al. (T. Wang & Kumar, 2006) studied and concluded that defective and large-
diameter nanofibers are formed when this distance is kept small, whereas the diameter

of the nanofiber decreased as the distance was increased.

2.8.1.4  Role of solvent in electrospinning
The selection of the solvent or binary solvent system to dissolve
the polymer is one of the main factors influencing the solution properties and
consequently the electrospinnability of the solution (Casasola, Thomas, Trybala, &

Georgiadou, 2014). The selection of the solvent is one of the key factors for the
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formation of smooth and beadless electrospun nanofiber. Two important steps
needed to be considered for choosing solvents are (1) polymers are completely
soluble in the preferred solvents for electrospinning process and (2) the solvent should
have a moderate boiling point because boiling point gives an idea about the volatility
of a solvent (Haider et al., 2018). Generally volatile solvents are recommended as their
high evaporation rates encourage the easy evaporation of the solvent from the
nanofibers during their flight from the needle tip to collector. However, neither highly
volatile solvents nor less volatile solvents should be avoided. Due to their highly
volatile solvents, it can cause the drying of the jet at the needle tip and will block the
needle tip which will hinder the electrospinning process. Formation of beaded
nanofiber can be resulted from less volatile solvents because their high boiling points
prevent their drying during the nanofiber jet flight (Sill & von Recum, 2008). Moreover,
solubility parameters are also used to aid the search for suitable solvents and solvent
systems for polymers used in electrospinning (Sato, Gondo, Wada, Kanehashi, & Nagai,

2013).

2.8.1.5 Binary solvent systems

Solvents are selected to produce binary solvent systems that
have solvent parameters close to a good single solvent for electrospinning of the
polymer solution (Luo, Nangrejo, & Edirisinghe, 2010). The highly porous fiber can be
formed when a polymer is dissolved in two solvents: one of the solvents will act as a
non-solvent. The different evaporation rates of the solvent and non-solvent will lead
to phase separation that was the main reason to cause surface porosity in electrospun
fibres (Haider et al.,, 2018; Luo et al., 2010; Sill & von Recum, 2008). Casasola et al.
(Casasola et al., 2014) studied that Smooth defect-free nanofibres with a narrow
diameter distribution were collected using the binary solvent systems of acetone
/dimethylformamide and acetone /dimethylacetamide. It was found that the nanofibre
diameter decreases as the boiling point of the second solvent in the mixed-solvent

system increases.
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2.8.1.6  Effects of polymer concentration

To produce nanofibres, one of the most influential variables to
consider is polymer solution concentration (Luo et al., 2010). The electrospinning
process relies on the phenomenon of the uniaxial stretching of a charged jet. The
stretching of the charged jet is significantly affected by changing the concentration of
the polymeric solution (Haider et al., 2018). Casasola et al (Casasola et al., 2014)
reported that few nanofibres with many beads were collected using the 5% ((w/v))
PLA solution in the binary solvent system of acetone/dimethylformamide. The beads
formation indicates insufficient chain entanglements. When the concentration of the
polymeric solution is low, the applied electric field and surface tension cause the
entangled polymer chains to break into fragments before reaching the collector. These
fragments cause the formation of beads or beaded nanofibers (Haider et al., 2018;
Pillay et al., 2013). Increasing the concentration of the polymeric solution will lead to
an increase in the viscosity, which then increases the chain entanglement among the
polymer chains. These chain entanglements overcome the surface tension and

ultimately result in uniform beadless electrospun nanofibers (Haider et al., 2018).



CHAPTER Il
PREPARATION OF HYBRID PARTICLES OF AG NANOPARTICLES
AND EGGSHELL CALCIUM CARBONATE AND THEIR
ANTIMICROBIAL EFFICIENCY AGAINST BEEF EXTRACTED BACTERIA

3.1 Abstract

In this study, hybrid particles of AgNPs-loaded eggshell calcium carbonate
(AgNPs/eCaCOs) were prepared by co-precipitating the eggshell in the presence of
freshly prepared AgNPs with a mean particle size of 24.13 + 2.95 nm. The hybrid
particles were comparatively precipitated at 25 °C and 35 °C using poly (sodium 4-
styrenesulphonate) as a polyelectrolyte. The AgNPs/eCaCO; particles prepared at 25
°C had a spherical morphology with a mean diameter of 3.56 pm, and BET surface area
of 85.08 m?%/g. On the other hand, the particles prepared at 35 °C had a broader size
distribution with a mean diameter of 3.19 um, and a BET surface area of 79.25 m?/s.
AgNPs-loaded commercial calcium carbonate particles (AgNPs/CaCO5) comparatively
prepared at 35 °C were perfectly spherical with a mean diameter of 5.61 um. At
preparing temperature of 25 °C, the hybrid particles contain AgNPs of 0.78 wt% for
AgNPs/eCaCO; and 3.20 wt% for AgNPs/CaCOs. The polymorph of precipitated CaCOs
was vaterite. Both AgNPs/eCaCO; and AgNPs/CaCO; prepared at 25 °C have four regions
of thermal decomposition with the overall weight loss of approximately 55.81% and
47.28% respectively. The AgNPs/eCaCO; and AgNPs/CaCOs; particles exhibited the same
efficiency against bacteria extracted from beef with an average inhibition zone
diameter of 7-10 mm according to the modified Kirby-Bauer disc diffusion assay
depending on their concentration and beef source. Freshly prepared silver colloids
showed comparatively poorer antimicrobial efficiency. Significant human dermal
fibroblast (HDF) cells dead were found at 5 mg/mL for AgNPs/eCaCO5 and 25 mg/mL
for AgNPs/CaCO; and no alive HDF cells were resulted at the concentration of 50

mg/mL for both samples.
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3.2 Introduction

Several types of metal and metal oxide nanoparticles such as Ag, Au, TiO,, CuO,
and ZnO, have gained attention owing to their antimicrobial efficiency and high surface
area per volume. Ag nanoparticles (AgNPs) are less expensive than Au and TiO,. TiO,
nanoparticles are effective antifungal agents against fluconazole-resistant strains and
are suitable for photocatalytic activity. Ag, CuO, and ZnO nanoparticles show
antibacterial activity against Gram-negative and Gram-positive bacteria. However, Ag
nanoparticles (AgNPs) are the most popular antimicrobial agents because of their high
activity against drug-resistant bacteria, high stability, and nontoxicity (Dizaj et al., 2014).
Moreover, AgNPs are highly effective antimicrobial agents against a wide spectrum of
Gram-negative and Gram-positive bacteria; fungi such as Aspergillus niger and Candida
albicans; and viruses including HIV-1, hepatitis B virus, respiratory syncytial virus, herpes
simplex virus type 1, and monkeypox virus (Beaudrie, Kandlikar, & Ramachandran,
2016; Chen et al,, 2016; Humberto H Lara, 2010; Marambio-Jones & Hoek, 2010). The
cytotoxicity of AgNPs is derived from the nanoparticles themselves and Ag* released
from oxidative dissolution. In aqueous environments, AgNPs suspensions are oxidized
in the presence of oxygen and protons, thereby releasing Ag” via surface oxidative
dissolution (Chen et al., 2016). The oxidative dissolution reaction is shown in Equation
(1) (Molleman & Hiemstra, 2015). The release rate of Ag" depends on the size, shape,
surface properties, capping agent, and colloidal state of AgNPs (S. H. Lee & Jun, 2019).

Equation (1): Ag™(s) + ¥4 Oj(aq) + H'(aqg) € Ag'(ag) + ¥2 H,0 (1)

Although the mechanisms underlying the activity of AgNPs against bacteria have
not yet been fully clarified, various antibacterial mechanisms have been proposed. Yin
et al. proposed the following possible mechanisms: (1) disruption of the cell wall and
membrane by Ag¢”, (2) denaturation of ribosomes by Ag®, (3) interruption of adenosine
triphosphate (ATP) production by Ag®, (4) disruption of the cell membrane by reactive
oxygen species (ROS), (5) interference of DNA replication by AgNPs, Ag™ and ROS, (6)
denaturation of the cell membrane by AgNPs and (7) perforation of the membrane by
AgNPs (Yin et al., 2020). A diagram of the antibacterial mechanisms of AgNPs drawn
using BioRender is shown in Fig. 3.1. Duran et al. reported that ROS could be a principal



28

agent in the induction of cell membrane disruption and deoxyribonucleic acid (DNA)
modification. The interaction of Ag* with sulphur and phosphorus, which are important
DNA compounds, can cause problems in DNA replication and cell reproduction, or
even result in the termination of microorganisms. Furthermore, the synthesis of
proteins can be inhibited by Ag’, causing denaturation of ribosomes in the cytoplasm
(Duran, Nakazato, & Seabra, 2016).

The cytotoxicity of AgNPs is highly dependent on several factors such as size,
shape, surface chemistry, stability, surface charge, capping agent, pH, ionic strength,
and degree of agglomeration. Size-dependent cytotoxicity of AgNPs has been
demonstrated in many studies. Smaller particles have a larger specific surface area,
which can expose a large number of atoms on the surface for redox, photochemical,
and biochemical reactions, as well as physicochemical interactions with cells
(Marambio-Jones & Hoek, 2010). In addition, the presence of ligands, divalent cations,
and macromolecules also play a key role on cytotoxicity (Chen et al., 2016, Marambio-

Jones & Hoek, 2010; Xiu et al., 2012).
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Figure 3.1  The antibacterial mechanism of silver nanoparticles (AgNPs) modified
from (Yin et al., 2020)
Silver nanoparticles could be prepared via physical, chemical, green synthetic,

and biological methods. The physical methods result in low yields. The chemical
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reduction of a silver salt in aqueous media is a common method for producing AgNPs
with reducing compounds such as sodium borohydride (NaBH, )(Banne et al., 2017;
Kandarp Mavani, 2013), trisodium citrate (Na;C4HsO;) (Ahari et al., 2018; Kamat, 2004

; Mamun Ur Rashid, 2013), glucose (C4H;,04), hydrazine (N,H,), and ascorbate (C4H;Og)
(Marambio-Jones & Hoek, 2010). Trisodium citrate was commonly used as a reducing
and stabilizing agent for silver nitrate to produce AgNPs (Dlugosz et al.,, 2012). The
citrate reduction of silver colloids serves the dual role of the reductant and stabilizer.
The silver particles prepared by the citrate reduction method were relatively large-
sized (50-100 nm) with well-defined facets (Kamat, 2004). AgNPs can be also green
synthesized from plant-extracted chemicals and biologically obtained from yeast
extracts (Barabadi et al., 2021; Talank et al., 2022; Truong et al., 2022). Preferred particle
size and distribution, and morphology of the AgNPs can be obtained via the chemical
techniques. By utilizing low toxic chemicals as reducing agent, and stabilizing agent in
reduction chemical method, the harmful effects on the environment and hazardous
by-products will be reduced.

Owing to growing concerns about antibiotics resistance, incorporating AgNPs into
different matrices/supporters/carriers has emerged as an effective way to produce
materials with high antimicrobial efficiency. AgNPs incorporated into polymer matrices
are currently a popular type of nanocomposite with excellent antimicrobial properties.
Antimicrobial polymer composites can be applied in food packaging containers
(Echegoyen & Nerin, 2013), food packaging films (Omerovic et al,, 2021), wound
dressing materials (Kalantari et al., 2020; Kwiatkowska et al., 2022), and other
antimicrobial applications (Dallas, Sharma, & Zboril, 2011, Zhang, Liu, Shen, &
Gurunathan, 2016) owing to their outstanding antimicrobial activity. One of the main
challenges in producing this type of antimicrobial is the synthesis of stable
nanoparticles, as their antimicrobial effectiveness greatly depends on their size, size
distribution, and agglomeration state (J. L. Castro-Mayorga et al., 2014). Notably, the
most common application problem involves the agglomeration and diffusion of these
nanoparticles into a polymer matrix, which reduces antibacterial activity. To prevent
agglomeration and maintain the long-lasting antimicrobial activity of AgNPs, porous

micro CaCOj; particles in vaterite polymorph have been used as carriers for metallic



30

nanoparticles (Apalangya et al., 2014; Dlugosz et al., 2012; C. Wang et al.,, 2006). Lei et
al. synthesized vaterite CaCOj; in the presence of poly (sodium 4-styrene-sulfonate) of
a specific size and morphology (Lei et al., 2006). Using porous micro CaCOs particles as
carriers or supports, the antimicrobial activity of the active AgNPs can be prolonged
owing to reduced agglomeration of the nanoparticles as well as limiting contact of
AgNPs with the human body (Dlugosz et al., 2012). Moreover, chemical, and physical
techniques for synthesizing CaCO5; containing AgNPs as hybrid particles must be made
greener using either low-toxicity chemicals or raw materials from bioresources for
sustainability.

Chicken eggshells from household waste are extensively used as a replacement
for mineral calcium carbonate in several applications such as plastic and elastomer
fillers, heavy metal absorbents, dye removal bio-calcium supplements, concrete
replacement and biodiesel oil catalysts (Boyjoo et al.,, 2014). Eggshells are readily
available with a high CaCO, content (94 wt%), in the form of calcite polymorph (Hassan
et al,, 2013; Maxwell T. Hinckel, 2012) with 7000 and 17000 pores (Kinayturk et al,,
2021; Rahn et al., 1987) and the smallest pore size of 3-13 um (Kinayturk et al., 2021;
Rahn et al., 1987). In addition, chicken eggshells contain other inorganic compounds
including magnesium carbonate (1%), calcium phosphate (1%), and organic matter
(4%) (Tsai et al.,, 2008). Eggshell waste can be used as an alternative and green
precursor for hybrid particles of AgNPs and CaCOs.

The number of patents on eggshell applications has increased exponentially in
the last seven years, from 150 in 2014 to 250 in 2020, emphasizing biotechnological
applications involving biomedical, chemical, engineering and environmental
technology (Ahmed et al., 2021). One of the biotechnological applications of eggshell
calcium carbonate is as a hybrid particle. The ceramic-ceramic and ceramic-metal
hybrid particles exploit the advantages of the synergistic function of the compositions
of the hybrid particles. For example, TiO,/SiO,, a ceramic-ceramic hybrid particle, can
be applied as a functional filler for elastomers and possesses the advantages of
photocatalytic properties and antimicrobial biomaterials by TiO,, as well as high
thermal stability and excellent mechanical strength by SiO, (Teamsinsungvon et al.,

2022). For ceramic-metal hybrid particles, AgNPs/CaCOs, could be utilized as an
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antimicrobial agent with CaCO; acting as an AgNPs carrier and AgNPs as an active
antimicrobial agent. The CaCOs; carrier also improves the distribution and distributive
of AgNPs (Apalangya et al., 2014; Dlugosz et al., 2012).

The patent filed by Yang et al. disclosed a method to produce hybrid particles
of AgNPs and CaCOs; using eggshells as a template. Eggshells were pulverized and
loaded with Ag”, followed by heating at 400—600 °C. The resultant hybrid particles can
be utilized for various applications including catalysis, tissue engineering, coatings, and
the production of antibacterial agents, pigments, and ceramics (Dapeng, Bin, &
Minghuan, 2017). Nevertheless, the proposed method consumes a large amount of
energy while heating up to 600 °C. Hassan et al. prepared eggshell CaCO; platelets
using a combination of mechanochemical and sonochemical techniques. The obtained
CaCO; platelets had particle sizes, BET surface areas, and pore volumes of 10 nm,
43.69 m?/g (Hassan et al., 2013), and 0.164 cm®/g (Mensah, Abdelmageed, & Shokry,
2022), respectively. Apalangya et al. employed a mechanochemical milling technique
to deposit spherical AgNPs with a diameter of 5-20 nm onto the surface of micron-
sized ground eggshells with crystal polymorphs of calcite (Apalangya et al., 2014). They
also mentioned that macromolecular proteins and functional groups in the eggshells,
such as hydroxyl, carboxyl, and amino functional groups could stabilize and immobilize
AgNPs onto the surfaces of eggshell particles. However, the morphology of the ground
eggshells obtained using the mechanochemical milling technique is platelet-shaped,
resulting in the anisotropic properties for the hybrid particles. Zapotoczny et al.
prepared hybrid particles of AgNPs and CaCOs, for sustained release applications, using
a calcium nitrate and sodium carbonate solution for co-precipitation in the presence
of freshly prepared silver colloids (Dlugosz et al., 2012). The particle size of the AgNPs
was 10-30 nm. However, crystal polymorphs of the co-precipitated CaCO; have not
yet been reported.

In addition to the above-mentioned techniques involving the preparation of
ground eggshell powders, and hybrid particles of AgNPs and eggshell CaCOs; and AgNPs
and mineral CaCQOs, this article proposes a two-step method using the green raw
material of bio-eggshell waste to prepare hybrid particles of AgNPs and CaCO; as

antimicrobial agents. The two-step method comprised silver colloids preparation and
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silver colloids/eggshell CaCO5 co-precipitation. Using the two-step method, the specific
particle size, size distribution, and morphology of the hybrid particles of AgNPs and
eggshell CaCO; were chemically controllable with a higher BET specific surface area
and pore volume.

In this study, AeNPs were used as an active gent against the growth of bacteria
contaminating fresh beef due to their highly effective antimicrobial activity against a
wide spectrum of Gram-negative and Gram-positive bacteria, biocompatibility, and low
production cost. Vaterite calcium carbonate was prepared from eggshell and
functioned as the AgNPs carrier due to its, porous structure, isotropic property, and
nontoxicity. To prepare the hybrid particles of A¢NPs and vaterite calcium carbonate
(AgNPs/eCaCOs3), AgNPs were freshly synthesized by a chemical reduction method using
trisodium citrate, a low toxicity chemical, and then deposited in situ into micro-sized
eggshell calcium carbonate particles during precipitation. In addition, hybrid particles
of AgNPs loaded with commercial calcium carbonate (AgNPs/CaCOs;) were
comparatively prepared. Furthermore, the effect of precipitation temperature on the
particles size and size distribution of AgNPs/eCaCO; was investigated. The hybrid
particles were characterized using Field Emission Scanning Electron Microscopy
(FESEM), Transmission Electron Microscopy (TEM), and Energy Dispersive X-ray
Spectroscopy (EDS, EDX) to monitor particle size and size distribution; particle
morphology; and silver content, respectively. Dynamic Light Scattering (DLS) technique
was also employed to study the hydrodynamic radius of the AgNPs. BET analysis was
used to determine the specific surface area, pore volume, and pore diameter of the
particles. Finally, the antimicrobial activities of silver colloids, AgNPs/eCaCO; particles,
AgNPs/CaCO; particles, and precipitated eCaCO; particles against beef-extracted
bacteria were compared using a modified Kirby-Bauer disc diffusion assay. Soon,
AgNPs/eCaCO3 particles will be incorporated into a biodegradable poly (lactic acid)
using the electrospinning method for antimicrobial food packaging. Using eggshell as a
precursor for preparing Ca(NOs), in precipitating vaterite calcium carbonate for carrying
AgNPs. has not been previously reported. Effect of the eggshell precipitation
temperature has not been studied, as well. This study offers the novel co-precipitation

technique for preparing hybrid particles of AgNPs and micron-sized vaterite calcium
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carbonate using bio-green source chicken eggshell with the determined mixing step
and temperature to control the size of AgNPs, and morphology and size of vaterite
calcium carbonate. For the hybrid particles aiming as antimicrobial agents in beef
packaging, AgNPs function as active antimicrobial agents and vaterite calcium

carbonate as carriers or supporters.

3.3 Materials and Methods
3.3.1 Materials
Chicken eggshells (ES) were obtained from household waste and

commercial calcium carbonate particles were obtained from Sand and Soil Industry
Co., Ltd. Silver nitrate (= 99.0%, ACS reagent), sodium carbonate (= 99.5%, ACS
reagent), sodium citrate tribasic dihydrate (trisodium citrate) ( = 99.0%, ACS reagent)

and poly (sodium d-styrenesulphonate) (PSS, average M,, ~ 70,000 g/mole) were
obtained from Sigma Aldrich. Nitric acid (65%, AR Grade) was purchased from ANaPURE.
Plate count agar (PCA) and peptone were purchased from HiMedia Laboratories Pvt.
Ltd and Sisco Research Laboratories Pvt. Ltd, respectively. Unpacked fresh beef and
vacuum-packed fresh beef (“MAX BEEF”) were purchased from a local fresh market

and a Home-Fresh Mart supermarket, respectively.

3.3.2 Preparation of eggshell powder

Household waste eggshells were washed with tap water and boiled in a
rice cooker at 100 °C for 4 h. Subsequently, eggshell membranes were peeled off. The
eggshells were crushed into small pieces and dried at room temperature for 24 h. To
obtain fine eggshells pieces, a grinding machine (Retsch, SR300) was used to reduce
the initial size of the dried eggshells. To remove all the remaining biomacromolecules,
such as the eggshell membrane, the eggshell powder was washed with water at least
five times and then dried in an oven at 60 °C for 24 h. Ball milling with different ball
sizes was used for further size reduction. After 24 h of ball milling, the eggshell powder

was sieved through No.500 and No.450 sieves, to obtain particle size of 25-32 um.



34

3.3.3 Preparation of calcium nitrate solution

To prepare the calcium nitrate solution, 102 g of eggshell powder (ESP)
was dissolved in 1000 mL of 2 M nitric acid solution. After the ESP was completely
dissolved, titration was performed with a 0.50 M sodium hydroxide solution using
phenolphthalein as an indicator to determine the exact molarity of the calcium nitrate
solution, after which the pH of the solution was adjusted to neutral using a 0.50 M
sodium hydroxide solution. To obtain a molarity equivalent to that of sodium
carbonate solution, the calcium nitrate solution was diluted to 0.03 M concentration.

