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Abstract
Cancer is the second most frequent cause of death in the world today and a huge
global problem for the society. Current drug delivery systems used in the treatment of
cancer suffer from a number of problematic issues, like poor plasma half-life and poor
release profile of therapeutic agents. To overcome these limitations, recent research
has focused on using calcium carbonate (CaCO3 ) micro/nanoparticles as carrier-based
systems to improve drug therapies and clinical outcomes. The present study investigates and evaluates a newly developed Reverse Micelle method for generating micro/nanometre scale CaCO3 powders for potential use as a drug carrier platform. XRD
spectroscopy revealed the CaCO3 was in the form of calcite and it had a mean crystallite size of 9.3 nm. However, the study found the Reverse Micelle method had a preference to produce larger micrometre scale particles instead of only nanometre scale particles. Both SEM and particle analysis revealed 45.46% of the particles were between 8
and 16 µm and the mean particle size was 10 µm. The resulting calcite ultra-powders
were found to have a relatively low specific surface area of around 0.577 m2 g−1 and
also found to display poor adsorption behaviour towards Rhodamine B. To explain
this behaviour, the study suggests water present in the washing and centrifuging stage
promotes the dissolution and re-crystallisation, thus, promoting further growth of the
calcite particles. In addition, the FT-IR analysis suggests surfactant residue, persistent even after extensive washing, is responsible for the poor adsorption behaviour of
the calcite powders. However, in spite of the short comings, the present research has
established the Proof of Conceptfor the innovative Reverse Micelle method. And the results from the research were used to apply for an Australian Innovation Patent, which
was subsequently granted. Thus, validating the Proof of Concept and the quality of the
research carried out as part of the present work.
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Chapter 1. Introduction
1.1. Background
Cancer is a life-threatening disease that can affect everyone. It begins when some of the
trillions of cells that make up the human body experience a series of genetic and
epigenetic changes or mutations. These changes can be inherited or triggered by cancercausing materials (carcinogens) in the environment and irradiation such as harmful UV,
X-ray radiations. Cancer is the second most frequent cause of death in the world today.
While there are many types of cancers, some can be managed to the point of remission,
and others are so aggressive that they rapidly reduce the patient's well-being and
ultimately cause their death. For instance, in countries like the United States and
Australia, the annual death rates resulting from cancer in 2020 were around 606,500 and
50,000, respectively [1,2]. The two severe consequences of the cancer are the very high
societal cost and the enormous economic cost to the community. From an Australian
perspective, the cost for cancers diagnosed between 2009 and 2013 was estimated to be
around AUS$6.3 billion or 0.4% of Australia’s gross domestic product (GDP). With the
highest individual costs being attributed to colorectal cancer ($1.1 billion), breast cancer
($0.8billion), lung cancer ($0.6 billion), and prostate cancer ($0.5billion) [3]. Thus,
highlighting the magnitude and impact of cancer on the community. Accordingly, the
goal of medicine is to provide the best health care strategies and therapies to defeat cancer.
However, despite the effort made by many medical organisations around the world,
treating cancer remains challenging.
Nonetheless, if diagnosed early and dependent on the type of cancer, treatment is possible
using a variety of therapies like surgery, radiation, and drug therapy [4]. Unfortunately,
after defeating cancer, it can recur and begin its aggressive and destructive activities
again. Recurrence rates are dependent on cancer type. Low recurrence rates are typically

around 5% to 12%, and high recurrence rates are typically around 36% to 85% [5, 6]. So,
even after more than a century of medical research and numerous cancer therapies, there
is still no effective treatment for defeating cancer.
In the typical physiological environment of multicellular organisms, a process called cell
division controls cell growth and cell multiplication. During this process, signals are sent
that instruct new cells to be formed, or cells are told to stop dividing, or when cells
become old or damaged, they are told to die via the process of apoptosis. Thus, new cells
are only formed under normal circumstances when the body needs them or terminates
them when their function becomes impaired or redundant. However, once created, cancer
cells disregard standard body signals and continue to grow, multiply, and eventually
invade the surrounding tissues. These invading cancers cells also enter the bloodstream
and lymphatic system. Once in these fluidic networks, they travel (metastasise) to other
regions in the body that are far from the original cancer source. Another problematic issue
associated with cancer is its ability to hide and deceive the immune system and even gain
its protection in many cases. Crucially, many cancers grow to form solid tumours and
direct blood vessel growth towards themselves.
Moreover, by the time they have reached 150 to 200 micrometres in size, they have
established the vasculature system that provides them with nutrients and oxygen, and at
the same time, removes their waste products [7]. This vasculature system and its abnormal
behaviour allow cancer to grow, proliferate, and spread throughout the body. Importantly,
their abnormal behaviour and vasculature system also offer researchers opportunities to
develop new and unique anticancer therapies. For instance, Matsumura and Maeda's
discovery in 1986 showed an enhanced permeability and retention (EPR) effect present
in tumours and their associated vasculature system [8]. Crucially, this phenomenon
provides greater permeability and larger drug accumulation capacities within the tumour.

Thus, improving drug delivery efficiencies to the targeted tumour. Hence, providing a
new approach for delivering novel anticancer drugs and developing innovative
chemotherapy strategies.
To address several medical challenges and shortcomings faced by conventional drug
delivery systems, nanomedicine has emerged as a practical approach for improving drug
delivery effectiveness and chemotherapeutic outcomes [9]. The focus of nanomedicine is
the application of nanoparticles in medical procedures like delivering imaging probes and
therapeutic agents to targeted sites within the body [10]. Nanoparticles are defined as
particulate material with at least one dimension in a size range between 1 and 100 nm
[11]. Nanoparticles can exist in various morphologies like spheres, plates, rods, cages,
stars, and wires [12]. Importantly, numerous studies have shown that micro/nanoparticles
can efficiently carry and deliver imaging probes and pharmaceuticals to targeted sites like
tumours, tissues, and organs [13]. In fact, nanoparticle-based therapies are an attractive
alternative for overcoming issues like poor target specificity, low bioavailability, and
systemic toxicity, which is typically associated with conventional medical procedures
[14, 15]. In addition, studies have also shown nanomedicine-based strategies can be used
to assist in the early detection and diagnosis of cancer, developing new nano-based
medicines and enhanced drug delivery systems for the targeted delivery of therapeutic
agents to cancerous cells and tissues [16, 17]. Further confirmation of the importance of
this field of advanced medicine comes from a recent 2020 report by the European
Commission’s Technology Platform on Nanomedicine group that stated, “The
nanomedicine field is concretely able to design products that overcome critical barriers
in conventional medicine in a unique manner” [18].
Several studies have shown the controlled slow release of drugs from nanoparticle-based
carriers can promote better cell penetration and accumulation of drugs at the targeted

cancer cells [19, 20]. Currently, there are two nanoparticle-based carrier systems used for
the controlled and sustained release of drugs. These are liposomal drug carriers and
polymers-based drug delivery platforms [21]. However, both types suffer from several
challenges that include poor plasma half-life and poor release profile of therapeutic agents
[22]. Poor tumour targeting and plasma half-lives are responsible for many unsuccessful
patient responses to nanomedicine-based treatments [23]. Despite these shortcomings, it
is expected that further research into nanoparticle-based delivery systems will improve
health care outcomes in all phases of cancer therapy. Recently, research has focused on
using calcium carbonate (CaCO3) micro/nanoparticles as carrier-based systems to
overcome the abovementioned limitations and achieve positive clinical outcomes. The
interest in CaCO3 as a carrier material stems from its advantageous properties that
include: 1) biocompatibility; 2) slow biodegradability allowing greater drug retention; 3)
in aqueous environments, CaCO3 does not swell or change porosity [24], and 4) pHresponsiveness since cancer cells and tissues tend to have acidic micro-environment [25].
Hence, the present work has investigated the viability of developing a process for
producing a candidate CaCO3 micro/nanoparticle-based powder that can be used as a
carrier for the delivery and sustained release of therapeutic agents.

1.2. Scope of thesis
The goal of medicine is to sustain wellbeing and promote longevity. However, after more
than a century of medical research, cancer remains the second most prevalent cause of
death in the world today, at a rate of 9.6 million deaths globally [2]. And despite the
extraordinary efforts made by health organisations around the world, cancer treatment
remains challenging. Studies have shown that CaCO3 nanoparticle-based carriers can
deliver controllable therapeutic agents for cancer treatment, imaging, and gene therapy.

To further research in this field, the present work develops and investigates a Reverse
Micellar method for synthesising a candidate CaCO3 micro/nanoparticle-based powder
for use as a drug carrier. Several advanced characterisation techniques were used to
investigate the physical and chemical properties of the CaCO3 powders. These techniques
included X-Ray diffraction (XRD) spectroscopy, which was used to examine the
crystallite size and crystalline structure of the powder, and Fourier transform infrared
spectroscopy (FT-IR) to identify functional groups and their respective vibration modes
present in the powder. Electron microscopy techniques like scanning electron microscopy
(SEM) were used to determine mean particle size and morphology. While the BrunauerEmmett-Teller (BET) was used to investigate specific surface area and porosity, and
thermo-gravimetric analysis (TGA) technique studied the thermal stability of the
respective powder samples.

To achieve notable research outcomes, the scope of the thesis was divided into three parts.
Each part of the thesis focused on a specific aim. The first part, which forms Aim 1,
presents a literature review that provides an overview of the current state of research into
producing CaCO3 micro/nanoparticle-based carriers for the delivery of pharmaceuticals
for cancer treatment, imaging, and gene therapy. The review “Calcium carbonate
micro/nanoparticles as versatile carriers for the controlled delivery of pharmaceuticals
for cancer treatment, imaging and gene therapy” begins by discussing cancer and how
nanomedicine offer new strategies for overcoming many of the issues generally
associated with conventional medical therapies used to treat cancer. The review then
discusses the various sources of raw CaCO3, its potential medical use and common
methods for producing CaCO3 micro/nanoparticles. This is followed by a discussion of
current nanoparticle-based delivery systems currently used for contrast agents to assist in

biomedical imaging of tumours. Also discussed are the toxicity issues associated with
several currently used nanoparticle-based systems and the advantage of using non-toxic
CaCO3 nanoparticle-based systems. The review then concludes by discussing the
advantages of using CaCO3 nanoparticle-based carriers for the targeted delivery and
controlled release of therapeutic drugs or gene therapy protocols for treating cancer.

The second part of the thesis focused on developing and investigating a Reverse Micelle
method for generating micro/nanometre scale CaCO3 powders. The synthesis route used
calcium chloride (CaCl2) and sodium carbonate (Na2CO3) as the main precursor
materials, and the non-ionic Triton X-100 [C14H22O(C2H4O)n] was used as the surfactant
during synthesis. Once generated and dried, the CaCO3 powder samples were then studied
using five main advanced characterisation techniques. The first technique, XRD
spectroscopy, was first used to identify the type of CaCO3 polymorph (aragonite, calcite
and vaterite) produced by the Reverse Micelle method. And secondly, the diffraction peak
data was used to investigate the crystalline nature of the powders. The second technique,
FT-IR spectroscopy, was used to explore the chemical nature of the powders. This was
done by analysing the respective FT-IR spectra and identifying the functional groups and
vibration modes present in the powders. Thirdly, an electron microscopy study of the CaCO3
powders was carried out using SEM to determine mean particle size, size distribution, and

particle morphology. And fourthly, the specific surface area and porosity were
investigated using the Brunauer-Emmett-Teller (BET) technique. And finally, the thermal
stability of the respective powder samples was studied using the thermo-gravimetric
analysis (TGA) technique.
The third part of the thesis consolidates the results of the experimental work and advanced
characterisation studies to establish the Proof of Concept behind the application of CaCO3

micro/nanoparticle-based carrier systems to deliver therapeutic agents. This is done in
Chapter 5, where the patent application containing the process details is presented. The
subsequent issuing of the Australian Innovation Patent is also shown in Chapter 5 and is
further validation of the Proof of Concept and the quality of the research carried out as
part of the present work. Figure 1.1 depicts the flowchart illustrating the steps of CaCO3
micro/nanoparticle synthesis and its Characterisation Methods

Figure 1.1 Block diagram showing the steps of CaCO 3 synthesis and characterisation.

1.3.

Aims of the thesis

To achieve the abovementioned research outcomes, the thesis focused on three aims.
These aims included:

Aim 1
To carry out an extensive literature review that provides an overview of the current state
of research into producing CaCO3 nanoparticle-based powder for potential use as drug
delivery carriers for cancer treatment, imaging, and gene therapy.

Aim 2
Develop and investigate a Reverse Micelle method for generating micro/nanometre scale
CaCO3 powders with appropriate materials properties to be used as a drug carrier. To this
end, the micro/nanometre scale powders were be studied using advanced characterisation
techniques like XRD spectroscopy, FT-IR spectroscopy, and electron microscopy
techniques like (SEM) and (TEM). The Brunauer-Emmett-Teller (BET) method was used
to investigate the specific surface area and porosity. At the same time, Thermogravimetric analysis (TGA) was used to investigate the chemical stability of the
respective powder samples.
Aim 3
To obtain an Australian Innovation Patent and establish the Proof of Concept for this
innovative Reverse Micelle based process.
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Chapter 2 - Literature Review:
Calcium carbonate micro/nanoparticles as versatile carriers for the
controlled delivery of pharmaceuticals for cancer treatment, imaging,
and gene therapy
2.1. Overview
Good health and wellbeing have always been important to humans. Their survival has
always depended on having a healthy mind and body. And over the centuries’ health
providers have struggled to come up with effective strategies to cure cancer. But it was
not until the second half of the 20th century that significant progress was made towards
treating cancer. Even today, there is no effective treatment method for ultimately
defeating cancer. In many cases, after first defeating cancer, it can reappear and begins
its aggressive and destructive activities once again in the patient. Because of its aggressive
and destructive nature, cancer is the second most frequent cause of death globally. In
recent years, nanometre-scale materials produced by nanotechnology-based techniques
have attracted considerable medical interest due to their unique physiochemical and
biocompatible properties. Accordingly, interest has focused on understanding the
properties of these new nanometre-scale materials and developing new strategies for
using them to treat cancer. This is of particular importance since current polymer-based
anti-cancer drug carriers used in commercialised products suffer from unfavourable
immune system responses, cytotoxicity and loss of bioactivity in the physiological
environment of the body. Because of these unfavourable issues, alternative anti-cancer
drug carriers like calcium carbonate (CaCO3) micro/nanoparticles are currently being
studied and evaluated. The medical and pharmaceutical interest shown in using CaCO3
micro/nanoparticles as drug delivery platforms stems from the materials attractive
properties that include: 1) biocompatibility; 2) slow biodegradability allowing greater

drug retention; 3) in aqueous environments, CaCO3 does not swell or change porosity,
and 4) pH-responsiveness since cancer cells, and tissues tend to have acidic microenvironment. The present chapter contains a literature review article, which addresses the
objective of Aim 1. That is to provide an overview of the current research and progress
towards producing CaCO3 micro/nanoparticle-based platforms for potential use as
delivery carriers for cancer treatment, imaging, and gene therapy.

