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Abstract 
 

Biomineralization is an important and inspiring process where living organisms 

promote self-assembly of organic matrices in order to induce high control of calcium-

based mineralization. The in-situ characterization of early stage bio-mimetic 

mineralization allows the nanoscale structures of mineral nucleation to be studied. 

This research thesis has characterised the formation of calcium phosphate and calcium 

carbonate using in-situ ellipsometry, X-ray and neutron reflectivity and small angle 

X-ray and neutron scattering as a means of probing the early stages of mineralization. 

 

Thin films of amorphous calcium phosphate were formed on the air-liquid interface of 

a simulated body fluid (SBF) using a zein protein and hexadecanoic acid (HDA) 

monolayer. Zein protein induced calcium phosphate films were formed by 

aggregation and fusion of hemispherical nanoparticles. HDA induced mineral films 

showed a flat continuous morphology. The mineral film thickness, obtained by 

ellipsometry, using HDA template were significantly thicker than that of zein-induced 

calcium phosphate films. X-ray reflectivity measurements on a diluted SBF revealed a 

mineral film that decreased in thickness while increasing in density. When the SBF 

concentration was doubled a very dense mineral film was detected with its increasing 

thickness over the 4 h experiment.  

 

Multilayered chitosan/iota-carrageenan films showed striking iridescence, when 

swollen in H2O, shifts from a golden to a blue sheen when mineralized using SBF or 

simulated seawater (SSW). The interfaces between the chitosan and iota-carrageenan 

bilayers were shown to increase in density, with small angle neutron scattering 

showing an increase in lamellar density with mineralization. The presence of Cu2+, 

Zn2+, Pb2+ and Cd2+ heavy metal ions at concentrations of 5 and 50 µg L-1 within the 

SBF and SSW were shown to inhibit scattering features arising from these dense 

interfaces. The kinetics of this template was studied using in-situ ellipsometry at the 

solid-liquid interface on a 2-bilayer film. The rate of biopolymer thickness increases 

with calcium phosphate and carbonate mineralization shown was increase with the 

presence of heavy metal ions. 
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Introduction to biomineralization and biomimetic 

mineralization research 
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1.1 An Introduction to Biomineralization 
 
This introduction is presented in four parts, the first aims to provide the reader with an 

understanding of what biomineralization is and explain the forces that influence 

organic templating and mineralization. The second part outlines the motivations for 

research in biomimetic mineralization and the efforts made by researchers to replicate 

structured biominerals. The third section will outline the future direction of 

biomineralization research that is currently in development. The fourth and last 

section of this introduction will outline how the work presented in this thesis adds to 

the scientific literature of biomimetic mineralization along with the aims of the 

presented research. 

1.1.1 The Wonderful World of Biomineralization 
 

Biomineralization is a naturally occurring process in which living organisms use 

organic matrices in order to induce high control over mineral growth.1 Typically these 

organic templates comprise poly-saccharides2-5, proteins6, 7 and phospholipid 

assemblies.8, 9 The most common biominerals are calcium-based, as calcium 

phosphate in mammalian bone10 and calcium carbonate (CaCO3) in mollusk shells.11 

However, minerals in the form of silicates12 formed by diatom algae and iron 

hydroxyoxides13 within magneto-bacteria also exist. Nature has managed to 

efficiently utilize the limited materials and reaction conditions in order to produce a 

profoundly impressive array of structural biominerals, which provide vital function 

for the host organism. Many researchers have performed studies10, 14-18 to understand 

the natural synthesis of biologically-induced minerals. The high control of 

biomineralization systems has been shown to influence size, morphology and crystal 

structure of inorganic minerals to functionally necessitate life for the host organism. 

 

The marvelous structures and amazing properties of sea-shells and bones have been 

admired by humans for thousands of years. The advent of electron microscopy has 

immensely propelled this level of admiration, revealing the depth of hierarchical 

structure right down to the molecular control organisms have on inorganic crystal 

growth. A variety of calcium carbonates within living organisms and a simple 

rhombohedral structure of non-biologically precipitated CaCO3  shown in Figure 1.11. 

Simple creatures such as photoplankton, algae and molluscs are capable from 
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inducing structural features to serve the functions of light amplification12 and 

predation protection.17 The high morphological control is attributed to the continual 

secretion of organic matrices containing chitin19 and mineral nucleating proteins, 

colloquially named to as nacrin20 and silifin.21, 22  

Figure 1.1: Four examples of the morphologies of calcium carbonate particles synthesized 
from different sources; (A) CaCO3 precipitate from mixing CaCl2 and Na2CO3 salts in the 
laboratory, (B) CaCO3  formed by the unicellular, eukaryotic phytoplankton, Emiliania 
huxleyi. (C) Layered structure of aragonite tiles of mollusc shells. (D) Calcite particles found 
within the inner human ear. Figure obtained from De Yoreo et al.1 
  

Different biomineralising organisms are capable of controlling crystal structure to 

promote a give function, Figure 1.1 shows the tiled CaCO3 of the aragonite phase 

within the mollusc shell and calcite phase within the photoplankton and the particles 
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found within the human ear. Molluscs induce the aragonite crystal phase of CaCO3  in 

order to inhibit mineral growth along the c-axis, resulting in a tiled structure.8  

Hundreds of these tiles are stacked and serve to dissipate energy from external 

impact.  

1.1.2 How Nature does the Incredible – Forces that Influence 
Biomineralization 

 
In all cases of functional biominerals, within living organisms, the hierarchical 

structure of the inorganic material is the result of a template formed using organic 

materials. Therefore, in order to understand how these highly controlled and intricate 

inorganic arrangements are formed, an understanding of how the organic template is 

formed must be developed.10, 23, 24 Biomolecular self-assembly is the process that 

governs organic template formation. Interactions between cell-membranes,12 

proteins25, 26 and polysaccharides19 govern all biological functions and 

biomineralization is not an exception. On the nanometer and molecular length scales 

at which these interactions occur, the hydrophobic effect and electrostatics are the 

driving forces are responsible for the self-assembly of biomolecules.27-29 

 

The self-assembly of organic templates through hydrophobic interactions have a large 

influence in forming and maintaining many vital structures within biology. Common 

examples include; the amphiphilic nature phospholipids, which stabilize cell 

membranes and allow facilitated diffusion through hydrophobic interaction with 

membrane-proteins30-32. Diatom algae use their cell membranes as templates and as 

protein binding substrates for silicate formation.12 Proteins found within such sea-

creatures are known to be vital for mineralizing silicate. The 20 amino acids that 

make up the residues within all proteins have varying hydrophobicity. This causes 

proteins to have many intra-molecular interactions, resulting in alpha helix and beta 

sheet secondary structures. The most well-known biomineralization protein is 

collagen31, 33-37 and is responsible for the nucleation of hydroxyapatite found in 

mammalian bone. 

 

Collagen is a coiled protein that provides the structural basis of many connective 

tissues within a variety of living organisms. The individual coils of collagen are 

known to align with each other to form a triple helix structure. Many sets of these 
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helices then assemble to form organized fibrils.10  This arrangement allows for 

calcium phosphate nucleation to occur within the spaces between of these packed 

fibrils, as shown in Figure 1.2. A combination of densely packed yet appropriately 

spaced collections of mineralized fibrils allow for bone to possess a high-strength 

light-weight characteristic, while still allowing access to osteoblast cells to maintain 

its regenerative properties.  

 

 

 
Figure 1.2: Electron microscope image (A) showing the micron-scale elements of the 
hierarchical structure present in human femur bone. A schematic (B) showing how this 
structure arises from hydroxyapatite mineralized collagen triple helices. Figure adapted from 
Fratzl et al.10  
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1.2 Bio-Mimetic Mineral Research 
1.2.1 Motivation for Biomimetic Mineralization Research 
 
Research dedicated to developing a more bio-inspired approach to material science 

has become prominent in recent decades.8, 38-40 Nature has showed repeatedly that 

well-defined and monodisperse nano-particles and nano-structures are able to be 

formed at physiological pH and temperature. Therefore, a bio-inspired approach 

towards industrial nanoparticle synthesis would be a more energy efficient process. 

The benign reaction conditions would heavily reduce energy costs and the highly 

controlled process would minimize side-products and other waste materials. Ensuring 

the organic templates are obtained from renewable sources, the resulting fabrication 

process would be a sustainable approach to nanoparticle synthesis39. Bio-mimetic 

mineralization also has many functional benefits with the rising ability to tune size, 

morphology and crystal structure of synthetic biomineral structures. Along with 

biodegradability41-43 and biocompatibility44, 45, these materials are expected to be 

more influential in the fields of medicine46 and catalysis.47-49 Research in synthetic 

biominerals for application in medicine, energy and environment was reviewed by 

Kim et al.39 Specific issues outlined in this review include development of 

biocompatible prosthetic coatings, designing novel structures for lithium-ion batteries 

and the formation of useful carbonated minerals as a means of CO2 storage.  