For comparison, 100 ¢ of commercial calcium carbonate was dissolved in
a 2 M nitric acid solution. To get 0.03 M calcium nitrate solution from commercial
calcium carbonate, the same procedure mentioned in the previous paragraph was

performed.

3.3.4 Preparation of silver nanoparticles deposited on eggshell CaCO; and
commercial calcium carbonate

Hybrid particles of silver nanoparticles (AgNPs) deposited on eggshell
CaCO; and commercial calcium carbonate were prepared using a co-precipitation
method, as described by Zapotoczny et al. (Dlugosz et al., 2012). First, to prepare the
silver colloids, 45 mg of silver nitrate was dissolved in 250 mL of deionised (DI) water,
and then 5 mL of 1 (W/v)% trisodium citrate was added. The reaction mixture was
placed in an ultrasonic bath and heated at 70-72 °C for 60 min.

At the same time, PSS was dissolved in DI water to get a 4.8 g/L PSS
solution and a 0.03 M sodium carbonate solution was prepared. Then, 20 mL of the
freshly prepared silver colloids was simultaneously mixed with 50 mL of 0.03 M
Ca(NOs), solution prepared from either eggshell calcium carbonate or commercial
calcium carbonate and 50 mL of 0.03 M Na,CO, solution with the addition of 15 mL
of PSS (4.8 g/L). The mixture was then sonicated for 5 min at 25 °C. The obtained
particles were washed with deionized water and centrifuged at 4,000 rpm for 5 min to
remove the excess silver. The washing process was repeated thrice, and the obtained

particles were dried under vacuum at 40 °C for 24 h. AgNPs/eCaCO; and precipitated
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eCaCO; were also prepared at a sonication temperature of 35 °C via the same

procedure.

3.3.5 Sample characterization

The particle morphology and size of AgNPs, precipitated eCaCOs,
AgNPs/eCaCO; and AgNPs/CaCO; were determined using a Field Emission Scanning
Electron Microscope (FE-SEM, JEOL JSM 7800F) with an accelerating voltage of 3.0 kV.
Prior to observation, each sample was coated using a gold sputter coater (Neo-Coater,
MP-19020NCTR) for 2 min. The diameter of the particles was measured from the SEM
micrographs using an analysis software (Image J) and calculated by randomly selecting
200 particles. MATLAB R2022a was used to obtain the mean diameter, size distribution,
and histogram.

Moreover, the morphology and elemental composition of the AgNPs,
precipitated eCaCOs;, AgNPs/eCaCO;, and AgNPs/CaCO; were investigated using a
Transmission Electron Microscope (TEM, Thermo scientific Talos F200X) coupled with
energy dispersive X-ray spectroscopy (EDX). The morphology and size distribution of
the nanoparticles from the TEM micrographs were recorded digitally, and the
elemental composition of the particles was determined by EDS in the mapping mode
using Velox software. Samples for TEM were prepared by depositing a drop of each
sample in distilled water on a carbon-coated standard copper grid (200 meshes) and
allowed to dry before investigation.

The crystal polymorphs of the ground eggshells, precipitated eCaCOs;, and
hybrid particles were determined by an X-ray diffraction analyzer (XRD, Bruker D8
ADVANCE). The study was carried out in a 20 range of 5-80° with a voltage of 40 kV,
current of 40 mA, and a Cu Ka. (1.5606 A) radiation source.

To study the decomposition temperature of ground eggshells and
precipitated eCaCO; prepared at 35 °C, a thermogravimetric analyzer (TGA, Mettler
Toledo, TGA/DSC1) was employed. The samples were heated from 35 to 1000 °C at a
heating rate of 10 °C /min under nitrogen atmosphere.

The hydrodynamic particle size and Polydispersity Index (PDI) of silver
colloids and AgNPs, was determined by dynamic light scattering analyzer (DLS, Malvern

Instruments Zetasizer Nano ZS). The measurements were carried out in triplicate at 25
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°C with laser wavelength of 633 nm, beam back scattering angle of 173° and DI water’s
refractive index of 1.330.

The BET surface area and porosity of all particles were measured using a
BET analyser (Micromeritics 3Flex). All samples were degassed at 40 °C for 24 hunder

vacuum before examination.

3.3.6 Antimicrobial test

To examine the antimicrobial efficiency of the hybrid silver
nanoparticles/calcium carbonate particles on beef-extracted bacteria, a modified
Kirby—Bauer disc diffusion assay was performed as follows. Bacteria were extracted
from two types of beef, unpacked beef available at a local market and vacuum-packed
beef available at a supermarket (“MAX BEEF” brand). The beef loaf was cut into small
pieces and kept at room temperature for 18 h. The powdered forms of precipitated
eCaCOs, AgNPs/eCaCOs;, and AgNPs/CaCOs were dispersed in sterile deionized (DI) water
and kept at 4 °C overnight. Plate count agar (PCA) powder of 2.35 ¢ was completely
dissolved in 100 mL sterile DI water using a hot plate. Next, the PCA solution was
sterilized, and then poured into sterile petri dishes after the solution and the dishes
were cool down to 45-50 °C. Approximately 25 ¢ of spoiled beef was blended with
225 mL of 0.10% sterile peptone water using a Stomacher laboratory blender for 6
min. The obtained beef extract was smeared onto plate count agar using a sterile
cotton swab. Four sterile circular Whatman filter paper discs (6 mm diameter) were
placed onto the smeared agar plate and impregnated with 5 pL of precipitated eCaCOs,
freshly prepared silver colloids (sitver colloids at 0 h), AgNPs/eCaCOs;, and
AgNPs/CaCOs. The test was performed at particle concentrations of 500 mg/mL, 250
me/mL, and 125 mg/mL. The plates were incubated at 37 °C for 24 h. After that, each
inhibition zone diameter was monitored, and digital images of the antimicrobial zone
were taken. The diameters were averaged from the three measurements. The
antimicrobial test was performed in triplicate and the average diameter of the

inhibition zone with standard deviation was calculated.
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3.3.7 Cytotoxicity testing (MTT assay)

First, the initial concentration of polymer film (0.25 ¢/5mL or 50 mg/mL)
for human dermal fibroblast (HDF) treatment were prepared. The powder samples
(AgNPs/eCaCO; and AgNPs/CaCOs;) were weighed and placed into sterile petri dishes
under individual conditions. Next, these samples were disinfected by UV light
sterilization for 15 min. The culture medium DMEM (Dulbecco modified Eagle medium
with 4.5 ¢/L glucose) supplemented with 1% penicillin/streptomycin was added to the
polymer and incubated overnight at 25 °C. After incubation, the solution was collected
into 15 mL centrifuge tubes prior to treatment.

MTT is a colorimetric assay used to measure the cell viability. The cellular
enzymes reduce the tetrazolium dye, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny!l-
2H-tetrazolium bromide), to its insoluble product (formazan) giving a purple color. In
this study, MTT assay was used to determine the effect of powder (AgNPs/eCaCO; and
AgNPs/CaCOs) on viability of human dermal fibroblast (HDF) cells. Briefly, HDF cells
were seeded on 96-well plates at a density of 7 x 10* cells/well. Cells were then
treated with the indicated samples at various concentrations for 24 h. Then, MTT
solution was added to each well and incubated at 37°C in the dark for 4 h. After that,
the formazan crystals were dissolved with dimethyl sulfoxide (DMSO) and the
absorbance of formazan solution was detected at 570 nm using a microplate reader
(BMG Labtech, Ortenberg, Germany). The IC50 (50% inhibitory concentration) was
calculated from the dose-response curve of percent viability (Y axis) versus
concentration tested (X axis) with a linear regression using Microsoft Excel. All
experiments were performed in triplicates, and data were expressed as mean =+
standard deviation. Statistical analysis was performed using a student’s t test (SPSS
version 26.0, SPSS Inc., USA) to compare means from two independent sample groups.

*p < 0.05, *p < 0.01 and **p < 0.001 were considered statistically significant.
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3.4 Results and Discussion

3.4.1 Characteristic of silver nanoparticles

Figure 3.2 The image of freshly prepared silver colloids (silver colloids at 0 h) (A)
and SEM micrographs of AgNPs obtained from the silver colloids at O
hwith a magnification of 50 kX (A1) and 50 kX (A2). The image of silver
colloids at 24 h(B) and SEM micrographs of AgNPs obtained from the silver
colloids at 24 hwith a magnification of 10 kX (B1) and 100 kX (B2).

The optical micrographs in Fig. 3.2A-B show images of the silver colloids
over time. Freshly prepared silver colloids are clear and light-yellow, resulting in both
large and exceedingly small silver nanoparticles (AgNPs) of approximately 100-200 nm
and 1 nm, respectively, as shown in Fig. 3.2A1 and 3.2A2. However, after being left at
room temperature for 24 h, the silver colloids became dark brown (Fig. 3.2B) because
the small nanoparticles became larger. The AgNPs began to grow over time, as
confirmed by the SEM micrographs shown in Fig. 3.2B1 and 3.2B2. Agglomeration can
also be observed in the SEM micrograph shown in Fig. 3.2B2.

TEM micrographs, EDS mapping images and EDX spectrum of AgNPs
obtained from freshly prepared silver colloids are shown in Fig. 3.3. The TEM
micrographs showed the spherical morphology of AgNPs, as also observed from SEM
in Fig. 3.2, and the particle size range of with 9-13 nm with an average size of 24.13 +

2.95 nm, as illustrated in Fig. 3.3H. Particles with diameters of less than 10 nm were
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observed as small white dots. The EDS image mapping and EDX spectrum in Fig. 3.3C-
G illustrate that the particles were mainly composed of silver. Large-sized (50-100 nm)
silver crystallites were found using trisodium citrate as a reducing and stabilizing agent
(Kamat, 2004). Arif et al. also studied the synthesis of silver nanoparticles in the
presence of trisodium citrate, resulting in diameters of approximately 40 nm AgNPs
(Arif, Ulfiya, Erwin, & Panggabean, 2021). According to the smaller particle size and
lesser agglomeration, AgNPs obtained from the freshly prepared silver colloids were
further used to prepare AgNPs-loaded calcium carbonate particles as antimicrobial
agents.

The freshly prepared silver colloids contained the Z-average (r.nm) of
42.14 nm and PDI of 0.21, as observed from Fig. 3.3I. The hydrodynamic size distribution
curve of freshly prepared silver colloids, shown in Fig. 3.3, shows three peaks at 50.05,
10.34 and 1.20 nm. This distribution curve corresponded well with their TEM
micrograph in Fig. 3.3A, showing three different sizes of the particles. In addition, the
Z-average size (r.nm) and PDI of AgNPs, obtained from the freshly prepared silver
colloids, were 55.07 and 0.19, with two peaks at 69.56 and 11.05 nm as illustrated by
the hydrodynamic size distribution curve in Fig. 3.3). The 1 nm AgNPs might be
extracted out during the centrifugal separation as a result there are two particle size
ranges observed from the distribution curve. Soliwoda et. al. (Ranoszek-Soliwoda et
al,, 2017) prepared AgNPs at 100 °C using trisodium citrate as a capping agent. They
reported hydrodynamic size (d.nm) of the prepared AgNPs in ranges of 9 + 2 nm and
58 + 20 nm, with PDI of 0.50, and the particle size of the AgNPs observed from STEM

in ranges of 5-45 nm and larger than 100 nm.
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Figure 3.3 TEM micrograph (A), High-angle annular dark-field imaging (HAADF)(B),
Silver (Ag) EDS image mapping (C), Sodium (Na) EDS image mapping (D),
Oxygen (O) EDS image mapping (E), Silicon (Si) EDS mapping (F), EDX
spectrum (G) and a particle size distribution curve (H) of AgNPs obtained
from freshly prepared silver colloids, and the hydrodynamic size
distribution curves of (H) and AgNPs obtained from (I) freshly prepared

silver colloids.

Zeta potential of freshly prepared silver colloids and AgNPs obtained
from freshly prepared silver colloids were - 49.30 mV and - 44.10 mV, respectively
which were shown in Fig. 3.4A-B. Similar negative zeta potential of - 44.6 mV was
observed for chemically synthesized AgNPs using trisodium citrate as reducing agent

(Dasaradhudu & Arunachalam Srinivasan, 2020). The presence of negative charge on
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the surface of AgNPs cause repulsion among them and prevent the agglomeration,

hence provide the stability to the AgNPs (Gola et al., 2021).
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Figure 3.4  Zeta potential distribution of (A) and AgNPs obtained from (B) freshly

prepared silver colloids.

3.4.2 Characteristic of precipitated eggshell calcium carbonate (eCaCO,)
particles

SEM micrographs in Fig. 3.5A-C show spherical morphology and a broad

particle size distribution of precipitated eCaCO; particles prepared at 35 °C, with a

mean diameter of 3.55 + 1.32 um. The mechanism of CaCO; formation involves the

creation of nanometre-sized crystallites in the first stage which later aggregate to form

micrometer-sized superstructures (Dlugosz et al., 2012). According to the XRD pattern

in Fig. 3.5D, crystal polymorphs of the precipitated eCaCO; prepared at 35 °C was

vaterite whereas that of the ground eggshells was calcite. Sutapun et al. also reported

that ground eggshells were mainly composed of a calcite crystal structure (Sutapun,

Ruksakulpiwat, Suppakarn, Jeencham, & Aontee, 2011). The vaterite crystal structure is
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formed when CaCO; is precipitating in the presence of poly (sodium 4-
styrenesulphonate) (PSS) as a polyelectrolyte. Lei et al. studied precipitating vaterite
CaCO; from 0.5 M CaCl, and 0.5 M Na,COs5 and 70,000 g¢/mole and 1 ¢/L PSS at pH 10
and the obtained CaCOs; particles were vaterite polymorph with micron-sized spherical
shapes. It was deduced that PSS initiated vaterite nucleation through the binding of
calcium ions to anionic sulfonate groups, and stabilized the vaterite during crystal
growth (Lei et al., 2006). Azarian et al. also found that the crystal structure of
precipitated calcium carbonate from calcium nitrate and sodium carbonate in the
presence of polyelectrolytes was vaterite with a spherical morphology (Azarian &
Sutapun, 2022). The TEM micrographs in Fig. 3.6A-B also show a broad particle size
distribution. The EDS image mapping and EDX spectrum in Fig. 3.6C-F illustrated that

the particles were rich in calcium carbonate.

Vaterite
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Figure 3.5  SEM micrographs with magnification of 1 kX (A) and 5 kX (B), and a particle
size distribution curve (C) of precipitated eCaCO; particles prepared at
35°C, and XRD patterns of the precipitated eCaCOj; particles and ground
eggshells (D).
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Figure 3.6 TEM micrograph (A), High-angle annular dark-field imaging (HAADF) (B),
Calcium (Ca) EDS image mapping (C), Oxygen (O) EDS image mapping (D),
Sulphur (S) EDS image mapping (E), and EDX spectrum (F) of precipitated
eCaCO; particles prepared at 35 °C.

3.4.3 Characteristic of silver nanoparticles / eggshell calcium carbonate
(AgNPs/eCaCO;,) particles
Fie. 3.7A-D show the particle morphology, histogram plot of particle
diameter vs frequency and XRD spectrum for AgNPs/eCaCO; particles prepared at 35
°C. The spherical morphology of AgNPs/eCaCOs particles with a particle size distribution
ranging from 1.44 to 7.38 uym and a mean diameter of 3.19 + 1.20 ym was obtained.
Fig. 3.7E-H show the morphology, histogram plot of particle diameter vs frequency and
XRD spectrum for AgNPs/eCaCO; particles prepared at 25 °C. The XRD patterns in Fig.
3.7D and 3.7H confirm that the particles prepared at 25 °C and 35 °C were mainly
composed of vaterite crystal structures. The obtained AgNPs/eCaCOs; particles also
showed a spherical morphology with a narrow size distribution ranging from 2.39 to
4.15 ym and a mean diameter of 3.56 + 0.26 um. One of the factors affecting particle
size and distribution of precipitated CaCO; is crystallization temperature. At high



44

temperature, the crystallization is soverned by kinetic factors. Mathawa et al. studied
crystallization of CaCO; at 25 and 80 °C using PAA as a stabilizing agent. They stated
that when the crystallization was carried out at high temperature, the dissolution of
CaCOs; from the surface of growing particles might be occurred and the secondary
crystallization might then be formed. This secondary crystallization resulted in smaller
CaCO; crystals compared to the larger primary crystals (Matahwa et al., 2008).

At an ambient temperature of 25 °C, the precipitated eCaCO; particles
crystallized homogeneously with a narrow particle size distribution, and they did not
form perfect spherical structure like precipitated commercial calcium carbonate
particles as shown in Fig. 3.9. This is because other compositions of chicken eggshells

such as magnesium carbonate (1%) and calcium phosphate (1%) might disturb the

crystallization (Tsai et al., 2008).
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Figure 3.7 SEM micrographs with magnification of 1 kX (A) and 10 kX(B), a particle
size distribution curve (C) and an XRD pattern (D) of AgNPs/eCaCOs
particles prepared at 35 °C. SEM micrographs with magnification of 1 kX
(E) and 5 kX (F), a particle size distribution curve (G) and an XRD pattern
(H) of AgNPs/eCaCOs particles prepared at 25 °C.

TEM  micrographs, EDS image mapping and EDX spectrum of
AgNPs/eCaCO; prepared at 25 °C in Fig. 3.8 show that AgNPs are attached to the
eggshell calcium carbonate particles. The TEM micrographs and EDS image mapping in
Fig. 3.8A-C confirm the presence of AgNPs on both the surface and inside of eCaCOs.

AgNPs are attached to the whole particle of calcium carbonate resulting in silver
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content of 0.78 wt% confirmed through EDS mapping element analysis. According to
the EDX spectrum shown in Fig. 3.8G, the particles were composed solely of silver and
calcium carbonate and no other impurities were observed. So, AgNPs/eCaCO; particles

prepared at 25 °C were further used as antimicrobial agents against food related

bacteria due to their smaller size and narrow distribution.

Figure 3.8 TEM micrograph (A), High-angle annular dark-field imaging (HAADF) (B),
Silver (Ag) EDS image mapping (C), Calcium (Ca) EDS image mapping (D),
Oxygen (O) EDS mapping (E), Sulphur (S) image mapping (F) and EDX
spectrum (G) of AgNPs/eCaCO; particle prepared at 25 °C.

3.4.4 Characteristic of silver nanoparticles / commercial calcium carbonate
(AgNPs/CaCO,) particles

The morphology, size distribution and XRD pattern of the AgNPs/CaCO,

particles are shown in Fig. 3.9A-D. According to the SEM micrographs, the AgNPs/CaCO,

particles prepared at 25 °C were spherical microparticles with a particle size

distribution ranging from 4.15 to 6.95 um and a mean diameter of 5.61 + 0.66 pm (Fig.

3.9C). The particles are dominant in the vaterite crystal structure, as shown in the XRD

pattern in Fig. 3.9D. The spherical shape of the precipitated commercial calcium

carbonate was loaded with AgNPs on both the surface and inside of the calcium

carbonate particles as shown by the TEM micrographs and EDS image mapping in Fig.
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3.10A-C with a silver content of 3.20 wt%. The EDX spectrum in Fig. 3.10G confirms
that the particles contain only silver and calcium carbonate. Zapotoczny et al.
prepared AgNPs loaded calcium carbonate particles at 25 °C using calcium nitrate and
sodium carbonate, resulting in a particle size of 2 um, in approximation (Dlugosz et al.,
2012). In this study, AgNPs/eCaCO; and AgNPs/CaCO; prepared at 25 °C using eggshell
and commercial calcium carbonate as a precursor had a mean particle size of 3.56 +

0.26 um and 5.61 + 0.66 pm, respectively.
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Figure 3.9  SEM micrographs with magnification of 500X (A) and 5kX (B), a particle
size distribution curve (C), and an XRD pattern (D) for AgNPs/CaCO,
particles prepared at 25 °C.

00 A

Figure 3.10 TEM micrograph (A), High-angle annular dark-field imaging (HAADF) (B),
Silver (Ag) EDS image mapping (C), Calcium (Ca) EDS image mapping (D),
Oxygen (O) EDS mapping (E), Sulphur (S) EDS image mapping (F) and EDX
spectrum (G) of AgNPs/CaCO; particle.
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Figure 3.11 TGA curves (A) and DTGA curves (B) of ground eggshells, precipitate

eCaCOy, °C, AgNPs/eCaCO,
AgNPs/eCaCO; prepared at 25 °C and AgNPs/CaCO; prepared at 25 °C.

prepared at 35 prepared at 35 °C,

The TGA and DTGA curves of the ground eggshells, precipitated eCaCOs;
prepared at 35 °C, AgNPs/eCaCO; prepared at 35 °C, AgNPs/eCaCO; prepared at 25 °C
and AgNPs/CaCOs; prepared at 25 °C are shown in Fig. 3.11A-B. Ground eggshells
exhibited three thermal transitions of mass loss. The first thermal decomposition
occurred in the temperature range of 35-110 °C due to the evaporation of physically

adsorbed water. The second transition in the range of 240-350 °C caused by thermal
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decomposition of the eggshell matrix left in the ground eggshell. The TGA curve shows
overall mass loss of 1.90% from water evaporation and eggshell matrix decomposition.
Castro et al. also reported that natural eggshells showed a mass loss of 1.90% between
30-400 °C (Castro, Barafiano, Pinheiro, Menini, & Pinheiro, 2019). The third mass loss
occurred between 400 and 800 °C, with a DTGA peak at 783 °C and a mass loss of
45.82%. This loss is related to the CO, released from CaCO; decomposition.
Decarbonization of chicken eggshells has been reported to occur in the temperature
range of 600-850 °C (Nadia Razalil, 2022; Sutapun et al., 2011).