2.2. Author contributions
Three authors have been conducted the research and contribution to this review article.
The first author was M Nasseh, who significantly contributed to the article’s content
under the supervision of GEJ Poinern, who provided the overall concept of the review.
While D Fawcett provided technical assistance to M Nasseh during the preparation and
final revision of the review. All text was developed and written by M Nasseh. All authors
provided feedback during the preparation of the review, which was coordinated by M
Nasseh. All authors contributed to the manuscript and assisted with editorial changes.

2.3. Publication: Review Article
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Abstract
Calcium carbonate (CaCO3) micro/nanoparticles have attracted considerable medical
research interest in therapeutic applications like controlled pharmaceuticals for cancer
treatment, tumour imaging, and gene therapy. The advantages of using CaCO3
micro/nanoparticles in these applications arise from their properties. Some of these
advantageous properties include pH sensitivity, biocompatibility, safety, and
biodegradability. Crucially, CaCO3 micro/nanoparticles are stable at normal
physiological pH (~7.3) in the blood circulation system, while in more acidic pH tumour
environments, they readily decompose. Thus, the slow degradation of their porous core
allows these particles to be employed as carriers for contrast agents used in biomedical
imaging procedures or utilised as sustained-release carriers for the targeted delivery of
anticancer drugs and gene therapies. This review aims to provide an overview of recent
research into developing delivery carriers based on CaCO3 micro/nanoparticles for the
transport of pharmaceutical agents to tumours. The study discusses cancer, the advantages
of using a nanomedicine approach for treating cancer, and various producing CaCO3

micro/nanoparticles. This is followed by a summary of the current state of research into
using CaCO3 based particles for biomedical imaging, targeted drug delivery and gene
therapy. Notably, the review highlights the potential use of CaCO3 micro/nanoparticles
as a safe and efficient drug delivery platform for cancer treatment.

Keywords: Calcium carbonate micro/nanoparticles, nanomedicine, drug delivery carrier,
anticancer carrier, gene carrier

1. Introduction
Cancer is the second most frequent cause of death in the world. For instance, in the United
States, 606,520 Americans lost their lives to cancer in 2020, equating to around 1,660
deaths per day [1]. While deaths related to antibiotic-resistant infections in the US
resulted in only around 35,000 deaths [2]. Similarly, around 150,000 new cancer cases
per year were reported in Australia, along with an annual death rate of around 50,000 in
2020 [3]. Thus, indicating the magnitude and impact of cancer on the community.
However, if diagnosed early and dependent on the type of cancer, treatment is possible
using various cancer therapy methods. These methods have varying efficacy and include
procedures such as surgery, radiation treatment and drug therapy [4]. Even after more
than a century, there is still no effective cure for beating cancer. And in many cases, after
first defeating cancer, it reappears and begins its aggressive and destructive activities in
the patient. Recurrence rates can vary significantly, with cancers with low recurrence
rates typically around 5% to 12% and cancers with high recurrence rates being around
36% to 85% [5, 6]. The cost to the community is societal, and a large economic cost is
running into several billion dollars annually. For instance, the economic cost resulting
from cancers among people in Australia diagnosed during 2009–2013 was estimated to

be around AUS$6.3 billion or 0.4% of Australia’s gross domestic product (GDP). With
the largest costs for colorectal cancer ($1.1billion), breast cancer ($0.8billion), lung
cancer ($0.6billion) and prostate cancer ($0.5billion) [7]. Figures 2.1 and 2.2 illustrate
estimated new cancer cases and deaths for 2020 in males and females [1].

Figure 2.1. Estimated new cancer cases (top) and deaths (bottom) for 2020 in males.

Figure 2.2. Estimated new cancer cases (top) and deaths (bottom) for 2020 in females.

The efficacy of any pharmaceutical-based treatment is heavily dependent on the delivery
system. Factors contributing to successful pharmaceutical-based treatment include
targeting cancer cell sites and optimising drug pharmacokinetics to minimise side effects,
destroy cancer cells, and promote the patients' adherence to the treatment procedure [8,
9]. However, many clinically used anti-cancer therapeutic drugs have disadvantages like
low bioavailability, poor solubility, and limited distribution/penetration into targeted
cancerous cells and tissues. Other issues also include limited stability resulting from
variations of temperature and pH in the body and sensitivity to enzymatic activity. Thus,
reducing the half-life of many conventional pharmaceutical-based treatments [10, 11].
Currently, polymer-based carriers such as Polyethylene(glycol/oxide) (aka PEO, POE) or
Poly (lactic acid) PLA are used in commercialised products. Still, many of these products
suffer from unfavourable immune system responses, cytotoxicity, and loss of bioactivity

in the physiological environment of the body [12]. To overcome these limitations,
improve drug delivery effectiveness, and increase chemotherapeutic outcomes, novel
alternative strategies are needed to treat cancer. Recent studies have shown that
nanotechnology-based techniques can produce nanometre-scale materials used as
effective and efficient drug delivery carriers [13, 14]. In addition, studies have also
demonstrated that nanotechnology-based strategies can also be used to assist in the early
detection and diagnosis of cancer. This review summarises and discusses drug delivery
and targeting, the use of nanotechnology-based medicinal treatments and dye-doped
nanoparticles for detection and diagnosis of cancer. In particular, the review summarises
current research into using pH-sensitive CaCO3 micro/nanometre-scale materials as drug
carriers for the delivery of pharmaceuticals targeted to the acidic microenvironment of
cancer cells and tissues [15].

2. Cancer and nanomedicine
Cancer is a life-threatening disease and begins when some of the trillions of cells that
make up the body experience a series of genetic and epigenetic changes or mutations.
These changes can be either inherited or triggered by cancer-causing materials
(carcinogens) in the environment. Normally, cells grow and multiply (via a process called
cell division) only when they receive signals. Under instruction from these signals, new
cells are formed, or cells are told to stop dividing, or when cells become old or damaged,
they are told to die (apoptosis). So, under normal circumstances, new cells are formed
when the body needs them or terminates them when their function becomes impaired.
However, cancer cells not only grow without signal instructions from the body, but they
also disregard signals usually directing normal cell division processes and continue to
grow and invade nearby tissues. Some cancers not only invade surrounding tissues but

also enter the bloodstream and lymphatic system to travel (metastasise) to other regions
of the body far from the original source of cancer. Notably, cancer cells hide to evade the
immune system, deceive it, and gain its protection. In this environment, many cancers
grow to form solid tumours, and at the same time, they direct the growth of blood vessels
towards themselves. And by the time they have reached a size range between 150 to 200
micrometres, they have established their vasculature system to supply themselves with
nutrients and oxygen and remove their waste products [16]. Thus, ensuring the cancers
ability to grow further, proliferate and spread. However, if detected early enough and
dependent on the type of cancer, treatment by either surgery or radiation therapy or
chemotherapy, or a combination of these treatments, a cure is possible, or the respective
treatment protocol can prolong the patient’s life.

Notably, the tumour's abnormal survival behaviour offers several opportunities for
developing new anticancer therapies. One such opportunity, discovered by Matsumura
and Maeda in 1986, is the enhanced permeability and retention (EPR) effect found in
tumours and their vasculature systems [17]. The phenomenon promotes greater drug
delivery efficiencies to the tumour via greater permeability and more significant
accumulations of drugs within the tumour site. Thus, the EPR effect offers a new
approach for delivering new anticancer drugs and developing innovative chemotherapy
strategies [18]. Furthermore, a recent report by the European Commission’s Technology
Platform on Nanomedicine group has stated, “the nanomedicine field is concretely able
to design products that overcome critical barriers in conventional medicine in a unique
manner” [19]. Thus, recognising the importance of nanomedicine and its potential to
address several medical challenges and limitations currently faced by conventional
anticancer drugs, like poor targeting, low bioavailability, and organ and systemic toxicity

[20, 21]. Thus, nanomedicine can combine nanotechnology-based techniques with
medicine to create new and alternative chemotherapy strategies to combat cancer and its
effects in patients.

This relatively new field brings together materials engineering at the nanometre scale
level and molecular biology. From the materials engineering perspective, the quantum
mechanical effects occurring from atomic interactions at the nanometre scale (dimensions
smaller than 100 nm) result in their unique set of properties [22]. In terms of relative size,
the human hair fibre is about 0.1 mm wide, and a Covid-19 virus is typically around 100
nanometre (nm) wide so that 1000 Covid-19 viruses can fit on one human hair.
Importantly, nanomaterial properties are significantly different from their bulk
counterparts and have the potential to be tailored for specific applications. These unique
properties can include increased strength, different chemical reactivity, and increased
thermal or electrical conductivities [23]. On the other hand, the cell is the basic unit of
living organisms and is generally in the micrometre-size range. Thus, the size difference
between a typical cell and a nanoparticle can be as much as 1000 times. And because of
this significant size difference, the nanoparticle can biophysically interact with surface
molecules at a cell membrane and/or enter the cell and interact with component structures
[24]. Also at the nanometre scale are the molecular building blocks of life, such as
carbohydrates, proteins, nucleic acids, and lipids [25]. Importantly, nanoparticles smaller
than 50 nm have been shown to directly enter most cells and interact with internal cell
structures and molecules without much functionalisation. Thus, making nanoparticles an
attractive delivery platform technology for medical procedures [26]. And recent studies
have shown that targeted nanoparticle-based drug delivery systems with diameters less

than 600 nm can take advantage of the EPR effect. Thus, enhancing therapeutic
effectiveness and reducing harmful side effects of therapeutic agents [27, 28].

Nanoparticles can be made from various materials, have varied chemical structures, and
come in a wide range of morphologies. They can range from 10 nm to a few hundred
nanometres and have large surface area to volume ratios. And because of their unique
properties, nanoparticles have been used in applications like engineering, electronics,
catalysis, environmental remediation, and medicine. Nanoparticles can be made from
metals, quantum dots, ceramics, lipids (liposomes), polymers, organic materials, and
composites. For instance, quantum dots are used in the latest ultra-high-definition
television screens, and gold nanoparticles have been used in medical imaging and
medicinal treatments [29, 30]. From the medical perspective, studies have shown the
controlled release of drugs via nanoparticles can promote better cell penetration and
permit the slow and controlled release at the targeted cancer cells [31, 32]. Two currently
available forms of nanoparticle-based carrier systems used in medicine for delivering
pharmaceuticals are liposomal drug carriers and polymers-based drug delivery platforms
[33, 34]. The main features of these types of delivery systems are the controlled and
sustained release of drugs at specific sites. However, controlling the concentration,
plasma half-life, and release profile of the active therapeutic agent are all challenging
issues [35]. Furthermore, because of the complex multi-step production methods used to
produce many of these delivery systems, cytotoxicity (unfavourable response from the
immune system) and poor bioactivity will limit their effectiveness [36, 37].

Because of the limitations associated with nanomedicine-based therapies, cancer remains
responsible for around 25% of all deaths globally [38, 39]. Most unsuccessful or poor
patient responses to nanomedicine-based treatments result from poor tumour targeting
and poor plasma half-lives [17]. Despite their present shortcoming, it is expected that
further research will improve health care outcomes in all phases of cancer therapy. With
this objective in mind, recent research has focused on CaCO3 micro/nanoparticles as an
alternative medicinal-based platform to overcome limitations and achieve positive
clinical outcomes. The recent scientific interest in CaCO3 micro/nanoparticles arises from
their advantageous properties that include: 1) biocompatibility; 2) slow biodegradability
allowing greater drug retention; 3) in aqueous environments, CaCO3 does not swell or
change porosity [40], and 4) pH-responsiveness since cancer cells and tissues tend to have
acidic micro-environment [41]. Thus, CaCO3 based systems have become a drug carrier
candidate for the targeted and sustained release of drugs to combat cellular cancer [42].
The ideal Nanoparticle for cancer treatment can play a few roles, such as targeting agents
that bind to the biomarker owing diagnostic properties. Quantum dot or magnetic particle
is effective in defining imaging and MRI. The most significant role is the targeting agent,
which is responsible for doing the treatment. Figure 2.3 briefly shows different
employment of nanomedicine in cancer therapy [133]

Figure 2.3 Different employment of nanomedicine in cancer therapy.

3. Calcium carbonate (CaCO3) micro/nanoparticles
3.1. Sources, polymorphs of calcium carbonate and medical use
Calcium Carbonate (CaCO3) is naturally found in the earth’s crust in limestone and chalk.
It is also found widely as the inorganic component in seashells, corals, and eggs shells.
Historically, it has been used by humanity as a construction material (limestone) for
centuries. While in industry, it is currently used as a viscosity modifier in industrial
products like plastics, coatings, rubber, paint, paper, and pigments [43]. And because
CaCO3 is approved as a food and pharmaceutical additive by the European Food Safety
Agency, it is widely used in pharmaceuticals in oral antacid formulations and medications
for calcium deficiency [44, 45]. In addition, because of CaCO3 biocompatibility, it is used
in tissue engineering applications like bone cement, scaffolds, and dental implants [46].

And more recently, it has been employed as a drug carrier for the targeted delivery of
anticancer formulations [47, 48].