 

The need for improved biocompatibility of implant surfaces is becoming greater with 

the ageing population. An estimated 10% of the adult US population has 

osteoarthritis, a condition which results in joint dysfunction and pain.50 Osteoarthritis 

typically leads to artificial joint replacement in the form of implanting total hip 

arthoplasties or total knee arthroplasties. Approximately 1.5 million joint replacement 

operations are performed worldwide, annually and this number is expected to steadily 

rise in the future. A major concern for these operations is the risk of immune system 

rejection and bacterial infection, with estimates between 2 - 5 % of cases needing to 

be disinfected and the operation needing to be repeated. The aim of researchers51-53 is 

to produce a biocompatible mineral coating to provide a surface that promotes cell 

proliferation and reduces infection in order to reduce the cost of medical resources to 

treat infections and replace prosthetics. Balani et al.54 have used plasma sprayed 

hydroxyapatite to coat a Ti-6Al-4V substrate as a model for an implantable prosthetic. 
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When a carbon nanotube infused hydroxyapatite was used for the plasma spraying, a 

more well-dispersed coating was achieved. Balani found that fiber osteoblast cells 

were attaching on these surfaces with minimal cytotoxic effects, shown in Figure 1.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Scanning electron microscope image (Panel A, a) showing the mineral 
morphology of hydroxyapatite coated Ti-6Al-4V (prosthetic model) substrate, (Panel A, b) 
shows hydroxyapatite growth on a carbon nanotube functionalized surface Ti-6Al-4V 
substrate. The proliferation of osteoblast fibrils was promoted by the mineral coating on the 
Ti-6Al-4V substrate (Panels B, a & b). Figure adapted from Balani et al.54 
 

In the area of energy and electronic systems, novel morphologies and periodic 

arrangement of transition metal oxide particles are highly desired for improved 

conductivity and extended useful lifetime.55, 56 Nam et al.56 have used the M13 virus 

to induce the formation of Co3O4 on top of a linear-polyethylenimine (LPEI) and 

poly-acrylic acid multilayer. Figure 1.4 shows a 2-dimensional periodic array of 

Co3O4 assembled on a thin film of Pt. The resulting structure was made as an attempt 

to produce a flexible substrate for microbattery electrodes. They found that the bio-

inspired approach to anode manufacturing caused improved electrochemical activity 

towards Li compared to the bulk Co3O4 powder. 
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Figure 1.4: Schematic (a) showing the fabrication of M13 virus-induced Co3O4 assemblies on 
a polyelectrolyte multilayer initially bound to a PDMS substrate. The array of bio-mimetic 
minerals are then stamped onto a Pt microband to allow for conductivity measurements. 
Scanning electron micrographs (b, c & d) showing the periodic 2D ordering of the Co3O4 
assemblies. Figure adapted from Nam et al.56  
 
Biomimetic mineralization provides the potential to use CO2 gas, including 

atmospheric CO2, as a reagent for reactions producing carbonated minerals.48, 57, 58 

Simply bubbling CO2 in a solution of CaCl2 (5 – 500 mM) is enough to precipitate 

CaCO3 or other metal carbonates59-61, using other chloride salts. The presence of 

organic additives can influence the morphology and crystal structure of the 

carbonated mineral formed. Kim et al.62 have used CO2 gas as a reagent in the 

formation of CaCO3 in the presence of dissolved dopamine and electrospun dopamine 

fibers, shown in Figure 1.5. Scanning electron microscopy images show hollow 

spheres (3 µm radius) of vaterite phase CaCO3 was induced by dopamine. These 

spheres were stained with fluorescein isothiocyanate (FITC), which allows these 

particles to be monitored by fluorescence microscopy. Such studies have been used to 

monitor mineral aggregation and attachment to test their viability as drug-delivery 

capsules.63-65 The electrospun dopamine fibers were also coated with CaCO3 after 

CO2 bubbling in a CaCl2 solution. These mineralized fibers were further mineralized 

with calcium phosphate through exposure to a simulated body fluid (SBF). This result 
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shows that biocompatible calcium phosphate materials can be formed on templates 

produced using CO2 as a reagent.  

Figure 1.5: Schematic showing the types of CaCO3 structures that can be formed using CO2 
gas as a reagent for mineralization. The resulting products include a vaterite phase of CaCO3 
mineral formed using dopamine in a CaCl2 solution (a), which can be functionalized with 
fluorescein isothiocyanate (FITC, b). Electrospun fibers of dopamine coated with vaterite 
CaCO3 (c) then further mineralized with calcium phosphate using a simulated body fluid 
(SBF, d). A rhombohedral CaCO3 precipitate is formed when bubbling CO2 in CaCl2 solution 
without an organic additive such as dopamine. Figure obtained from Kim et al.62   

 
A much more efficient approach to utilizing CO2, including atmospheric CO2 would 

be to mimic living organisms that mineralize CaCO3. Sea-creatures use the zinc 

centered metalloenzyme carbonic anhydrase48, 66-68 to convert CO2 dissolved in the 

ocean into CO3
2- ions, in order to increase the local concentration of carbonate ions 

for mineralization. This has lead researchers to develop ways of immobilizing 

carbonic anhydrase for carbonate formation, which it is not limited to calcium-based 

mineral66 but also magnesium and even carbonates of transition metals, illustrated in 

Figure 1.6. 
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Figure 1.6: Schematic showing how atmospheric CO2 can be converted to MgCO3 deposits 
using carbonic anhydrase to catalyze the hydrolysis of dissolved CO2. A similar process 
occurs for CaCO3 formation and can be extended to transition metal carbonates in a 
laboratory setting. Figure obtained from Power et al.66 
 
The potential for researchers to find new ways to create value-added products from 

CO2 provides hope that carbon emissions can turn from a waste product into a useful 

raw material. The biomimetic mineralization of metal-carbonates is an avenue with 

great promise in this area, as it is a process that Nature has been sustainably using for 

many millions of years. 

1.2.2 Biomimetic Mineralization Research 
 

Biomimetic mineralization research aims to provide an understanding of the 

mechanism that causes the observed properties of the biominerals formed. In most 

cases, scanning/transmission electron microscopy is used to characterize 

morphological features at the micrometer and nanometer scale and X-ray diffraction 

and fourier transform infrared spectroscopy is used to identify the chemical 

composition and degree of crystallinity69-71. A particular organic molecule or 

assembly of organic molecules is selected with the aim of inducing templated 

mineralization to obtain novel properties. However, not only does the organic 

template influence these properties but also reaction conditions such as pH, 

temperature, ionic strength and mineralization time.72, 73 With the vast combinations 

of controllable reaction conditions and chemical functionality of the organic template, 

it becomes less surprising that nature exhibits an extremely diverse and impressive set 

of biomineral structures.  



	   19	  

Lin et al.38 and Yao et al.8 have reviewed many morphologies of calcium phosphate 

and calcium carbonate, respectively. Scanning electron microscope images showing a 

variety of CaCO3 morphologies that can be obtained using different block-co-

polymers74, 75. The effect of CaCO3 morphology was shown to be dependent on the 

polymer template’s functional groups, chain-length, spacing between blocks and even 

chirality in the cases of helix formation, shown in Figure 1.7.  

Figure 1.7: SEM images showing examples of the diverse CaCO3 morphologies that can be 
obtained from designed block co-polymers. Figure obtained from Yao et al.8 

Research surrounding biomimetic methods76-78 to control TiO2 polymorph properties 

are of great interest due to the huge influence anatase/rutile junctions have on the 

photocatalytic activity of TiO2 semiconductors.77 Nonoyama et al.78 had successfully 

influenced the crystal phase of biomimetic TiO2 growth. Through the synthesis of a 

poly-peptide containing eight repeating units of leucine and lysine residues with the 

aim of creating beta-sheets from the alternating hydrophobicity of the residues. The 

spacing between the positively charged lysine residue would promote the formation of 
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rutile phase TiO2, shown in Figure 1.8. A precursor solution containing the anionic 

molecule titanium bis(ammonium-lactato) dihydroxide was used to mineralize TiO2. 

The XRD results obtained by Nonoyama showed that while the room temperature 

biomimetic mineralization of TiO2 was initially amorphous, after heating the material 

to 400°C, XRD reflections arising from the rutile phase of TiO2 were present. This 

result is considered significant as the formation of rutile phase is typically 

thermodynamically favoured at ~900°C77, suggesting the organic template aided in 

the formation of rutile TiO2. 

 
Figure 1.8: Schematic showing the spacing between the lysine and leucine residues in the 
polypeptide beta-sheet with a superimposed spacing of Ti atoms found in anatase and rutile 
phase TiO2. Figure obtained from Nonoyama et al.78 

1.3 The Frontier of Bio-Mimetic Mineralization Research 
1.3.1 Amorphous Minerals 
 
The role of amorphous phases of minerals has been shown to be crucial towards 

understanding the morphology and crystal structure of biominerals. The importance of 

amorphous biomineral has become more prevalent as new techniques allow detailed 

analysis in non-crystalline states. Many researchers attribute the intricate structures of 

biominerals as having originated from amorphous states, since the molding and 

transport of crystalline minerals would require greater energy1. The amorphous 

mineral precursor in synthetic attempts to replicate biominerals is often refered to as a 

polymer-induced liquid-state79-82, it is thought that organic matrices within organisms 

may initially induce such states before crystallization.1   

 

Typically, X-ray diffraction (XRD) and fourier transform infrared (FTIR) 

spectroscopy are used to reliably identify crystal phases within biominerals. The most 

common examples include; vaterite, aragonite and calcite for calcium carbonates and 
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hydroxyapatite, tri-calcium phosphate and octacalcium phosphate for calcium 

phosphates. These polymorphs have distinct features in both XRD patterns and FTIR 

spectra59, 83-85, however, their amorphous equivalents display broad and ambiguous 

features when these techniques are utilized. It is widely recognized that understanding 

amorphous biomineral precursors are vital to explaining the properties of the structure 

of the eventually crystalline material86-89. In order to study amorphous biominerals, 

researchers have had to utilize techniques such as atom probe tomography90 (APT), 

solid-state nuclear magnetic resonance91-94 (SS-NMR) and X-ray absorption 

spectroscopy89, 95, 96. These techniques probe short-range (between atoms) interactions 

within the samples and do not require the long-range ordering of crystallinity in order 

to obtain meaningful signals. This new set of tools allows for an understanding of the 

vast differences even among amorphous biominerals to be established. 