In the cases of precipitated eCaCO; prepared at 35 °C, AgNPs/eCaCOs;
prepared at 35 °C, AgNPs/eCaCO; prepared at 25 °C and AgNPs/CaCO; prepared at 25
°C, the TGA and DTGA curves show four regions of thermal decomposition with the
overall weight loss of approximately 46.21%, 46.71%, 55.81% and 47.28% respectively.
The first weight loss at 35-180 °C was due to the evaporation of physically adsorbed
water from CaCOs. The second and third decompositions in the temperature range of
430-520 °C and 550-650 °C, were derived from the thermal degradation of PSS in
precipitated eCaCOs;. These two thermal decomposition ranges were also reported by
Bahrom et al. (Bahrom et al., 2019). They reported that the thermal decomposition of
precipitated CaCO; using PSS as an organic additive at 430-520 °C and 550-650 °C was
due to the decomposition of PSS. The fourth thermal decomposition at 720-770 °C
corresponded to the decarbonization of vaterite CaCO;. Popescu et al. (Popescu,
Isopescu, Matei, Fagarasan, & Plesu, 2014) and Karunadasa et al. (Karunadasa,
Manoratne, Pitawala, & Rajapakse, 2019) stated that the transformation temperature
range of the CaCO; into CaO occurred at 600-790 °C with a peak of 750 °C and at 700-
800 °C with a peak of 790 °C, respectively. It could be concluded that there was no
organic matter left in the precipitated eCaCOs, AgNPs/eCaCO; and AgNPs/CaCO; and
vaterite polymorph precipitated from eggshell absorbed more water than calcite

polymorph of eggshell.
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Figure 3.12 Particle size distribution of precipitated eCaCO; prepared at 35 °C (A),
AgNPs/eCaCOs; prepared at 35 °C (B), AgNPs/eCaCO; prepared at 25 °C (C)
and AgNPs/CaCO; prepared at 25 °C (D).

Particle size distribution curves of precipitated eCaCOs, AgNPs/eCaCOs,
and AgNPs/CaCOj; as average size, [D1,0], [D5,0], and [D9,0] are shown in Fig. 3.12. and
Table 3.1. The average size and distribution of those particles correspond well with
their particle size and distribution observed from SEM micrographs shown in Fig. 3.5A-
B, Fig. 3.7A-B, and Fig. 3.9A-B, respectively, except for AgNPs/eCaCO; prepared at 25 °C.
The average particle size of AgNPs/eCaCO; prepared at 25 °C obtained from DLS
technique were larger than those observed from particle morphology shown in Fig.
3.7E-F. In addition, the obtained particle size distribution was broader than that
observed from Fig. 3.7E, as well. This might be due to particle agglomeration during

DLS characterization.
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Table 3.1 Particle size distribution of precipitated eCaCOs;, AgNPs/eCaCOs;, and

AgNPs/CaCOs

Particles Average [D1,0] [D5,0] [D9,0]
[D3,4] (um) (um) (um)
(pm)

Precipitated eCaCOj; prepared at 3.36 1.51 2.60 5.87

35 °C

AeNPs/eCaCO; prepared at 35 °C 3.14 1.72 2.60 3.90

AgNPs/eCaCO; prepared at 25 °C 4.69 1.51 a.47 7.70

AgNPs/CaCO; prepared at 25 °C 5.20 2.60 a.ar 6.72

The specific surface area, total pore volume, and mean pore diameter of

precipitated eCaCO,, AgNPs/eCaCO; prepared at 35 °C, and 25 °C and AgNPs/CaCO,

prepared at 25 °C were remarkably similar as shown in Table 3.2. The specific area of

the hybrid particles of AgNPs and CaCO; prepared at 25 °C was higher than that

prepared at 35 °C. At co-precipitation temperature of 25 °C, the specific area of

AgNPs/eCaCO; was approximate the same as that of of AgNPs/CaCO,. However, the

mean pore diameter of the hybrid particles of AgNPs and CaCO; prepared at 25 °C was

slightly smaller than that of the particles prepared at 35 °C. All particles mentioned in

Table 3.2 have the same total pore volume (V) of around 0.07 m3/g and a mean pore

diameter (d,) in a range of 3.26 - 3.78 nm.
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Table 3.2 Silver content, BET specific surface area (Sgey), total pore volume (V), and

mean pore diameter (d,) of precipitated eCaCOs;, AgNPs/eCaCOs;, and

AgNPs/CaCOs
Particles Silver SgeT V (m3/g) | d, (nm)
content | (m?%g)
(Wt%)
Precipitated eCaCOj; prepared at - 79.77 0.07 3.72
35°C
AgNPs/eCaCO; prepared at 35 °C - 79.25 0.07 3.78
AgNPs/eCaCO; prepared at 25 °C 0.78 85.08 0.07 3.26
AgNPs/CaCOs; prepared at 25 °C 3.20 85.85 0.07 3.39

3.4.5 Antimicrobial efficiency

As shown in Fig. 3.13A-C and 3.14A-C, precipitated eCaCOs (disc a) showed
no inhibitory effect against bacteria extracted from unpacked beef purchased from the
fresh market and vacuum-packed beef of “MAX BEEF” brand. The freshly prepared
silver colloids showed slight antimicrobial activity against the bacteria extracted from
the unpacked beef and the vacuum-packed beef with inhibition zone diameters of
approximately 7 mm, as observed from disc ‘b’ in Fig. 3.13A-C and 3.14A-C,
respectively. The antimicrobial efficiency of the silver colloids was lower than that of
AgNPs/eCaCO; and AgNPs/CaCOs;. This might be caused by the agglomeration of the
silver colloids within the disc, in which the dissolution of Ag” or Ag* was slower than
that of the hybrid particles of AgNPs/eCaCO; and AgNPs/CaCO; (J. L. Castro-Mayorga et
al,, 2014). Lee et al. investigated the antimicrobial activity of AgNPs prepared at
different molar ratios using the Kirby-Bauer disc diffusion assay and demonstrated a
good inhibitory effect against Escherichia coli (E. coli) and Staphylococcus aureus (S.
M. Lee et al.,, 2010). The antimicrobial efficiency depends on the particle size, particle
size and concentration (Barabadi et al., 2021; Talank et al., 2022), and the degree of
agglomeration of nanoparticles (J. L. Castro-Mayorga et al., 2014). Therefore, the
superior antimicrobial activity of AgNPs/eCaCO; and AgNPs/CaCOj; particles compared

to that of the silver colloid was attributed to the reduced agglomeration of AgNPs,
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giving rise to a better stabilized and sustained release of AgNPs from the eCaCO5 and
CaCO; carriers (Apalangya et al,, 2014). It was reported that 20 nm AgNPs showed
antimicrobial against Escherichia coli at MIC (minimum inhibitory concentration) of
0.621 mg/mL (Ashmore et al., 2018). In addition, 5 nm and 10 nm AgNPs exhibited MIC
at 0.625 mg/mL and 1.35 mg/mL, respectively, against Staphylococcus aureus
(Parvekar, Palaskar, Metgud, Maria, & Dutta, 2020).

In addition, AgNPs/eCaCO; and AgNPs/CaCO; showed concentration-
independent antimicrobial activity against bacteria extracted from unpacked beef. The
diameters of the inhibition zones at 125, 250, and 500 mg/mL were not significantly
different, with an average diameter of 8-9 mm. This suggested that the optimum
concentration of AgNPs/eCaCO; and AgNPs/CaCOs; for inhibiting bacteria growth was
125 mg/mL. In contrast, AgNPs/eCaCO; and AgNPs/CaCO; showed concentration-
dependent antimicrobial activity against bacteria extracted from vacuum-packed beef.
The average inhibition diameter tended to increase with increasing the hybrid particle
concentration.

The Laboratory of Cell-Based Assay and Innovation (CBAI), Suranaree
University of Technology, reported that the extract from the unpacked beef contained
two types of Gram-negative and one type of Gram-positive bacteria whereas the
extract from the vacuum-packed beef contained one type of Gram-negative and one
type of Gram-positive bacteria. The lesser types of extracted bacteria from vacuum-
packed beef might be the main effect of concentration-dependent antimicrobial
activity against the bacteria of the hybrid particles. However, it could be concluded
that the antimicrobial efficiencies of AgNPs/eCaCO; and AgNPs/CaCOj; against bacteria
extracted from unpacked and vacuum-packed beef were comparable.

For the case of AgNPs/CaCOs, Zapotoczny et al. studied the antimicrobial
activity of AgNPs/CaCO; microparticles against Staphylococcus and Candida species
and reported that the AgNPs/CaCO; showed inhibitory effects for those species
(Dlugosz et al., 2012). Apalangya et al. reported that AgNPs/eggshell particles exhibited
superior antimicrobial activity against Escherichia coli compared to that of AgNPs
(Apalangya et al., 2014). The mentioned reports were in good agreement with the

inhibitory effect of the hybrid particles of AgNPs/eCaCO5 and AgNPs against bacteria
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extracted from beef, as shown in Table 3.3. In addition, Wang et al. mentioned that
Pseudomonas fragi, Myroides phaeus, and Brochothrix thermosphacta were bacteria
found in beef (X. Wang et al., 2023) and it was reported that E. coli was found in raw

beef, as well [56].

(A) 500 mg/mL (B) 250 mg/mL (C) 125 mg/mL
//-\ ; -

Figure 3.13 Antimicrobial activity against bacteria extracted from unpacked raw beef
from a local fresh market. The discs were impregnated with precipitated
eCaCOs (a), freshly prepared silver colloids (b), AgNPs/eCaCOs; (c), and
AgNPs/CaCOs (d), at concentrations of 500 mg/mL (A), 250 mg/mL (B), and
125 mg/mL (O).

(A) 500 mg/mL (B) 250 mg/mL (C) 125 mg/mL

Figure 3.14 Antimicrobial activity against bacteria extracted from vacuum-packed
beef (“MAX BEEF” brand). The discs were impregnated with precipitated
eCaCO;s (a), freshly prepared silver colloids (b), AgNPs/eCaCO; (c), and
AgNPs/CaCO; (d), at concentrations of 500 mg/mL (A), 250 mg/mL (B), and
125 mg/mL (Q).



54

The summary of the average inhibition zone diameter with standard
deviation obtained from precipitated eCaCOs, freshly prepared silver colloids,
AgNPs/eCaCOs, and AgNPs/CaCOs, against extracted bacteria from the unpacked and

vacuum-packed beef vs. testing concentrations are shown in Table 3.3.

Table 3.3 Inhibition zone diameter against extracted bacteria from unpacked and
vacuum-packed beef using precipitated eCaCOs;, freshly prepared silver

colloids, AgNPs/eCaCO; and AgNPs/CaCOs as antimicrobial agents.

Inhibition zone diameter (mm)

unpacked beef extracted vacuum-packed beef
Samples bacteria extracted bacteria
500 250 125 500 250 125

mg/mL | mg/mL | mg/mL | mg/mL | mg/mL | mg/mL

Precipitated No No No No No No
eCaCO, effect effect effect effect effect effect

Freshly prepared | 6.99 + 6.77 + 6.57 + 7.38 + 717 + 7.13 +

silver colloids 0.12 0.12 0.19 0.50 0.58 0.33
8.76 8.24 + 8.98 = 10.52 + 8.56 = 7.44 +
AgNPs/eCaCO;
0.26 0.67 0.47 1.06 0.22 0.47
8.97 + 8.09 + 8.27 + 10.16 + | 7.89 = 7.45 +
AgNPs/CaCO5
0.49 0.31 0.31 0.80 0.81 0.38

3.4.6 Cytotoxicity testing (MTT assay)

The lab report of the cytotoxicity test in Human Dermal Fibroblasts (HDF)
of AgNPs/eCaCO; and AgNPs/CaCO; were shown in Fig. 3.15 and Fig. 3.16, respectively.
According to Fig. 3.15B, starting from the concentration of 5 meg/mL, AgNPs/eCaCO,
showed around 60 % cell viability and no alive cells were observed at 50 mg/mL
shown in Fig. 3.15A. Similar results were also found at the 50 mg/mL concentration of
AgNPs/CaCO; which were shown in Fig. 3.16. Significant cells dead were occurred at
the concentration of 25 mg/mL (Fig. 3.16B) and no alive cells were found at the

morphology of 50 mg/mL concentration of AgNPs/CaCO; shown in Fig. 3.16A.
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Control 0.1 mg/mL

*%

Ctrl  0.001 0.01 0.1 1 5 25 50

Concentration (mg/ml)

In vitro cytotoxicity test of AgNPs/eCaCO,. water-insoluble formazan
crystals in human dermal fibroblast cells (A) and viability of human

dermal fibroblast cells (B).

Control 1 mg/mL

Ctrl  0.001 0.01 0.1 1 5 25 50

Concentration (mg/ml)

In vitro cytotoxicity test of AgNPs/CaCOs;. water-insoluble formazan
crystals in human dermal fibroblast cells (A) and viability of human

dermal fibroblast cells (B).
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3.5 Conclusion

Spherical AgNPs with an average size of 24.13 + 2.95 nm were successfully
prepared by reducing an AgNO; aqueous solution at 70 °C in the presence of trisodium
citrate as a reducing agent and stabilizer. The Z-average (r.nm) and PDI are 42.14 nm
and 0.21, respectively for freshly prepared silver colloids, and 55.07 and 0.19,
respectively for AgNPs. Zeta potential of freshly prepared silver colloids and AgNPs
obtained from freshly prepared silver colloids were - 49.30 mV and - 44.10 mV,
respectively. Novel hybrid antimicrobial microspherical particles of AgNPs/eCaCO; and
AgNPs/CaCO; were successfully prepared via aqueous precipitation in the presence of
freshly prepared silver colloids using poly (sodium 4-styrenesulphonate) as a
polyelectrolyte. TEM, EDS and EDX confirmed that AgNPs were incorporated into the
spherical precipitated CaCO; from eggshells and commercial calcium carbonate. The
crystal polymorph of the precipitated eCaCO; and CaCO; was vaterite. The hybrid
AgNPs/eCaCO;, particles prepared at 25 °C had a spherical morphology and a narrow
size distribution, with a mean diameter of 3.56 + 0.26 pm. In contrast, AgNPs/eCaCO,
prepared at 35 °C showed a broader size distribution with a mean diameter of 3.19 +
1.20 pm. In addition, 0.78 wt% and 3.20 wt% AgNPs were deposited onto and inside
the microspherical particles of precipitated eggshells and commercial calcium
carbonate, respectively. AgNPs/CaCO, particles prepared at 25 °C also had a spherical
morphology and a narrow size distribution with a mean diameter of 5.61 + 0.66 um.
Both AgNPs/eCaCO;and AgNPs/CaCOs; prepared at 25 °C have four regions of thermal
decomposition with the overall weight loss of approximately 55.81% and 47.28%
respectively. Therefore, eggshells and commercial calcium carbonate can be applied
as carriers or supporters for the nanoparticles.

Antimicrobial test showed that both AgNPs/eCaCO; and AgNPs/CaCO; particles
exhibited the same antimicrobial activity. The hybrid microspherical AgNPs/eCaCO,
and AgNPs/CaCO; particles inhibited the growth of bacteria extracted from both
unpacked and vacuum-packed beef. However, AgNPs/eCaCO; and AgNPs/CaCO;
showed concentration-dependent antimicrobial activity against bacteria extracted from

vacuum-packed beef. Significant HDF cells dead were found at 5 mg/mL for
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AgNPs/eCaCO; and 25 mg/mL for AgNPs/CaCOs; and no alive HDF cells were resulted

at the concentration of 50 mg/mL for both samples.



CHAPTER IV
ELECTROSPUN PLA FIBERS WITH SILVER LOADED CALCIUM
CARBONATE FILLER: EFFECT OF SOLVENT SYSTEMS AND
MECHANICAL PROPERTIES

4.1 Abstract

Silver nanoparticles (AgNPs) are widely used as antimicrobial agent in food
packaging applications, wound dressing materials and other antimicrobial applications
because of their outstanding antimicrobial activity. AgNPs deposited onto calcium
carbonate (CaCOs) particles, have also the antimicrobial activity of which calcium
carbonate functions as the agent carrier. Silver nanoparticles loaded eggshell calcium
carbonate particles (AgNPs/CaCO3) were prepared by in situ precipitation method and
characterized as mentioned chapter lll. In this study, antimicrobial composite material
from the silver loaded calcium carbonate and poly (L-lactic acid) (PLA) is prepared with
electrospinning technique. PLA solution is prepared using binary solvent systems with
the solubility parameters close to that of PLA. In this study, three different binary
solvent systems were used: chloroform (CHL): acetone (AC) with mixing ratio of 2:1 by
volume, and chloroform (CHL): dimethylformamide (DMF) and dichloromethane (DCM):
dimethylformamide (DMF) with the mixing ration of 9:1 by volume. Then, the PLA
solutions and 1%, 3% and 5% ((w/v)) AgNPs/eCaCO; were mixed in order to prepare
electrospun nanofiber mats. The conditions for fabricating electrospun neat PLA and
AgNPs/eCaCO; filled PLA is a 15 cm of collection distance, 1 and 1.5 mL/hflow rates
and 15, 18 and 20 kV of applied voltages. For binary solvent systems of CHL: AC,
electrospun continuous fibers without beads were occurred at 10 and 15% (w/v) PLA
solution concentrations, 1 mL/hflow rate and 18 kV applied voltage. For binary solvent
systems of solvent 1 CHL: DMF and solvent 2 DCM: DMF, incorporation of 5%
AgNPs/eCaCO; filler into the PLA electrospun fiber, solvent system 2 gave rise to larger
diameter fiber with bead on the string along the fiber.
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4.2 Introduction

Silver nanoparticles (AgNPs) are increasingly used as antimicrobial agent for
medical, health care, food, cosmetic applications, and also in industrial purposes like
textiles, keyboards. AgNPs can destroy the cell wall of the microorganisms including
both Gram-negative and Gram-positive bacteria and have the ability to overcome the
bacterial resistance to antibiotics (Zhang, Liu, Shen, & Gurunathan, 2016). Nowadays,
several research works have focused on application of AgNPs as antimicrobial agent
for plastic food packaging (Casasola, Thomas, Trybala, & Georgiadou, 2014), wound
dressing materials and other antimicrobial applications because of their excellent
antimicrobial activity. To reduce agglomeration and maintain long-lasting antimicrobial
activity of Ag particles, calcium carbonate is one of a good choice as AgNPs carrier for
incorporation into polymer matrix (Dlugosz, Bulwan, Kania, Nowakowska, &
Zapotoczny, 2012). Chicken eggshell are extensively used as a replacement of
commercial calcium carbonate because chicken eggshell is high in CaCO5; content, 95
wt % and plenty available even though it is household waste. Recently, biopolymers
have gained much attention as a replacement of petroleum-based synthetic polymer
because of increasement of fuel energy utilization and greenhouse gas emission. Poly
lactic acid (PLA) is a non-toxic and compostable bio-based material derived from starch
and/ or sugar and has high mechanical strength and good barrier properties (Sufer,
2017). PLA has been widely used including biomedical applications and food packaging
because of its biodegradability, biocompatibility and ability to be dissolved in common
solvents for processing (Pan et al., 2018). The Hildebrand solubility parameter of PLA
is around 10.1 cal”? cm 2 (20 to 21 MPa™) (Su, Duhme, & Kopitzky, 2020).

Electrospinning is simple and the commonly employed technique for the
fabrication of nano to microscale fibers. The morphology and fibers diameter during
electrospinning influenced by solution properties, processing and ambient factors
(Alven, Buyana, Feketshane, & Aderibigbe, 2021). The boiling point, comparative
evaporation rate and solubility parameters of AC, CHL, DCM, and DMF are shown in
Table 1. For binary solvent system of CHL: DMF and DCM: DMF, CHL and DCM were
comparatively employed as the first solvent and DMF, as the second solvent with 1

part out of 10. CHL and DCM as the first solvents would make electrospun PLA fibers
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more porous and smaller in diameter as hundred nanometers scale. Whereas DMF
would ease fiber forming but the obtained electrospun fibers would be larger in
diameter. With binary solvent system in electrospinning, the obtained electrospun
fibers will be porous because of phase separation due to the different evaporation
rate of the solvents. Casasola et al. (Casasola et al., 2014) found that the fibers
diameter decreases as the boiling point of the second solvent in the mixed-solvent
system increases. Therefore, DMF was employed as the second solvent due to their
boiling points are higher than the boiling point of chloroform and dichloromethane. In
addition, the boiling point of chloroform is higher than that of dichloromethane. The
aim of this study is to develop the antimicrobial fiber mat for food packaging using
electrospinning technique. PLA and PLA filled with AgNPs/eCaCOj; electrospun fiber
mat were prepared and the effects of PLA solution concentration, applied voltage,
different binary solvent systems and AgNPs/eCaCOs filler content on morphology of

electrospun fibers and distribution of fiber diameter were studied.