CaCO3 occurs naturally in three different anhydrous polymorphs (aragonite, calcite and
vaterite) and two different hydrated crystalline forms (monohydrocalcite and ikaite) [49,
50]. The needle-like aragonite is also subjected to repeated twinning that results in the
formation of pseudo-hexagonal crystals. Aragonite is also metastable and readily
transformed into the more stable calcite polymorph. The aragonite crystal morphologies
are naturally found in most mollusc shells and the endoskeleton of corals. While vaterite
has a spherical morphology and occurs naturally in mineral springs, organic tissues, and
gallstones [51]. Vaterite is metastable and has poor stability in the presence of water, and
slowly dissolves and recrystallises to form the stable calcite polymorph [52]. Vaterite also
has a porous inner structure and a much higher solubility compared to the other two
polymorphs. While the most thermodynamically stable calcite polymorph can have
several morphologies that include prisms, rhombohedra, and tabular forms [53].
An essential property of CaCO3 is its sensitivity to a decreasing pH environment. This
property is very advantageous since increasing levels of intracellular hydrogen
accompany tumour growth. The increasing hydrogen ion level subsequently reduces local
pH and creates a localised acidic medium around the tumour [54]. For instance, while the
normal physiological environment has a pH of around 7.4, tumours can have pH levels
less than 6.5 [55]. Therefore, in the acidic tumour environment, a pH-sensitive CaCO3
based carrier could not only target but also slowly degrade to release its anticancer drug
payload and increase the cell’s CO2 levels. In terms of delivery, micrometre scale
particles (typically between 4 and 10 μm) administered intravenously are usually caught
and filtered out by the body and offer few therapeutic benefits [56]. However, smaller

nanometre scale particles (ranging from 10 to 1000 nm) can be administered via several
routes (i.e., intravenous, transdermal, subcutaneous) and travel throughout the body,
including passage through the blood-brain barrier without being caught and filtered out.
And ultimately accumulating in the targeted tumour sites to deliver their payload [57].
Another therapeutic advantage of using CaCO3 nanoparticle-based carriers is their ability
to increase tumour tissue pH during particle decomposition and hinder further tumour
growth [58, 59].
Figure 2.4 shows the Synthesis of calcium carbonate nanoparticles and their potential as
a cancer drug therapeutic carrier.

Figure 2.4 Breaking tumour tissue pH during particle decomposition.

3.2. Common methods for producing CaCO3 micro/nanoparticles
Several methods have been designed and used to produce CaCO3 nanoparticles. These
methods include 1) processing raw CaCO3 sources derived from nature; 2) carbonation;
3) solution precipitation; 4) reverse emulsion; and 5) ultrasound-assisted synthesis. These
methods a briefly discussed in the following sections.

3.2.1. Processing raw CaCO3 sources derived from nature
Several studies have investigated using biological materials derived from nature. Typical
material sources studied include seashells and waste shells from commercial
aquacultures, like bivalve molluscs and pearl oysters, and even waste eggshells [60-65].
Generally, after initially cleaning the raw source material, the shell structure is milled into
a micron-sized powder and then further processed into a nanometre scale material by
either chemical reduction of ultrasound processing or nano-milling or by a combination
of processes [60, 63, 65]. Similarly, mechanical-chemical processing techniques can also
produce nanoparticles with uniform size and shape with low agglomeration rates [66].

3.2.2. Carbonation
Initially, limestone (raw CaCO3) undergoes calcination at around 900 °C to produce CaO
and CO2. The CaO then undergoes hydration to produce Ca(OH)2. The carbonation step
follows and involves bubbling CO2 through the Ca(OH)2 solution, as seen in equations 1
and 2 below.
CO2 + H2O ⇄ H2CO3

1

H2CO3 + Ca(OH)2 ⇄ CaCO3 (nanoparticles) + 2H2O

2

The carbonation step generally produces nanometre scale calcite particles. Still, the
generated particles' polymorph type, particle size, shape and physicochemical properties
can be controlled by changing the Ca2+ concentration, CO2 flow rate, temperature and
types and amounts of additives [43, 67].

3.2.3. Solution precipitation
The solution precipitation method or mixing method is a well-established laboratorybased method for creating CaCO3 micro/nanoparticles [68]. The method involves the
mixing of supersaturated solutions of a carbonate source (i.e., NaHCO3) and calcium
source (i.e., CaCl2 or Ca(NO3)2). Controlling the physiochemical properties of the created
CaCO3 nanoparticles is achieved by changing the synthesis variables (i.e., reactant
concentration, temperature) and through the addition of additives like surfactants [69, 70].
For instance, particle size can be controlled through reactant concentration, while other
properties, including particle size, can be controlled with the help of surfactants [71]. The
advantage of this method is that it allows easy control of surfactant concentration, which
effectively contains particle size and shape by the degree of capping the particle
experiences during formation and growth. However, a disadvantage of many surfactants
is their toxicity, which makes them generally unsuitable for biomedical applications.

3.2.4. Reverse emulsion
Synthesising CaCO3 nanoparticles using the reverse emulsion method involves creating
a hydrophobic continuous phase that contains large numbers of dispersed hydrophilic
droplets (water in oil or W/O). Surfactants are used to stabilise the dispersed hydrophilic
droplets in the ongoing phase. The dispersed hydrophilic droplets forming the micelles
contain either a carbonate source solution (CO32−) or calcium source solution (Ca2+).

When the emulsions are mixed, the micelles collide, and their contents combine, forming
a micro-reactor that creates the CaCO3 nanoparticles [72]. The advantage of this room
temperature-based method is the creation of nanoparticles with a narrow size distribution
[43]. The physiochemical properties like the type of polymorph, particle size and shape
of the generated CaCO3 nanoparticles can be regulated by adjusting synthesis parameters.
These parameters include adjusting the water to surfactant ratio, water to oil ratio,
temperature, pH, the ratio of CO32− to Ca2+ and using different additives [73, 74].

3.2.5. Ultrasound-assisted synthesis
Several researchers have also used sonochemical processing (ultrasound irradiation) to
assist during solution-based wet chemical synthesis of CaCO3 particles [75, 76]. The
advantage of using sonochemical processing stems from forming an acoustic cavitation
effect generated in the chemical solution. The cavitation produces the rapid formation and
subsequent collapse of bubbles within the chemical solution. During bubble collapse,
extremely high temperatures (~5000 K) and high pressures (~20 MPa) are generated.
Under these extreme reaction conditions novel, micro and nanomaterials with unique
physiochemical properties can be formed [77]. In addition, sonication facilitates greater
mixing, reduces particle agglomeration, and minimises particle size distribution [78].

4. CaCO3 based particle systems for biomedical imaging, targeted drug delivery and
gene therapy
There are three main medical applications for CaCO3 micro/nanoparticles. These
applications include 1) delivery of contrast agents to the tumour for biomedical imaging;
2) targeted drug therapy and controlled release of anticancer therapeutics; and 3) gene
therapy. These methods a briefly discussed in the following sections.

4.1. Nanoparticle-based systems for biomedical imaging
4.1.1. Biomedical imaging and contrast agents
Biomedical imaging is extensively used for the diagnosis of life-threatening diseases and
cancers. Many nanoparticle-based platforms have unique optical, magnetic, and
radioactive characteristics derived from their nanometre scale features or agents loaded
into their core or incorporated on their surfaces. These nanoparticle-based platforms are
used as imaging contrast agents to determine specific tumour related information that can
be further used for diagnosis. These agents are used in various medical imaging
techniques, such as radioisotope imaging, magnetic resonance imaging (MRI), and X-ray
computed tomography (CT scans). Optical, biological imaging is currently used to
perform diagnosis at the cellular level and provides imaging guidance for the
intraoperative surgical removal of tumours [79]. Biological imaging uses the contrast
generated by different optical properties, like absorption, light scattering, and
luminescence properties such as fluorescence and phosphorescence. And for many years,
organic dyes and metal complexes were extensively used in luminescent microscopy.
However, organic dyes and metal complexes suffer from photo-bleaching during
continuous intensive light exposure [80]. To overcome this problem, nanoparticles (e.g.,
silica-based or polymeric) doped with photo-luminescent organic molecules and nanoformulations containing semiconductors (either quantum dots (QDs) or rods (QRs)) were
developed and successfully used in a variety of optical microscopy techniques [81, 82].
In addition, QDs are also incorporated into nanoparticle-based platforms for the delivery
of therapeutic agents, with the luminescent QDs being used for optical tracking [83].
Similarly, in magnetic resonance imaging (MRI), a few non-toxic super-paramagnetic
irons oxide-based (Fe3O4) nano-formulations have been used in preclinical and clinical

applications [84]. Also, luminescent QDs can be incorporated with iron oxide nanoformulations for use in a combined MRI and optical imaging procedure [85]. While a few
nanoparticles formulations incorporating suitable radionuclides have also been used in
biomedical-based radioisotope imaging. For instance, silver nanoparticles incorporating
125

I were intravenously injected into a mouse model (in vivo), and imaging was carried

out to determine the full-body distribution pattern of the radionuclide [86].
Correspondingly, the use of nanoparticles as contrast agents for X-ray computed
tomography (CT) imaging has also been extensively studied in the past. In particular, gold
nanoparticles have attracted considerable interest due to their high X-ray attenuation
coefficient, biocompatibility, and longer circulation lifetimes.
Further, they can be targeted to specific regions of interest within the body safely.
Prominently, the beneficial attenuation properties of targeted gold nanoparticles enable
the production of high contrast anatomical images of body structures, like blood vessels,
tissues and organs, and cancer [87]. And in recent years, nanoparticles containing two or
more contrast elements have also been evaluated for use in CT imaging. For instance,
BaYbF5 nanoparticles containing two contrast elements (Ba and Yb) were found to
significantly increase contrast enhancement, producing higher resolution images [88].
Likewise, high stability bismuth sulfide (Bi2S3) nanoparticles have five times more X-ray
absorption than conventional contrast agents like iodine [89].

4.1.2. Toxicity of nanoparticle-based systems
Despite the many advantages of nanoparticle-based imaging agents, there have also been
concerns regarding the potential risks resulting from their interactions with host cells and
tissues [90]. The perfect nanoparticle-based system should deliver its payload at the
specific target, perform its signalling function and then exit from the body without

causing any adverse effects [91]. However, several studies have shown that nanoparticles
can produce minor to significant hazardous effects to host cells and tissues. These
hazardous effects are dependent on the type of interactions (chemical, physical, or
immunological) and the dosage [92]. For instance, studies have shown gold nanoparticles
smaller than 5 nm are more toxic than those more prominent than 15 nm [93, 94]. The
resulting genotoxicity arises from the smaller-sized (<5 nm) gold nanoparticles being able
to enter the cell nucleus and bind to DNA [92, 95]. Studies have also shown nanoparticles'
composition and surface chemistry, including the release of ions when their matrix breaks
down, can produce chemical and immunological interactions with host tissues. For
example, the primary source of toxicity arising from CdSe and CdTe quantum dots used
in biomedical imaging results from the release of Cd2+ ions and the subsequent increase
in oxidative stress [96, 97]. Current strategies for reducing Cd2+ ion release include
coating the quantum dot with a ZnS shell or nontoxic capping agents [98, 99]. However,
any long-term protection provided by either of these methods is still largely unknown and
needs to be elucidated. Similarly, carbon nanomaterials have also been studied for several
biomedical applications, and correspondingly, their toxicological studies have attracted
considerable interest [90]. These studies have shown that their toxicity can result from
physical and structural characteristics of the carbon nanomaterial like size, shape, length,
the number of layers, and agglomerates [100-105]. For instance, studies have shown the
needle-like form of carbon nanotubes (CNTs) can be highly toxic to human tissues [106].
And single-walled CNTs can generate oxidative stress that negatively influences nuclear
activity in human keratinocytes [107].

4.1.3. CaCO3 nanoparticle-based systems for biomedical imaging
Because of the toxicological issues associated with many nanomaterials, alternative
nanoparticle-based platform systems are constantly being studied for potential use as
signalling agents in biomedical imaging and diagnostic applications. Fluorescence
imaging is emerging as an indispensable tool for surgical navigation and for aiding in
optimal tumour excision. This beneficial combination significantly increases the success
of surgical outcomes, reduces damage to surrounding tissues and improves the patient’s
recovery rate from the procedure [108]. However, despite the variety of fluorescent
nanoparticles studied in recent years [109, 110], toxicity concerns have refocused
research efforts into finding non-toxic alternatives. Due to their stability at normal
physiological pH (7.3 to 7.4), CaCO3 nanoparticles are considered a suitable pHdependent delivery platform for imaging agents (i.e., fluorescent dyes, gold
nanoparticles) and anticancer drugs [42, 111]. Importantly, when CaCO3 nanoparticles
are taken up by tumour cells, the tumour acidic pH environment rapidly decomposes the
CaCO3 matrix to release the imaging agents and/or anticancer drugs [15]. For instance, a
recent study by Sun et al. found folate-PEG modified CaCO3 nanoparticles could be
loaded with a fluorescent imaging agent for targeted delivery to tumour cells. After
decomposition of the CaCO3 nanoparticles, the imaging agent was quickly released, and
its fluorescence was activated under the exciting light source. The results of their study
demonstrated a CaCO3 nanoparticle-based imaging agent delivery platform enabled the
in vivo imaging of tumours and the ability to aid in their surgical treatment [112]. Also, a
study by Kiranda et al. investigated the cytotoxicity of spherical conjugated gold-CaCO3
nanoparticles for biomedical applications. Their study found gold-CaCO3 conjugates
were a stable and biocompatible nanoparticle-based carrier for biomedical applications

[113]. Similarly, a study by Cheng et al. revealed that gold nanoparticles could be used
for molecular imaging of living tissues [114]. Thus, highlighting the importance of gold
as an imaging agent and CaCO3 as an effective nano-based delivery platform. However,
the efficient delivery of hydrophobic drugs and imaging agents in the physiological
environment is challenging. The low water solubility of these drugs and agents
dramatically reduces their clinical effectiveness and overall performance. Due to this
shortcoming, recent studies have focused on developing a nanoparticle-based carrier
system that can be loaded with several hydrophobic and hydrophilic drugs and agents for
delivery simultaneously. And because CaCO3 nanoparticles have a large surface area to
volume ratio and high porosity, combined with their stability in the physiological
environment, it has attracted considerable interest in recent years as a carrier system. For
instance, Manabe et al. have studied the pH response of an ionic probe (Rhodamine B)
and its release from the porous core of a CaCO3 matrix. Their study found that the probe
was stable and could be encapsulated within the matrix and released by varying the
medium pH between 5 and 7.4. The lower the medium pH mimics, the more acidic the
tumour environment. Their study also confirmed that it was possible to simultaneously
load and release three different probes from within the CaCO3 nanoparticle matrix [115].
Studies have also shown that pH-responsive CaCO3 nanoparticle-based platforms, doped
with suitable luminescent imaging agents and anticancer drugs, can be used for real-time
drug release monitoring. Thus, enabling a combination therapy with real-time drug
release monitoring during treatment [48, 116].