 

La Fontaine et al90 used APT to study the inner structure of enamel found in a human 

tooth. APT allows for the detection of individual atoms or small molecules that are 

obtained from a sample that is etched into a needle-shaped specimen. When pulses of 

picosecond laser and high voltages are applied to the needle sample, small sections 

are evaporated. Charged particles (atoms or small fragments) are ejected from the 

sample and are detected in a position-sensitive detector. The detector is able to record 

the particle’s position and mass/charge ratio using time-of-flight spectrometry. From 

the collected information a 3D reconstruction of the needle-shaped specimen showing 

the position and mass/charge ratio of each positively charged atom and fragment. 

 

La Fontaine was able to show that the amorphous precursor to hydroxyapatite found 

within the enamel was rich in Mg2+
 ions. The hypothesis that biomineralising 

organisms can regulate Mg2+ concentration in order to control the polymorph of the 

induced mineral89, 97, 98 is confirmed by studies using APT. Results obtained by La 

Fontaine et al.90  are shown in Figure 1.9, which reveals the position of the following 

cations; 12C+, 14N2+, 42CNO+, H+, 44CO2+, 25Mg2+, 26Mg2+, 28CO+ and 29COH+. 

Particular cations were regarded as having originated from different components 

(organic or mineral) of the needle-shaped enamel specimen. Figure 1.9 shows the 

detected cations as being part of the organic matter, carbonate or Mg-rich amorphous 

calcium phosphate (ACP). The 3D reconstructions show that the enamel section 

studied contains localized regions of organic matter that are preferentially surrounded 
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by carbonated ACP. The presence of Mg2+ within the specimen is abundant, 

indicating that it is a vital component in maintaining calcium phosphate in an 

amorphous state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9: Atom probe tomography results showing a 3D reconstruction of the prepared rods 
of enamel from human tooth. The isosurface containing the 12C2+, 14N2+, 42CNO+ and H+ 
(Panel A) cations indicate the location of the organic component within the biomineral. The 
carbonated regions (Panel B) are revealed by detection of 44CO2+, the Mg containing 
precipitate (Panel C) is revealed by detecting the 25Mg2+ and 26Mg2+ cations. Additional 
isosurfaces of the organic and carbonate (Panel D) were obtained through the detection of 
28CO+ and 29COH+ cations. Figure obtained from La Fontaine et al.90 

	  
Solid-state NMR (SS-NMR) provides a powerful technique for studying the many 

interactions that occur within biomineralization systems. The affinity of calcium 

phosphate towards mineral-inducing proteins such as collagen and osteocalcin can 

reveal the extent to which the organic matrix controls the composition of biomineral. 

Chow et al.93 have used SS-NMR to investigate animal tissue from a heavy mouse 

that has been enriched by 20% in 13C and 15N isotopes for NMR activity. These 

researchers were able to confirm the role of collagen in bone formation along with 
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poly(adenosine diphosphate ribose) in mineralization of bone tissue. The in-vitro 

study of extracellular tissue within biomineralization systems will provide a more 

detailed understanding of the complexity within the organic matrix. Additionally, SS-

NMR can be used to identify the role H2O molecules have in structuring and 

stabilizing amorphous calcium phosphates. Fernandez-Seara et al.99 have shown that 

the mechanical properties of bone are heavily dependent on moisture content. Using 
1H NMR with deuterium isotope exchange, the water content with cortical bone of 

rabbits was evaluated. Their results showed that the H2O concentration was inversely 

proportional to elastic stress.  

 

Complementary to SS-NMR, X-ray absorption spectroscopy also provides a useful 

means of probing amorphous calcium phosphate precursors. Zhang et al.95 used 

synchrotron X-ray absorption near-edge spectroscopy (XANES) at the calcium K-

edge, to study short-range interactions between Ca atoms and coordinated 

substituents. Zhang’s results showed a difference in the normalized absorbance for the 

Ca K-edge with hydrated mineral samples, emphasizing the important role of 

coordination of Ca atoms to H2O substituents in the amorphous mineral phase. 

Additionally, Zhang found through assigning Ca coordination sites to phosphate that 

the most abundant stoichiometry of amorphous calcium phosphate within a 

supersaturated solution is a Ca(η2-PO4
3−)2, where; L2 (L = H2O or η1-PO4

3−).  
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1.3.2 Early Stage Analysis of Biomimetic Mineralization Systems 
 
The earliest stages of biomineralization is of crucial importance, this is regarded as 

the moment the organic template transitions from an unmineralized state towards 

becoming an organic-inorganic hybrid1. This transition occurs within supersaturated 

solution where calcium (or other metal ion) and phosphate/carbonate ions are no 

longer energetically stable as free ions but arrange into the fundamental units of the 

biomineral. These units are typically referred to as pre-nucleation clusters.18, 100-104 

This concept was first proposed in 1975 by Posner et al.105 as spherical clusters (9 Å 

diameter) of Ca9(PO4)6 calcium phosphate, which were thought to aggregate in 

supersaturated solutions in order to form amorphous calcium phosphate as a precursor 

to hydroxyapatite. Since then, experimental95, 102-104, 106-108 and computational 

studies103, 104, 109, 110 have built on the original “Posner cluster” to the point where 

these clusters can be imaged. Dey et al.102 used HR-cryo TEM to image aggregates of 

calcium phosphate pre-nucleation clusters (PNC) in 2010. Figure 1.10 contains a 

TEM image showing aggregates of PNCs on an arachidic acid monolayer. The 

negative charge of the deprotonated carboxylic acid is intended to mimic acidic 

amino-acids from biomineralization proteins17. The average diameter of the adsorbed 

prenucleation cluster was found to be 0.9 ± 0.2 nm through extrapolation of defocus 

values. Dey et al. obtained a set of TEM images that showed calcium phosphate 

mineralization upon a fatty acid (arachidic acid) monolayer and proposed the process 

occurs through five stages, shown in Figure 1.11.   

Figure 1.10: Cryo-TEM image showing 
the aggregation of calcium phosphate 
prenucleation clusters on a arachidic acid 
monolayer from a simulated body fluid 
(SBF). The black dots in Panel a are gold 
nanoparticles to function as fiducial 
markers for tomography. Scale bar is 20 
nm. Panel b shows an estimation of the 
prenucleation cluster diameter through 
the extrapolation of measured diameters 
obtained from the HR-cryo TEM images 
at various defocus values. Panel c shows 
a computational representation of a 
“Posner” cluster with a diameter of 0.95 
nm. Figure obtained from Dey et al.102 
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The first stage of calcium phosphate mineralization proposed by Dey involves the 

formation of prenucleation clusters from the free Ca2+ and PO4
3- present in solution. 

This is followed by aggregation and adsorption of these clusters on to the negatively 

charged carboxylic acid groups of the arachidic acid layer resulting in the initial 

nucleation of calcium phosphate at the air-liquid interface. These prenucleation 

clusters continue to aggregate until they form stable critical nuclei, after which an 

amorphous calcium phosphate can start to form. Crystallization into hydroxyapatite 

will occur given kinetically favourable conditions. 

 

Figure 1.11: Schematic showing the five proposed stages of calcium phosphate 
crystallization on an arachidic acid monolayer at the air-liquid interface. Figure obtained from 
Dey et al.102 
 

The complex nature of biomineralization systems requires a variety of techniques to 

corroborate findings. The use of cryo-TEM for studying such systems is not without 

limitations. The ex-situ nature of most microscopy techniques render them prone to 

artefacts arising from the sample preparation procedure, along with the assumption 

that the system observed is the same as its native state. Another limitation is that only 

specific regions are investigated, with images from these regions assumed to be 

representative of the entire system. Accordingly, researchers have attempted to study 

pre-nucleation clusters in-situ.104, 111, 112 Uysal et al.107 used synchrotron grazing 

incidence off-specular X-ray scattering experiments to observe calcium phosphate 

pre-nucleation clusters on a heneicosanoic acid monolayer, shown in Figure 1.12. 

Their experiments found a 9.8 Å thick mineral layer under the fatty acid layer. Uysal 

observed that with increasing Ca2+ concentration the pre-nucleation cluster layer 



	   26	  

increased in density but not in thickness. It was noted that pre-nucleation cluster 

adsorption occurred immediately and was not exclusive to the physiological 

temperature of 37°C, as the mineral layer also formed at 10°C.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.12: Synchrotron X-ray reflectivity profiles showing fringes arising from phase 
interaction caused by thin film assembly of a stearic acid monolayer containing adsorped 
prenucleation clusters below.  Obtained from Uysal et al.107 
 

Habraken et al.28 have used in-situ AFM to monitor nucleation and growth of calcium 

phosphate particles on a collagen substrate. Figure 1.13, shows the AFM images of a 

section of a collagen substrate exposed to a solution containing supersaturation levels 

of σAP=3.08, σOCP=1.51 and σACP=-0.23. These images reveal the nucleation of 
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hydroxyapatite and the growth of these individual particles over 88 min. They also 

noted a large change in the number of nucleation events over 1 µm2 with time and 

how dependent this trend was with the supersaturation levels of apatite (AP), 

octacalcium phosphate (OCP) and amorphous calcium phosphate (ACP).  