Table 4.1 Physical properties of solvents used in this study (Casasola et al., 2014,
Haider, Haider, & Kang, 2018)

Solvents Boiling Evaporation rate at Solubility

point (°C) room temp Parameter
& (cal”? cm )

Acetone (AQ) 56 5.6 (Butyl acetate =1) 10

Chloroform (CHL) 40 8.8 (Butyl acetate =1) 9.30

Dichloromethane 61 14.5 (Butyl acetate =1) 9.70

(DCMW)

Dimethylformamide | 153 0.2 (Butyl acetate =1) 12.10

(DMF)

CHL: AC (2:1) - - 9.50*

CHL: DMF (9:1) - - 9.58*

DCM: DMF (9:1) - - 9.94*

* Calculated solubility parameter
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4.3 Materials and Methods
4.3.1 Materials

The commercial poly (L-lactic acid) (PLA grade (4043D)) was purchased
from NatureWorks. Chloroform RPE and dichloromethane RPE were purchased form
Carlo Erba Reagents, acetone was purchased from Thermo Fisher Scientific and
dimethylformamide was purchased from RCl Labscan. Silver nanoparticles loaded
eggshell calcium carbonate particles (AgNPs/eCaCO;) were prepared by a
coprecipitation method mentioned in chapter lll. The particle size range of the
AgNPs/eCaCOj; is around 2 to 8 um with [D0.1] of 1.51 um, [D0.5] of 4.47 um and [D0.9]
of 7.70 um.

4.3.2 Sample preparation for binary solvent system of chloroform and
acetone (CHL: AC = 2:1 by volume)

Binary solvent system of chloroform and acetone (CHL: AC = 2:1 by
volume) was used as solvent for preparing PLA solutions. The PLA solution with
different concentrations of 7.5%, 10%, 12.5% and 15% (w/v) were dissolved in the
binary solvent system of CHL: AC of 30 mL and were stirred at room temperature for
24 h using a magnetic stirrer. For preparing AgNPs/eCaCO; filled PLA nanofibers, only
10% (w/v) PLA solution with the binary solvent system of CHL:AC was employed.
Firstly, 3.00 ¢ of PLA was dissolved in the binary solvent system of 30 mL for 22 h.
Then, 0.30 ¢ or 0.90 ¢ AgNPs/eCaCO; was slowly added into the 10% PLA solution
under stirring condition. After that, the mixtures were magnetically stirred at room
temperature for 2 h.

Each PLA solution, unfilled and filled, was loaded into a 10 mL plastic
syringe (NIPRO syringe), and the needle (inner diameter 0.9 mm, NIPRO) was used for
electrospinning. Two flow rates (1 mL/hand 1.5 mL/h) were varied, and applied voltage
of 15 kV and 18 kV were applied. Electrospun fibers were collected on a grounded
aluminum collector at a distance of 15 cm from the needle tip. The spinning time for
pure PLA solutions and AgNPs/eCaCO; loaded PLA solutions was 30 min and 15 min,
respectively. All experiments were performed at about 30°C and relative humidity

around 60%.
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4.3.3 Sample preparation for binary solvent systems of chloroform and
dimethylformamide (solvent 1 CHL: DMF = 9:1 by volume) and
dichloromethane and dimethylformamide (solvent 2 DCM: DMF = 9:1
by volume)

Various concentrations of PLA solution were prepared with different
binary solvent systems of chloroform and dimethylformamide (solvent 1 CHL: DMF =
9:1 by volume) and dichloromethane and dimethylformamide (solvent 2 DCM: DMF =
9:1 by volume). PLA solutions were prepared at 7.5%, 10% and 12.5% (w/v) using those
binary solvent systems as solvent. The PLA solutions were stirred at room temperature
for 12 h using a magnetic stirrer. For preparing AgNPs/eCaCOs; filled PLA fibers, only
10% (w/v) PLA solutions with different binary solvent systems of solvent 1 and solvent
2 were employed.

To prepare AgNPs/eCaCO; filled PLA, firstly, 3.00 ¢ of PLA was dissolved
in both 30 mL binary solvent systems for 10 h and different 0.30 ¢ and 1.50 ¢ of
AgNPs/eCaCO; filler contents were slowly added into the dissolved PLA solutions
under stirring condition. Then, the mixtures were further magnetically stirred at room
temperature for 2 h and subsequently placed into an ultrasonic bath for 30 min at
room temperature to get homogenous dispersion/distribution of the particles along
the fibers during electrospinning.

Each PLA solution, unfilled and filled, was loaded into a 10 mL plastic
syringe (NIPRO syringe), and the needle (inner diameter of 0.9 mm, NIPRO) was used
for electrospinning. Two high applied voltages of 15 and 20 kV, and a flow rate of 1
mL/hwere employed. Electrospun fibers were collected on a grounded aluminum
collector at a distance of 15 cm from the needle tip. To select the suitable conditions
for electrospun fibers, all the samples were electrospun for 1 hwhile four best
conditions, neat PLA at 10% PLA concentration and PLA filled 5% AgNPs/eCaCO5 from
both solvent 1 and solvent 2, were selected in terms of fiber size homogeneity and
fiber smoothness in order to further investicate their tensile properties. The
electrospun fiber mats for mechanical test were prepared with collecting time of 5 h.

All experiments were performed at about 30°C and relative humidity around 60%.
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4.3.4 Fiber Characterization and Mechanical Test

Morphology of electrospun fibers made of neat PLA and AgNPs/eCaCO,
filled PLA were investigated using a Field Emission Scanning Electron Microscope (FE-
SEM, JEOL JSM 7800F) with an accelerating voltage of 3.0 kV. Prior to observation, each
sample was coated using a gold sputter coater (Neo-Coater, MP-19020NCTR) for 2 min.
For determining average fiber diameters, image analysis software (Image J) was used,
and the average diameter was calculated from 100 fibers from the SEM micrographs

Mechanical properties were measured using Instron Universal Testing
Machine (Instron 5565, USA) with a crosshead speed of 10 mm/min, a load cell of 1
kN and a gauge length of 50 mm, in an accordance with ASTM 882. The electrospun
fiber mat of neat PLA and 5% (w/v) Ag/eCaCO; filled PLA prepared by solvent 1 CHL:
DMF and solvent 2 DCM: DMF with a 1cm x 10 cm dimension were subjected to tensile

testing. All 3 samples each were cut with their length aligned to the fiber direction.

4.4 Results and Discussion
4.4.1 Electrospun PLA Fibers using binary solvent system of chloroform
and acetone (CHL: AC = 2:1 by volume)
4.4.1.1 Effect of electrospinning parameters and PLA concentration on
morphology of electrospun PLA fibers
SEM micrographs in Fig. 4.1 show morphology of the nanofibers
electrospun with different PLA concentrations, flow rates and applied voltages. The
SEM micrographs show characteristic of porous structure of PLA fibers electrospun from
PLA solution with the binary solvent system of CHL: AC. The concentration of PLA
solution does affect PLA nanofiber morphology and diameter. The micrographs show
that smaller fibers with beads were collected from 7.5% (w/v) PLA solution (Fig. 4.1A-
D). The formation of beads indicates insufficient chain entanglements (Sadasivuni et
al,, 2019). On increasing PLA concentration to 10% (w/v), continuous fibers with various
diameter fibers were produced (Fig. 4.1E-H) and uniform fibers were collected at 12.5%
(w/v) PLA solution (Fig. 4.11-L). At the highest PLA concentration of 15% (w/v),
electrospun fibers were folded back and forth not randomly oriented as observed

from electrospun fiber with lower concentration of PLA solution (Fig. 4.1M-P). Casasola
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et al. (Casasola et al., 2014) have mentioned that increasing polymer concentration
results in more chain entanglements, an increase in the solution viscosity. As a result,
hence an increase in the viscoelastic force will be increased and will counterbalance
the Coulombic stretching force. Therefore, it results in continuous fibers with fewer
beads.

Uniform electrospun nanofibers in size could be prepared via a
critical flow rate of a polymeric solution. At higher flow rate of 1.5 mL/h, fibers with
larger diameter were produced comparing to the prepared fiber with lower flow rate
of 1 mL/h. Increasing flow rate beyond a critical value not only leads to increase in
the pore size and fiber diameter but also bead formation. This might be due to
incomplete drying of the nanofiber jet during the flisht between the needle tip and
metallic collector (Wang et al., 2020). Upon concerning applied voltage, smaller
diameter of fibers was produced at higher applied voltage of 18 kV compared to
produced fibers at 15 kV, as shown in Fig. 4.1. The formation of smaller diameter
nanofibers with an increase in the applied voltage is attributed to the stretching of the
polymer solution in correlation with the charge repulsion within the polymer jet (Wang

et al., 2020).
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PLA 7.5% (w/v)
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100 X

PLA 15% (w/v)
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Figure 4.1 ~ SEM micrographs of electrospun PLA fiber prepared from various
concentrations, flow rates of 1 and 1.5 mL/h, and applied voltages of 15

and 18 kV
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4.4.1.2 Effect of electrospinning parameters and AgNPs/eCaCO5 content

on morphology of the electrospun filled PLA fibers
SEM micrographs in Fig. 4.2 show electrospun fibers obtained
from PLA solutions filled with 1 and 3% (w/v) AgNPs/eCaCOs; using 1 mL/hflow rate,
and 18 and 20 kV applied voltages. At 1% (w/v) AgNPs/eCaCOs; loading, the electrospun
filled PLA fibers contained some particles blooming along the fiber, as shown in Fig.
4.2A and 4.2B. However, with 3% (w/v) AgNPs/eCaCOs loading, the electrospun fiber
comparatively contained more particle blooming along the fiber due to higher degree
of the local particle agglomeration during electrospinning process, as illustrated in Fig.
4.2C and 4.2D. The local particle agglomeration might be caused by heterogeneous

distribution of the particles in PLA solutions during electrospinning.

Figure 4.2 SEM micrographs of the electrospun filled PLA fiber with 1% (w/v)
AgNPs/eCaCOs; at 1 mL/hand 18 kV (A), and 1mL/hand 20 kV (B); and 3%
(w/v) AgNps/eCaCOs; at 1 mlL/hand 18 kV (C), and 1mlL/hand 20 kV (D).
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4.4.2 Electrospun PLA Fibers using binary solvent systems of chloroform
and dimethylformamide (solvent 1 CHL: DMF = 9:1 by volume) and
dichloromethane and dimethylformamide (solvent 2 DCM: DMF = 9:1
by volume)

4.42.1 Effect of binary solvent system, PLA concentration and voltages
on morphology of electrospun PLA fibers

SEM micrographs in Fig. 4.3 comparatively show morphology of
electrospun PLA fiber prepared from various PLA concentrations, using solvent 1 and
solvent 2 with flow rates of 1 mL/h, and applied voltages of 15 kV. The electrospun
fibers prepared from both solvent 1 (chloroform: dimethylformamide (CHL: DMF= 9:1
by volume)) and solvent 2 (dichloromethane: dimethylformamide (DCM: DMF = 9:1 by
volume)) showed porous structure. The concentration of PLA solution and different
binary solvent systems affect PLA nanofiber morphology and diameter. At 7.5% (w/v)
PLA solution, the micrographs show that smaller fibers, with more beads were
collected from the PLA solution prepared from solvent 1(Fig. 4.3I-A) than from the one
prepared from solvent 2(Fig. 4.3II-A). The formation of beads indicates insufficient chain
entanglements during electrospinning (Sadasivuni et al., 2019).

On increasing PLA concentration to 10% (w/v), continuous fibers
with various diameter fibers were obtained (Fig. 4.3I-B and 4.3II-B). The uniform fiber
diameter with no bead on string were collected from 12.5% (w/v) PLA solution (Fig.
4.3-C and 4.31I-C). Casasola et al. (Casasola et al., 2014) have mentioned that increasing
polymer concentration results in more chain entanglements, an increase in the
solution viscosity. As a result, an increase in the viscoelastic force will be increased
and will counterbalance the Coulombic stretching force. Therefore, it results in

continuous fibers with fewer beads.
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Solvent 2 (DCM:DMF)(II)

Solvent 1 (CHL:DMF)(I)

PLA10%(B)  PLA7.5 %(A)

PLA 12.5 %(C)

Figure 4.3 SEM micrographs of electrospun PLA fiber prepared from 7.5% (A), 10%
(B) and 12.5% (C) PLA solution with flow rates of 1 mL/h, and applied
voltages of 15 kV, using Chloroform: Dimethylformamide (CHL: DMF=9:1
by volume) () and Dichloromethane: Dimethylformamide (DCM: DMF =
9:1 by volume) (II).

SEM micrographs showing effect of applied voltages on PLA
electrospun fiber were illustrated in Fig 4.4 Upon increasing applied voltage from 15
kV to 20 kV, smaller diameter fibers were obtained. In addition, PLA electrospun fibers
with uniform diameter are formed at higher applied voltage of 20 kV (Fig. 4.41-B and
4.411-B) compared to the fibers obtained from 15 kV applied voltage (Fig. 4.4-A and
4.411-A). The formation of smaller diameter electrospun nanofibers with an increase in
the applied voltage also observed from (Fig. 4.41-B and 4.4lI-B), is attributed to the
stretching of the polymer solution in correlation with the charge repulsion within the

polymer jet (Wang et al., 2020).
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Solvent 1 (CHL:DMF)(I) Solvent 2 (DCM:DMF)(II)

Figure 4.4 SEM micrographs of electrospun PLA fiber prepared from different applied
voltages of 15 kV and 20 kV, PLA concentration of 10% ((w/v)), flow rate
of 1 mL/h, using Chloroform: Dimethylformamide (CHL: DMF = 9:1 by
volume) (I) and Dichloromethane: Dimethylformamide (DCM: DMF = 9:1
by volume) ().

4.4.2.2 Effect of AgNPs/eCaCO; content and binary solvent system of
solvent 1(CHL:DMF) and solvent 2(DCM:DMF) on morphology of

electrospun PLA fibers
SEM micrographs in Fig. 4.5 show electrospun fibers obtained
from PLA 10% (w/v) solutions with both binary solvent 1 and 2 filled with 1% and 5%
(w/v) AgNPs/eCaCOs using 1 mL/hflow rate, and 20 kV applied voltage. At 1% (w/v)
AgNPs/eCaCO; loading, the electrospun filled PLA fibers contained some particle beads
in string along the fiber, as shown in Fig. 4.5I-A and 4.5ll-A. However, with 5% (w/v)
AgNPs/eCaCO; loading, the electrospun fiber comparatively contained more particle
beads in string along the fiber due to higher the particles loading causing high degree

of the local particle agglomeration during electrospinning process, as illustrated in Fig.
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4.51-B and 4.51I-B. The local particle agglomeration caused heterogeneous distribution
of the particles in PLA solutions during electrospinning.

According to fiber morphology and average diameter, porous
and uniform diameter fibers were found in neat PLA mat while porous and bead on
string fibers for PLA filled with 5% (w/v) AgNPs/eCaCO; mat. Larger average diameters
were occurred in filled PLA fiber mats comparing to neat PLA fiber mats for both binary
solvent systems. Moreover, fiber mat prepared from solvent 2 has slightly larger

diameter fibers than that prepared from solvent 1.

Solvent 1 (CHL:DMF)(I) Solvent 2 (DCM:DMF)(II)

Figure 4.5  SEM micrographs of the electrospun filled PLA fiber with 1% (w/v)
AgNPs/eCaCOs; (I-A and II-A), and 5% (w/v) AgNPs/eCaCOs; (I-B and II-B) at
PLA 10% (w/v) concentration, 1 mL/h and 20 kV, using Chloroform:
Dimethylformamide (CHL: DMF = 9:1 by volume) (1) and Dichloromethane:
Dimethylformamide (DCM: DMF = 9:1 by volume) (II).

4423 Effect of electrospun PLA fibers filled and unfilled with
AgNPs/eCaCOj; particles on mechanical Properties

The effect of AgNPs/eCaCO; content on tensile properties of

electrospun PLA nanofiber sheet prepared using both binary solvent systems, solvent

1 and solvent 2, measured in flow direction was shown in Fig 4.6 and Table 4.2. For
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the system using solvent 1, neat PLA sheet exhibited nearly 2-time higher tensile
strength than PLA sheet with 5% AgNPs/eCaCOs;. In addition, neat PLA sheet from
solvent 2 also showed higher tensile strength than the sheet of filled PLA. Local fiber
thickness differences between solely fiber and bead on string vicinities caused weak
points in electrospun PLA fibers sheet filled with 5% AgNPs/eCaCOs. That resulted in
lower tensile strength. By using the solvent system of CHL:DMF, electrospun
AgNPs/eCaCO; filled PLA sheet comparative Young’s modulus to that of neat
electrospun PLA sheet. However, by using the solvent system of DCM:DMF, the
AgNPs/eCaCO; filled PLA sheet exhibits lower Young’s modulus than the neat
electrospun PLA sheet does. Neat PLA sheet exhibited nearly 4-time higher elongation
at break with solvent 1 and over 2-time higher elongation at break with solvent 2
comparing to filled PLA fiber mat. Apparently, the elongation at break of the PLA filled
with 5% AgNPs/eCaCO; electrospun fiber sheet was decreased due to the particles

bead on string acting as weak point under deformation.
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Figure 4.6  Tensile stress-strain curves (FA and I-A) of PLA and PLA with
AgNPs/eCaCO; using solvent 1 (1) and solvent 2 (I). SEM micrographs of
the electrospun neat PLA 10% (I-B and I-B), and PLA with 5%
AgNPs/eCaCO; (I-C and II- Q).

The characteristics of PLA electrospun fibers and PLA filled AgNPs/eCaCOs; in
term of fiber morphology and diameter, and tensile properties, obtained from different
binary solvent systems, applied voltage of 20 kV and 10% (w/v) concentration of PLA

solution were comparatively shown in Table 4.2.
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4.5 Conclusion

Electrospun PLA fiber with highly porous structure were studied using three
different binary solvent systems such as chloroform and acetone (CHL: AC = 2:1 by
volume), chloroform and dimethylformamide (solvent 1 CHL: DMF = 9:1 by volume)
and dichloromethane and dimethylformamide (solvent 2 DCM: DMF = 9:1 by volume).
For binary solvent systems of CHL: AC, PLA solutions of 10 and 15% (w/v)
concentrations would give rise to electrospun continuous fibers without beads. Larger
diameter electrospun fibers were obtained at higher flow rate of 1.5 mL/hand applying
higher voltage of 18 kV resulted in smaller diameter fibers than applying lower voltage.
PLA electrospun fibers filled with 1 % (w/v) AgNPs/eCaCO; contained some particles
blooming along the fiber. However, more particle blooming and nonuniform shape
were observed from the electrospun fibers filled with 3% (w/v) AgNPs/eCaCOs;. The
electrospun fibers obtained from 1 % (w/v) AgNPs/eCaCOs; loading with applied voltage
of 20 kV were more uniform in shape.

For binary solvent systems of solvent 1 CHL: DMF and solvent 2 DCM: DMF, PLA
10 % (w/v) concentration with 1mL/h flow rate and 20 kV applied voltage gave uniform
diameter fiber for both solvent 1 and solvent 2. Incorporation of 5% AgNPs/eCaCO,
filler into the PLA electrospun fiber, solvent system 2 gave rise to larger diameter fiber
with bead on the string along the fiber. For tensile properties, PLA with 5%
AgNPs/eCaCO; electrospun fibers from solvent system 2 had higher Young’s modulus

and ultimate tensile strength than the one prepared from solvent system 1.



CHAPTER V
PREPARATION OF ELECTROSPUN PLA FIBERS WITH SILVER
LOADED CALCIUM CARBONATE FILLER AS THE ANTIMICROBIAL
MATERIAL

5.1 Abstract

Silver nanoparticles (AgNPs) are widely used as antimicrobial agent in food
packaging applications, health care, cosmetic and other antimicrobial applications
because of their outstanding antimicrobial activity. AgNPs deposited onto calcium
carbonate (CaCO,) particles, have also the antimicrobial activity of which calcium
carbonate functions as the agent carrier. Silver nanoparticles loaded eggshell calcium
carbonate particles (AgNPs/eCaCO;) and silver nanoparticles loaded commercial
calcium carbonate particles (AgNPs/CaCO;) were prepared by in situ precipitation
method and characterized as mentioned in chapter Ill. In this study, neat PLA, 5 %
(w/v) AgNPs/eCaCO:s filled PLA and 5 % (w/v) AgNPs/CaCO:s filled PLA fibers mats were
prepared by electrospinning technique. PLA unfilled and filled fiber mats were
prepared using binary solvent system of dichloromethane: dimethylformamide (DCM:
DMF with the mixing ration of 9:1 by volume). The conditions for fabricating
electrospun neat PLA, AgNPs/eCaCO; filled PLA and AgNPs/CaCOs filled PLA fibers mats
were PLA solution concentration of 10 % (w/v), flow rate of 1 mL/h, applied voltage
of 20 kV and 12 cm of collection distance. It was found that the XRD patterns showed
the semicrystalline structure of PLA and the crystal structures of calcium carbonate
particles incorporated into PLA electrospun fibers were still vaterite polymorph. In
addition, the fibers morphology were showed the beads in strings with the average
diameter of 7.10 + 3.02 um for AgNPs/eCaCQO; filled PLA and 11.33 + 3.38 um for
AgNPs/CaCOs filled PLA.
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5.2 Introduction

Silver nanoparticles (AgNPs) are the most popular antimicrobial agents because
of their high activity against drug-resistant bacteria, high stability, and nontoxicity (Dizaj,
Lotfipour, Barzegar-Jalali, Zarrintan, & Adibkia, 2014). AgNPs have been used in medical,
health care, food, cosmetic applications, and also in industrial purposes like textiles,
keyboards. AgNPs can destroy the cell wall of the microorganisms including both Gram-
negative and Gram-positive bacteria and have the ability to overcome the bacterial
resistance to antibiotics (Zhang et al., 2016). To reduce agglomeration and maintain
long-lasting antimicrobial activity of AgNPs particles, porous micro CaCOj; particles have
been used as carriers for incorporation into polymer matrix (Apalangya, Rangari, Tiimob,
Jeelani, & Samuel, 2014; Dlugosz et al., 2012).