4.2. Targeted drug therapy and controlled release using CaCO3 nanoparticles
Research over the years has shown that nanoparticles can be effectively used for cancer
diagnosis and therapy [117]. Nanoparticle-based drug carriers have several advantages

that enable them to overcome problems generally associated with conventional drug
therapies. Many conventional treatments suffer from poor target specificity, low
bioavailability, and severe side effects [8]. On the other hand, nanoparticle-based carriers
have the potential to solve drug delivery concerns by improving absorption properties,
enhancing solubilisation, optimising therapeutic efficacy, increasing specific targeting
and monitoring, and reducing side effects [118]. Accordingly, targeted nanoparticlebased carrier systems for the treatment of cancer have received considerable interest in
recent years. And much of this interest has focused on CaCO3 nanoparticle-based carries
due to their excellent biocompatibility and low toxicity [119]. Significant sensitivities of
CaCO3 nanoparticles means the target location can control their degradation rate. Because
the pH environment of tumour cells is acidic (around 4.5 to 6.5), pH-sensitive CaCO3
nanoparticles are an innovative carrier system for delivering anticancer drugs [120]. This
innovative nanoparticle-based drug delivery system offers many future opportunities for
tackling various types of resistant cancer. [36]. For instance, a study by Shafiu Kamba et
al. found pH-sensitive CaCO3 nanocrystal carriers loaded with doxorubicin (DOX)
released far more DOX in acidic pH simulating tumour environments than in the normal
physiological pH environment of 7.4. Their study indicated the DOX-CaCO3 nanocrystals
could be an effective anticancer therapy for the clinical treatment of osteosarcoma bone
cancer [121]. Similarly, a study by Peng et al. found a CaCO3 – based carrier loaded with
DOX showed a slow-release profile in the normal physiological environment (pH 7.4)
but a much faster release rate in acidic tumour environments (pH 4.8). Their study also
confirmed the porous CaCO3 – based carrier was a promising material for delivering
anticancer drugs [122]. While in another study by Kim et al. used lipid-coated CaCO3
nanoparticles loaded with the therapeutic peptide EEEEpYFELV (EV) for the targeted
delivery to lung cancer cells. Their study found the initial encapsulation efficiency of the

EV peptide was between 65 and 70%. On delivery, the pH-sensitive nanoparticle matrix
was able to sustain the release of the EV peptide. Their study also confirmed the CaCO3
nanoparticle-based carriers could be used to deliver a controlled and sustained release of
therapeutics [123].

4.3. Gene therapy using CaCO3 nanoparticles
At the cellular level, every cell contains a set of hereditary genes. A gene is considered to
act as an instruction book. Each letter sequence of each gene holds a specific piece of data
that relates to specific molecules, like hormones and protein, which are vital for cell
growth, well-being and propagation. Unfortunately, many diseases originate from
defective or malfunctioning genes inside the body. Genetic problems are severe and can
result in transferrable diseases like tuberculosis and AIDS and non-transmissible diseases
like cancer and diabetes [124]. Importantly, the body’s principal defence against invading
foreign materials and pathogens is the immune system, which is also controlled by
specific genetic protocols. Thus, emphasising the importance of genetic materials for
signalling and regulating pathways responsible for combating disease within the body
[125]. Thus, highlighting the importance of gene therapy for treating a wide range of
healthcare issues ranging from genetically inherited disorders to acquired diseases and
cancer [126]. In recent years, several gene delivery vectors ranging from viral (engineered
viruses) to non-viral vectors have been studied as a method of delivering effective gene
therapy. However, because viruses suffer from problems like mutagenicity and
immunogenicity, nanoparticle-based non-viral carriers are considered a safe alternative
[127, 128]. Hence, delivering a nanoparticle-based carrier with an appropriate therapeutic
gene as payload has been extensively studied in recent years [14, 129]. However, the
studies have also highlighted several challenges that reduce the effectiveness of this gene

therapy method. These challenges include: 1) preventing enzymatic degradation of the
delivered DNA or siRNA; 2) promoting greater cellular uptake to optimal levels; 3)
improving the release of DNA or siRNA from the carrier; 4) promoting greater diffusion
throughout the cytoplasm and nucleus; 5) improving the efficacy of the gene therapy, and
6) reducing side effects of the therapy [130].

Several non-viral gene therapies have investigated and used liposomes and polymeric
materials for gene delivery [131, 132]. And in recent years, several types of inorganicbased nanoparticle carriers have also been investigated for potential use in gene therapy
applications [133]. Types of inorganic nanoparticles investigated include noble metals
like gold, metal oxides, quantum dots, silica-based materials, and calcium phosphates
[134-137]. However, these non-viral carrier-based delivery platforms suffer from one or
more of the above-mentioned challenging issues, which can significantly reduce their
therapeutic effectiveness. Also, many of these nanoparticle-based carriers require surface
modifications, resulting in unfavourable immune system responses that further hinder
their therapeutic effectiveness [138, 139]. In recent years CaCO3 based materials have
attracted considerable interest due to their uniquely desirable properties like
biocompatibility, biodegradability, pH-sensitivity, and controlled release profile [15,
140]. Studies have shown CaCO3 nanoparticles have the potential to become a new nonviral carrier system for gene delivery [141]. A study by Chen et al, have demonstrated
that CaCO3 nanoparticles could be used to co-delivery of p53 expression plasmid (DNA)
and doxorubicin hydrochloride (DOX). During the preparation of the carrier, particle size
was kept below 100 nm, and the CaCO3 matrix was found to have a high encapsulation
efficiency. The in vitro cell inhibition evaluation revealed simultaneous administration of
both gene and drug effectively inhibited the proliferation of HeLa cells. Thus,

demonstrating the CaCO3/DNA/DOX nanoparticle-based carrier could co-deliver a gene
and drug to the targeted cells and offer a promising cancer treatment [142]. Also, a study
by Zhao et al. reported that a lipid-coated CaCO3 nanoparticle-based carrier could
successfully co-deliver miRNA-375 (tumour suppressor) and DOX to treat hepatocellular
carcinoma (HCC). The concurrent delivery found the pH-sensitive liberation of DOX and
miR-375 improved efficacy, promoted greater anticancer action and improved therapeutic
efficiency [143]. Furthermore, a study by He et al. reported the successful delivery of
VEGF-C targeted siRNA using a CaCO3 nanoparticle-based carrier system in vitro
models. Their study observed a reduced VEGF-C expression in the SGC-7901 (gastric
cancer cell line) cells and a significant suppression in carcinogenesis. Thus, confirming
the effectiveness of the CaCO3 nanoparticle-based carrier and its potential use as an
anticancer treatment [144].

5. Concluding remarks
This article has reviewed current literature and found CaCO3 nanoparticles have a unique
set of properties that make them a promising carrier platform for the delivery of imaging
agents used in diagnostics and pharmaceuticals used in gene therapy and cancer therapy.
Several chemical methods can prepare CaCO3 nanoparticles and engineer their structure
and surface interface to protect the payload. Studies have also shown the pH-sensitive
behaviour of CaCO3 nanoparticles allows them to be specifically targeted to tumour sites.
However, based on current literature, a few challenges need to be addressed in future
studies to fully elucidate the behaviour of CaCO3 nanoparticles for several medical
applications. For instance, they are improving and optimising the loading capacity of
specific agents and pharmaceuticals into the CaCO3 nanoparticle matrix and then
functionalising the surface to enhance interface properties. Furthermore, more in vivo

studies are needed to investigate the degradation mechanism of the carrier platform and
then the subsequent elimination of by-products from the body. Thus, further studies
would significantly contribute to knowledge in this field and promote CaCO3
nanoparticle-based carriers for future therapeutic applications.
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2.4. Chapter Summary
Chapter 2 consisted of a literature review that assessed and discussed the importance and
potential of CaCO3 nanoparticles as versatile carriers for the controlled delivery of
pharmaceuticals, imaging agents and gene therapy. The review highlighted the
importance of finding alternative carrier platforms to conventional polymer-based
carriers currently used in commercialised products. Many of these polymer-based carriers
suffer from issues such as cytotoxicity, poor immune system responses, and loss of
bioactivity in the physiological environment of the body. Importantly, the review
highlighted the advantages of using CaCO3 based micro/nanoppaper-based platform as
an effective and beneficial carrier technology capable of delivering more effective health
care strategies. The review also discussed the need to balance the benefits against possible
adverse health effects resulting from exposure to many currently available nanometrescale materials. Crucially, the review emphasised the non-toxicity risk arising from the
use of CaCO3-based nanomaterials. The review also identified the importance of the pH
sensitivity of CaCO3-based nanoparticles, which makes them a smart nanoparticle-based
drug delivery system. Since the pH environment of tumour cells is acidic (around 4.5 to
6.5), the degradation rate of CaCO3-based carriers will increase. This equates to their
degradation rate being controlled by the target location. Hence, this type of smart CaCO3based nanoparticle drug delivery system offers many future opportunities for tackling
various types of resistant cancer.

Chapter 3
Advanced characterisation techniques used to analyse micro/nanometre
scale calcium carbonate powders

3.1. Introduction
Five advanced characterisation techniques were used in this investigation to investigate
the physical and chemical properties of the various CaCO3 powder samples generated by
the Reverse Micelle method. These techniques included: 1) X-Ray diffraction (XRD)
spectroscopy, which was used to examine the crystallite size and crystalline structure of
the powders; 2) Fourier transform infrared spectroscopy (FT-IR) that was used to identify
functional groups and their respective vibration modes present in the powders; 3) Electron
microscopy via scanning electron microscopy (SEM) was used to determine both mean
particle size and morphology; 4) Brunauer-Emmett-Teller (BET), which was used to
investigate the specific surface area and porosity of the powder samples, and 5) thermogravimetric analysis (TGA) was used to investigate the thermal stability of the respective
powder samples.

3.2. X-ray diffraction spectroscopy (XRD)
Max von Laue together, with William Bragg and Lawrence Bragg, pioneered x-ray
powder diffraction spectroscopy in 1912, and since then, it has been used as a nondestructive method for analysing the structure of crystalline materials. The XRD
equipment consists of three main components: 1) an X-ray tube, 2) a sample holder, and
3) an X-ray detector, as seen in Figure 3.1. In this arrangement, the cathode ray tube
generates, accelerates and directs electrons towards the target material held in the sample
holder. When the bombarding electrons have sufficient energy to displace inner shell

electrons of the sample material, characteristic X-ray spectra are generated. The X-rays
are, in turn, scattered by the regularly spaced atoms in the sample material. A strong signal
occurs at specific angles where the scattered X-rays constructively interfere, and a peak
in intensity occurs. This effect is called "diffraction." The X-ray detector then records and
processes this signal, converts it to a count rate and then generates a diffraction pattern
[1].

Figure 3.1. Schematic of three main components of an XRD, reference 2.

The peak widths seen in the XRD diffraction patterns are the result of both instrument
and sample dependent effects. Therefore, before the crystalline properties of the material
sample begin, the effects of instrument broadening β(hkl) need to be corrected for each
peak using a silicon standard and equation (3.1) below:

𝛽(ℎ𝑘𝑙) = [𝛽(ℎ𝑘𝑙) 2 − 𝛽(ℎ𝑘𝑙) 2 ] 0.5

(3.1)

Then the crystalline size (D(hkl)) present in the material sample is calculated using the
Debye-Scherer formula, which is presented in equation (3.2) below:

𝐷(ℎ𝑘𝑙) =

𝑘𝜆
𝛽(ℎ𝑘 cos 𝜃(ℎ𝑘𝑙)

(3.2)

Where λ is the wavelength of the monochromatic X-ray beam and crystallite shape
constant k, which is 0.9 for spherical crystals with cubic unit cells, and β is the Full Width
at Half Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the peak
diffraction angle that satisfies Bragg’s law for the (h k l) plane and D(hkl) is the crystallite
size. Then using Bragg’s equation (3.3), the distance between adjacent Miller planes (d)
can be estimated:
𝜆 = 2 𝑑 sin 𝜃

(3.3)

The XRD technique is rapid, requires minimal sample preparation, and is widely used to
identify the crystal structure and chemical composition information of sample materials.
XRD performs better for uniform and single-phase samples. Classification of the sample
material is achieved by comparing the collected XRD data with an appropriate standard
reference database (d-spacing’s, hkl’s, etc.). However, care must be taken because peak
overlay may occur at high reflection angles [3].

The present work recorded XRD diffraction patterns of the respective CaCO3 powder
samples using a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å
radiation source) operating at 35 kV and 28 mA as seen in Figure 3.2. Diffraction patterns
were collected over a 2θ range starting at 10° and finishing at 80° with an incremental
step size of 0.04° and an acquisition speed of 1° min-1. The Bragg peak positions in
diffraction patterns were compared with those reported in the ICDD (International Centre
for Diffraction Data) databases. The appropriate Miller indices were assigned to each

peak. From the respective diffraction patterns, crystallite sizes were determined using the
Debye-Scherer equation.

Figure 3.2. Murdoch GBC® X-Ray powder diffractometer for CaCO3 analysis.

3.3. Fourier Transform Infrared (FT-IR) Spectroscopy
Fourier Transform Infrared (FT-IR) Spectroscopy is an analytical technique used to
investigate and identify a substance's chemical composition. Chemical identification is
achieved by looking for functional groups present in the sample. The technique is based
on the Michelson interferometer developed around the turn of the twentieth century. The
incorporation of a mathematical method, Fourier-Transform (FT), allows the technique
to take the raw data and convert it into meaningful spectrums. During analysis, FT-IR
calculates the absorption of infrared radiation by the sample and the resulting absorption
bands determine molecular components and structures. Thus, the difference between

energy levels at rest and the excited vibrational states defines the wavelength of light
absorbed by a particular molecule [4]. The technique has been used to identify various
organic and inorganic samples and give qualitative and quantitative analyses. But care
must be taken to avoid temperature fluctuations in the detector and light source, and
misalignment and using an inappropriate beam splitter/detector arrangement since these
factors can lead to systematic errors occurring during data collection [5].

The FT-IR spectroscopy carried out in this work (Figure3.3.) was used to identify
functional groups and their respective vibration modes present in the respective CaCO3
powder samples. Sample analysis was carried out using a PerkinElmer FT-IR / NIR
Spectrometer Frontier fitted with a Universal signal bounce Diamond ATR attachment.
The FT-IR spectra were collected over the scanning range from 400 to 4000 cm-1 with a
resolution step of 1 cm-1.