 

Figure 1.13: AFM images showing the nucleation of hydroxyapatite on a collagen substrate. 
Panels a-c show the surface after 4.5 min, 17 min, 88 min, respectively. These images were 
taken with supersaturations of σAP=3.08, σOCP=1.51 and σACP=-0.23, for apatite, octacalcium 
phosphate and amorphous calcium phosphate, respectively. Panel d shows nucleation of ACP 
particles, followed by the transformation into octacalcium phosphate in panels e & f, after 9.2 
min, 61 min and 100 min, respectively. These images were taken with supersaturations of 
σAP=3.36, σOCP=1.76 and σACP=0.04. All scale bars = 100 nm. Panel g shows the increasing 
amount of hydroxyapatite nucleation events over time with changing supersaturation 
conditions. Where;  
1 = σAP=3.08, σOCP=1.51 and σACP=-0.23,  2 = σAP=3.24, σOCP=1.65 and σACP=-0.08       
3 = σAP=3.31, σOCP=1.71 and σACP=-0.02, 4 = σAP=3.45, σOCP=1.83 and σACP=0.13        
5 = σAP=3.46, σOCP=1.84 and σACP=-0.13, 6 = σAP=3.47, σOCP=1.85 and σACP=0.13  
Figure obtained from Habraken et al.28. 
 

The continued use of in-situ techniques to study the early stages of biomimetic 

mineralization will allow for novel properties of these systems to be discovered. The 

ability to observe pre-nucleation cluster adsorption and manipulate amorphous and 

crystalline mineral nucleation results in greater control for researchers to develop 

novel and useful materials. 
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1.4 Research Novelty and Aims 
1.4.1 Research Novelty 
 
The work presented in this thesis targets the frontier research areas that were 

previously mentioned. Chapter 4 describes the air-liquid mineralization of calcium 

phosphate using zein and hexadecanoic acid (HDA). The thin mineral films produced 

were shown to be amorphous and with the use of in-situ ellipsometry the earliest stage 

of mineralization could be investigated. The moment the aqueous simulated body 

fluid (SBF) phase separated to produce to calcium phosphate was categorized as the 

induction time and was observed for many measurements. This shift from no presence 

of mineral to the advent of mineralization is very rarely noted in the literature28. The 

air-liquid interface provides the smooth, flat surface required for quality ellipsometry 

measurements. Therefore, calcium phosphate mineralization can be adequately 

probed by exclusively inducing mineralization at the air-liquid interface. 

 

The second results chapter shows how a 120 bilayer chitosan and iota-carrageenan 

template was used to mineralize calcium phosphate and calcium carbonate, resulting 

in a strikingly iridescent, free-standing film. The use of simulated seawater allowed 

for a biomimetic method of calcium carbonate mineralization. The early stages of 

mineralization were also of interest within these hydrogel films, with small angle 

neutron scattering (SANS) measurements allowing for 30 minute and 3 hour 

“snapshots” of the film to be taken. Cryo-SEM was able to confirm the structures 

found within the swollen state, which was modeled by SANS. The effects of Cu2+, 

Zn2+, Cd2+ and Pb2+ heavy metal ions on the physical properties of these mineralized 

multilayered films were also investigated. The emphasis of this chapter’s results is on 

the ability to study the mineralized films while hydrated, which provides a novel 

insight into bio-mimetic mineral analysis. The difficulty of obtaining well-prepared 

cryogenic samples and obtaining neutron beam-time would explain to the lack of 

these forms of analysis in the literature. 

 

The third results chapter involves the characterization of a 2-bilayer chitosan and iota-

carrageenan film using in-situ ellipsometry. The large thickness (~4000 nm) of the 

swollen biopolymer thin film resulted in a very interesting ellipsometry signal. 

Typical ellipsometry experiments are designed to characterize thin films between 1 



	   29	  

and 400 nm, using changes in polarization and ellipticity upon reflection. The set of 

ellipsometry data presented in this chapter, show oscillating changes in these optical 

properties. Since the swollen 2-bilayer film was thicker than the wavelength of 

incident light (632.8 nm), an oscillating signal is observed due to phase interactions. 

This optical phenomenon forms the basis for X-ray and neutron reflectivity 

measurements and has not been reported for studies using ellipsometry. The reason 

for the absence of oscillating ellipsometry signals in the literature could be the large 

angular step-size (single-wavelength ellipsometer) or large wavelength increment 

(single-angle ellipsometer) that an experimenter might use to investigate their thin 

films. The signals that were displayed in the third results chapter required an angular 

step-size of 0.1° in order to resolve the oscillating features. If a significantly larger 

step-size is used then poor resolution of an oscillating signal would lead to a dismissal 

of the data as noise.  

1.4.2 Research Aims 
 
The general aim of the research presented in this thesis is to provide novel organic 

templates and methods to induce and study biomimetic mineralization. The specific 

aims that are addressed within the three results chapters are: 

 

1. Identify differences between calcium phosphate thin films grown using 

zein and HDA templates at the air-liquid interface. 

2. Corroborate of in-situ ellipsometry measurements using complementary 

techniques. 

3.  Quantitatively identify the effect of pH and SBF ionic composition, in the 

form of  Mg2+, PO4
3- and HCO3

-, on calcium phosphate mineralization 

kinetics. 

4. Be able to probe and obtain structural information of the early stages of 

calcium phosphate mineralization. 

5.  Show the successful formation of multilayered biopolymer film from 

layer-by-layer assembly of chitosan and iota-carrageenan. 

6.  Induce mineralization of calcium phosphate and calcium carbonate using 

simulated body fluid and simulated seawater, respectively, as a non 

intrusive method for mineral formation. 
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7.  Identify the effect of the following heavy metal ions, Cu2+, Cd2+, Zn2+ and 

Pb2+ on the mineralization of calcium phosphate and carbonate within the 

multilayered biopolymer films.  

8. Obtain a 1-2 bilayer chitosan and iota-carrageenan film and corroborate 

thicknesses found using ellipsometry and X-ray reflectivity. 

9. Evaluate the effect of the following heavy metal ions, Cu2+, Cd2+, Zn2+ and 

Pb2+, on mineralization kinetics of calcium phosphate and carbonate 

formation with exposure to SBF and SSW. 
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Chapter 2 
 

Experimental theory 
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Experimental Theory 
This chapter outlines the theory behind the instruments used for in-situ 

characterization of materials formed in this thesis. The optical phenomena behind 

ellipsometry, x-ray and neutron reflectivity and scattering will be explained. 

2.1. Ellipsometry Theory 
 
An ellipsometer measures changes in the optical properties of incident light upon thin 

film reflection. The two optical properties113-116 that this instrument measures are Ψ 

and Δ, which correspond to the change in polarization and ellipticity, respectively. 

The components of the polarized waves are called s and p, named after the direction 

of their oscillations either perpendicular or parallel to the plane of incidence, 

respectively. Figure 2.1 shows an example of incident light containing a 1:1 ratio of s 

and p polarized light changing polarization upon thin film reflection. 

Figure 2.1: Schematic showing how selected polarizations can be reflected off a thin film 
surface at a particular angle. The incident light contains 1:1 s and p polarized light, which can 
be achieved by having the polarizing filter set to 45°, upon reflection a different phase 
composition of light emerges. 
 

The reflected light has a real and an imaginary component due to the real and 

complex dielectric constants for a given material. The more a material attenuates a 

certain polarization of light upon reflection, the larger the imaginary component of the 

reflectivity becomes. This causes linearly polarized light to become elliptical upon 

reflection, which is detected by the ellipsometer. The complex reflectance ratio, p, is 

obtained by applying Equation 2.1 to the measured values of Ψ and Δ. The real, Re(r), 
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and imaginary, Im(r), components of the reflected light can be obtained using 

Equation 2.2. 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟏                                                                                                                    𝒑 = 𝑡𝑎𝑛ψ𝑒(!𝚫) 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟐                                                                               𝒑 =    𝑅𝑒(𝑟)! + 𝐼𝑚(𝑟)! 

 

When displaying ellipsometry data it is very common for the ellipsometric parameters 

𝑥 and 𝑦 to be displayed, rather than Ψ and Δ. These alternate values are mathematical 

transformations of the real and imaginary components of the reflected light and this 

notation is used to minimize measurement errors and ambiguities arising from square 

root and trigonomic conversions. Ellipsometric 𝑥 and 𝑦 are obtained from the Re(r) 

and Im(r) by Equations 2.3 & 2.4, respectively. 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟑                                                      𝑥 = 𝑅𝑒(𝑟)
2

1+ 𝑅𝑒(𝑟)! + 𝐼𝑚(𝑟)! 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟒                                                        𝑦 = 𝐼𝑚(𝑟)
2

1+ 𝑅𝑒(𝑟)! + 𝐼𝑚(𝑟)! 