Recently, biopolymers have gained much attention as a replacement of
petroleum-based synthetic polymer because of increasement of fuel energy utilization
and greenhouse gas emission. Poly lactic acid (PLA) has shown many excellent
properties such as high mechanical strength and modulus, biodegradability,
biocompatibility and easy processing. PLA has been used in different industries such
as Medical and biomedical, food packaging, agriculture and automotive industries
(Sufer, 2017; Taib et al,, 2022).

Electrospinning is a simple technique to prepare nanostructured materials with
relatively high manufacturing rate and low cost. There are important factors affecting
the electrospinning process such as solvent system, polymer concentration, applied
voltage, flow rate, distance between the needle and collector and needle diameter,
relativity humidity and temperature (Alven et al., 2021; Haider et al., 2018). The aim of
this study is to develop the antimicrobial fiber mats for food packaging using
electrospinning technique.

In this study, AgNPs loaded with calcium carbonate particles from eggshell
(AgNPs/eCaCOs) and commercial calcium carbonate (AgNPs/CaCOs) were incorporated
into PLA polymer using electrospinning technique. PLA and PLA filled with 5 % (w/v)
AgNPs/eCaCO; and AgNPs/CaCOs; electrospun fiber mats were prepared at PLA
concentration of 10 % (w/v), flow rate of 1 mL/h, and 20 kV applied voltage using
binary solvent system of dichloromethane and dimethylformamide (DCM: DMF = 9:1
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by volume). The morphology of neat PLA, AgNPs/eCaCOs filled PLA and AgNPs/CaCO,
filled PLA electrospun fibers were characterized using Field Emission Scanning Electron
Microscopy (FESEM). The crystal polymorphs and thermal degradation of those
electrospun fibers mats were determined by X-ray diffraction analyzer and
thermogravimetric analyzer. The mechanical properties of elastic modulus and
hardness were measured Nanoindentation were studied by NanoTest indenter.
Cytotoxicity and antimicrobial testing were also measured using MTT assay and

modified Kirby-Bauer disc diffusion assay.

5.3 Matereials and Methods
5.3.1 Materials

The commercial poly (L-lactic acid) (PLA grade (4043D)) was purchased
from NatureWorks. Dichloromethane (RPE) was purchased form Carlo Erba Reagents
and dimethylformamide was purchased from RCl Labscan. Silver nanoparticles loaded
calcium carbonate particles from eggshell and commercial calcium carbonate were
prepared by a coprecipitation method mentioned in chapter lll. The particle size of
silver nanoparticles loaded eggshell calcium carbonate (AgNPs/eCaCO;) and silver
nanoparticles loaded commercial calcium carbonate (AgNPs/CaCOs) are mean
diameter of 3.56 + 0.26 um and 5.61 + 0.66 um, respectively. Plate count agar (PCA)
and peptone were purchased from HiMedia Laboratories Pvt. Ltd and Sisco Research
Laboratories Pvt. Ltd. Unpacked fresh beef and vacuum-packed fresh beef (“INCHA
BEEF”) were purchased from a local fresh market and a Home-Fresh Mart supermarket,

respectively. E. coli was kindly provided by Ms. Jintaphorn Klinsuk.

5.3.2 Sample Preparation

PLA solution of 10% (w/v) concentration was prepared with binary
solvent system of dichloromethane and dimethylformamide (solvent 2 DCM: DMF =
9:1 by volume). PLA of 3.00 g was dissolved in the binary solvent system of DCM: DMF
of 30 mL and was stirred at room temperature for 12 h using a magnetic stirrer. Then,
the solution was subsequently placed into an ultrasonic bath for 30 min at room
temperature. For preparing PLA solution filled with AgNPs/eCaCO; and AgNPs/CaCOs,
firstly, 3.00 ¢ of PLA was dissolved in the binary solvent system of 30 mL for 10 h.
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Then, 1.5 ¢ AgNPs/eCaCO; or AgNPs/CaCO; was slowly added into the 10% PLA solution
under stirring condition. After that, the mixtures were further magnetically stirred at
room temperature for 2 h and subsequently placed into an ultrasonic bath for 30 min
at room temperature to get homogenous dispersion/distribution of the particles along
the fibers during electrospinning.

The unfilled and filled PLA fibers were prepared via electrospinning
technique using NANON-01B (MECC CO., LTD, Fukuoka, JAPAN). Each PLA solution, filled
and unfilled, was loaded into a 10 mL plastic syringe (NIPRO syringe) with hypodermic
needle (inner diameter of 0.9 mm, NIPRO). High applied voltages of 20 kV, and a flow
rate of 1 mL/h were employed. The electrospun fibers were collected on a grounded
aluminum collector at a distance of 12 cm from the needle tip. All electrospun fiber
mats were obtained at spinning time of 5 h and the width of the fibers were fixed to
3 mm. All experiments were performed at about 30°C and relative humidity around

60%.

5.3.3 Materials Characterization

Morphology of electrospun fibers made of neat PLA, and PLA filled with
5% ((w/v)) of AgNPs/eCaCO; and AgNPs/CaCO5 were investigated by the Field Emission
Scanning Electron Microscope (FE-SEM, JEOL JSM 7800F) with an accelerating voltage
of 3.0 kV. Prior to observation, each sample was coated using a gold sputter coater
(Neo-Coater, MP-19020NCTR) for 2 min. For determining average fiber diameters, image
analysis software (Image J) was used, and the average diameter was calculated from
50 fibers from the SEM micrographs.

The crystal polymorphs of neat PLA fiber mat, PLA filled with 5% (w/v) of
AgNPs/eCaCO; and AgNPs/CaCOs; fiber mats were determined by an X-ray diffraction
analyzer (XRD, Bruker D8 ADVANCE). The study was carried out in a 2 8 range of 5-80°
with a voltage of 40 kV, current of 40 mA, and a Cu K a (1.5606 A) radiation source.

The decomposition temperature of neat PLA fiber mat and PLA filled fiber
mats with 5% (w/v) of AgNPs/eCaCO; and AgNPs/CaCO; were determined using a
thermogravimetric analyzer (TGA, Mettler Toledo, TGA/DSC1) under nitrogen

atmosphere. The samples were heated from 35 to 900 °C at a heating rate of 10 °C/min.
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5.3.4 Materials Testing

To determine nanomechanical properties, thickness of all electrospun
fiber mats were measured at five points that were evenly distributed through the width
of the fiber mats (3 mm) using dial gauge. The average of those five data was taken as
the thickness of the sheet that was shown in Table 5.2.

The nanomechanical measurements were carried out with NanoTest
indenter (Micro Materials, Wrexham, UK) platform 3 with a Berkovich triangular
diamond pyramid indenter. A loading rate of 0.8 mN was held for 10 s before the
indenter was unloaded. Ten different indents were performed on each sample in

randomly selected to obtain average hardness and elastic modulus values.

5.3.5 Cytotoxicity testing (MTT assay)

For cytotoxicity testing (MTT assay), firstly the initial concentration of
polymer film of 0.25 ¢/5 mL or 50 mg/mL) were prepared for human dermal fibroblast
(HDF) treatment. The polymer films were weighed and cut into sterile petri dishes
under individual conditions. Next, these films were disinfected by UV light sterilization
for 15 min. The culture medium DMEM (Dulbecco modified Eagle medium with 4.5 ¢/L
glucose) supplemented with 1 % penicillin/streptomycin was added to the polymer
and incubated overnight at 25 °C. After incubation, the solution was collected into 15
mL centrifuge tubes prior to treatment.

MTT assay is a colorimetric assay used to measure the cell viability. The
cellular enzymes reduce the tetrazolium dye, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide), to its insoluble product (formazan) giving a purple
color. In this study, MTT assay was used to determine the effect of polymer (Neat PLA,
PLA/AgNPs/eCaCO; and PLA/AgNPs/CaCOs) on viability of human dermal fibroblast
(HDF) cells. Briefly, HDF cells were seeded on 96-well plates at a density of 7 x 10*
cells/well. Cells were then treated with the indicated polymers at various
concentrations for 24 h. Then, MTT solution was added to each well and incubated at
37°C in the dark for 4 h. After that, the formazan crystals were dissolved with dimethyl
sulfoxide (DMSO) and the absorbance of formazan solution was detected at 570 nm
using a microplate reader (BMG Labtech, Ortenberg, Germany). The IC50 (50% inhibitory

concentration) was calculated from the dose-response curve of percent viability (Y
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axis) versus concentration tested (X axis) with a linear regression using Microsoft Excel.
All experiments were performed in triplicates, and data were expressed as mean +
standard deviation. Statistical analysis was performed using a student’s t test (SPSS
version 26.0, SPSS Inc., USA) to compare means from two independent sample groups.

*p < 0.05, **p < 0.01 and **p < 0.001 were considered statistically significant.

5.3.6 Antimicrobial testing

To examine the antimicrobial efficiency of neat PLA fibers and PLA fibers
filled with 5% (w/v) of AgNPs/eCaCOs; and AgNPs/CaCOs on beef-extracted bacteria and
Escherichia coli (E coil), a modified Kirby-Bauer disc diffusion assay was performed as
follows. Beef extracted bacteria were extracted from two types of beef, unpacked beef
available at a local market and vacuum-packed beef (“INCHA” brand) available at a
supermarket. The beef loaf was cut into small pieces and kept at room temperature
for 18 h. Plate count agar (PCA) powder of 2.35 g was completely dissolved in 100 mL
sterile DI water using a hot plate. Next, the PCA solution was sterilized, and then
poured into sterile petri dishes after the solution and the dishes were cool down to
45-50 °C. Approximately 25 ¢ spoiled beef was blended with 225 mL of 0.10% (w/v)
sterile peptone water using a Stomacher laboratory blender for 6 min. The obtained
beef extract or £ coli was smeared onto plate count agar using a sterile cotton swab.
Unfilled and filled PLA fiber mats were cut into a circular shape of 6 mm diameter
using sterile paper puncher and then they were placed onto the smeared agar plate.
The plates were incubated at 37 °C for 24 h. After that, each inhibition zone diameter
was monitored, and digital images of the antimicrobial zone were taken. The diameters
were averaged from the three measurements. The antimicrobial test was performed
in duplicate and the average diameter of the inhibition zone with standard deviation

was calculated.

5.4 Results and Discussion
5.4.1 Morphology of filled and unfilled electrospun PLA fibers
SEM  micrographs in Fig. 5.1 comparatively show morphology of
electrospun neat PLA fibers, PLA fibers filled with 5% (w/v) AgNPs/eCaCO; and
AgNPs/CaCOs prepared with flow rate of 1 mL/h and applied voltage of 20 kV. The
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electrospun fibers were prepared using binary solvent system of dichloromethane:
dimethylformamide (DCM: DMF = 9:1 by volume). For unfilled PLA, continuous and
uniform porous PLA fibers were obtained as illustrated in Fig. 5.1A. The porous
morphology was initiated by the rapid evaporation of dichloromethane solvent and
that led to phase separation of binary solvent system. This is the main reason to occur
pores on the fiber surfaces (Luo, Nangrejo, & Edirisinghe, 2010). With 5% (w/v)
AgNPs/eCaCO; and AgNPs/CaCO; loading, the electrospun fibers comparatively
contained more beads of the filled particles in string along the fiber due to high degree
of the local particle agglomeration during electrospinning process, as illustrated in Fig.
5.1B and 5.1C. The local particles agglomeration were caused by heterogeneous
distribution of the particles during fiber forming and solvent evaporation after
electrospinning. However, lesser particles agglomeration along the electrospun fibers
were obtained from AgNPs/CaCO; filled PLA electrospun fibers comparing to the
electrospun fibers of AgNPs/eCaCOsfilled PLA. So, larger particles beads were obtained
as AgNPs/CaCO; filled PLA fiber mat showed less particles agglomeration along the
fiber comparing to AgNPs/eCaCOs filled PLA fiber mat because of the larger particle
size of AgNPs/eCaCQOs. This results in occurring larger particles beads in string along the
fiber in AgNPs/eCaCOs filled PLA.

The average diameter of electrospun fibers were 13.97 + 2.69 ym, 7.10 +
3.02 ym and 11.33 + 3.38 um for neat PLA, 5% (w/v) AgNPs/eCaCO; and AgNPs/CaCO,
filled PLA, respectively.
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Figure 5.1  SEM micrographs of electrospun neat PLA fibers (A), PLA fiber filled with
5% (w/v) AgNPs/eCaCOs; (B), and PLA fiber filled with 5% (w/v)
AgNPs/CaCOj; (C) prepared from PLA 10% (w/v) concentration, 1 mL/h

flow rate and 20 kV applied voltage, using dichloromethane:
dimethylformamide (DCM: DMF = 9:1 by volume) at magnification of 100
X (1), 800 X (2), and 5 kX (3).

5.4.2 X-ray Diffraction Analysis

The XRD patterns of neat PLA fibers, PLA fiber filled with 5% (w/v)
AgNPs/eCaCO; and AgNPs/CaCO; are shown in Fig. 5.2. All the electrospun fibers
showed the intensity with a broad maximum appearing at approximately 28 = 15°
indicating semicrystalline structure of PLA. Tanase-Opedal et al. (Tanase-Opedal,
Espinosa, Rodriguez, & Chinga-Carrasco, 2019) reported that PLA exhibits a broad peak
at 20 degrees = 10°- 25° associated with the semicrystalline nature of PLA. For the
XRD patterns of PLA fibers filled with AgNPs/eCaCO; and AgNPs/CaCQOs, the diffraction
peaks at 28 = 25° 27°, 33°, 44° and 50° which are corresponding to vaterite crystal
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structures of calcium carbonate particles. Azarian et al. (Azarian & Sutapun, 2022)
mentioned that XRD peaks appear at 2 6 of 21.07°, 25.05°, 27.20° , 32.94° | 43.33° ,
50.15° , and 57.53° , corresponding to the presence and formation of vaterite
polymorph crystal structure. Therefore, both AgNPs/eCaCO; and AgNPs/CaCOs; particles

were still maintained as vaterite crystal structures inside PLA electrospun fibers.
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Figure 5.2 XRD patterns of electrospun fiber mats. Neat PLA fibers (A), AgNPs/CaCO5
filled PLA (B), AgNPs/eCaCOs filled PLA (C) and an XRD pattern of
AgNPs/eCaCOs particles.

5.4.3 Thermal degradation on unfilled and filled PLA

Thermogravimetric analysis has been extensively used to examine the
thermal stability and decomposition of PLA and PLA based composites and to
determine the amount of inorganic filler incorporated in the electrospun fibers. For
PLA pellet and neat PLA fibers, the first thermal decomposition occurred in the
temperature range of 35-150 °C due to the evaporation of physically adsorbed water.
The second thermal degradation occurred at 363 °C for PLA pellet and 345 °C for neat
PLA fibers respectively, as shown in TGA curves of Fig. 5.3A. Pakolpakcil et al.
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(Pakolpakgil et al,, 2021) and Alharbi et al. (Alharbi et al., 2018) stated that PLA
thermally degraded at ~ 368 °C and it was completely decomposed at ~ 444 °C,
associated with the loss of ester groups by unzipping depolymerization.

On the other hand, 5 % (w/v) AgNPs/eCaCO; filled PLA and 5 % (w/v)
AgNPs/CaCOs filled PLA electrospun fiber mats showed similar four stages of
degradation. The first thermal decomposition occurred in the temperature range of
35-150 °C due to the evaporation of physically adsorbed water. Secondly, PLA
degradation peak occurred at 349 °C with the weight loss of 75.20 % for AgNPs/eCaCO,
added PLA and 346 °C with the weight loss of 73.90 % for AgNPs/CaCO; added PLA,
respectively. It is implied that the approximately 25 wt % hybrid particles incorporated
into PLA matrix. The third decompositions in the temperature range of 460-505 °C for
both PLA composites were derived from the thermal degradation of PSS in precipitated
CaCO; of AgNPs/eCaCO;and AgNPs/CaCOs;. Bahrom et al. (Bahrom et al., 2019) reported
that the thermal decomposition of precipitated CaCO; using PSS as an organic additive
at 430-520 °C and 550-650 °C was due to the decomposition of PSS.

The final mass loss occurred between 665 and 742 °C, with DTGA peaks
at 728 °C and a mass loss of 86.60 % for AgNPs/eCaCO; added PLA and at 720 °C and
a mass loss of 87.10 %, for AgNPs/CaCO5 added PLA. This final thermal decomposition
corresponded to the decarbonization of vaterite CaCO; incorporated in the
electrospun PLA composites. Popescu et al. (Popescu, Isopescu, Matei, Fagarasan, &
Plesu, 2014) and Karunadasa et al. (Karunadasa, Manoratne, Pitawala, & Rajapakse,
2019) stated that the transformation temperature range of the CaCO; into CaO
occurred at 600-790 °C with a peak of 750 °C and at 700-800 °C with a peak of 790 °C,

respectively.
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Table 5.1  Summary of thermal degradation on unfilled and filled PLA
Samples Filler content | 1% 2nd 3™ gt
thermal thermal thermal thermal
decompos | decompos | decompos | decompos
ition ition ition ition
PLA pellet - 35-150 °C | 363 °C - -
Neat PLA
- 35-150 °C | 345 °C - -
fibers
AgNPs/eCaCOs |5 % (w/v)
35-150 °C | 349 °C 460-505 °C | 665-742 °C
filled PLA AeNPs/eCaCO,
AgNPs/CaCOs5 |5 % (w/v)
35-150 °C | 346 °C 460-505 °C | 665-742 °C
filled PLA AeNPs/CaCO5
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Figure 5.3  TGA curves (A) and DTGA curves (B) of PLA pellet, neat PLA fiber, 5 %
(w/v) AgNPs/eCaCO:; filled PLA and 5 % (w/v) AgNPs/CaCO; filled PLA.

5.4.4 Nanoindentation
The averaged load-depth curves and summary of nanoindentation results
of neat PLA, 5 % (w/v) AgNPs/eCaCO; filled PLA and 5 % (w/v) AgNPs/CaCQO;s filled PLA
are illustrated in Fig. 5.4 and Table 5.2, respectively. Neat PLA fibers showed the highest
value of the maximum depth, followed by AgNPs/CaCO; filled PLA and AgNPs/eCaCO;
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filled PLA. The modulus is the resistance of material to elastic deformation. The initial
slope of unloading curve is corresponds to the unloading stiffness and directly related
to the elastic modulus (Lutpi, Anuar, Samat, Surip, & Bonnia, 2012). The unloading
curve of AgNPs/eCaCO; filled PLA electrospun fiber mat in Fig. 5.4 showed the increase
of unloading stiffness compared with the other electrospun fiber mats. Thus, the
elastic modulus for AgNPs/eCaCO; filled PLA was 4.73 + 0.84 MPa and highest among
all of electeospun fiber mats. The elastic modulus of electrospun neat PLA fibers mat
was 1.75 + 0.19 MPa and AgNPs/CaCO;s filled PLA was 1.66 + 0.14 MPa.

Hardness is the resistance of material to local plastic deformation. The
relation between indentation depth and hardness is inversely proportional as the
additional percentage of nanoclay has increased hardness of all the polyamide-
12/nanoclay which indicates by the lowest indentation depth (Aldousiri, Dhakal, Onuh,
Zhang, & Bennett, 2011). Neat PLA has the highest indentation depth (17736.68 nm)
showing that it has the lowest hardness of 0.20 MPa among all of electeospun fiber
mats. The indentation depth of AgNPs/CaCOs; filled PLA was 16365.93 nm and
AgNPs/eCaCO; filled PLA was 10536.75 nm as their resulted hardness were 0.40 and
0.64 MPa, respectively.

1
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0.2 4 Neat PLA (A)
AgNPs/eCaCO, filled PLA (B)
AgNPs/CaCo, filled PLA ©
0 : | i
0 5000 10000 15000 20000
Penetration depth (nm)
Figure 5.4 Load-depth curves of neat PLA, 5 % (w/v) AgNPs/eCaCO; filled PLA, 5 %

(W/v) AgNPs/CaCO3 filled PLA and their SEM images (A-C, respectively).
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Table 5.2 Summary of nanoindentation results
Fiber mat’s Elastic
Max Depth Hardness
Samples thickness Modulus
(nm)(SD) (MPa)(SD)
(mm) (SD) (MPa)(SD)
17736.68 +
Neat PLA 0.035 + 0.003 0.20 = 0.02 1.75 +0.19
632.28
5 % (w/v)
10536.75 +
AgNPs/eCaCO; | 0.061 + 0.003 0.64 + 0.15 473 + 0.84
809.58
filled PLA
5 % (w/v)
16365.93 +
AgNPs/CaCOs 0.058 + 0.005 0.40 + 0.08 1.66 +0.14
583.88
filled PLA

5.4.5 Cytotoxicity testing (MTT assay)

The lab report by Laboratory of Cell-Based Assay and Innovation (CBAI),

Suranaree University of Technology on the cytotoxicity test in Human Dermal
Fibroblasts (HDF) of neat PLA fibers, 5 % (w/v) AgNPs/eCaCO; filled PLA and 5 % (w/v)
AgNPs/CaCOs filled PLA were shown in Fig. 5.5 and Fig. 5.6, respectively. At the higher

concentration of 50 mg/mL for neat PLA fibers, no dead cells were found as shown in

Fig. 5.5A-B. According to Fig. 5.6, nearly 100 % cell viability was found at the highest
concentration of 50 mg/mL for AgNPs/eCaCO; filled PLA and AgNPs/CaCO; filled PLA.