Figure 3.3. Murdoch Perkin-Elmer FT-IR/ NIR Spectrometer Chemical composition.

3.4. Electron microscopy - Scanning Electron Microscopy (SEM)
Electron microscopy was pioneered in the late nineteen-thirties by Manfred von Ardennes
and Helmut Ruska. But extensive scanning electron microscopy development only started
in the early nineteen fifties. And unlike conventional optical microscopy, scanning
electron microscopy (SEM) uses electrons as a substitute for light emission to an image
sample. The SEM operates within a vacuum, and the source of electrons are produced at
the top of the microscope by electron guns. The electrons travel vertically downwards
towards the sample holder. Their passage is controlled by electromagnets which produce
electromagnetic fields that act as lenses to guide and focus the electron beam. Once the
beam strikes the sample, both electrons and X-rays are ejected from the sample, as seen
in Figure 3.4. In the lower part of the microscope, detectors gather the X-rays,
backscattered electrons, and secondary electrons and convert them into a signal which is
used to generate a high-resolution digital image of the sample [6].

Figure 3.4. Operating principle of the SEM, reference 8.

The SEM technique has several advantages, such as a considerable depth of area and a
high degree of magnification that can handle various samples. In addition, SEM also
generates qualitative elemental compositional analysis, quantitative analysis, x-ray line
scans, and mapping. These advantageous features enable the SEM technique to study
microstructures and material defects like fractures, corrosion, particle size and
morphology, and grain size determinations and boundaries. However, non-conductive
samples need to be coated (gold, carbon, and platinum) to promote conductivity before
imaging in the SEM [7].
Electron microscopy studies were undertaken to investigate the size and morphology, and
elemental composition of the respective CaCO3 micro/nanopowder samples. A JEOL
JCM-6000 NeoScope TM electron microscope located at Murdoch University, as seen in
Figure 3.5, was used to investigate and image the CaCO3 powder samples. Before SEM
analysis and imaging, all powder samples were dried, fitted to holders using copper
adhesive tape and then carbon-coated to prevent charge build-up. In addition, a Lyra 3
Tescan SEM at Curtin University was also used to obtain high-resolution images of
powder samples and their respective elemental compositions.

Figure 3.5. Murdoch SEM, JEOL JCM-6000, NeoScope TM electron microscope.

3.5. Brunauer–Emmett–Teller (BET) surface area and porosity measurement
The theory behind the technique was developed by Stephen Brunauer, P.H Emmet and
Edward Teller in the late nineteen-thirties and endeavours to explain the physical
adsorption of gas molecules on a solid surface. This fundamental and significant research
forms the basis for a vital analysis technique designed to measure materials' specific
surface area and porosity. The various stages of the BET technique are presented
schematically in Figure 3.6.

Figure 3.6. Schematic of the general principle of the BET technique, reference 11.

During the BET technique, a volume of gas (usually nitrogen) is adsorbed onto the
sample’s surface at boiling point, and the adsorption is measured. At this temperature,
nitrogen gas has a lower temperature than its critical temperature. And as a result, the
nitrogen gas condenses on the surface of the sample. It is assumed the gas condenses to
form a uniform monolayer over the sample exposed surface area. The amount of
condensed (adsorbed) gas is related to the total surface area of sample, including any
pores at the surface of the sample. However, inaccessible pores within the sample are not
detected. Then using the nitrogen adsorption isotherm measurements at 77 K, the specific
surface area of the sample is estimated [9]. The advantages offered by the BET technique
include simple and straightforward measures, cost-effectiveness and its suitability to
estimate porosity for particle sizes ranging from 0.4 to 50 nm, compared to other
absorption-based methods. However, a monolayer forms on the sample to avoid
measurement errors, and there must be significant cavities on the sample surface.
Importantly, this technique is unsuitable for powders composed of particles in the
micrometre size range [10].

In the present study, BET surface area and porosity measurements of the CaCO3
micro/nanopowder samples were carried out using a TriStar II 3020 3.02 located at
Murdoch University, as seen in Figure 3.7.

Figure 3.7. Murdoch TriStar II 3020-BET surface area and porosity measurements.

3.6. Thermo-gravimetric analysis (TGA)
Since its inception in the late nineteenth century by Le Chatelier, thermo-gravimetric
analysis has been used to determine quantitative and qualitative information about
physical changes, whether weight loss or gain in the sample in response to temperature
heating rate in a particular atmosphere. Atmospheres can be either inert, normal
atmospheric composition or oxygen-rich. TGA can be used to quantify the significant
ingredients of material, their respective decomposition rates, and their respective thermal
stabilities. The technique can also be used as a secondary method for determining material

identification. TGA measures the weight change experienced by a sample in a small
crucible at a given time and temperature, as seen in Figure 3.8.

Figure 3.8. Schematic of the operating principle of a TGA system, reference 12.

The sample can be small amounts of solid, semi-solid, or liquid. Typical heating rates for
thermal analysis are around 10 K/min, but heating rates between <0.1 and several hundred
K/min can be achieved in some TGA equipment [12]. Despite issues like heating
sensitivity of some sample types and information retrieval, the technique has emerged as
an alternative method to determine the composition of biomass (lignin, cellulose, and
hemicellulose) in a fast and cost-effective way. Similarly, TGA has also found
widespread use in the analysis of pharmaceutics, material identification and thermal
stability of materials at elevated temperatures [13].

In the present work, TGA was carried out to evaluate the thermal stability of the CaCO3
micro/nanopowders using a Perkin Elmer simultaneous thermal analyser STA 8000
located at Murdoch University, as seen in Figure 3.9. Thermal stability was carried out in
nitrogen and air at a flow rate of 20 ml min-1, over a temperature range of 30 to 1000 °C
with an incremental heating rate of 25 °C min-1.

Figure 3.9. Murdoch TGA - Perkin Elmer simultaneous thermal analyser STA 8000.

3.7. Total organic carbon (TOC) method
This method determines the total amount of organic carbon (TOC) present in plant
bulk/sediments and particulate materials. TOC is determined by taking a portion of
sample material, grinding it to form a fine powder and then weighing the sample to be
analysed. The sample is then treated with an acid or an oxidiser to remove any inorganic
carbonate minerals to eliminate the carbonate carbon prior to analysis. Since inorganic
carbon must be removed by acid or oxidiser treatment, care must be taken to avoid any
loss of volatile organic substances from the sample during the treatment step. After the
treatment step, the sample is then subjected to a very high temperature in an oxygen-rich
atmosphere. The sample undergoes combustion, and the carbon present in the sample is
converted to carbon dioxide, as seen in Figure 3.10 (a).

Figure 3.10. (a) Schematic of TOC operational principle and (b) Murdoch TOC equipment set up.

The carbon dioxide then flows with the nitrogen carried gas to the detector. The carbon
dioxide level in the gas is then measured, and the TOC content is then calculated. In the
present study, TOC analysis was used to estimate the amount of surfactant and
ethanol/acetone contamination was present on the surface of the sample powders. The
instrument used for the analysis was a Shimadzu TOC-V organic carbon analyser and
Shimadzu solid sample module SSM 5000, as seen in Figure 3.10 (b).

3.8. Particle size and size distribution analysis by laser diffraction.
Particle size analysis can be applied to solid particulate materials, suspensions, emulsions,
and aerosols. In the present study, particle size analysis was used to characterise the mean
particle size and size distribution of particles in the respective CaCO3 powder samples.
The optical technique used laser diffraction t measure particle size and particle size

distribution. Generally, the technique can examine particles ranging from 10 nm to 3.5
mm using a single optical measurement path. This is done by measuring the intensity of
light scattered as a laser beam passes through a dispersed particulate sample, as seen in
Figure 3.11.

Figure 3.11. Schematic of the operational theory behind particle size and size distribution analysis.

A series of multi-detectors then accurately measure the intensity of light (red and blue
light wavelengths) scattered by the particles over a wide range of angles. The software
controls the technique during the measurement process, and the collected data is analysed
to calculate the size of the particles that created the scattering pattern. The data is then
transformed to generate the volume proportion of discrete numbers and size classes,
forming a volumetric particle size distribution. The instrument used in the present study
for the particle size analysis was a Malvern Mastersizer 3000 with Hydro EV and Hydro
LV dispersion units to quantify the micron-size range of calcite particles suspended in the
sample solutions, as seen in Figure 3.12.

Figure 3.12. Murdoch Malvern Mastersizer 3000 with Hydro EV and Hydro LV dispersion units.
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Chapter 4 - Case Study:
Characterisation of micro/nanometre scale Calcium Carbonate powders
for Potential Drug Delivery Applications

4.1. Overview
This chapter addresses the second aim of the research project: developing and
investigating a Reverse Micelle method for generating micro/nanometre scale CaCO3
powders with materials properties suitable for drug carrier applications. The second aim
was achieved via a case study which is presented in section 4.3. The case study examines
a Reverse Micelle method that used calcium chloride (CaCl2) and sodium carbonate
(Na2CO3) as the main precursor materials, and the non-ionic Triton X-100
[C14H22O(C2H4O)n] which was used as the surfactant during synthesis. Once generated
and dried, the CaCO3 powder samples were then studied using five main advanced
characterisation techniques. These techniques included XRD spectroscopy, FT-IR
spectroscopy, Scanning Electron Microscopy (SEM), Brunauer-Emmett-Teller (BET)
and thermo-gravimetric analysis (TGA). XRD spectroscopy was first used to identify the
type of CaCO3 polymorph produced by the Reverse Micelle method. Secondly, it was
used to investigate the crystalline nature of the various powder samples. FT-IR
spectroscopy was used to identify functional groups and their respective vibration modes
present in the powder samples. SEM was carried out to determine mean particle size, size
distribution and particle morphology. Elemental analysis and mapping were also carried
out to confirm the chemical profile of the respective powder samples. While the BET
technique was used to investigate the surface area and porosity of the powder samples,
the TGA technique was used to investigate the thermal stability of the respective powder
samples.

4.2. Author contributions
M Nasseh conducted all of the experiment work and advanced characterisation techniques
used to determine the various physicochemical properties of the synthesised CaCO3
powder samples. M Nasseh was also actively involved in the subsequent data analysis
resulting from the experimental work and advanced characterisation studies. G.E.J.
Poinern acted as principal supervisor and designed the overall research concept with M
Nasseh for the case study that forms the bulk of chapter 4. D. Fawcett provided technical
assistance, while M Nasseh was actively involved with the case study preparation. All
authors actively participated in preparing the case study for future submission to a peerreviewed journal.
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Abstract
Cancer is the second most frequent cause of death in the world today and global killer
disease. Current drug delivery systems used in cancer treatment suffer from several
problematic issues, like poor plasma half-life and poor release profile of therapeutic
agents. To overcome these limitations, research has recently focused on using calcium
carbonate (CaCO3) micro/nanoparticles as carrier-based systems to improve drug
therapies and clinical outcomes. The present study investigates and evaluates a Reverse
Micelle method for generating micro/nanometre scale CaCO3 powders for potential use
as a drug carrier platform.

Keywords: Reverse Micelle, drug delivery carriers, calcium carbonate powders

1. Introduction
Cancer is the second most frequent cause of death in the world today. In countries like
the United States and Australia, the annual number of cancer-related deaths in 2020 were
around 606,500 and 50,000, respectively [1,2]. Cancer starts when some of the trillions
of cells that make up the body experience a series of genetic and epigenetic changes or
mutations. These changes can be either inherited or triggered by cancer-causing materials
(carcinogens) in the environment. The two severe consequences of cancer are the very
high societal cost and the enormous economic cost to the community [3]. However,
despite the effort made by many medical organisations around the world, treating cancer
remains challenging. Importantly, by the time cancer forms solid tumours, typically
around 150 to 200 micrometres in size, they have established the vasculature system that
provides them with nutrients and oxygen [4]. This vasculature system and its abnormal
behaviour allow cancer to grow, proliferate, and spread throughout the body. Their
abnormal behaviour and vasculature system also offer opportunities for researchers to
develop new and unique anticancer therapies. Studies by Matsumura and Maeda found
an enhanced permeability and retention (EPR) effect present in tumours and their
associated vasculature system [5]. The EPR phenomenon results in greater permeability’s
and larger drug accumulation capacities within tumours and their vascular systems.
Hence, providing a new approach for delivering greater drug delivery efficiencies and
developing innovative chemotherapy strategies [6, 7].

In recent years, many studies have shown that the controlled slow release of drugs from
nanoparticle-based carriers can promote better cell penetration and drug accumulation
levels within targeted cancer cells [8, 9]. Today, two main types of nanoparticle-based

carrier systems are being used for the controlled delivery and sustained release of drugs.
The two types are liposomal drug carriers and polymers-based drug delivery platforms
[10]. Unfortunately, both types suffer from several problematic issues, such as poor
plasma half-life and poor release profile of therapeutic agents [11]. In many cases, poor
tumour targeting and plasma half-lives are responsible for poor patient responses to
nanomedicine-based treatments [12]. Regardless of these shortcomings, it is believed that
further research will improve nanoparticle-based delivery systems and improve health
care outcomes in all phases of cancer therapy. One new line of research has focused on
using calcium carbonate (CaCO3) micro/nanoparticles as carrier-based systems to
overcome the abovementioned limitations of conventional drug therapies and improve
clinical outcomes. The interest in using CaCO3 as a carrier-based material stems from the
materials advantageous properties that include: 1) biocompatibility; 2) slow
biodegradability allowing greater drug retention; 3) in aqueous environments, CaCO3
does not swell or change porosity [13], and 4) pH-responsiveness since cancer cells and
tissues tend to have acidic micro-environment [14].

In this study, we have used a Reverse Micelle method to produce a pH-sensitive solid
CaCO3 based powder for potential use as a drug delivery carrier. The physicochemical
properties of the synthesised powder were categorised using X-ray diffraction (XRD)
spectroscopy to investigate the crystalline structure of the respective powder samples and
use Fourier transform infrared spectroscopy (FTIR) to identify functional groups and their
respective vibration modes present in the powder samples. Scanning electron microscopy
(SEM) was used to investigate the size and morphology of the particles. While Brunauer–
Emmett–Teller (BET) technique was used to explore the powders' surface area and

porosity, Thermogravimetric analysis (TGA) was used to investigate the thermal stability
of the respective powder samples.