 

Ellipsometry measurements are typically conducted around the Brewster angle, (θ!), 

for a given interface. This is the angle at which no p-polarised light is reflected from 

that interface, at angles above and below θ! the changes in ellipsometric 𝑥 and 𝑦 are 

Figure 2.2: Schematic how at the Brewster angle of a particular interface the reflectivity 
of p-polarized light = 0 
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the most significant allowing for a stronger signal when collecting data. Figure 2.2. 

provides a schematic of the Brewster angle, showing the refractive index for the 

incident medium (n1) and for the substrate (n2). Equation 2.5. gives θ! as a function 

of the two refractive indices. For the air-water interface the θ! is calculated to be 

53.1° and for the air-silicon interface it is 75.6°, where nH2O = 1.333, nSi = 3.884 and 

nair = 1.001. 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧  𝟐.𝟓                                                                                              θ! = 𝑡𝑎𝑛!!  (  
𝑛!
𝑛!
  ) 

 

The lack of reflectivity of p-polarised at the Brewster angle can be exploited in order 

to observe the formation of thin films with a thickness >20 nm, given a sufficient 

refractive index contrast from the ambient. This forms the basis of Brewster angle 

microscopy which can be performed on an imaging ellipsometer. An example of  

Brewster angle images of calcium phosphate thin film formation at the air-liquid is 

shown in Chapter 4. However, this technique does not provide quantitative results of 

the physical properties of the thin film.  

 

In order to obtain physical properties of the thin film, the optical properties from the 

ellipsometry data must be modeled. The thickness (Δz) and dielectric constant (ε!) of 

the thin film are related to the reflectivity of s (rs) and p (rp) polarized light through 

Equation 2.6 and 2.7, where;    qi = !
!
  𝑛!𝑐𝑜𝑠θ!,     Qi = !!

𝛆!
,   s = sin  (𝑞Δz) and c = 

cos  (𝑞Δz). 

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧  𝟐.𝟔                                                                                            𝑟!   =   
𝑞 𝑞! −   𝑞! 𝑐 + 𝑖 𝑞! − 𝑞!𝑞! 𝑠
𝑞 𝑞! −   𝑞! 𝑐 − 𝑖 𝑞! − 𝑞!𝑞! 𝑠

     

 

              𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧  𝟐.𝟕                                                                                      −𝑟!   =   
𝑄 𝑄! −   𝑄! 𝑐 + 𝑖 𝑄! − 𝑄!𝑄! 𝑠
𝑄 𝑄! −   𝑄! 𝑐 − 𝑖 𝑄! − 𝑄!𝑄! 𝑠

     

 

The modeling software optimizes the Δz and 𝛆!  by minimizing Χ2 (Chi squared) 

between the observed and the fitted model. 
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2.2. Reflectivity Theory 
 

A reflectivity (x-rays or neutrons) measurement is conducted by measuring the 

reflection intensity as a function of momentum transfer. The momentum transfer (qz) 

of a wave or particle is the change in momentum either in energy or direction upon 

reflection or scattering. In the cases of the reflectivity and scattering data presented in 

this thesis, the momentum transfer solely represents directional change in the 

reflected/scattered radiation. Momentum transfer without energy loss is commonly 

called elastic scattering. Figure 2.3 and the equations below show how momentum 

transfer is deduced. 

Figure 2.3: Schematic showing the wave-vectors of the incident (ki) and reflected (kf) 
radiation. The reflectivity shown here is specular, which means the angle of incidence is the 
same as the angle of reflection. Momentum transfer in the z direction is shown as qz. 

Wave-vectors for the incident (ki) and reflected (kf) radiation are given as 
𝟐𝝅
𝝀

, which 

describes the amount of oscillations completed per unit space. The wave-vector only 

changes direction upon reflection, with qz representing the shift in position. Changes 

in qz are dependent on the angle of incidence (θ) and the wavelength of the incident 

radiation. Equation 2.5. can be obtained from Figure 2.3 using trigonometry. 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟓.                                                                                                  𝑞! =
4𝜋𝑠𝑖𝑛𝜃  

𝜆  

 

This expression used to calculate momentum transfer (qz) from a given incident angle 

and radiation wavelength. For X-ray reflectivity measurements shown in this thesis, a 

single wavelength (Cu Kα = 1.54 Å) is used, therefore in order to obtain a reflectivity 

over a suitable q-range the angle must constantly change. However, for the neutron 
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reflectivity measurements a time-of-flight detector is used. This allows the energy of 

the neutrons to be detected based on its speed, where faster neutrons have higher 

energy. A chopper system allows for the collimated neutron beam to be pulsed 

allowing for a selection of neutron wavelengths to be reflected and detected (typically 

between 2 – 20 Å). This allows for reflectivity of a certain q-range to be obtained at a 

particular angle. 

 

Upon thin film reflection (thickness between 1-100 nm), phase interactions can occur 

since the wavelength of the probing radiation is smaller than the thickness of the thin 

film. These phase interactions cause constructive and destructive interferences, which 

lead to oscillating reflection intensities as a function of momentum transfer. A 

schematic showing constructive and destructive interference as a function of angle of 

incidence is shown in Figure 2.4. This oscillating intensity with changing angle 

occurs due to the longer distance the incident beam has to propagate through the thin 

film medium before reflecting at the thin film-substrate interface causing a different 

phase interaction with another reflective wave from the ambient-thin film interface. 

 

The frequency and amplitude of these oscillating signals are proportional to the thin 

film thickness and scattering length density contrast (SLD), respectively. Modeling 

software is able to optimize Χ2
 (chi squared) by altering (within physically reasonable 

limits) the thickness and SLD of the thin film in order for the model to better fit the 

observed data. 

Figure 2.4: Schematic showing phase interaction of two waves to cause a change in the 
degree of constructive interference with changes to angle of incidence (Panel A to B). 
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2.3. Small Angle Scattering Theory 
 

Small angle X-ray/neutron scattering measures scattering intensity as a function of 

momentum transfer. The scattered intensity is considered to be elastic, similar to 

reflectivity. However, instead of scattering from a thin film, small angle scattering 

experiments collect information from scattering objects in the bulk that can have any 

nano-scale shape (typically between 1-100 nm). Figure 2.5 shows a schematic of 

incident X-rays/neutrons scattering from a colloidal system and hitting a 2D detector. 

 

 
 
  
 
 
 
 
 
 
 

 

The scattering intensity is proportional to the number of scattering objects and the 

square of the SLD contrast between the scattering object and the medium. Although, 

the measured scattering profile can contain information about the size, shape and SLD 

of the scattering object, the phase problems prevents inversion of data to real-space 

shape. This leads the requirement of fitted models to be verified by complementary 

techniques, since two different models can explain the same scattering pattern. The 

small angle X-ray and neutron scattering data is shown in chapter 5. The models used 

to fit the observed data were a Power law model for the SAXS and a combination of 

Power law, Gaussian Lorentz gel, and lamellar model, was used for the SANS data in 

order to account for all the scattering features observed in the data. 

 

Equation 2.6 shows the relationship between scattering intensity, I(q), and momentum 

transfer, q, in the Power law model117. The parameter m provides an indication of the 

overall shape of the scattering object at low q (large structures). Since scattering data 

Figure 2.5: Schematic showing scattering of incident radiation upon contact with a colloidal 
dispersion. The scattered X-rays or neutrons hit a 2D detector where its position is measured 
and the momentum transfer can be calculated. 
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is displayed on a log-log plot (scattering intensity vs. q) the exponent m appears to be 

a slope, and is generally referred as power law slope117-119. The slope at which 

scattering intensity decreases as a function of increasing q provides information of the 

dimensions of the overall shape of the scattering object. Where an m value of 2 is 

generally characteristic of scattering from random coils120, an m value of 3 is typical 

of mass fractals117, 121. The m value cannot exceed 4, which arises from scattering of a 

smooth flat surface117. The parameter, scale, provides an offset to the data, and bck is 

the background intensity after which no significant signal is obtained. 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟔                                                                𝐼 𝑞 =   𝑠𝑐𝑎𝑙𝑒 ∗ 𝑞 !! + 𝑏𝑐𝑘 

 
 
Equation 2.7 displays how q is related to I(q) when lamellar model122 scattering is 

present. The two physical parameters in this model are ∆𝑝  (neutron SLD contrast 

between the lamellar and the solvent) and 𝛿, which is bilayer thickness in Å. Equation 

2.8 shows the function P(q) which describes the form factor that is part of the lamellar 

model. 

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟕                                                                                      𝐼 𝑞 =   2𝜋
𝑃(𝑞)
𝛿𝑞!  

 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟖                                    𝑃 𝑞 =   
2∆𝑝!

𝑞! (1− cos 𝑞𝛿 ) 

 
 
Equation 2.9 describes the Guassian Lorentz model, which is typically used to model 

scattering features arising from the spacing between polymers within hydrogel 

systems. The physical parameters in this model include; Ξ, which is the static 

correlation length (Å) rising from static cross-links within the biopolymer gel and 𝛇  , 

which is the dynamic correlation length occurring from fluctuating chains of the 

polymer chains between cross-links.123 

𝑬𝒒𝒖𝒂𝒕𝒊𝒐𝒏  𝟐.𝟗                                    𝐼 𝑞 =    𝐼! 0 𝑒(
!!!𝚵𝟐
𝟐 ) +   𝐼!(0)/(1+ 𝑞!𝛇!) 

 
Non-physical parameters in this model include IG and IL, which are the scale factors 

for the Gaussian and Lorentz distribution curves used to fit the observed scattering 

data. 
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Chapter 3 
 

Methods and materials 
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3.1 Materials 

3.1.1 Chemicals 
Zein protein (CAS 9010-66-6, 95% purity) and hexadecanoic acid (CAS 57-10-3, 

99% purity) were obtained from Sigma Aldrich and used without further purification. 