These proved that the antimicrobial effect of 5% (w/v) AgNPs/eCaCO; and

AgNPs/CaCOs were not inhibited the growth of tested bacteria. Therefore, more study

should be done on the aspect of increasing the hybrid particle content into PLA matrix

in order to magnify antimicrobial activity of the filled PLA film.
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5.4.6 Antimicrobial test

The Laboratory of Cell-Based Assay and Innovation (CBAI), Suranaree
University of Technology, reported that the extract from the unpacked beef contained
two types of Gram-negative and one type of Gram-positive bacteria whereas the
extract from the vacuum-packed beef contained one type of Gram-negative and one
type of Gram-positive bacteria. The image of the initial condition of E. coli smeared
agar plate, clear color agar plate, was shown in Fig. 5.7A. As shown in Fig. 5.7A-C, there
is no inhibitory effect was found for PLA and filled PLA against E. coli (A), bacteria
extracted from unpacked raw beef from a local fresh market (B) and bacteria extracted
from vacuum-packed beef (“INCHA BEEF” brand). This was proved that the
antimicrobial effect of 5 % (w/v) AgNPs/eCaCO; and AgNPs/CaCOs; were not enough to
inhibit the growth of tested bacteria. So, more study should be done on the aspect of
increasing the hybrid particle content into PLA matrix in order to magnify antimicrobial
activity of the filled PLA film. These results were also well agreed with cytotoxicity

testing against Human Dermal Fibroblasts (HDF) cells.

Initial

——

Figure 5.7 Antimicrobial activity against E. coli with the image of initial stage (A),
bacteria extracted from unpacked raw beef from a local fresh market (B)
and bacteria extracted from vacuum-packed beef (“INCHA BEEF” brand)
(O). Neat PLA (a), 5 % (w/v) AgNPs/eCaCOs filled PLA (b), and 5 % (w/v)
AgNPs/CaCO; filled PLA (c).
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5.5 Conclusion

Electrospun PLA unfilled and filled fiber with highly porous structure were
obtained at PLA 10 % w/v concentration, 1 mL/h flow rate and 20 kV applied voltage
using binary solvent system of dichloromethane and dimethylformamide (DCM: DMF
= 9:1 by volume). The average diameter of electrospun fiber were 13.97 + 2.69 pm
,7.10 £ 3.02 um, and 11.33 + 3.38 um for neat PLA, and Ag¢NPs/eCaCO; and
AgNPs/CaCOs filled PLA, respectively. The XRD patterns of the electrospun PLA and
filled PLA fibers showed the semicrystalline structure of PLA. For 5 % (w/v)
AgNPs/eCaCQO; filled PLA and 5 % (w/v) AgNPs/CaCOs filled PLA, the crystal structures
of calcium carbonate particles incorporated into PLA electrospun fibers were stilled
vaterite polymorph.

The PLA thermal degradation of PLA pellet and neat PLA fibers occurred at 363
°C and 345 °C whereas four stages of degradation were occurred at 5 % (w/v)
AgNPs/eCaCO; filled PLA and 5 % (w/v) AgNPs/CaCOs; filled PLA. The first thermal
decomposition occurred in the temperature range of 35-150 °C due to the evaporation
of physically adsorbed water. Secondly, PLA degradation occurred at 349 °C with the
weight loss of 75.20 % for AgNPs/eCaCO; added PLA and 346 °C with the weight loss
of 73.90 % for AgNPs/CaCOs; added PLA, respectively. The third decomposition were
related to thermal degradation of PSS in precipitated CaCOs which occurred at 460-
505 °C. The final thermal decomposition was at 665-742 °C corresponded to the
decarbonization of vaterite CaCO; incorporated into electrospun PLA fibers.

Neat PLA fibers mat had the highest indentation depth of 17736.68 nm showing
that it has the lowest hardness of 0.20 MPa among all of electeospun fiber mats. The
indentation depth of AgNPs/CaCO; filled PLA was 16365.93 nm and that of
AgNPs/eCaCOs; filled PLA was 10536.75 nm with hardness of 0.40 and 0.64 MPa,
respectively. The elastic modulus for AgNPs/eCaCOs filled PLA of 4.73 + 0.84 MPa was
highest among all of electeospun fiber mats.

No inhibitory effect was found for all samples against E. coli, bacteria extracted
from unpacked raw beef from a local fresh market and from vacuum-packed beef
(“INCHA BEEF” brand). For cytotoxicity testing against Human Dermal Fibroblasts (HDF)

cells, no dead cells were found at 50 mg/mL concentration for all tested samples.



CHAPTER VI
CONCLUSION

Spherical AgNPs with an average size of 24.13 + 2.95 nm were successfully
prepared by reducing an AeNO; aqueous solution at 70 °C in the presence of trisodium
citrate as a reducing agent and stabilizer. The Z-average (r.nm) and PDI are 42.14 nm
and 0.21, respectively for freshly prepared silver colloids, and 55.07 and 0.19,
respectively for AgNPs. Zeta potential of freshly prepared silver colloids and AgNPs
obtained from freshly prepared silver colloids were - 49.30 mV and - 44.10 mV,
respectively.

Novel hybrid antimicrobial microspherical particles of AgNPs/eCaCO; and
AgNPs/CaCO; were successfully prepared via aqueous precipitation in the presence of
freshly prepared silver colloids using poly (sodium 4-styrenesulphonate) as a
polyelectrolyte. TEM, EDS and EDX confirmed that AgNPs were incorporated into the
spherical precipitated CaCO; from eggshells and commercial calcium carbonate. The
crystal polymorph of the precipitated eCaCO; was vaterite. The hybrid AgNPs/eCaCO;
particles prepared at 25 °C had a spherical morphology and a narrow size distribution,
with a mean diameter of 3.56 + 0.26 um. In contrast, AeNPs/eCaCO; prepared at 35 °C
showed a broader size distribution with a mean diameter of 3.19 + 1.20 um. In addition,
0.78 wt% and 3.20 wt% AgNPs were deposited onto and inside the microspherical
particles of precipitated eggshells and commercial calcium carbonate, respectively.
AgNPs/CaCOs; particles prepared at 25 °C also had a spherical morphology and a narrow
size distribution with a mean diameter of 5.61 + 0.66 pm. Both AgNPs/eCaCO; and
AgNPs/CaCOs; prepared at 25 °C have four regions of thermal decomposition with the
overall weight loss of approximately 55.81% and 47.28% respectively. Therefore,
eggshells and commercial calcium carbonate can be applied as carriers or supporters
for the nanoparticles.

Antimicrobial test showed that both AgNPs/eCaCO; and AgNPs/CaCOs; particles
exhibited the same antimicrobial activity. The hybrid microspherical AgNPs/eCaCO; and
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AgNPs/CaCOs; particles inhibited the growth of bacteria extracted from both unpacked
and vacuum-packed beef. However, AgNPs/eCaCO; and AgNPs/CaCO; showed
concentration-dependent antimicrobial activity acainst bacteria extracted from
vacuum-packed beef. Significant HDF (human dermal fibroblast) cells dead were found
at 5 mg/mL for AgNPs/eCaCO; and 25 mg/mL for AgNPs/CaCO; and no alive HDF cells
were resulted at the concentration of 50 mg/mL for both samples.

In preparing electrospun fibers from PLA and PLA filled with the hybrid
particles, it was found that with the binary solvent systems of chloroform and acetone
(CHL: AC, 2:1 by volume), 10 and 15% (w/v) PLA solutions gave rise to electrospun
continuous fibers without beads. Larger diameter electrospun fibers were obtained at
higher flow rate of 1.5 mL/h and higher applied voltage of 18 kV resulted in smaller
diameter fibers than lower applied voltage of 15 kV. PLA electrospun fibers filled with
1 % (w/v) AgNPs/eCaCO; contained some particles blooming along the fibers. However,
more particle blooming and nonuniform shape were observed from the electrospun
fibers filled with 3% (w/v) AgNPs/eCaCOs. The electrospun fibers obtained from 1 %
(w/v) AgNPs/eCaCOj; loading with applied voltage of 18 kV were more uniform in shape.

For binary solvent systems, by 9:1 by wvolume, of chloroform and
dimethylformamide (CHL: DMF) and dichloromethane and dimethylformamide (DCM:
DMF), 10 % w/v PLA solution electrosupn at 1 mL/h flow rate and 20 kV applied
voltage gave uniform diameter fiber for both binary solvent systems. Incorporation of
5% (w/v) AgNPs/eCaCO:s filler into the PLA electrospun fiber, the binary solvent system
of DCM: DMF gave rise to larger fiber diameter with bead on the string along the fibers.
For tensile properties, PLA with 5% (w/v) AgNPs/eCaCO; electrospun fibers from the
solvent system of DCM: DMF, showed higher Young modulus and ultimate tensile
strength than the one prepared from solvent system of CHL: DMF . Therefore, 5% (w/v)
AgNPs/eCaCO; and AgNPs/CaCO; filled PLA electrospun fibers mats using
dichloromethane and dimethylformamide were electrospun for 5 h in order to use in
further characterization such as nanoindentation, XRD, antimicrobial and cytotoxicity
testing.

Electrospun PLA unfilled and filled fiber with highly porous structure were
obtained at PLA 10 % (w/v) concentration, 1 mL/h flow rate and 20 kV applied voltage
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using binary solvent system of dichloromethane and dimethylformamide (DCM: DMF
= 9:1 by volume). The average diameter of electrospun fibers were 13.97 + 2.69 um
,7.10 £ 3.02 um, and 11.33 + 3.38 um for neat PLA, and Ag¢NPs/eCaCO; and
AgNPs/CaCOs filled PLA, respectively. The XRD patterns of all the electrospun fibers
showed the semicrystalline structure of PLA. For 5 % (w/v) AgNPs/eCaCO; and
AgNPs/CaCOs filled PLA fibers mats, the crystal structures of calcium carbonate
particles incorporated into PLA electrospun fibers were still vaterite polymorph. The
PLA thermal degradation of PLA pellet and neat PLA fibers occurred at 363°C and 345
°C whereas four stages of degradation were occurred at 5 % (w/v) AgNPs/eCaCO and
AgNPs/CaCOs; filled PLA fibers mats. The first thermal decomposition occurred in the
temperature range of 35-150 °C due to the evaporation of physically adsorbed water.
Secondly, PLA degradation occurred at 349 °C with the weight loss of 75.20 % for
AgNPs/eCaCO; added PLA and 346 °C with the weight loss of 73.90 % for AgNPs/CaCO,
added PLA, respectively. Approximately 25 wt % hybrid particles incorporated into PLA
matrix. The third decomposition were related to thermal degradation of PSS in
precipitated CaCO; which occurred at 460-505 °C. The final thermal decomposition
was at 665-742 °C corresponded to the decarbonization of vaterite CaCO; incorporated
into electrospun PLA fibers.

Neat PLA fibers mat had the highest indentation depth showing that it has the
lowest hardness of 0.20 MPa among all of electeospun fiber mats. AgNPs/CaCOs filled
PLA had higher indentation depth than AgNPs/eCaCOs; filled PLA. The higher
indentation depth led to lower hardness of 0.40 MPa for AgNPs/CaCQO; filled PLA and
0.64 MPa for AgNPs/eCaCO; filled PLA. The elastic modulus for AgNPs/eCaCO; filled
PLA of 4.73 + 0.84 MPa was highest among all of electeospun fiber mats.

No inhibitory effect was found for all samples against E. coli, bacteria extracted
from unpacked raw beef from a local fresh market and from vacuum-packed beef
(“INCHA BEEF” brand). This was because the amount of 5 % (w/v) AgNPs/eCaCO; and
AgNPs/eCaCQO; filler content inside PLA porous fibers mats was not still enough to kill
or inhibit the growth of bacteria. The results showed the same when testing
cytotoxicity. For cytotoxicity testing against Human Dermal Fibroblasts (HDF) cells, no

dead cells were found at 50 mg/mL concentration for all tested samples. Therefore,
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up to 5 to 15 % (w/v) AgNPs/eCaCO; and AgNPs/eCaCO; will be needed to incorporate
into PLA fibers mats.

Therefore, this study confirmed that hybrid antimicrobial microspherical
particles of AgNPs/eCaCO; and AgNPs/CaCO; were successfully prepared and
incorporated into PLA matrix using electrospinning technique. These electrospun fibers
mats have potential to be developed as antimicrobial food packaging in the future.
However, more study should be done on the aspect of increasing AgNPs content of

the hybrid particles and make them homogeneously distributed in PLA matrix.
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extracted bacteria
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TJ, 0000-0002-8382-1861; WS, 0000-0003-3008-8085

In this study, hybrid particles of AgNPs-loaded eggshell
calcium carbonate (AgNPs/eCaCOjz) were prepared by co-
precipitating the eggshell in the presence of freshly prepared
AgNPs with a particle size of 10-30 nm. The hybrid particles
were comparatively precipitated at 25°C and 35°C using poly
(sodium 4-styrenesulfonate) as a polyelectrolyte. The AgNPs/
eCaCQO; particles prepared at 25°C had a spherical
morphology with a mean diameter of 3.56 pm, and
Brunauer-Emmett-Teller (BET) surface area of 85.08 m” g™
On the other hand, the particles prepared at 35°C had a
broader size distribution with a mean diameter of 3.19 pm,
and a BET surface area ‘of 79.25m’g '. AgNPs-loaded
commercial calcium carbonate particles (AgNPs/CaCOs)
comparatively prepared at 35°C were perfectly spherical with
a mean diameter of 5.61 pm. At preparing temperature of
25°C, the hybrid particles contain AgNPs of 0.78 wt% for
AgNPs/eCaCO; and 3.20wt% for AgNPs/CaCOs. The
AgNPs/eCaCO; and AgNPs/CaCO; particles exhibited the
same efficiency against bacteria extracted from beef with an
average inhibition zone diameter of 7-10 mm according to
the modified Kirby-Bauer disc diffusion assay depending on
their concentration and beef source. Freshly prepared silver
colloids showed comparatively poorer antimicrobial efficiency.

© 2023 The Authors. Published by the Royal Society under the terms of the Creative
Commons Attribution License http://creativecommans.org/licenses/by/4.0/, which permits
unrestricted use, provided the original author and source are credited.
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1. Introduction

Several types of metal and metal oxide nanoparticles such as Ag, Au, TiO,, CuO and ZnO, have gained
attention owing to their antimicrobial efficiency and high surface area per volume. Ag nanoparticles
(AgNPs) are less expensive than Au and TiO,. The TiO, nanoparticles are effective antifungal agents
against fluconazole-resistant strains and are suitable for photocatalytic activity. Ag, CuO and ZnO
nanoparticles show antibacterial activity against Gram-negative and Gram-positive bacteria. However,
Ag nanoparticles (AgNPs) are the most popular antimicrobial agents because of their high activity
against drug-resistant bacteria, high stability and non-toxicity [1]. Moreover, AgNPs are highly
effective antimicrobial agents against a wide spectrum of Gram-negative and Gram-positive bacteria;
fungi such as Aspergillus niger and Candida albicans; and viruses including HIV-1, hepatitis B virus,
respiratory syncytial virus, herpes simplex virus type 1 and monkeypox virus [2-5]. The cytotoxicity
of AgNPs is derived from the nanoparticles themselves and Ag" released from oxidative dissolution.
In aqueous environments, AgNPs suspensions are oxidized in the presence of oxygen and protons,
thereby releasing Ag" via surface oxidative dissolution [2]. The oxidative dissolution reaction is shown
in equation (1.1) [6]. The release rate of Ag" depends on the size, shape, surface properties, capping
agent and colloidal state of AgNPs [7].

Ag'(s) + (1/4)02(aq) + H" (aq) « Ag™(aq) + (1/2)H.0. (1.1)

Although the mechanisms underlying the activity of AgNPs against bacteria have not yet been fully
clarified, various antibacterial mechanisms have been proposed. Yin et al. proposed the following
possible mechanisms: (i) disruption of the cell wall and membrane by Ag*, (i) denaturation of
ribosomes by Ag®, (iii) interruption of adenosine triphosphate (ATP) production by Ag*, (iv)
disruption of the cell membrane by reactive oxygen species (ROS), (v) interference of DNA replication
by AgNPs, Ag* and ROS, (vi) denaturation of the cell membrane by AgNPs, and (vii) perforation of
the membrane by AgNPs [8]. A diagram of the antibacterial mechanisms of AgNPs drawn using
BioRender is shown in figure 1. Durén et al. reported that ROS could be a principal agent in the
induction of cell membrane disruption and deoxyribonucleic acid (DNA) modification. The interaction
of Ag" with sulfur and phosphorus, which are important DNA compounds, can cause problems in
DNA replication and cell reproduction, or even result in the termination of microorganisms.
Furthermore, the synthesis of proteins can be inhibited by Ag", causing denaturation of ribosomes in
the cytoplasm [9].

The cytotoxicity of AgNPs is highly dependent on several factors such as size, shape, surface
chemistry, stability, surface charge, capping agent, pH, ionic strength and degree of agglomeration.
Size-dependent cytotoxicity of AgNPs has been demonstrated in many studies. Smaller particles have
a larger specific surface area, which can expose a large number of atoms on the surface for redox,
photochemical and biochemical reactions, as well as physico-chemical interactions with cells [5]. In
addition, the presence of ligands, divalent cations and macromolecules also plays a key role on
cytotoxicity [2,5,10].

Silver nanoparticles could be prepared via physical, chemical, green synthetic and biological
methods. The physical methods result in low yields. The chemical reduction of a silver salt in
aqueous media is a common method for producing AgNPs with reducing compounds such as
sodium borohydride (NaBH,) [11,12], trisodium citrate (Na;CqHsO,) [13-15], glucose (CgH;,04),
hydrazine (N,Hj) and ascorbate (C¢H;Os) [5]. Trisodium citrate was commonly used as a reducing
and stabilizing agent for silver nitrate to produce AgNPs [16]. The citrate reduction of silver colloids
serves the dual role of the reductant and stabilizer. The silver particles prepared by the citrate
reduction method were relatively large sized (50-100 nm) with well-defined facets [14]. AgNPs can be
also green synthesized from plant-extracted chemicals and biologically obtained from yeast extracts
[17-19]. Preferred particle size and distribution, and morphology of the AgNPs can be obtained via
the chemical techniques with suitable parameters. By utilizing low-toxic chemicals as reducing agent
and stabilizing agent in the reduction chemical method, the harmful effects on the environment and
hazardous by-products will be reduced.

Owing to growing concerns about antibiotics resistance, incorporating AgNPs into different
matrices/supporters/carriers has emerged as an effective way to produce materials with high
antimicrobial efficiency. AgNPs incorporated into polymer matrices are currently a popular type of
nanocomposite with excellent antimicrobial properties. Antimicrobial polymer composites can be
applied in food packaging containers [20], food packaging films [21], wound dressing materials
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L 1. AgNPs denature cell membrane

2. AgNPs and Ag* disrupt cell wall
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DNA replication

4. Ag* denatures ribosomes

5. Ag* interrupts ATP production
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disrupt membrane
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Figure 1. The antibacterial mechanism of silver nanopartices (AgNPs) [8].

[22,23] and other antimicrobial applications [24,25] owing to their outstanding antimicrobial activity. One
of the main challenges in producing this type of antimicrobial is the synthesis of stable nanoparticles, as
their antimicrobial effectiveness greatly depends on their size, size distribution and agglomeration state
[26]. Notably, the most common application problem involves the agglomeration and diffusion of these
nanoparticles into a polymer matrix, which reduces antibacterial activity. To prevent agglomeration and
maintain the long-lasting antimicrobial activity of AgNPs, porous micro CaCO; particles in vaterite
polymorph have been used as carriers for metallic nanoparticles [16,27,28]. Lei et al. synthesized
vaterite CaCOj in the presence of poly (sodium 4-styrene-sulfonate) of a specific size and morphology
[29]. Using porous micro CaCO; particles as carriers or supporters, the antimicrobial activity of the
active AgNPs can be prolonged owing to reduced agglomeration of the nanoparticles as well as
limiting contact of AgNPs with the human body [16]. Moreover, chemical and physical techniques for
synthesizing CaCO; containing AgNPs as hybrid particles must be made greener using either low-
toxicity chemicals or raw materials from bioresources for sustainability.

Chicken eggshells from household waste are extensively used as a replacement for mineral calcium
carbonate in several applications such as plastic and elastomer fillers, heavy metal absorbents, dye
removal bio-calcium supplements, concrete replacement and biodiesel oil catalysts [30]. Eggshells are
readily available with a high CaCO; content (94 wt%), in the form of calcite polymorph [31,32] with
7000 and 17000 pores [33,34] and the smallest pore size of 3-13 pm [33,34]. In addition, chicken
eggshells contain other inorganic compounds including magnesium carbonate (1%), calcium
phosphate (1%) and organic matter (4%) [35]. Eggshell waste can be used as an alternative and green
precursor for hybrid particles of AgNPs and CaCO;.

The number of patents on eggshell applications has increased exponentially in the last 7 years, from
150 in 2014 to 250 in 2020, emphasizing biotechnological applications involving biomedical, chemical,
engineering and environmental technology [36]. One of the biotechnological applications of eggshell
calcium carbonate is as a hybrid particle. The ceramic-ceramic and ceramic-metal hybrid particles
exploit the advantages of the synergistic function of the compositions of the hybrid particles. For
example, TiO,/SiO,, a ceramic-ceramic hybrid particle, can be applied as a functional filler for
elastomers and possesses the advantages of photocatalytic properties and antimicrobial biomaterials
by TiO,, as well as high thermal stability and excellent mechanical strength by SiO, [37]. For ceramic-
metal hybrid particles, AgNPs/CaCO; could be used as an antimicrobial agent, with CaCOj; acting as
an AgNPs carrier and AgNPs as an active antimicrobial agent. The CaCOj; carrier also improves the
distribution and distributive properties of AgNPs [16,28].