2. Materials and methods
2.1. Materials
Calcium carbonate (CaCO3) was derived from commercially available analytical grade
calcium chloride [CaCl2.2H2O] supplied by Univar Ajax and sodium carbonate [Na2CO3]
supplied by BDH. Other emulsion chemicals used during the Reverse Micelle process
included hexane and butane-1-OL (Univar Ajax), and the surfactant was Triton X-100
(Packard) and was analytical grade and used without further purification. All aqueousbased solutions used in the preparation procedures were made from Milli-Q® water (10
MΩ cm-1) produced from a Milli-Q® Reagent water generation system supplied by the
Millipore Corporation.

2.2. Preparation of emulsions for the production of CaCO3 nanoparticles
Two emulsions, A and B, were made at room temperature (25 °C) in the present
procedure. Emulsion A was made by dissolving 7.351 g of CaCl2 in a 100 mL solution of
Milli-Q® water. Then 5.671 g of Triton X-100 [C14H22O(C2H4O)n], 22.5 mL of Hexane
and 5.4 mL of Butan-1-OL were added to the solution. The solution was then thoroughly
mixed to ensure a consistent emulsion was produced. Emulsion B was made by dissolving
5.299 g of Na2CO3 in a 100 mL solution of Milli-Q® water. Then 5.671 g of Triton X100, 22.5 mL of Hexane and 5.4 mL of Butan-1-OL were added to the solution. The
solution was then thoroughly mixed to ensure a consistent emulsion was produced. Next,
emulsion A and emulsion B were mixed and placed on a stirrer overnight at room
temperature to achieve optimal mixing. The next day, the resulting milky coloured

mixture was centrifuged at 3000 rpm for 3 min, and the resulting residue was washed
with Milli-Q® water. The powder was then added to Milli-Q® water and centrifuged again
at 3000 rpm for 3 min. This procedure was repeated several times before being
centrifuged at 3000 rpm for 3 minutes in a final cleaning solution composed of ethanol
and acetone (9:1). After final centrifuging, the resulting precipitate was collected and
placed in an oven (set at 70 °C) overnight for drying. The following day the resulting
powder was retrieved and stored, ready for characterisation studies.

2.3. Advanced characterisation
2.3.1. X-Ray Diffraction (XRD) Spectroscopy
The crystalline structure of the CaCO3 micro/nanopowder samples was characterised
using X-ray diffraction spectroscopy. X-ray powder diffraction patterns were recorded
using a GBC® eMMA X-Ray Powder Diffractometer (Cu Kα = 1.54056 Å radiation
source) operating at 35 kV and 28 mA. Diffraction patterns were collected over a 2θ range
starting at 5° and finishing at 75° with an incremental step size of 0.02° and an acquisition
speed of 2° min-1The observed Bragg peak positions in the patterns were compared with
those reported in the ICDD (International Centre for Diffraction Data) databases and the
appropriate Miller indices were assigned to the respective peaks.

2.3.2. Fourier transform infrared spectroscopy (FT-IR)
FT-IR studies were undertaken to identify functional groups and their respective vibration
modes present in the samples using a PerkinElmer FT-IR / NIR Spectrometer Frontier
with Universal signal bounce Diamond ATR attachment. FT-IR spectra were recorded in
the scanning range from 400 to 4000 cm-1 with a resolution step of 1 cm-1.

2.3.3. Electron microscopy studies
A JEOL JCM-6000 NeoScope TM electron microscope was used to investigate and image
the respective CaCO3 powder samples. Before SEM analysis and imaging, all powder
samples were dried, fitted to holders using copper adhesive tape and then carbon-coated
to prevent charge build. In addition, a Lyra 3 Tescan SEM at Curtin University was also
used to obtain high-resolution images of powder samples and their respective elemental
compositions.

2.3.4. Brunauer–Emmett–Teller (BET) studies
BET surface area and porosity measurements of the respective CaCO3 powder samples
were carried out using a TriStar II 3020 3.02 located at Murdoch University.

2.3.5. Thermo-gravimetric analysis (TGA)
TGA was carried out to evaluate the thermal stability of the GO and RGO powder samples
using a Perkin Elmer simultaneous thermal analyser STA 8000. Thermal stability was
carried out in air at a flow rate of 20 ml min-1, over a temperature range of 30 to 1000 °C
with an incremental heating rate of 25 °C min-1.

2.3.6. Total organic carbon (TOC) method
A Shimadzu TOC-V organic carbon analyser and Shimadzu solid sample module SSM
5000 was used to estimate the total amount of organic carbon (TOC) present in the CaCO3
(calcite) powders samples generated by the present study.

2.3.7. Particle size and size distribution analysis
A Malvern Mastersizer 3000 fitted with Hydro EV and Hydro LV dispersion units was
used to quantify the particle size range of suspended particles in the sample solutions.

3. Results and discussions
3.1. XRD Spectroscopy study
Representative XRD patterns of CaCO3 powder samples synthesised using the Reverse
Micelle method are presented in Figure 4.1. The technique was repeated five times (a, b,
c, d and e) to confirm the Reverse Micelle method could produce consistent results. The
patterns display several diffraction peaks that are characteristic of polycrystalline
materials. The diffraction peaks obtained are characteristically calcite, the most
thermodynamically stable form of CaCO3 at room temperature. According to the Joint
Committee on Powder Diffraction Standards for calcite (JCPDS No. 47–1743). Miller
indices were assigned to all significant peaks, as seen in Figure 4.1 (e). Inspection of the
diffraction patterns reveals they are similar; all have sharp peak characteristics and are
located at the sample 2θ angle. Thus, confirming the consistency of the Reverse Micelle
method’s ability to produce calcite-based powders. In addition, the XRD analysis also
failed to detect the presence of impurities in the powder samples. If any impurities were
present in the samples, they were below the detection limit.

The mean crystallite size D(hkl) of the samples was calculated using the Debye-Scherer
equation:

𝐷(ℎ𝑘𝑙) =

𝑘𝜆
β cos 𝜃(ℎ𝑘𝑙)

(1)

Where λ is the wavelength of the monochromatic X-ray beam and crystallite shape
constant k, which is 0.9 for spherical crystals with cubic unit cells, and β is the Full Width
at Half Maximum (FWHM) of the peak at the maximum intensity, θ(hkl) is the peak
diffraction angle that satisfies Bragg’s law for the (h k l) plane and D(hkl) is the crystallite
size [15]. An estimate of the mean crystallite size for the (104) peak was calculated to be
9.3 nm for the samples presented in Figure 4.1.

Figure 4.1. Five representative XRD patterns for CaCO3 powder samples produced by the Reverse
Micelle method.

XRD analysis was also used to investigate further the effect of temperature during the
synthesis of the CaCO3 powders using the Reverse Micelle method. The influence of five
synthesis temperatures (15, 20, 25, 30, 35 °C) was investigated. On the whole, the effect
of temperature on the (104) peak had little effect, but peaks tended to increase in intensity,
as seen in Figure 4.2. With temperatures of 30 °C and 35 °C is showing the most
noticeable increase in peak intensities over the 2θ range between 40 and 65 degrees.

Figure 4.2. XRD analysis showing the effect of reaction temperature during the synthesis of CaCO3
powders using the Reverse Micelle method.

3.2. FT-IR spectroscopy study
An FT-IR spectroscopy investigation on the CaCO3 powder samples since the FT-IR
spectrum can help distinguish between the different phases of calcium carbonate crystals.
Thus, each phase of CaCO3 has some characteristic absorption bands, so all crystal phases
can be discriminated by detecting and identifying the absorption bands. Generally, the
absorption bands of a carbonate-based material can be divided into four major parts: 1)
the symmetric stretch of the carbonate ion at about 1080 cm-1 (ν1); 2) the out-of-plane
bending absorption at about 870 cm-1 (ν2); 3) the asymmetric stretch at about 1400 cm1

(ν3) and the in-plane bending around 700 cm-1 (ν4) [16]. Figure 4.3 presents a

representative spectrum for a typical CaCO3 based powder produced by the Reverse
Micelle method and shows a number of vibrational modes. Figure 4.3 clearly shows the
characteristic sharp absorption bands identifying calcite located at 711 cm-1 (ν4) and 872
cm-1 (ν2). Also present is a small absorption band located around 2869 cm-1, indicating
the presence of a –CH2 group. This absorption band is believed to show traces of either
the Triton X-100 [C14H22O(C2H4O)n] surfactant used during the synthesis process or
possibly remnants of ethanol used in the final washing step. The presence of impurities
and particle size distribution in the CaCO3 powder samples will be discussed later in this
section.

Figure 4.3. FT-IR spectrum of a representative CaCO3 powder sample.

3.3. Scanning electron microscopy and elemental compositional analyse
3.3.1. Scanning electron microscopy study
Scanning electron microscopy (SEM) study was undertaken to investigate and determine
the size, size distribution and morphology of the particles present in the CaCO3 powders.
A low magnification image of a representative CaCO3 powder is presented in Figure 4.4.
Figure 4.4 (a) inspection reveals an agglomerated powder composed of angular particles,
as seen below.

Figure 4.4. Scanning Electron Microscopy images of a representative CaCO3 powder sample
(a) Agglomerated powder view and (b) a higher magnification image showing the angular
morphology of the synthesised powders.

A magnified image is presented in Figure 4.4 (b), which reveals the particles are
predominantly in the micrometre range and display a typical calcite morphology. Figure
4.5 (a) to (d) presents high magnification images of several calcite crystals forming
clusters. These clusters are a dominant feature of the CaCO3 powders produced during
this study. Figures 4.6 and 4.7 present the results of a particle size study carried out during
the SEM study. Figure 4.6 shows the size range of calcite particles making up a sizeable
representative cluster. Individual particles range in size from 8.44 µm up to 14.51 µm.
Figure 4.7 shows the size range of calcite particles making up a small representative
cluster. Individual particles range in size from 1.22 µm up to 4.48 µm. In addition, Figure
4.7 also shows the size of the cluster is 12.07 µm across its width. The study also found
these calcite clusters were widespread throughout the powders samples examined.

Figure 4.5. High magnification images of calcite crystal clusters.

Figure 4.6. The size range of calcite particles making up a large cluster.

Figure 4.7. The size range of calcite particles making up a small cluster.

The results of elemental compositional analysis and mapping are presented in Figures 4.8
and 4.9, respectively. Figure 4.8 illustrates the results of an elemental analysis carried out
on a representative calcite particle cluster (Figure 4.8 (a)) present in a powder sample.
The analysis confirms oxygen, calcium and carbon levels for a CaCO3 powder, as seen in
Figure 4.8 (b). Also carried out was the elemental mapping of the calcite cluster, and the
results are presented in Figure 9. The results clearly show the structural consistency of
the elements throughout the sample area and confirm the presence of CaCO3.

Figure 4.8. Elemental analysis of a representative calcite particle cluster
(a) Targeted area for examination (b) Results of elemental analysis.

Figure 4.9. Elemental mapping a representative calcite particle cluster showing the distribution (a)
combined elements, (b) calcium, (c) oxygen and (d) carbon components of the powders.

3.4. BET, Particle size distribution, TOC & TGA analysis
The BET method was used to calculate the specific surface area of synthesised calcite
micro-scale particles. The results of the BET analysis reveal the calcite particles had a
mean specific surface area of around 0.577 m2g-1, which is smaller than CaCO3 microscale particles obtained without additives (3.2 to 8.8 m2g-1) by other researchers [17]. But
is similar to commercially available calcite powders ranging in diameter from 1 to 15 µm
and a surface area of 0.38 m2g–1 supplied by Sigma Aldrich [18]. Figure 4.10 presents the
results of a particle size distribution analysis of a representative calcite powder sample
produced during this study. Figure 4.10 reveals that the particle size distribution was
equivalent to the size of the SEM image analysis presented in Figures 4.6 and 4.7. The

particle analysis estimated the mean particle size was 10 µm, and 90.88% of the calcite
particles present were between 4 and 63 µm. The analysis also revealed 19.89% of the
particles were between 4 and 8 µm, 45.46% were between 8 and 16 µm, and 24.63% were
between 16 and 31 µm. Thus, confirming that only micron size particles were produced
by the Reverse Micelle method.

Figure 4.10. A typical particle size distribution analysis of a calcite powder
produced during the present study.

Notably, other studies have shown BET surface areas can be many times greater than the
surface areas generated in the present study. For instance, polystyrene sulfonate (PSS)doped CaCO3 micro-particles with a mean diameter of 2 µm were found to have a surface
area of around 50 m2g-1 [17]. While several studies have shown CaCO3 micro-particles
ranging in size from 2 µm up to 10 µm have shown promising results for the delivery of
drugs like Ibuprofen, Doxorubicin and Levofloxacin [19-22]. But a preliminary
adsorption evaluation, using Rhodamine B, carried out using calcite micro-particle
powders (mean particle size of 10 µm) produced in the present study revealed poor

adsorption properties along with poor surface area (around 0.577 m2g-1). It is believed
two factors have contributed to the smaller surface area and poor adsorption properties.
The first factor involved the presence of water in the washing and centrifuging stage that
immediately followed particle formation. A recent study by Kadota et al. has shown the
presence of increasing amounts of water promoted further calcite crystal growth to
produce larger particle sizes via dissolution and re-crystallisation [23]. Thus, explaining
the absence of nanoparticles produced in the present study and the resulting micrometre
scale particles with smaller specific surface areas compared to nanometre-scale materials.

The second factor, which contributed to poor adsorption properties, was the influence of
surfactant during the Reverse Micelle method. As mentioned above, there was a very
weak absorption band located at a wavelength of 2869 cm-1 in the FT-IR analysis. A
similar result was reported in the literature for calcite micro/nanoparticles synthesised
using Tween® 80 and Span® 80 as co-surfactants in a similar Reverse Micelle method
[24]. Similarly, the absorption band was attributed to –CH2 groups that either acted as a
surface treatment on the forming calcite particles [25] or the surfactant molecules
remained strongly associated (acting as a capping agent) with the calcite particles even
after extensive washing [26]. Interestingly, the main function of the surfactant was to
avoid particle agglomeration, but studies have also shown surfactants can be used to
increase polymer/particle compatibility [27]. Unfortunately, the results of both the total
organic carbon (TOC) and Thermo-gravimetric analysis (TGA) failed to detect the
presence of surfactant or ethanol/acetone mix used in the final washing stage of the
present Reverse Micelle method. In the case of TOC, organic carbon was below the 0.01
detection level. And the results of the TGA presented in Figure 4.11 do not show any
weight loss resulting from organic carbon being converted into carbon dioxide between

100 and 500 °C.