Ultrapure H2O was used in all experiments, obtained from a Merck Millipore Type I 

water (resistivity = 18.2 MΩ.cm) dispenser. Laboratory reagent grade ethanol (96% 

purity) was obtained from Sigma Aldrich). Ethanol-water solutions (80:20 by volume) 

of zein were prepared at a concentration of 1 mg mL-1. HDA was dissolved in 

chloroform to make a 0.5 mg mL-1 solution. The NaCl, KCl, NaHCO3, Na2CO3 

MgCl.6H2O, CaCl2.2H2O and NaH2PO4 salts used to prepare the simulated body fluid 

and simulated seawater were also obtained from Sigma Aldrich. Deuterated 

hexadecanoic acid (d-HDA) was kindly donated by Tamim Darish and was 

synthesized at the National Deuteration Facility, ANSTO, Sydney, by hydrothermal 

H/D exchange reaction using Pt/C in D2O at 220°C. The d-HDA (98% D, by NMR) 

was dissolved in chloroform to make a 0.1 mg mL-1 solution. 

Chitosan (medium molecular weight, CAS 9012-76-4, 98% purity) and iota-

carageenan (CAS 9062-07-1, 98% purity) were obtained from Sigma Aldrich and 

used without further purification. ZnCl2, CuCl2, CdCl2 and PbCl2 salts were also 

obtained from Sigma Aldrich. 

 

Silicon wafers were obtained from ElCat with the following specifications; 

Diameter = 76 mm 

Dopant = P/Boron 

Resistivity = 5-10 Ohm.cm 

Orientation = (100) ± 0.5° 

Thickness = 380 ± 25 µm 

Surface/Backside = Polished/Lapped, Etched 

3.1.2 Simulated Body Fluid Preparation 
 
Simulated body fluid (SBF) was prepared by dissolving various salts in Milli-Q H2O, 

following a the formulation reported by Tas and Bhaduri.124 Table 3.1 shows 

concentration of ions within a standard SBF solution, denoted here as 1×SBF. 

Experiments were conducted using 1× and 2×SBF, where the latter refers to a SBF 
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solution with twice the standard concentration of all ions and hence double the ionic 

strength.  

 

Table 3.1. Concentration of ions in 1× SBF solution. 
 Solution pH = 7.4, ionic strength = 193 mmol L-1. 
Ion Na+ K+ Ca2+ Mg2+ Cl- HPO4

2- HCO3- 

mmol L-1 150 5 3 1 152 1 10 

 

3.1.3 Simulated Seawater Preparation 
Simulated seawater (SSW) was prepared following an adapted protocol by Kester et 

al.125 The concentration of the ions present and the SSW pH and ionic strength are 

shown in Table 3.2. In order to mineralize calcium carbonate at a similar rate to 

calcium phosphate by the SBF, the SSW was diluted with Milli-Q H2O sixteen fold 

and Na2CO3 was added to provide a 1:1 molar ratio of Ca to CO3
2-. The similar 

mineralization rates between the diluted SSW and SBF are confirmed by the in-situ 

ellipsometry measurements at the solid-liquid interface which gave a mineralization 

rate of 2.2 nm min-1. 
 

Table 3.2. Concentration of ions in SSW solution. 
 Solution pH = 6.8, ionic strength = 577 mmol L-1. 
Ion Na+ K+ Ca2+ Mg2+ Cl- HCO3- 

mmol L-1 411 9 10 53 474 2 

3.1.4 Chitosan/Iota-carrageenan Multilayer Film Preparation 

An aqueous chitosan solution was prepared at 1 mg mL-1, in order to achieve 

complete dissolution of chitosan 2 vol% acetic acid was added. An aqueous iota-

carrageenan solution was prepared at a concentration of 5 mg mL-1, the complete 

dissolution of the iota-carrageenan powder required the solution to be heated to 65°C 

for 30 min. The 5 mg mL-1 iota-carrageenan solution was stored in an oven at 42°C 

until needed.  

 

Multilayer chitosan/iota-carrageenan films were prepared by dip-coating glass 

microscope slides sequentially into the chitosan and iota-carrageenan solutions at 

20°C. Glass slides were pretreated in piranha solution, following the method 

described by Canning et al.126 The immersion time for each dip into biopolymer 
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solution was approximately 20 s after which the slides were withdrawn and excess 

solution removed by dabbing on a paper towel. A total of 12 bilayers were coated 

onto each slide before allowing the films to dry in air. Once dried another 12 bilayers 

of the biopolymers were added followed by drying. The intermediate drying step was 

necessary to the prevent films bulging excessively and to maintain uniformity. This 

same strategy can be implemented to produce multilayered films comprising hundreds 

of bilayers.  

3.1.5 Chitosan/Iota-carrageenan Multilayer Film Mineralization 
The multilayered chitosan/iota-carrageenan films were mineralized by initially 

immersing the film in an SBF or SSW without added CaCl2 or Na2CO3, respectively 

for 5 min. After this time either CaCl2 or Na2CO3 was added to create a 

supersaturated solution with respect to SBF and SSW. This method was used in order 

to cause film to hydrate in a buffered environment and to ensure a more uniform 

mineralization. Films were mineralized at 25°C for a specified period of time. 

3.2 Characterization Methods 

3.2.1 Scanning Electron Microscopy (SEM) and Cryo-SEM 
Thin film specimens were morphologically examined using a Phillips XL-30 field 

emission gun scanning electron microscope (FEGSEM). The micrographs taken were 

recorded using an electron gun with an operating accelerating voltage of 5kV. Both 

flat mount and cross-sectional samples were mounted onto carbon taped stubs and Pt 

sputter coated for 1 minute. 

3.2.2 Cryo-Transmission Electron Microscopy (Cryo-TEM) 
 
Cryo-TEM images were obtained using a Tecnai TF20 (FEI Company, Eindhoven, 

The Netherlands) operating at 200 kV accelerating voltage. The camera was an 

Ultrascan 1000 (Gatan, Pleasanton, Ca., USA) and the cryostage was a Model 626, 

also from Gatan. Grids were 400-mesh copper with parlodion/ carbon coating. The 

cryo ultramicrotome was a Model EM UC7 (Leica Microsystems, Vienna, Austria). 
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3.2.3 Ellipsometry - Imaging ellipsometer and Picometer ellipsometer  
 
In-situ ellipsometry measurements at the air-liquid interface were taken on a 

Beaglehole Instruments Imaging127 Ellipsometer at variable angles (40°<θ< 60°) 

using a quartz halogen light source  with a wavelength of 632.8 nm selected by an 

interference filter. Data was fitted using the software Thin Film Companion.128 A 

refractive index of 1.433 was used for modeling the amorphous calcium phosphate129 

layer, and 1.450 for the zein protein.130 The air-liquid interface was made available by 

suspending 10 mL of liquid over a 50 × 50 mm Teflon well. Either 50 µL of the 1mg 

mL-1 zein protein solution or 10 µL of the 0.5 mg mL-1 HDA solution was spread on 

the surface to induce mineralization during the ellipsometry experiments. 

Measurements were taken at 20°C every 4 minutes during mineralization and plotted 

to show the mineral film growth over time. The first derivative was taken to show the 

growth rates. 

 

In-situ ellipsometry measurements at the solid-liquid interface were conducted using a 

Beaglehole Instruments Picometer131 Ellipsometer at variable angles (62° to 70°, step 

size 0.2°) using a red HeNe laser light source with a wavelength of 632.8 nm. The 

collected data was fitted using the software modelling macros on Igor Pro. A Si wafer 

was dip-coated with two bilayers of chitosan and iota-carrageenan, this substrate was 

then dried and cut into 10 × 10 mm pieces to be placed into a flow-cell containing 

either SBF or SSW. Each data set showed a series of oscillations, arising from 

constructive and destructive interference from phase interaction of incident light with 

the thin film. The measured data was fitted with a 4-layer model. The fixed 

parameters were the substrate (Si wafer, refractive index = 3.876), native silicon oxide 

layer (thickness = 2.5 nm, refractive index = 1.457) and the aqueous ambient (H2O 

and Glass container, refractive index = 1.4), refractive indices were obtained from the 

materials library provided by the simulation software. The fitted parameters used 

were the refractive indices and thicknesses of the hydrated surface layer, mineralising 

biopolymer layer and the dry layer. This dry layer is a feature that is consistently 

reported in polymer swelling studies.116 
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3.2.4 X-ray Diffraction (XRD) 
X-ray diffraction (XRD) was performed on a PANalytical Empyrean instrument. Cu 

Kα X-rays were generated using a rotating Cu anode that was operated at a voltage of 

45 kV and a current of 40 mA. Diffracted X-rays were detected using a 1-D PIXCEL 

detector, and processed using the X’Pert Data Collector software.  

3.2.5 X-ray Reflectometry (XRR) 
X-ray reflectometry measurements were obtained using the same instrument as the 

XRD, however the sample stage, incident and diffracted optics were changed to allow 

operation in reflectivity mode. A reflection-transmission stage was switched for an 

XYZ stage, the automatic divergence slit was replaced with a Bragg-Brentano mirror 

and the fixed plate collimator was replaced with a parallel plate collimator. A slit 

width of 1/16° was used to condition the beam. Reflected X-rays were detected using 

a 1-D PIXCEL detector, and processed using the X’Pert Data Collector software. The 

obtained data was fitted using the MOTOFIT132 macro on Igor Pro. 