The patent filed by Yang et al. disclosed a method to produce hybrid particles of AgNPs and CaCO;
using eggshells as a template. Eggshells were pulverized and loaded with Ag”, followed by heating at
400-600°C. The resultant hybrid particles can be used for various applications including catalysis,
tissue engineering, coatings and the production of antibacterial agents, pigments and ceramics [38].
Nevertheless, the proposed method consumes a large amount of energy while heating up to 600°C.
Hassan et al. prepared eggshell CaCO; platelets using a combination of mechanochemical and
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sonochemical techniques. The obtained CaCOj; platelets had particle sizes, Brunauer-Emmett-Teller [}

(BET) surface areas and pore volumes of 10 nm, 43.69 m? g~' [32] and 0.164 cm® g™' [39], respectively.
Apalangya et al. employed a mechanochemical milling technique to deposit spherical AgNPs with a
diameter of 5-20 nm onto the surface of micrometre-sized ground eggshells with crystal polymorphs
of calcite [28]. They also mentioned that macromolecular proteins and functional groups in the
eggshells, such as hydroxyl, carboxyl and amino functional groups could stabilize and immobilize
AgNPs onto the surfaces of eggshell particles. However, the morphology of the ground eggshells
obtained using the mechanochemical milling technique is platelet-shaped, resulting in the anisotropic
properties for the hybrid particles. Zapotoczny et al. prepared hybrid particles of AgNPs and CaCO;,
for sustained release applications, using a calcium nitrate and sodium carbonate solution for co-
precipitation in the presence of freshly prepared silver colloids [16]. The particle size of the AgNPs
was 10-30 nm. However, crystal polymorphs of the co-precipitated CaCO; have not yet been reported.

In addition to the above-mentioned techniques involving the preparation of ground eggshell
powders, hybrid particles of AgNPs and eggshell CaCO;, and AgNPs and mineral CaCOj, this article
proposes a two-step method using the green raw material of bio-eggshell waste to prepare hybrid
particles of AgNPs and CaCO; as antimicrobial agents. The two-step method comprising silver
colloids preparation and silver colloids/eggshell CaCO; co-precipitation. Using the two-step method,
the specific particle size, size distribution and morphology of the hybrid particles of AgNPs and
eggshell CaCO; were chemically controllable with a higher BET specific surface area and pore volume.

In this study, AgNPs were used as an active agent against the growth of bacteria contaminating fresh
beef. Due to their highly effective antimicrobial activity against a wide spectrum of Gram-negative and
Gram-positive bacteria, biocompatibility and low production cost. Veterite calcium carbonate was
prepared from eggshell and functioned as the AgNPs carrier due to its porous structure, isotropic
property and non-toxicity. To prepare the hybrid particles of AgNPs and vaterite calcium carbonate
(AgNPs/eCaCO,), AgNPs were freshly synthesized by a chemical reduction method using trisodium
citrate, a low toxicity chemical, and then deposited in situ into micro-sized eggshell calcium carbonate
particles during precipitation. In addition, hybrid particles of AgNPs loaded with commercial calcium
carbonate (AgNPs/CaCO;) were comparatively prepared. Furthermore, the effect of precipitation
temperature on the particles size and size distribution of AgNPs/eCaCO; was investigated. The
hybrid particles were characterized using field emission scanning electron microscopy (FESEM),
transmission electron microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS, EDX) to
monitor particle size and size distribution; particle morphology; and silver content, respectively.
Dynamic light scattering (DLS) technique was also employed to study the hydrodynamic radius of the
AgNPs. BET analysis was used to determine the specific surface area, pore volume and pore diameter
of the particles. Finally, the antimicrobial activities of silver colloids, AgNPs/eCaCO; particles,
AgNPs/CaCO; particles and precipitated eCaCO; particles against beef-extracted bacteria were
compared using a modified Kirby-Bauer disc diffusion assay. Soon, AgNPs/eCaCO; particles will be
incorporated into a biodegradable poly (lactic acid) using the electrospinning method for antimicrobial
food packaging. Using eggshell as a precursor for preparing Ca(NOj); in precipitating vaterite
calcium carbonate for carrying AgNPs has not been previously reported. Effect of the eggshell
precipitation temperature has not been studied, as well. This study offers the novel co-precipitation
technique for preparing hybrid particles of AgNPs and micrometre-sized vaterite calcium carbonate
using bio-green source chicken eggshell with the determined mixing step and temperature to control
the size of AgNPs, and morphology and size of vaterite calcium carbonate. For the hybrid particles
aiming as antimicrobial agents in beef packaging, AgNPs function as active antimicrobial agents and
vaterite calcium carbonate as carriers or supporters.

2. Materials and methods
2.1. Materials

Chicken eggshells (ES) were obtained from household waste, and commercial calcium carbonate particles
were obtained from Sand and Soil Industry Co., Ltd. Silver nitrate (>99.0%, ACS reagent), sodium
carbonate (299.5%, ACS reagent), sodium citrate tribasic dihydrate (trisodium citrate) (>99.0%, ACS
reagent) and poly (sodium 4-styrenesulphonate) (PSS, average M,,~70000 g mole™") were obtained
from Sigma Aldrich. Nitric acid (65%, AR grade) was purchased from ANaPURE. Plate count agar
(PCA) and peptone were purchased from HiMedia Laboratories Pvt. Ltd and Sisco Research
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Laboratories Pvt. Ltd, respectively. Unpacked fresh beef and vacuum-packed fresh beef (MAX BEEF) [J§j

were purchased from a local fresh market and a Home-Fresh Mart supermarket, respectively.

2.2. Preparation of eggshell powder

Household waste eggshells were washed with tap water and boiled in a rice cooker at 100°C for 4 h.
Subsequently, eggshell membranes were peeled off. The eggshells were crushed into small pieces and
dried at room temperature for 24 h. To obtain fine eggshells pieces, a grinding machine (Retsch,
SR300) was used to reduce the initial size of the dried eggshells. To remove all the remaining
biomacromolecules, such as the eggshell membrane, the eggshell powder was washed with water at
least five times and then dried in an oven at 60°C for 24 h. Ball milling with different ball sizes was
used for further size reduction. After 24 h of ball milling, the eggshell powder was sieved through
No. 500 and No. 450 sieves, to obtain particle size of 25-32 pm.

2.3. Preparation of calcium nitrate solution

To prepare the calcium nitrate solution, 102 g of eggshell powder (ESP) was dissolved in 1000 ml of 2 M
nitric acid solution. After the ESP was completely dissolved, titration was performed with a 0.5 M
sodium hydroxide solution using phenolphthalein as an indicator to determine the exact molarity of
the calcium nitrate solution, after which the pH of the solution was adjusted to neutral using a 0.50 M
sodium hydroxide solution. To obtain a molarity equivalent to that of sodium carbonate solution, the
calcium nitrate solution was diluted to 0.03 M concentration.

For comparison, 100 g of commercial calcium carbonate was dissolved in a 2 M nitric acid solution.
To get 0.03M calcium nitrate solution from commercial calcium carbonate, the same procedure
mentioned in the previous paragraph was performed.

2.4. Preparation of silver nanoparticles deposited on eggshell CaC0; and commercial calcium
carbonate

Hybrid particles of silver nanoparticles (AgNPs) deposited on eggshell CaCO; and commercial calcium
carbonate were prepared using a co-precipitation method, as described by Zapotoczny et al. [16]. First, to
prepare the silver colloids, 45 mg of silver nitrate was dissolved in 250 ml of deionized (DI) water, and
then 5ml of 1 w/v% trisodium citrate was added. The reaction mixture was placed in an ultrasonic
bath and heated at 70-72°C for 60 min.

At the same time, PSS was dissolved in DI water to geta 4.8 g I~ PSS solution, and a 0.03 M sodium
carbonate solution was prepared. Then, 20 ml of the freshly prepared silver colloids was simultaneously
mixed with 50 ml of 0.03 M Ca(NO,), solution prepared from either eggshell calcium carbonate or
commercial calcium carbonate and 50 ml of 0.03 M Na,CO; solution with the addition of 15 ml of PSS
(4.8g1™"). The mixture was then sonicated for 5min at 25°C. The obtained particles were washed
with DI water and centrifuged at 4000 r.p.m. for 5min to remove the excess silver. The washing
process was repeated thrice, and the obtained particles were dried under vacuum at 40°C for 24 h.
AgNPs/eCaCOj and precipitated eCaCO; were also prepared at a sonication temperature of 35°C via
the same procedure.

2.5. Sample characterization

The particle morphology and size of AgNPs, precipitated eCaCO3, AgNPs/eCaCO; and AgNPs/CaCO5
were determined using a field emission scanning electron microscope (FESEM, JEOL JSM 7800F) with an
accelerating voltage of 3.0 kV. Prior to observation, each sample was coated using a gold sputter coater
(Neo-Coater, MP-19020NCTR) for 2 min. The diameter of the particles was measured from the SEM
micrographs using an analysis software (Image]) and calculated by randomly selecting 200 particles.
Matlab R2022a was used to obtain the mean diameter, size distribution and histogram.

Moreover, the morphology and elemental composition of the AgNPs, precipitated eCaCO3, AgNPs/
eCaCO; and AgNPs/CaCO; were investigated using a transmission electron microscope (TEM, Thermo
Scientific Talos F200X) coupled with energy dispersive X-ray spectroscopy (EDX). The morphology and
size distribution of the nanoparticles from the TEM micrographs were recorded digitally, and the
elemental composition of the particles was determined by EDS in the mapping mode using Velox
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software. Samples for TEM were prepared by depositing a drop of each sample in distilled water on a |

carbon-coated standard copper grid (200 meshes) and allowed to dry before investigation.

The crystal polymorphs of the ground eggshells, precipitated eCaCO3 and hybrid particles were
determined by an X-ray diffraction analyser (XRD, Bruker D8 ADVANCE). The study was carried out
in a 26 range of 5-80° with a voltage of 40 kV, current of 40 mA and a Cu Ka (1.5606 A) radiation source.

To study the decomposition temperature of ground eggshells and precipitated eCaCO; prepared at
35°C, a thermogravimetric analyser (TGA, Mettler Toledo, TGA/DSC1) was employed. The samples
were heated from 35 to 1000°C at a heating rate of 10°C min™" under nitrogen atmosphere.

The hydrodynamic particle size and polydispersity index (PDI) of silver colloids and AgNPs, was
determined by dynamic light scattering analyser (DLS, Malvern Instruments Zetasizer Nano ZS). The
measurements were carried out in triplicate at 25°C with laser wavelength of 633 nm, beam back-
scattering angle of 173° and DI water’s refractive index of 1.330.

The BET surface area and porosity of all particles were measured using a BET analyser (Micromeritics
3Flex). All samples were degassed at 40°C for 24 h under vacuum before examination.

2.6. Antimicrobial test

To examine the antimicrobial efficiency of the hybrid silver nanoparticles/calcium carbonate particles on
beef-extracted bacteria, a modified Kirby-Bauer disc diffusion assay was performed as follows. Bacteria
were extracted from two types of beef, unpacked beef available at a local market and vacuum-packed
beef available at a supermarket (‘MAX BEEF’ brand). The beef loaf was cut into small pieces and kept
at room temperature for 18 h. The powdered forms of precipitated eCaCO;, AgNPs/eCaCO; and
AgNPs/CaCO; were dispersed in sterile DI water and kept at 4°C overnight. Then, 2.35 g of plate
count agar (PCA) powder was completely dissolved in 100 ml sterile DI water using a hot plate. Next,
the PCA solution was sterilized, and then poured into sterile Petri dishes after the solution and the
dishes were cool down to 45-50°C. Approximately 25 g of spoiled beef was blended with 225 ml of
0.10% sterile peptone water using a Stomacher laboratory blender for 6 min. The obtained beef extract
was smeared onto plate count agar using a sterile cotton swab. Four sterile circular Whatman filter
paper discs (6 mm diameter) were placed onto the smeared agar plate and impregnated with 5 pl of
precipitated eCaCO;, freshly prepared silver colloids (silver colloids at 0h), AgNPs/eCaCO; and
AgNPs/CaCO;. The test was performed at particle concentrations of 500, 250 and 125 mg ml™". The
plates were incubated at 37°C for 24 h. After that, each inhibition zone diameter was monitored, and
digital images of the antimicrobial zone were taken. The diameters were averaged from the three
measurements. The antimicrobial test was performed in triplicate and the average diameter of the
inhibition zone with standard deviation was calculated.

3. Results and discussion

3.1. Characteristic of silver nanoparticles

The optical micrographs in figure 2a,b show images of the silver colloids over time. Freshly prepared
silver colloids - are clear and light-yellow, resulting in both large ‘and exceedingly small silver
nanoparticles (AgNPs) of approximately 100-200 nm and 1 nm, respectively, as shown in figure 2a1,a2.
However, after being left at room temperature for 24 h, the silver colloids became dark brown
(figure 2b) because the small nanoparticles became larger. The AgNPs began to grow over time, as
confirmed by the SEM micrographs shown in figure 2b1,b2. Agglomeration can also be observed in
the SEM micrograph shown in figure 2b2.

TEM micrographs, EDS mapping images and EDX spectrum of AgNPs obtained from freshly
prepared silver colloids are shown in figure 3. The TEM micrographs show the spherical morphology
of AgNPs, as observed from SEM in figure 2, and the average size of the individual particles was
approximately 10-30 nm. Particles with diameters of less than 10 nm were observed as small dots.
The EDS image mapping and EDX spectrum in figure 3c-g illustrate that the particles were mainly
composed of silver. Large-sized (50-100 nm) silver crystallites were found using trisodium citrate as a
reducing and stabilizing agent [14]. Arif et al. also studied the synthesis of silver nanoparticles in the
presence of trisodium citrate, resulting in diameters of approximately 40 nm AgNPs [40]. According to
the smaller particle size and lesser agglomeration, the freshly prepared silver colloids were further
used to prepare AgNPs-loaded calcium carbonate particles as antimicrobial agents.
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Figure 2. The image of freshly prepared silver colloids (silver colloids at 0 h) (a) and SEM micrographs of AgNPs obtained from the
silver colloids at 0 h with a magpnification of 50k (a1) and 50kx (a2). The image of silver colloids at 24 h (b) and SEM micrographs
of AgNPs obtained from the silver colloids at 24 h with a magnification of 10kx (b1) and 100kx (b2).
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Figure 3. TEM micrograph (a), high-angle annular dark-field imaging (HAADF) (b), Silver (Ag) EDS image mapping (c), Sodium (Na)
EDS image mapping (d), Oxygen (0) EDS image mapping (e), Silicon (Si) EDS image mapping (f) and EDX spectrum (g) of AgNPs
obtained from freshly prepared silver colloids, and the hydrodynamic size distribution curves of (h) and AgNPs obtained from (/)
freshly prepared silver colloids.
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Figure 4. TGA curves (a) and DTGA curves (b) of ground eggshells and precipitate eCaC0; prepared at 35°C.

The freshly prepared silver colloids contained the Z-average (r.nm) of 42.1 nm and PDI of 0.2, as
observed from figure 3h. The hydrodynamic size distribution curve of freshly prepared silver colloids,
shown in figure 3k, shows three peaks at 50.0, 10.3 and 1.2 nm. This distribution curve corresponded

well with their TEM micrograph in figure 3a, showing three different sizes of the particles. In

addition, the Z-average size (rnm) and PDI of AgNPs, obtained from the freshly prepared silver
colloids, were 55.1 and 0.2, with two peaks at 69.6 and 11.0 nm as illustrated by the hydrodynamic

size distribution curve in figure 3i. The 1 nm AgNPs might be extracted out during the centrifugal

separation; as a result, there are two particle size ranges observed from the distribution curve.
Ranoszek-Soliwoda et al. [41] prepared AgNPs at 100°C using trisodium citrate as a capping agent.
They reported hydrodynamic size (d.nm) of the prepared AgNPs in ranges of 9+2nm and 58+
20 nm, with PDI of 0.5, and the particle size of the AgNPs observed from scanning transmission
electron microscopy (STEM) in ranges of 5-45 nm and larger than 100 nm.

3.2. Characteristic of precipitated eggshell calcium carbonate (eCaC0;) particles

The TGA and differential thermogravimetric analysis (DTGA) curves of the ground eggshells and
precipitated eCaCO3 prepared at 35°C are shown in figure 4a,b. Ground eggshells exhibited three
thermal transitions of mass loss. The first thermal decomposition occurred in the temperature range of
35-110°C due to the evaporation of physically adsorbed water. The second transition in the range of
240-350°C caused by thermal decomposition of the eggshell matrix left in the ground eggshell. The
TGA curve shows overall mass loss of 1.9% from water evaporation and eggshell matrix
decomposition. Castro ef al. also reported that natural eggshells showed a mass loss of 1.9% between
30 and 400°C [42]. The third mass loss occurred between 400 and 800°C, with a DTGA peak
at 783°C and a mass loss of 45.8%. This loss is related to the CO, released from CaCO;
decomposition. Decarbonization of chicken eggshells has been reported to occur in the temperature
range of 600-850°C [43,44].

In the case of precipitated eCaCOj; prepared at 35°C, the TGA and DTGA curves show four regions of
thermal decomposition with an overall weight loss of approximately 46.2%. The first weight loss at 35—
180°C was due to the evaporation of physically adsorbed water from CaCO;. The second and third
decompositions in the temperature range of 430-520°C and 550-650°C, were derived from the thermal
degradation of PSS in precipitated eCaCQOj;. These two thermal decomposition ranges were also
reported by Bahrom et al. [45]. They reported that the thermal decomposition of precipitated CaCO;
using PSS as an organic additive at 430-520°C and 550-650°C was due to the decomposition of PSS.
The fourth thermal decomposition at 790°C corresponded to the decarbonization of vaterite CaCO;. It
could be concluded that there was no organic matter left in the precipitated eCaCO;, and vaterite
polymorph precipitated from eggshell absorbed more water than calcite polymorph of eggshell.

SEM micrographs in figure 52— show spherical morphology and a broad particle size distribution of
precipitated eCaCO; particles prepared at 35°C, with a mean diameter of 3.55 + 1.32 pm. The mechanism
of CaCO; formation involves the creation of nanometre-sized crystallites in the first stage which later
aggregate to form micrometre-sized superstructures [16]. According to the XRD pattern in figure 5d,
crystal polymorphs of the precipitated eCaCO; prepared at 35°C was vaterite, whereas that of the
ground eggshells was calcite. Sutapun et al. also reported that ground eggshells were mainly
composed of a calcite crystal structure [43]. The vaterite crystal structure is formed when CaCO; is
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Figure 5. SEM micrographs with magnification of 1kx (a) and Skx (b), and a partide size distribution curve () of precipitated
e(a(0; particles prepared at 35°C, and XRD patterns of the precipitated eCa(0; particdes and ground eggshells ().
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Figure 6. TEM micrograph (a), high-angle annular dark-field imaging (HAADF) (b), caldum (Ca) EDS image mapping (c), oxygen (0)
EDS image mapping (d), sulfur (S) EDS image mapping (e) and EDX spectrum (f) of precipitated eCaC0; particles prepared at 35°C.

precipitating in the presence of poly (sodium 4-styrenesulfonate) (PSS) as a polyelectrolyte. Lei ef al.
studied  precipitating vaterite CaCO;3 from 0.5M CaCl, and 0.5M Na,COs and 70000 g mole™' and
1gl™" PSSat pH 10 and the obtained CaCO; particles were vaterite polymorph with micrometre-sized
spherical shapes. It was deduced that PSS initiated vaterite nucleation through the binding of calcium
ions to anionic sulfonate groups, and stabilized the vaterite during crystal growth [29]. Azarian also
found that the crystal structure of precipitated calcium carbonate from calcdium nitrate and sodium
carbonate in the presence of polyelectrolytes was vaterite with a spherical morphology [46]. The TEM
micrographs in figure 6a,b also show a broad particle size distribution. The EDS image mapping and
EDX spectrum in figure 6¢c-f illustrated that the particles were rich in calcium carbonate.

3.3. Characteristic of silver nanoparticles / eggshell calcium carbonate (AgNPs/eCa(0;) particles

Figure 7a—d show the particle morphology, histogram plot of particle diameter versus frequency and XRD
spectrum for AgNPs/eCaCO; particles prepared at 35°C. The spherical morphology of AgNPs/eCaCO3
particles with a particle size distribution ranging from 1.44 to 7.38 pm and a mean diameter of 3.19 +
1.20 pm was obtained. Figure 7e-h show the morphology, histogram plot of particle diameter versus
frequency and XRD spectrum for AgNPs/eCaCO; particles prepared at 25°C. The XRD patterns in
figure 7d i confirm that the particles prepared at 25°C and 35°C were mainly composed of vaterite crystal
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Figure 7. SEM micrographs with magnification of kx (a) and 10kx (b), a particle size distribution curve (c) and an XRD pattern
(d) of AgNPs/eCaC0; particles prepared at 35°C. SEM micrographs with magnification of 1kx (e) and Skx (f), a particle size
distribution curve (g) and an XRD pattern (h) of AgNPs/eCaC0; particles prepared at 25°C.
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Figure 8. TEM micrograph (a), high-angle annular dark-field imaging (HAADF) (b), silver (Ag) EDS image mapping (c), calcium (Ca)
EDS image mapping (d), oxygen (0) EDS image mapping (e), sulfur (S) EDS image mapping (f) and EDX spectrum (g) of AgNPs/
e(aC0; particles prepared at 25°C.

structures. The obtained AgNPs/eCaCOj; particles also showed a spherical morphology with a narrow size
distribution ranging from 2.39t0 4.15 pm and a mean diameter of 3.56 + 0.26 pm. One of the factors affecting
particle size and distribution of precipitated CaCOj is crystallization temperature. At high temperature, the
crystallization is governed by kinetic factors. Mathawa ef al. studied crystallization of CaCOj at 25 and 80°
C using polyacrylic acid (PAA) as a stabilizing agent. They stated that when the crystallization was carried
out at high temperature, the dissolution of CaCO; from the surface of growing particles might have
occurred, and the secondary crystallization might then be formed. This secondary crystallization resulted
in smaller CaCOj crystals compared with the larger primary crystals [47].