The only weight loss observed was the result of the thermal

decomposition of calcite, as shown in equation 2. The onset occurred at 715.22 °C and
ended at 785.79 °C, with 56.057 % of the original weight remaining.
CaCO3 → CaO + CO2

Figure 4.11. Thermo-gravimetric analysis was carried out on a representative calcite powder
sample to determine its thermal decomposition behaviour (a) TGA and (b) DTA.

2

4. Concluding remarks
The new Reverse Micelle method for synthesising CaCO3 micro/nanoparticle-based
powders was investigated and evaluated. XRD spectroscopy revealed the presence of
single-phase formation identified as calcite. Using the Debye-Scherer formula, the mean
crystallite size (104) peak was estimated to be 9.3 nm. SEM image analysis revealed the
calcite particle ranged in size from 8.44 µm up to 14.51 µm. Particle analysis estimated
the mean particle size was 10 µm, and 90.88% of the particles present were between 4
and 63 µm. While 45.46% of the particles were between 8 and 16 µm. However, BET
analysis reveals the calcite particles had a relatively low specific surface area of around
0.577 m2g-1. It is believed the presence of water in the washing and centrifuging stage,
immediately following particle formation, promoted further calcite crystal growth to
produce larger micrometre scale particle sizes via dissolution and re-crystallisation. Thus,
explaining the absence of nanoparticles and the relatively low specific surface area of the
powders. Also, FT-IR spectroscopy found a very weak absorption band at a wavelength
of 2869 cm-1 which was attributed to the –CH2 group. It indicated that either remnant of
the surfactant or residues from the ethanol/acetone washing stage were present.
Unfortunately, neither TOC nor TGA analysis could not detect the presence of either the
surfactant or the wash. But the presence of the 2869 cm-1 absorption band in the FT-IR
data suggests the surfactant acted as a surface treatment on the forming calcite particles,
or the surfactant molecules remained strongly associated (acting as a capping agent) with
the calcite particles even after extensive washing. Thus, explaining the poor preliminary
adsorption evaluation using Rhodamine B.

Therefore, future studies are needed to investigate and elucidate the mechanisms causing
the production of micrometre scale calcite particles in preference to nanometre-scale

particles. In particular, the influence of water present in the washing and centrifuging
stage needs to be thoroughly investigated since dissolution and re-crystallisation are
likely to occur. Moreover, the influence of surfactant Triton X-100 and the
ethanol/acetone final wash needs to be further studied. The FT-IR data suggests that
residue from the surfactant is still present even after extensive washing. It is believed the
presence of residual surfactant is responsible for the poor adsorption behaviour of the
calcite powders.
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4.4. Chapter summary
The chapter addresses the second aim of the research project, namely, to develop and
investigate a Reverse Micelle method for generating micro/nanometre scale CaCO3
powders with materials properties suitable for drug carrier applications. This was done
via a case study that investigated and evaluated the performance of the Reverse Micelle
method. Notably, the case study found the present Reverse Micelle method tended to
produce micrometre scale calcite particles in preference to nanometre-scale particles. The
case study recommended that future studies be undertaken to investigate and elucidate
the mechanisms causing the production of micrometre scale calcite particles in preference
to nanometre-scale particles. The case study identified two critical areas that need to be
thoroughly investigated. The first was the influence of water present in the washing and
centrifuging stage since dissolution and re-crystallisation are likely to occur. And
secondly, the influence of surfactant Triton X-100 and possibly the ethanol/acetone final
wash, since the FT-IR data suggests the residue from the surfactant is still present even
after extensive washing. It is believed the presence of residual surfactant is responsible
for the poor adsorption behaviour of the calcite powders.

Chapter 5 – Australian Innovation Patent-19082021
Improved Reverse Micelle method for the green synthesis of pH-sensitive
solid CaCO3 micro/nanoscale particles.

5.1. Introduction
The objective of Aim 3 in the present research was to establish the Proof of Concept for
the innovative Reverse Micelle method for the green synthesis of pH-sensitive solid
CaCO3 micro/nanoscale particles. To establish the Proof of Concept for the Reverse
Micelle method focused on parts, the first a research part and the second a commercial
method (Australian Innovation Patent), for validating the research outcomes. The first
research part focused on developing and investigating the Reverse Micelle method for
generating the micro/nanometre scale CaCO3 powders and then categorising the powders
properties using advanced characterisation techniques. The results obtained from the
synthesis process and CaCO3 powder sample characterisation studies were summarised
and reported as part of the Case Study presented in Chapter 4. The Case Study clearly
demonstrates the feasibility of producing CaCO3 micro/nanoparticle-based powders
suitable for drug carrier applications and establishes the Proof of Concept for the
innovative Reverse Micelle process.
Moreover, the results obtained from the Case Study were used to apply for an Australian
Innovation Patent. The patent application containing the process details is presented in
the following sections. The subsequent granting of the patent is further validation of the
Proof of Concept and the quality of the research carried out as part of the present work.

5.2. Patent member contributions
GEJ Poinern acted as principal supervisor and designed the research concept with M
Nasseh. M Nasseh conducted all of the experiment work and advanced characterisation
studies that formed the Case Study presented in Chapter 4. T Wulandari and M Bart
provided technical assistance, and D Fawcett assisted M Nasseh with the data analysis.
All patent members actively participated in the preparation of the Australian Innovation
Patent Application for submission to IP Australian.

5.3. Specific details of innovation patent application
5.3.1. Abstract
Solid calcium carbonate (CaCO3) micro and nanoparticles are important sub millimetre
structures with several novel properties significantly different from their bulk
counterparts and also makes them attractive for a number of applications in different
fields. The Reverse Micelle method presented here ensures an eco-friendly, facile, and
effective method to produce bulk (kg) quantities of solid pH-sensitive CaCO3
micro/nanoscale particles. These particles can be engineered by varying the concentration
of chemicals or by the w0 ratio of the Micelle emulsions. This green chemistry-based
method is cleaner, non-toxic and efficient. CaCO3 occurs naturally in three anhydrous
polymorphs (aragonite, calcite and vaterite). Each of these polymorphs has different
material characteristics that determine their particular application. The Reverse Micelle
method presented here can generate polygonal-shaped aragonite, calcite and vaterite with
unique properties.

5.3.2. Claims
1.

Improved Reverse Micelle method for the green synthesis of pH-sensitive solid
CaCO3 micro/nanoscale particles.

2.

CaCO3 micro/nanoscale particles can be specifically engineered by varying the
concentration of precursor chemicals or by regulating the w0 ratio of the Micelle
emulsions. This level of control allows the manufacturer to fine tune the process.

3.

The present Reverse Micelle method can be easily scaled up to produce much larger
quantities of solid CaCO3 micro/nanoscale particles.

4.

The present Reverse Micelle method is efficient in nature. It does not require
complex processing equipment or large amounts of energy to produce the desired
solid pH-sensitive CaCO3 micro/nanoscale particles.

5.3.3. Technical area
[0001] CaCO3 is a solid that can be used as a dietary supplement. The calcium ion is
needed by the body to produce healthy bones, muscle and nervous system.
[0002] CaCO3 is used as an antacid to relieve heartburn, acid indigestion, and upset
stomach. It can be administered in the form of solid tablets, chewable tablets or
liquid capsules. It can be administered with or without a prescription. It can also
be taken as an oral suspension for the treatment of neonatal calcium deficiency.
In this application, a 100mg/mL solution of CaCO3 will provide 40mg (1mmol)
of elemental calcium per mL for the treatment of hypocalcaemia and calcium
deficiency in infants not receiving premature formula or fortified breast milk [1].
[0003] The present Reverse Micelle method is a facile process for generating polygonal
shaped CaCO3 micro/nanoparticle structures through a room temperature-based
methodology. At this size scale, these types of particles display unique

physicochemical and biological properties. Therefore, efficient methods of
producing solid pH-sensitive CaCO3 micro/nanoparticles are now needed in
several fields like electronics, biological and medical.

5.3.4. Background
[0001] Novel inorganic nanoparticle-based carrier systems for the delivery of
pharmaceutical formulations to specifically targeted areas in the body have been
studied for several years. They are currently being developed for medical
applications. The unique and, in many cases superior properties of micro or
nanoparticle-based delivery systems have the potential to enhance therapeutic
efficacy in the treatment of several diseases, including cancer. In particular,
nano-based carriers have several advantageous properties that include: 1)
favourable drug bioavailability; 2) serum stability; 3) better drug penetration into
cells, and 4) slow and controlled pharmacokinetics that releases therapeutic
agents at the target site [2]. Due to their biocompatibility, slow biodegradability,
large surface area, and porosity, calcium carbonate (CaCO3) nanoparticles have
been used for the encapsulation and controlled delivery of therapeutic agents [3].
Another important property of CaCO3 NPs is their pH sensitivity, which results
in slow degradation rates and low drug release rates in the normal physiological
environment (pH = 7.4). While in more acidic environments usually found in
tumour tissues (pH < 6.5), degradation rates and drug release rates are much
higher [4].
[0002] However, a number of challenges still remain and need to be overcome before
pH-sensitive CaCO3 NPs can become efficient targeting carriers for the delivery
of therapeutic agents. These challenges include: 1) maximising the payload by

ensuring optimal therapeutic protein binding within the porous matrix structures
and on the surface topography of the CaCO3 nanoparticles; 2) designing a
degradation rate that promotes a sustained release of proteins at effective
therapeutic levels for specific periods: 3) incorporating small quantities of
suitable polymers with CaCO3 to improve material properties and bioactivity
towards tumour tissues; 4) developing effective methods of functionalising
CaCO3 nanoparticles with targeting agents, so the NPs specifically target tumour
cells, and 5) Because of their size and incomplete degradation, ensuring the
removal of the matrix from the body, thus preventing accumulation and
penetration non-targeted cells and biological barriers.
[0003] The present innovative approach is designed to tackle the above-mentioned
challenges. The approach consists of developing and optimising a Reverse
Micelle method for preparing CaCO3 nanoparticles with tailored physiochemical
properties. These unique properties are specifically controlled by parameters like
varying the concentration of precursor chemicals or by regulating the w0 ratio
of the Micelle emulsions. Thus, regulating these parameters allows the
controlled growth and maturation of the CaCO3 micro/nanoparticles being
generated in the emulsion rather than less controlled methods like ultrasonication [5, 6]. This level of control allows the manufacturer to fine tune the
process. Therefore, this method can be used to produce fully biocompatible
CaCO3 based carriers for the delivery of therapeutic agents (e.g. protein, drugs
and other compounds) in the physiological environment.
[0004] Sustainable methods of producing micro and nanomaterials are the most
important driving force in developing new technologies. A study by Nadagouda
and Varma revealed that extracts from consumer goods like coffee and tea could

be used to create high-value products Pt and Ag nanoparticles [7]. In our case,
we demonstrate that a Reverse Micelle method can produce pH-sensitive solid
CaCO3 micro/nanoscale particles. This sustainable approach provides an
alternate green and eco-friendly process that does not require additional
chemical reducing agents, which are commonly used in many other nanoparticle
synthesis methods.

5.3.5. Summary of the invention
[0001] The current invention uses a green and facile Reverse Micelle method to produce
pH-sensitive solid CaCO3 micro/nanoscale particles. The driving force within
the emulsion at room temperature is Brownian motion and is not thermally
driven like many other chemical reactions. The reactant containing nano pools
within the emulsion ensure a fast and efficient way of mixing their contents and
drive the subsequent reactions when the pools collide.

5.3.6. Technical solution to achieve the above object
[0001] The sources of Ca2+ and CO32- used in the present approach were derived from
the main precursor materials, calcium chloride (CaCl2) and sodium carbonate
(Na2CO3). The Reverse Micelle method for producing pH-sensitive solid CaCO3
micro/nanoscale particles is presented below, but the source of ions for the
process can derived from other sources if needed. In addition, the non-ionic
Triton X-100 [C14H22O(C2H4O)n] was used as the surfactant during the synthesis
procedure.
[0002] Step 1: All aqueous solutions used in this work were produced from Milli-Q®
water, which was generated by a Barnstead Ultrapure Water System D11931

(Thermo Scientific Dubuque IA: 18.3 MΩ.cm-1). All glassware was cleaned by
normal laboratory techniques and are kept dry to avoid any aqueous ratio
variations during reactant solution preparation.
[0003] Step 2: All chemicals were obtained from commercial suppliers and used without
further purification. Anhydrous Na2CO3 and CaCl2.2H2O were the precursor
materials. Triton-X was used as the surfactant, while one of three different
hydrocarbons (hexane, cyclohexane, and toluene) was used as the organic
solvent component.
[0004] Step 3: First, make stock solutions of both precursors to the desired
concentration. Then make the two micro-emulsions. Micro-emulsion 1 consists
of precursor 1 (Ca2+ ions source from stock solution) mixed with surfactant (2:1
v/v) in a small beaker. Then micro-emulsion 2 (CO32- ions source from stock
solution) mixed with oil solvent (1:1 v/v, can be either hexane, cyclohexane, or
toluene) in a small beaker.
[0005] Step 4: After preparing, both micro-emulsions were then stirred at room
temperature (24 °C) for 10 minutes. After stirring, both micro-emulsions were
mixed together in a larger beaker and stirred for a further 1 hour.
[0006] Step 5: After stirring, the mixture was subjected to centrifugation. The resultant
white precipitate was washed several times during the centrifugation process to
ensure no surfactant remained on the precipitate. After centrifugation, the white
precipitate was collected and dried overnight at 60°C in a standard laboratory
oven.