3.2.6 Neutron Reflectometry (NR) 
Neutron reflectometry (NR) was performed on the PLATYPUS133 time-of-flight 

reflectometer at ANSTO, Lucas Heights, Sydney, Australia. The neutron 

reflectometry measurements taken were of the zein protein layer assembled at the 

air/water interface on the surface of D2O and Null Reflecting Water (NRW, a mixture 

of H2O and D2O with a neutron scattering length density = 0). These reflectivity 

profiles were co-refined and fitted using optical matrix formalism in the program 

MOTOFIT132 to obtain the thickness, scattering length density, roughness,  and 

solvent % for each modeled layer. A three-layer fit was the minimum required to 

adequately model the features in the data. The reflectivity profiles were obtained by 

combining measurements at two angles (1.1˚, 4.8˚) using a wavelength range of 2 Å – 

20 Å, providing a useable Qz-range between 0.005 Å-1 < Qz < 0.22 A-1. From a 1 mg 

mL-1 zein protein solution, 100 µL was spread onto a 200 mm × 50 mm Teflon trough 

that contained 50 mL of either D2O or NRW, measurements were taken approximately 

5 minutes after spreading protein. The mineralization experiments were conducted by 

preparing a  ½× SBF in D2O and spreading 100 µL of 0.1 mg mL-1 deuterated-HDA 

on the air-liquid interface. 
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3.2.7 Small Angle X-ray Scattering (SAXS) 
Small angle X-ray scattering measurements were conducted using a Bruker SAXS 

instrument, employing a rotating anode Cu Kα source (λ = 1.541Å). A VANTEC2000 

2D detector with 68 µm resolution containing 2048 × 2048 pixels was used. 

Scattering was obtained from a q-range of 0.01 – 0.4 Å-2. Biopolymer films 

containing 120 bilayers were used in order to achieve significant scattering for data 

collection. A 10 × 5 mm section of each biopolymer film was cut and placed onto the 

sample holder. The obtained data was fitted using SASVIEW134. 

3.2.8 Small Angle Neutron Scattering (SANS) 
Small angle neutron scattering measurements were conducted using the 40 m 

QUOKKA135 SANS instrument at the OPAL reactor at ANSTO, Australia. The 201 

vertical liquid-D2 thermosyphon cold-neutron source reduced the neutron energy to 

allow for elastic scattering. Neutron wavelengths of 5.0 and 8.1 Å were obtained 

using a velocity selector, a sample detector distance of 1.3 and 12 m were used for the 

former wavelength and 20 m for the latter. Biopolymer films were from the same 

microscope slide as the sample taken for the SAXS measurements. Each biopolymer 

film was cut into circular sections, 12 mm diameter, and rested between two quartz 

slides and placed into a demountable cell for measurement. The films were swollen 

using 600 µL of SBF or SSW buffer without Ca2+. Empty cell, and D2O samples were 

also measured to provide adequate background subtraction. The obtained data was 

also fitted using SASVIEW134. 

3.2.9 X-ray Photoelectron Spectroscopy (XPS) 
X-ray photoelectron spectroscopy (XPS) measurements were taken using a Kratos 

Axis UltraDLD equipped with a hemispherical electron energy analyser. 

Monochromatic Al Kα X-rays were used to illuminate an area of 300 × 700 µm. Data 

was analysed using CasaXPS136 software. The zein-induced calcium phosphate films 

were grown for 24 h and the “top” (air-facing) and “bottom” (solution-facing) sides 

were distinguished by carefully flipping over a section of the thin film specimen. 

3.2.10 Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier transform infrared (FT-IR) measurements were conducted using a 

PerkinElmer UATR Two. The zein and HDA-induced calcium phosphate thin films 

were carefully scooped from the air-water interface and dried. The obtained powder 
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was collected and spectra were collected from 500 – 4000 cm-1, using a resolution of 

2 cm-1. 

3.2.11 Inductively Coupled Plasma – Mass Spectrometry (ICP-MS) 

Prior to measurement the 60-bilayer chitosan/iota-carrageenan thin film samples were 

weighed into Maxi-44 teflon vessels, mixed with 4 mL HNO3 (69% Tracepur- Merck) 

and digested at 200 °C for 15 minutes in an Ethos-Up microwave reaction system, 

then made up to 50 mL with deionised water. The final weight was obtained and the 

final volume was found by applying a density factor (1.049 g/mL).   All results were 

back-calculated to the original sample.   The sample was quantitatively analysed for 

desired elements on an Agilent 7700 ICP-MS in He mode to reduce polyatomic 

interferences.  Calibration standards were prepared in 5% HNO3 solution from 1000 

ppm Single element standards (Peak Performance, CPI International).  An online 

internal standard (iSTD) of 5ppb Tb was used to monitor and correct for instrument 

drift and matrix effects.    

3.2.12 Quartz Crystal Microbalance with Dissipation (QCM-D) 
QCM-D measurements were obtained using a Q-sense137 E4 instrument (Q-sense, 

Gothenburg, Sweden) with  flow of solutions into the four samples cells controlled by 

a peristaltic pump (Ismatec SA, Glattbrug, Switzerland). Sensor crystals used were 

coated with SiO2 (QSX-303) from Q-sense. Chitosan and iota-carrageenan were 

alternately followed through the cells at concentrations of 0.1 mg mL-1. A 

concentration lower than that used by dip-coated had to be used to prevent blockage 

in the tubing due to aggregations of the two biopolymers. QCM measurements were 

conducted at a tempature of 25 °C.The QSoft software is used to operate the 

instrument and record the data and data analysis is carried out using QTools software. 
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Chapter 4 
 

Formation of calcium phosphate thin films at the air-liquid 

interface using zein protein and hexadecanoic acid monolayers 
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4.1. Introduction 
In natural biomineralization systems the charged groups of amino acids units in 

biomineral forming proteins are critical for ion adsorption and crystal nucleation.33, 37, 

82, 138 However, extraction or expression of these specific proteins is not practical for 

large-scale production of calcium phosphate biominerals. Alternative biomolecules 

are therefore of interest as templates for inducing biomimetic mineral growth. Those 

studied to date include phospholipids138-140, fatty acids107, 141, 142 and proteins such as 

collagen, protamine and immunoglobulin.36, 44, 111, 143-146 These biomolecules are 

generally amphiphilic, a property which allows for self-assembly into useful and 

reproducible structures with exposed functional groups that promote ion adsorption 

and induce biomineral nucleation. Biominerals have been fabricated using self-

assembled monolayers147-150, fibrils30, 37, 146, 151 and vesicles139, 140 which allow for a 

high control of biomineral size and morphology. Bio-inspired approaches for mineral 

synthesis are typically characterised by their narrow particle size distributions38, 

intricate structures152, 153 and environmentally benign synthesis procedure.2, 44, 86  

 

Conventional biomineralization strategies produce low yields38, 78 due to limitations 

imposed by the scarcity of relevant organic templates. For large-scale biomimetic 

synthesis of nano-structured films and powders, the organic template should be 

inexpensive, abundant, environmentally benign and sustainably sourced. Zein protein, 

which comprises 45-50% of the protein in corn and maize, offers enormous potential 

in this regard.44, 120, 154-160 Zein protein is known have a tertiary structure containing 10 

repeating anti-parallel alpha helices. 161 This structure is the result of a high number of 

hydrophobic amino acid residues, which include Alanine, leucine, isoleucine, valine 

and phenylalanine comprising 48% of the amino acids present.162 Zein displays 

interesting characteristics due to its amphiphilic properties and water insolubility. 

These features allow zein protein to arrange into different nano structures154 that have 

potential for use in drug delivery systems155, film formation158 and mineral 

templating.44 

 

Small volumes of zein protein, dissolved in ethanol-water mixtures and spread onto 

the air-liquid interface, have been shown to form films and also induce calcium 

phosphate growth from simulated body fluids (SBF).44 Scanning electron microscopy 
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studies showed this mineral layer to be continuous and flake-like. Using a SBF 

solution of concentration 10× that found in human blood plasma, mineral films of ~5 

µm thickness were obtained. The calcium phosphate films demonstrated improved 

hardness relative to pure zein films and provided an appropriate environment for the 

attachment, spreading and proliferation of fibroblast cells. This confirms that the 

mineral film produced shows biocompatibility, in the context of cellular growth. This 

work has highlighted the potential zein protein induced mineralization has on 

producing materials for biomimetic scaffolds for tissue engineering. The calcium 

phosphate films produced were characterised post-fabrication. However, researchers 

are yet to study the in-situ mineralization of calcium phosphate from SBF at the air-

liquid interface. 

 

The results presented in this chapter show comparative study using zein protein and 

hexadecanoic acid (HDA) films. Particular emphasis is placed on the use of in situ 

ellipsometry to kinetically follow calcium phosphate (CaP) nucleation and growth on 

zein protein and hexadecanoic acid films assembled at the air-solution interface.  

4.2. Aims 
 
1. Identify differences between calcium phosphate thin films grown using zein and 

HDA templates at the air-liquid interface 

2. Corroborate of in-situ ellipsometry measurements using complementary 

techniques. 

3. Quantitatively identify the effect of pH and SBF ionic composition, in the form of  

Mg2+, PO4
3- and HCO3

-, on calcium phosphate mineralization kinetics 

4. Be able to probe and obtain structural information of the early stages of calcium 

phosphate mineralization. 
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4.3. Results 

4.3.1 Scanning electron microscopy (SEM)  

The SEM images for the HDA/CaP obtained from the air-liquid interface after 1.5 h 

of 2× SBF exposure are shown in Figure 4.1. The surface of the film shows 5 µm 

domains of mineral, which is likely, the result of dehydration causing unoriented 

cracks within the film. The highest magnification of the surface and the cross-section 

images, show a very smooth surface of the “air-facing” side. The cross-section of the 

film shows a flat slab-like film that is approximately 160 nm in thickness. 