At an ambient temperature of 25°C, the precipitated eCaCOj, particles crystallized homogeneously with a
narrow particle size distribution, and they did not form perfect spherical structure like precipitated commercial
calcium carbonate particles as shown in figure 9. This is because other compositions of chicken eggshells such
as magnesium carbonate (1%) and calcium phosphate (1%) might disturb the crystallization [35].

TEM micrographs, EDS image mapping and EDX spectrum of AgNPs/eCaCO; prepared at 25°C in
figure 8 show that AgNPs are attached to the eggshell calcium carbonate particles. The TEM micrographs
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and EDS image mapping in figure 8a—c confirm the presence of AgNPs on both the surface and inside of m
eCaCO;. AgNPs are attached to the whole particle of calcium carbonate resulting in silver content of
0.78 wt% confirmed through EDS mapping element analysis. According to the EDX spectrum shown
in figure 8¢, the particles were composed solely of silver and calcium carbonate and no other
impurities were observed. So, AgNPs/eCaCO; particles prepared at 25°C were further used as
antimicrobial agents against food-related bacteria due to their smaller size and narrow distribution.

3.4. Characteristic of silver nanoparticles / commercial calcium carbonate (AgNPs/CaC0;)
particles

The morphology, size distribution and XRD pattern of the AgNPs/CaCO; particles are shown in figure 9a—.
According to the SEM micrographs, the AgNPs/CaCO; particles prepared at 25°C were spherical
microparticles with a particle size distribution ranging from 4.15 to 6.95 pm and a mean diameter of 5.61
+0.66 pm (figure 9¢). The particles are dominant in the vaterite crystal structure, as shown in the XRD
pattern in figure 9d. The spherical shape of the precipitated commercial calcium carbonate was loaded
with AgNPs on both the surface and inside of the calcium carbonate particles as shown by the TEM
micrographs and EDS image mapping in figure 10a—c with a silver content of 3.20 wt%. The EDX
spectrum in figure 10g confirms that the particles contain only silver and calcium carbonate. Zapotoczny
et al. prepared AgNPs loaded calcium carbonate particles at 25°C using calcium nitrate and sodium
carbonate, resulting in a particle size of 2 pm, in approximation [16]. In this study, AgNPs/eCaCO; and
AgNPs/CaCO; prepared at 25°C using eggshell and commercial calcium carbonate as a precursor had a
mean particle size of 3.56 +0.26 pm and 5.61 + 0.66 pm, respectively.
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Figure 9. SEM micrographs with magnification of 500 (a) and Skx (b), a particle size distribution curve (c) and an XRD pattern
(d) for AgNPs/CaC0; particles prepared at 25°C.
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Figure 10. TEM micrograph (a), high-angle annular dark-field imaging (HAADF) (), silver (Ag) EDS image mapping (c), calcium
(Ca) EDS image mapping (d), oxygen (0) EDS image mapping (e), sulfur (S) EDS image mapping (f) and EDX spectrum (g) of
AgNPs/CaC0; particles.
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Table 1. Silver content, BET specific surface area (Sger), total pore volume (V), and mean pore diameter (d;) of precipitated n
e(a(0;, AgNPs/eCaC0; and AgNPs/CaC0;

particles silver content (wt%) Saer (m? g7

precipitated eCaC0; prepared at 35°C — 79.77 0.07 3.
AgNPs/eCaC0; prepared at 35°C e 79.25 007 378
AgNPs/eCaC0; prepared at 25°C 078 85.08 0.07 326
AgNPs/CaC0; prepared at 25°C 320 85.85 007 339

Table 2. Inhibition zone diameter against extracted bacteria from unpacked and vacuum-packed beef using precipitated eCaC0;,
freshly prepared silver colloids, AgNPs/eCaC0; and AgNPs/CaC0; as antimicrobial agents.

inhibition zone diameter (mm)

L6LLTT ‘0L DS uadp os 7y sosi/jeuwnol/Bio BuiysiiqndAranosiefos

unpacked beef-extracted bacteria vacuum-packed beef extracted bacteria
samples 500mgmi~"  250mgml~'  125mgmi™'  500mgmi~' 250 mgmi~’'
precipitated no effect no effect no effect no effect no effect no effect
eCaC0,
freshly 6.99 +0.12 6.77 £0.12 6.57 +£0.19 7.38 +050 717 £058 7.13+£033
prepared
silver
colloids

AgNPs/eCaCO, 8764026 ~ 824+067 898047  1052+£106 8564022 744047
AgNPS/CaCO; 8974049  809+031 8274031  1016+080  789+081 7454038

The specific surface area, total pore volume and mean pore diameter of precipitated eCaCO; and
AgNPs/eCaCO; prepared at 35°C were remarkably similar, as shown in table 1. The specific area of
the hybrid particles of AgNPs and CaCO; prepared at 25°C was higher than that prepared at 35°C.
At co-precipitation temperature of 25°C, the specific area of AgNPs/eCaCO; was approximately the
same as that of AgNPs/CaCO3. However, the mean pore diameter of the hybrid particles of AgNPs
and CaCO; prepared at 25°C was slightly smaller than that of the particles prepared at 35°C. All
particles mentioned in table 2 have the same total pore volume (V) of around 0.07 m® g™' and a
mean pore diameter (d,) in a range of 3.3-3.8 nm.

3.5. Antimicrobial efficdency

As shown in figures 11a—c and 124, precipitated eCaCO; (disc ‘a’) showed no inhibitory effect against
bacteria extracted from unpacked beef purchased from the fresh market and vacuum-packed beef of
‘MAX BEEF' brand. The freshly prepared silver colloids showed slight antimicrobial activity against
the bacteria extracted from the unpacked beef and the vacuum-packed beef with inhibition zone
diameters of approximately 7 mm, as observed from disc ‘b’ in figures 11a—c and 12a-c, respectively.
The antimicrobial efficiency of the silver colloids was lower than that of AgNPs/eCaCO; and AgNPs/
CaCOs. This might be caused by the agglomeration of the silver colloids within the disc, in which the
dissolution of Ag’ or Ag* was slower than that of the hybrid particles of AgNPs/eCaCO, and
AgNPs/CaCOj3 [26]. Lee et al. investigated the antimicrobial activity of AgNPs prepared at different
molar ratios using the Kirby-Bauer disc diffusion assay and demonstrated a good inhibitory effect
against Escherichia coli (E. coli) and Staphylococcus aureus [48]. The antimicrobial efficiency depends on
the particle size, particle size and concentration [18,19], and the degree of agglomeration of
nanoparticles [26]. Therefore, the superior antimicrobial activity of AgNPs/eCaCO3; and AgNPs/
CaCO; particles compared with that of the silver colloid was attributed to the reduced agglomeration
of AgNPs, giving rise to a better stabilized and sustained release of AgNPs from the eCaCO; and
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Figure 11. Antimicrobial activity against bacteria extracted from unpacked raw beef from a local fresh market. The discs were :

impregnated with precipitated eCaC0; (a), freshly prepared silver colloids (b), AgNPs/eCaC0; (c), and AgNPs/CaC0; (d), at
concentrations of 500 mg ml™" (), 250 mg mi~" (6), and 125 mg ml~" (d).

Figure 12. Antimicrobial activity against bacteria extracted from vacuum-packed beef (‘MAX BEEF' brand). The discs were
impregnated with predpitated eCaC0; (), freshly- prepared. silver colloids (b), AgNPs/eCaC0; (), and AgNPs/CaC0; (d), at
concentrations of 500 mg mi™" (a), 250 mg mi™" (6) and 125 mg mi~" (c).

CaCO; carriers [28]. It was reported that 20 nm AgNPs showed antimicrobial against Escherichia coli at
MIC (minimum inhibitory concentration) of 0.621 mgml™" [49]. In addition, 5 nm and 10 nm AgNPs
exhibited MIC at 0.625 mg ml™" and 1.35 mg ml ™", respectively, against Staphylococcus aureus [50].

In addition, AgNPs/eCaCO; and AgNPs/CaCO; showed concentration-independent antimicrobial
activity against bacteria extracted from unpacked beef. The diameters of the inhibition zones at 125,
250, and 500 mg ml~" were not significantly different, with an average diameter of 8-9 mm. This
suggested that the optimum concentration of AgNPs/eCaCO; and AgNPs/CaCOs for inhibiting
bacteria growth was 125mgml~". By contrast, AgNPs/eCaCO; and AgNPs/CaCO; showed
concentration-dependent antimicrobial activity against bacteria extracted from vacuum-packed beef.
The average inhibition diameter tended to increase with increasing the hybrid particle concentration.

The Laboratory of Cell-Based Assay and Innovation (CBAI), Suranaree University of Technology,
reported that the extract from the unpacked beef contained two types of Gram-negative and one type
of Gram-positive bacteria, whereas the extract from the vacuum-packed beef contained one type of
Gram-negative and one type of Gram-positive bacteria. The lesser types of extracted bacteria from
vacuum-packed beef might be the main effect of concentration-dependent antimicrobial activity
against the bacteria of the hybrid particles. However, it could be concluded that the antimicrobial
efficiencies of AgNPs/eCaCO; and AgNPs/CaCO; against bacteria extracted from unpacked and
vacuum-packed beef were comparable.

For the case of AgNPs/CaCOs, Zapotoczny et al. studied the antimicrobial activity of AgNPs/CaCO;
microparticles against Staphylococcus and Candida species and reported that the AgNPs/CaCO; showed
inhibitory effects for those species [16]. Apalangya et al. reported that AgNPs /eggshell particles exhibited
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superior antimicrobial activity against Escherichia coli compared with that of AgNPs [28]. The mentioned m

reports were in good agreement with the inhibitory effect of the hybrid particles of AgNPs/eCaCO; and
AgNPs against bacteria extracted from beef, as shown in table 2. In addition, Wang et al. mentioned that
Pseudomonas fragi, Myroides phaeus and Brochothrix thermosphacta were bacteria found in beef [51], and it
was reported that E. coli was found in raw beef, as well [52].

The summary of the average inhibition zone diameter with standard deviation obtained from
precipitated eCaCO;, freshly prepared silver colloids, AgNPs/eCaCO; and AgNPs/CaCOj;, against
extracted bacteria from the unpacked and vacuum-packed beef versus testing concentrations are
shown in table 2.

4. Conclusion

Spherical AgNPs with an average size of 10-30 nm were successfully prepared by reducing an AgNO;
aqueous solution at 70°C in the presence of trisodium citrate as a reducing agent and stabilizer. The Z-
average (r.nm) and PDI are 42.1 nm and 0.2, respectively for freshly prepared silver colloids, and 55.1
and 0.2, respectively for AgNPs. Novel hybrid antimicrobial microspherical particles of AgNPs/eCaCO;
and AgNPs/CaCO; were successfully prepared via aqueous precipitation in the presence of freshly
prepared silver colloids using poly (sodium 4-styrenesulfonate) as a polyelectrolyte. TEM, EDS and
EDX confirmed that AgNPs were incorporated into the spherical precipitated CaCO; from eggshells
and commercial calcium carbonate. The crystal polymorph of the precipitated eCaCO; was vaterite.
The hybrid AgNPs/eCaCO; particles prepared at 25°C had a spherical morphology and a narrow
size distribution, with a mean diameter of 3.56+0.26 pm. By contrast, AgNPs/eCaCO; prepared at
35°C showed a broader size distribution with a mean diameter of 3.19 + 1.20 pm. In addition, 0.78 wt%
and 320 wt% AgNPs were deposited onto and inside the microspherical particles of precipitated
eggshells and commercial calcium carbonate, respectively. AgNPs/CaCO; particles prepared at
25°C also had a spherical morphology and a narrow size distribution with a mean diameter of
5.61 £0.66 pm. Therefore, eggshells and commercial calcium carbonate can be applied as carriers or
supporters for the nanoparticles.

Antimicrobial test showed that both AgNPs/eCaCO; and AgNPs/CaCO; particles exhibited the
same antimicrobial activity. The hybrid microspherical AgNPs/eCaCO; and AgNPs/CaCO; particles
inhibited the growth of bacteria extracted from both unpacked and vacuum-packed beef. However,
AgNPs/eCaCO; and AgNPs/CaCO; showed concentration-dependent antimicrobial activity against
bacteria extracted from vacuum-packed beef.
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Silver nanoparticles (AgNPs) are widely used as antimicrobial agent in commercial products
like textiles, cosmetics and drugs. AgNPs deposited on the surface of calcium carbonate (CaCOs)
particles, serve as sustained release of antimicrobial activity. The silver nanoparticles embedded
calcium carbonate particles (Ag/CaCOs) are prepared by a precipitation method. In this study,
precipitated (Ag/CaCOs) filler will be used for preparation of Ag/CaCOs-poly(L-lactic acid)
(Ag/CaCO;-PLA) nanofibers by electrospinning. Polymer concentration and functional filler
amount in binary solvent system will be studied. The condition for fabricating electrospun PLA
and Ag/CaCOs;-PLA was a 15 em of collection distance and 15 kV of working voltage.
Morphology of Ag/CaCQ; loaded PLA electrospun fibers will be investigated by the field
emission scanning electron microscope (FE-SEM). The electrospun fibers will be further applied
as the antimicrobial material.

Keywords: PLA, Ag/CaCO; filler, Electrospinning, Antimicrobial Applications

1. Introduction

Silver nanoparticles (AgNPs) are widely used as antimicrobial agent in health care, food and commercial
products like textiles. AgNPs have now been established as an effective biocidal agent and act on a wide
range of both gram-negative and gram-positive bacteria [1]. AgNPs incorporated into polymer matrix
are currently a popular type of nanocomposite that can provide excellent antimicrobial properties.
Antimicrobial nano polymer composite could be applied as packaging films [2]. wound dressing
materials [3] and other antimicrobial applications [4,5] according to their outstanding antimicrobial
activity. To reduce agglomeration and maintain the nano size of Ag particles, calcium carbonate is one
of a good choice as AgNPs carrier for incorporation into polymer matrix [6]. Polylactic acid (PLA) has
been widely used in various applications including biomedical applications and packaging because of
its biodegradability, biocompatibility and ability to be dissolved in common solvents for processing [7].

Electrospinning is simple and efficient for the fabrication of nano to microscale fibers. The morphology
and diameter of the electrospun fibers depend on solution properties, processing and ambient factors
[8]. In this research work, the electrospinning was employed to prepare mat of PLA and PLA loading
with Ag/CaCOs. Then, effects of PLA solution concentration, applied voltage, solution flow rate and
Ag/CaCO:; filler content on morphology of electrospun fibers and distribution of fiber diameter were
studied. This research work is preliminary work for further study on application of Ag/CaCO; for food
packaging.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOL

Published under licence by IOP Publishing Ltd 1



128

The International Conference on Materials Research and Innovation (ICMARI 2021) 10P Publishing
IOP Conf. Series: Materials Science and Engineering 1234 (2022) 012009 doi:10.1088/1757-899X/1234/1/012009

2. Experimental

The commercial PLA grade (4043D) was purchased from NatureWorks. Chloroform RPE was
purchased form Carlo Erba Reagents and acetone was purchased from Thermo Fisher Scientific. Silver
nanoparticles loaded calcium carbonate particles (Ag/CaCOs) were prepared by a coprecipitation
method mentioned by S. Zapotoczny (2012) [6]. The particle size range of the Ag/CaCOs is around 2 to
5 um with D(v,0.9) of 4.66 um. Various concentrations of PLA were prepared with a binary solvent
system of chloroform and acetone (chloroform: acetone = 2:1 in volume). The PLA solution with
concentrations of 7.5%, 10%, 12.5% and 15% w/v were prepared by stirring at room temperature for 24
hrs using a magnetic stirrer. For preparing Ag/CaCO: filled PLA nanofibers, only 10% w/v PLA solution
with the binary solvent system of chloroform and acetone was employed. Firstly, 3.00 g of PLA was
dissolved in 20 mL of chloroform for 22 h and different Ag/CaCOs contents which were dispersed in 10
mL of acetone were added to the dissolved PLA solution. Then, the mixtures were magnetically stirred
at room temperature for 2 h.

Each PLA solution, unfilled and filled, was loaded into a 10 mL plastic syringe (NIPRO syringe), and
the needle (inner diameter 0.9 mm) was used for electrospinning. Two flow rates (1 mL/h and 1.5 mL/h)
were varied and high voltage of up to 15 kV were applied. Electrospun fibers were collected on a
grounded aluminum collector at a distance of 15 cm from the needle tip. The spinning time for pure
PLA solutions and Ag/CaCO; loaded PLA solutions was 30 min and 15 min, respectively. All
experiments were performed at about 30°C and relative humidity around 60%. Morphology of
electrospun fibers made of pure PLA and Ag/CaCO; loaded PLA were investigated by the field emission
scanning electron microscope (Carl Zeiss, Auriga) using an accelerating voltage of 3.0 kV. Before
observation, each sample was coated with a gold sputter coater for 2 min (Neo Coater).

3. Results and Discussion

SEM micrographs in Figure 1 show morphology of the nanofibers electrospun with different PLA
concentrations, flow rates and applied voltages. The SEM micrographs show characteristic of porous
structure of PLA fibers electrospun from PLA solution with the binary solvent system of
chloroform:acetone. The concentration of PLA solution does affect PLA nanofiber morphology and
diameter. The micrographs show that smaller fibers with beads were collected from 7.5% w/v PLA
solution (Figure 1A-D). The formation of beads indicates insufficient chain entanglements [9]. On
increasing PLA concentration to 10%w/v, continuous fibers with various diameter fibers were produced
(Figure 1E-H) and uniform fibers were collected at 12.5%w/v PLA solution (Figure 1I-L). At the highest
PLA concentration of 15%w/v, electrospun fibers were folded back and forth not randomly oriented as
observed from electrospun fiber with lower concentration of PLA solution (Figure 1M-P). Casasola et
al. [9] have mentioned that increasing polymer concentration results in more chain entanglements, an
increase in the solution viscosity. As a result, hence an increase in the viscoelastic force will be increased
and will counterbalance the Coulombic stretching force. Therefore, it results in continuous fibers with
fewer beads.

Uniform electrospun nanofibers in size could be prepared via a critical flow rate of'a polymeric solution.
At higher flow rate of 1.5 mL/h, fibers with larger diameter were produced comparing to the prepared
fiber with lower flow rate of 1 mL/h. Increasing flow rate beyond a critical value not only leads to
increase in the pore size and fiber diameter but also bead formation. This might be due to incomplete
drying of the nanofiber jet during the flight between the needle tip and metallic collector [10]. Upon
concerning applied voltage, smaller diameter of fibers was produced at higher applied voltage of 18kV
compared to produced fibers at 15kV, as shown in Figure 1. The formation of smaller diameter
nanofibers with an increase in the applied voltage is attributed to the stretching of the polymer solution
in correlation with the charge repulsion within the polymer jet [10].

SEM micrographs in Figure 2 show electrospun fibers obtained from PLA solutions filled with 1 and
3% w/v Ag/CaCO;using 1 mL/h flow rate, and 18 and 20 kV applied voltages. At 1%w/v Ag/CaCO;
loading, the electrospun filled PLA fibers contained some particles blooming along the fiber, as shown
in Figure 2(A) and 2(B). However, with 3%w/v Ag/CaCOj; loading, the electrospun fiber comparatively
contained more particle blooming along the fiber due to higher degree of the local particle agglomeration
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during electrospinning process, as illustrated in Figure 2(C) and 2(D). The local particle agglomeration
might be caused by heterogeneous distribution of the particles in PLA solutions during electrospinning.

1 mL/h 1.5 mL/h
15kV 18kV 15kV 18kV

1kX

PLA 7.5% (w/v)

10k X

1kX

PLA 10% (w/v)

10k X

PLA 12.5% (wW/v)
1kX

10kX

100 X

PLA 15% (w/v)

10k X

Figure 1. SEM micrographs of electrospun PLA fiber prepared from various concentrations, flow
rates of 1 and 1.5 mL/h, and applied voltages of 15 and 18 kV.
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Figure 2. SEM micrographs of the electrospun filled PLA fiber with 1% (w/v) Ag/CaCO; at 1 mL/h
and 18 kV (A), and ImL/h and 20 kV (B); and 3% (w/v) Ag/CaCOs; at 1 mL/h and 18 kV (C), and
ImL/h and 20 kV (D).

4. Conclusions

Highly porous fibers were prepared by electrospinning from pure PLA solution. PLA solutions of 10
and 15%w/v concentrations would give rise to electrospun continuous fibers without beads. Larger
diameter electrospun fibers were obtained at higher flow rate of 1.5 mL/h and applying higher voltage
of 18 kV resulted in smaller diameter fibers than applying lower voltage. PLA electrospun fibers filled
with 1%w/v Ag/CaCOs contained some particles blooming along the fiber however, more particle
blooming and nonuniform shape were observed from the electrospun fibers filled with 3%w/v
Ag/CaCOs. The electrospun fibers obtained from 1%w/v Ag/CaCO; loading with applied voltage of 20
kV were more uniform in shape.
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