5.3.7. Invention advantages
[0001] The Reverse Micelle method presented in this patent application has several
advantages, but the first and foremost advantage is that it is a room temperature
reaction.
[0002] Micro and nano-sized CaCO3 polygonal shapes are readily created without
further processing.
[0003] No toxic chemicals like Tri-n-octylphosphine oxide (TOPO) or additional
capping agents like PVP and citrate are used in the process.
[0004] The resulting CaCO3 micro/nanoparticle suspension can be easily applied to a
solid substrate, with the particles being evenly distributed over the substrate
surface.
[0005] Gradual evaporation of the solvent results in capillary effects and changes in
surface forces that leads to an increase in layer density and structure of the
deposited layer. This promotes rough and porous surfaces that are ideal for
adsorption purposes.
[0006] Changing the concentration of precursor chemicals leads to changes in size,
shape, composition and number of active layers in the resulting particle structure.
These structural changes lead to particles that are more suited to adsorption/deadsorption processes.
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5.5. Chapter summary
Chapter 5 addressed Aim 3 of the thesis, namely, demonstrating the feasibility of using
the Reverse Micelle to synthesise CaCO3 micro/nanoparticle-based powders for potential
use as a drug carrier and establishing the Proof of Concept for the innovative process.
This was done through the Case Study present in Chapter 4, which clearly demonstrated
that the Reverse Micelle method could be used to produce high-quality pH-sensitive solid
CaCO3 micro/nanoscale particles. The synthesis route used calcium chloride (CaCl2) and
sodium carbonate (Na2CO3) as the main precursor materials that were subsequently used
to make up the respective micro-emulsions. While the non-ionic Triton X-100 was used
as the surfactant during the synthesis process. The positive research outcomes derived
from the Case Study were then used to apply for an Australian Innovation Patent. Thus,
the Case Study and the granting of an Australian Innovation Patent clearly validates the
Proof of Concept, and the quality of the research carried out as part of the present work.

Chapter 6: Conclusion, discussions, and further work
Even in the early twenty-first century, cancer is still a serious life-threatening disease and
is still the second most frequent cause of death in the world today. As a global killer,
cancer can occur at any age and begins when some of the trillions of cells that make up
our organs and body experience a series of genetic and epigenetic changes or mutations.
These changes can be either inherited or triggered by cancer-causing carcinogens in the
environment or through harmful irradiations. There are many forms of cancer, some can
be managed to the point of remission, and others are so serious they cause death. The
number of deaths in 2020 resulting from cancer in countries like the United States and
Australia was around 606,500 and 50,000, respectively [1,2]. The two serious
consequences of these significant cancer-related deaths are the very high societal cost and
the extremely high economic cost to the community. For instance, from an Australian
perspective, the cost of cancer diagnosed between 2009 and 2013 was estimated to be
around AUS$6.3 billion or 0.4% of Australia’s gross domestic product (GDP). The most
significant cost attributed to colorectal cancer ($1.1 billion), followed by breast cancer
($0.8billion), lung cancer ($0.6 billion) and then prostate cancer ($0.5billion) [3]. Thus,
highlighting the extremely large financial impact and extremely demanding health
challenges facing society in the fight to defeat cancer.

To combat this killer disease, research and development efforts have been directed at
developing drugs and radiation therapies that can halt this disease. Conventional drug
delivery systems used in cancer treatment suffer from several challenges that include poor
plasma half-life and poor release profile of therapeutic agents [4, 5]. To improve clinical
outcomes, research has focused on using calcium carbonate (CaCO3) micro/nanoparticles
as carrier-based systems to overcome current shortcomings. The present work has

contributed to this new and interesting field by developing a new Reverse Micelle method
for producing CaCO3 powders with similar material properties to those reported in the
literature [6, 7].

6.1. Research Results and Achievements
The present research work focused on three aims: 1) To carry out an extensive literature
review that provides an overview of the current state of research into producing CaCO3
nanoparticle-based powder for potential use as drug delivery carriers for cancer treatment,
imaging, and gene therapy; 2) Develop and investigate a Reverse Micelle method for
generating micro/nanometre scale CaCO3 powders with appropriate materials properties
to be used as a drug carrier, and 3) to obtain an Australian Innovation Patent and establish
the Proof of Concept for this innovative Reverse Micelle based process.

The thesis incorporated a major literature review article titled “Calcium carbonate
micro/nanoparticles as versatile carriers for the controlled delivery of pharmaceuticals for
cancer treatment, imaging, and gene therapy” to achieve the abovementioned three aims.
It produced a case study in chapter 4, titled “Characterisation of micro/nanometre scale
Calcium Carbonate powders for Potential Drug Delivery Applications”, which
developed and investigated a Reverse Micelle method for generating CaCO3 powders.
The case study also undertook several advanced characterisation studies that determined
the material properties of the respective powder samples. And in conclusion, an
Australian Innovation Patent was obtained for the innovative Reverse Micelle method
developed in this project. The granting of the patent confirms the Proof of Concept and
viability of producing CaCO3 powders designed for drug delivery applications.

The first part of the thesis introduced the research project and stated the project aims. The
second chapter focused on reviewing current literature in the field and reporting on the
current state of research and potential applications for CaCO3 micro/nanomaterials in
medicine. The comprehensive review identified the importance of nanomedicine and its
potential to transform current drug delivery protocols and deliver a wide range of novel
drug-carrier platforms capable of delivering more effective health care strategies. The
review was wide-ranging and examined the development and use of new CaCO3 - based
micro/ nanomaterials. The advantage of this new CaCO3 - based materials is their ability
to enhance the performance of existing drug therapies and imaging agents and improve
their performance and effectiveness. In addition, while the normal physiological
environment of the body has a pH of around 7.4, tumours can have pH levels that are less
than 6.5 [8]. Thus, a pH-sensitive CaCO3 - based carrier not only targets the tumour but
also slowly degrades to release its anticancer drug payload in the acidic tumour
environment [9]. Material properties like 1) biocompatibility; 2) slow biodegradability
allowing greater drug retention; 3) in aqueous environments CaCO3 does not swell or
change porosity], and 4) pH-responsiveness make CaCO3 - based materials ideal carriers
for the delivery and sustained release of therapeutic agents [10, 11]. Notably, the
European Food Safety Agency has approved CaCO3 as a food and pharmaceutical
additive. For this reason, CaCO3 - based materials are widely used in pharmaceuticals
like oral antacid formulations and medications for calcium deficiency [12, 13].
Furthermore, CaCO3 - based materials have been used in various tissue engineering
applications like bone cements, scaffolds, and dental implants [14].

The review also examined the possible negative health effects of exposure to new and
largely unknown nano-based materials currently being developed for medical

applications. Current medical research in this field is limited, and current studies suggest
most nanomaterials have low toxicities. But further studies are needed to fully identify
potential toxicity issues arising from exposure levels and human-nanomaterial interaction
mechanisms during the administration of anticancer drugs. Because of the toxicological
issues associated with many nanomaterials, CaCO3 micro/nanomaterials are considered
an alternative and safer drug delivery platform for cancer treatment [15, 16].

Chapter three, titled “Advanced characterisation techniques used to analyse
micro/nanometre scale calcium carbonate powders”, outlines and discusses the several
advanced characterisation techniques used to investigate the material properties of the
synthesised CaCO3 powder samples produced during this project. Techniques used
included XRD spectroscopy, FT-IR spectroscopy, SEM-based electron microscopy, BET
surface area and porosity measurements, and thermal stability measurements using TGA.

Chapter four contained the case study titled “Characterisation of micro/nanometre scale
Calcium Carbonate powders for Potential Drug Delivery Applications”. The case study
addresses the objective of Aim 2 and advances scientific knowledge in the field. An
important part of the case study was developing and investigating a Reverse Micelle
method for generating micro/nanometre scale CaCO3 powders with appropriate materials
properties to be used as a drug carrier. Also, the results of the experimental work and
subsequent advanced characterisation studies provide the Proof of Concept needed for an
Australian Innovation Patent application.

Importantly, XRD analysis revealed the Reverse Micelle method consistently produced
calcite powders over a range of synthesis temperatures ranging from 15 to 35 °C. In

addition, the mean crystallite size of around 9.3 nm was found to be consistent across the
various synthesis temperatures. XRD analysis also failed to detect the presence of
impurities in the powder samples. So, any impurities present in the powder samples were
below the detection limit of the XRD equipment. SEM image analysis revealed the calcite
particles ranged in size from 8.44 µm up to 14.51 µm. Subsequent particle size analysis
calculated the mean particle size was 10 µm, and 90.88% of the particles present in the
samples were between 4 and 63 µm. While 45.46% of the particles were between 8 and
16 µm. Importantly. FT-IR spectroscopy analysis revealed the presence of a weak
absorption band located at 2869 cm-1 that was attributed to the –CH2 group. Its occurrence
in the FT-IR data suggests either remnant of the surfactant or residues from the
ethanol/acetone washing stage were present on the calcite powder samples.
Unfortunately, neither TOC nor TGA analysis could not detect any traces of either the
surfactant or the washing solvents. However, because of a poor preliminary adsorption
evaluation using Rhodamine B, it is believed the surfactant acted as a surface treatment
on the forming calcite particles or the surfactant molecules remained strongly associated
(acting as a capping agent) with the calcite particles even after extensive washing.
Furthermore, it is thought the presence of water in the washing and centrifuging stage,
immediately following particle formation, promoted further calcite crystal growth to
produce larger micrometre scale particle sizes via dissolution and re-crystallisation. Thus,
explaining the absence of nanoparticles and the relatively low specific surface area value
of 0.577 m2g-1 for the calcite powders.

Chapter five focused on the objective of Aim 3, which was to establish the Proof of
Concept for the innovative Reverse Micelle method for the synthesis of pH-sensitive solid
CaCO3 – based powders. This was done through the case study present in Chapter 4,

which clearly demonstrated that the Reverse Micelle method could be used to produce
high-quality pH-sensitive solid CaCO3 powder samples. During the case study, the
Reverse Micelle method for generating the CaCO3 - based powders were examined and
categorised using advanced characterisation techniques. The results obtained from the
synthesis process and subsequent characterisation studies were summarised and reported
as part of the case study presented in Chapter 4. The positive research outcomes derived
from the case study were then used to apply for an Australian Innovation Patent. Thus,
the case study and subsequent granting of an Australian Innovation Patent clearly
validates the Proof of Concept, and the quality of the research carried out as part of the
present work.

6.2. Recommendations for Future Work
The Reverse Micelle method developed and investigated in the case study and presented
in Chapter four has clearly demonstrated its ability to generate pH-sensitive solid CaCO3
(calcite) micrometre scale powders. Notably, the case study found the present Reverse
Micelle method produced micrometre scale calcite particles in preference to nanometrescale particles. This is believed to be the result of two shortcomings discovered during
the research. The first was the influence of water present in the washing and centrifuging
stages, and the second was residual surfactant or ethanol/acetone wash. The FT-IR data
after synthesis suggests that there is residue still present even after extensive washing.
Therefore, further research work is needed to investigate and elucidate the mechanisms
responsible for the two shortcomings discovered. In the first case, the influence of water
present in the washing and centrifuging stage needs further investigation. Since it is likely
that dissolution and re-crystallisation are taking place and is responsible for particle
growth that leads to micrometre scale particles being produced. And in the second case,

the influence of surfactant (Triton X-100) and possibly the ethanol/acetone final wash
needs further study. Since it is believed the presence of residual surfactant is responsible
for the poor adsorption behaviour of the calcite powders.

The Rhodamine B model drug adsorption payload was investigated with the Reverse
Micelle synthesised CaCO3 powders and showed some initial adsorption, (please see
appendix A) of 15% in the first hour. However, some desorption was noted and the
driving mechanisms of this behaviour needs to be investigated.
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Appendix A - Rhodamine B Investigation
A.1 Calibration Standards Technique

One gram per litre of stock working standard of Rhodamine B is required to create the
calibration standard within the range of the Trilogy Fluorometer instrument.
•

One g/L Rhodamine: Accurately weighed 1.00g of Rhodamine powder or 5.00g
of 20%w/w Rhodamine solution into a 1L volumetric flask. Dilute to 1L with
deionised water. (Stable for 12 months)

•

Four mg/L Rhodamine: Pipette 0.4 ml of the one g/L Rhodamine standard into a
100 mL volumetric flask. Dilute to 100mL with deionised water. (Stable for one
week)

Figure A.1. Stock Standard Rhodamine 1gr/L(left), Working standard Rhodamine 4mg/L(right).

Table A.1. Used volume of stock working standards for creating the calibration curve.

Standard Concentration µg/L
0

The volume of 10 mg/L Final Volume
Standard
0
100

20

0.5

100

50

1.25

100

100

2.5

100

200

5

100

500

12.5

100

To read the unknown concentration of Rhodamine samples, the raw fluorescence is
measured, then the concentration is calculated based on the achieved calibration. The
green / Rhodamine module is fitted to the Turner Fluorometer. As air bubbles sticking
inside the cuvette and moisture on the outside of the cell can cause an erroneous and false
reading. So, the latter is wiped clean with Kim Wipes.
Raw fluorescence of the standards measured to construct calibration curves. A correlation
coefficient of >0.999 is required.

Figure A.2. Working Standard Solution in Range (20-500 µg/L).

Figure A.3. Calibration graph (20-500 µg/L).

The third column of Table A.2 was obtained from the intercept and slope of Figure A.3,
applying the first column as the x-axis of Figure 5.3 and the second column as the y-axis
of this Figure. For example, the obtained result for Intercept: -1037.64 is slope: 250.50

Table A.2. Raw Fluorescence and Calculated Concentration.

Standard Concentration Raw Fluorescence
µg/L
0
101.78
20
3925.56
50
10382.26
100
23954.2
200
48974.65
500
124373.21

Calculated Concentration

4.549
19.813
45.588
99.767
199.648
500.636

A.2 Rhodamine B model drug loading on Carbonate Calcium
Carbonate Calcium nanoparticles were prepared based on the reverse micelle method
stated in chapter 4.3. Synthesised nanoparticle characterised by XRD. Calcite phase was
confirmed; therefore, 0.105 g of Calcite dissolved in 100 ppb Rhodamine solution. (2.5
ml of 4 ppm stock Rhodamine std in 100 ml DI) The solution was left under slow
mechanical stirring at room temperature for 15 minutes. Then the solution was decanted
into a 10 ml tube and centrifuged at 3000 rpm for 3 minutes. Raw Fluorescence of CCNP
loaded with Rhodamine was measured by using Trilogy Benchtop Fluorometer. Raw
Fluorescence of pure 100 ppb Rhodamine was read to compare the loaded dye tracer
molecule effect on CCNP. The concentration of sterile Rhodamine solution and CCNP
loaded with Rhodamine was calculated using the above calibration curve. Rhodamine
intensity of both pure Rhodamine and Rhodamine plus calcite charted in 30 min intervals.

Figure A.4. 100 ppb Rhodamine B loaded with synthesised Carbonate Calcium.

Figure A.5. Adsorption profile of Rhodamine onto Reverse Micelle synthesised CaCO3 for two hours.
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