 

SEM images for the HDA/CaP film after 2.5 h of 2× SBF exposure are shown in 

Figure 4.2. The surface of this film shows greater coherence than the 1.5 h exposure 

film, with only 300-400 nm cavities existing at least 1 µm apart. The highest 

magnification image of the surface and the cross-section images show that the “air-

facing” retained its high level of smoothness. However, crevasses of approximately 

10 nm in width were resolved on the mineral surface. The highest magnification of 

the cross-section also reveals that the film is made from a collection of 16 nm  

Figure 4.1: SEM images showing HDA/CaP films formed after 1.5 h on a 2× SBF. Panels A 
& B shows the surface and cross-section of the film, respectively at 10,000× magnification. 
Panels C & D show the surface and cross-section of the film at 50,000× and 100,000× 
magnification, respectively. 
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mineral clusters. It is likely that the crevasses observed on the surface are the spacing 

between these clusters. The cross-sections of the film show that it retains its flat slab-

like morphology after an additional hour of mineralization. The mineral film 

thickness is approximately 250 nm. The images shown in Figure 4.1 and 4.2 can be 

considered a “snapshot” of the film after 1.5 and 2.5 h of mineralization in 2× SBF.  

 

The HDA layer is shown to have induced the growth of a flat, continuous CaP 

mineral layer at the air-liquid interface. There is ample evidence from these images 

that the film has grown substantially in the 1 h time period between the “snapshots” at 

2× SBF exposure times of 1.5 and 2.5 h. The improved continuity and the 90 nm 

Figure 4.2: SEM images showing HDA/CaP films formed after 2.5 h. Panels A & B show 
the surface and cross-section of the film, respectively at 10,000× magnification. Panels C & 
D show the surface and cross-section of the film at 50,000×. Panels E & F show the surface 
and cross-section at 200,000× magnification. 
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thickness increase are the result of additional mineralization. 

 

The SEM images for the zein/CaP film after 1.5 h exposure to 2× SBF are shown in 

Figure 4.3. The surface of these mineral films also appears to break into 5 µm 

domains, likely upon dehydration in a high vacuum environment. However, the 

zein/CaP film has divided into smaller pieces and in some cases individual spherical 

units approximately 270 nm in diameter. The highest magnification surface image has 

resolved an additional feature in the form of an approximately 80 nm “seed” present 

in every single spherical unit. There appears to be some depth around the “seed” 

before returning to the same elevation on the sphere’s edge. Cross-sectional images of 

Figure 4.3: SEM images showing zein/CaP films formed after 1.5 h. Panels A & B show the 
surface and cross-section of the film, respectively at 2,500× magnification. Panels C & D 
show the surface and cross-section of the film at 10,000×. Panels E & F show the surface and 
cross-section at 50,000× magnification. 
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the zein/CaP mineral film show that some pieces of the film extending above the 

substrate. However, most of the film is flat on the surface is likely to have been that 

way at the air-liquid interface. The highest magnification cross-section image shows 

the film is made of a collection of hemi-spheres, with the flat surface on the “air-

facing” side and a curved surface towards the “solution-facing” side. The horizontal 

diameter of these hemispheres matches those found from the surface images. The 

thickness of this films is approximately 150 nm. 

 

The SEM images for the zein/CaP film after 2.5 h of 2× SBF exposure are shown in 

Figure 4.4. The surface of the film appears to exist in 25 µm domains showing cracks 

Figure 4.4: SEM images showing zein/CaP films formed after 2.5 h. Panels A & B show the 
surface and cross-section of the film, respectively at 2,500× magnification. Panels C & D 
show the surface and cross-section of the film at 10,000×. Panels E & F show the surface and 
cross-section at 50,000× magnification. 
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between them that suggest the film was once more continuous. Smaller units of 

spherical aggregates are shown to exist between the cracks, suggesting a stress-

induced fracture. The highest magnification surface image shows the film is 

continuous over hundreds of nanometers, however the mineral film surface contains 

dimples approximately 120 nm in diameter. These are likely to be the result of further 

mineralization causing the aggregation of hemi-spherical units. The cross-section 

images also show large parts of the film extending above the substrate. The highest 

magnification cross-section reveals a less curved “solution-facing” surface of the 

hemispheres. The morphology of the “air-facing” side of the film shows the texture 

caused by the depth of the dimples. The thickness of this film was approximately 190 

nm. 

 

The zein layer is shown to have induced the growth of CaP hemispheres, which 

aggregate to form a gradually more coherent film at the air-liquid interface. The 

zein/CaP films show an observable size and morphological difference after the 1 h of 

mineralization between the 1.5 and 2.5 h mineralization “snapshots”. This is evident 

by the aggregation of the hemispherical CaP units induced by the zein layer and a 40 

nm thickness increase over this period. 

 

The HDA and zein-induced CaP films formed at the air-liquid interface show a 

remarkable distinction in morphology. The flat-shaped films and hemispherical 

aggregate films observed can only be attributed to the organic template (HDA or zein) 

used to initiate mineralization. Along with a morphological difference between the 

two mineral films, a difference in thickness was observed with the HDA-induced CaP 

films consistently thicker than the zein-induced films. 
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4.3.2 Ellipsometry 
 

The imaging ellipsometer used to obtain in-situ measurements of mineralization at the 

air-liquid interface can also be used to obtain images at the Brewster angle of a 

particular substrate. Examples of Brewster angle microscopy images of the zein/CaP 

film forming at the air-liquid interface of a 2× SBF are shown in Figure 4.5. The 

images show the surface increasing in brightness over time due to the increased 

reflectivity of p-polarised light as a result of refractive index and thickness changes at 

the surface of the H2O substrate. This provides optical evidence of the emergence of 

thin films as thin as 20 nm. These images can be used to show how uniform the film 

formation is across many mm2, since any patches of H2O will remain dark due to null 

Figure 4.5: Brewster angle (53.1° for H2O) microscopy images showing zein/CaP films 
formed after 10, 30 60 and 120 min on a 2× SBF. Red graticule shows the region of the film 
analyzed by the ellipsometer. 

Figure 4.6: Ellipsometry data and modeled fits of ellipsometric X & Y measurements as a 
function of angle with mineralization over time. 
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reflection of p-polarised light. This is can be observed in Figure 4.5. a section of 

darkness is consistently shown to the top-right of the graticule. Additionally, Brewster 

angle images allow the user to ensure they are reflecting from a coherent film during 

the course of their ellipsometry measurements. 

 

The measured ellipsometric X and Y data and modeled fits for a zein layer on a 1× 

SBF are shown in Figure 4.6. These profiles show the change in ellipsometric X and Y 

as a function of angle for a particular time of mineralization and when plotted 

together it shows how this optical behavior is changing over time. Calcium phosphate 

thin film growth from a 1× SBF under a zein layer at the air-liquid interface shows 

decreases in Y and increases in X over time. The modeled fits for the data collected 

allow the inference of physical properties from the measured optical data. The only 

fitted parameter in the ellipsometry results shown below is a thickness of the forming 

calcium phosphate thin film. 

 

The fitted thicknesses for the formation of a calcium phosphate layer at the air-liquid 

interface for the HDA and zein induced system over a 1× SBF are shown in Figure 

4.7. These profiles show how the thickness of the mineral layer changes over time, 

providing information of the kinetics of mineralization. Mineralization in 1× SBF is 

shown to have an induction period before substantial mineral growth occurs in both 

the HDA and zein systems. For the purpose of fair comparisons, the end of the 

Figure 4.7: Ellipsometry profiles showing thickness and growth rate (first derivative) of CaP 
thin films under an HDA or zein layer at the air-liquid interface of a 1× SBF solution. 
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induction period is the time at which the growth rate is 0.2 nm min-1. The length of 

the induction period is shorter for HDA (45 min), than zein with an induction period 

of 105 min. During this induction period, the measured thicknesses were between 1-3 

nm, after this period rapid mineral growth occurs reaching thicknesses above 100 nm. 

Despite having a longer induction period the zein-induced CaP film reaches a higher 

maximum growth rate of 1.4 nm min-1 compared to the HDA maximum of 0.8 nm 

min-1. The two maximum growth rates happen at different times due to the difference 

in induction time but appear to be offset by the same amount of time. They both occur 

when the film is approximately 40 nm thick, suggesting the organic template has no 

influence on this aspect of mineralization. This is also evident by the similarity of the 

two profile shapes, indicating that only the induction time can be attributed to HDA 

and zein.  

 

 HDA and zein air-liquid interface templates were also used to promote CaP thin film 

growth from a 2× SBF solution. The thickness and growth rate profiles for this system 

are shown in Figure 4.8. The 2× SBF system does not display an induction period for 

both HDA and zein, with the two organic layers immediately inducing rapid mineral 

growth. Both templates reach a similar maximum growth rate of 3.3 nm min-1 after a 

similar time of 12 min. A significant divergence in the two profiles starts to emerge 

after 70 min of mineralization. At this point HDA maintains a higher mineral growth 

rate of 0.9 nm min-1 compared to zein which maintains a growth rate of 0.3 nm min-1, 

Figure 4.8: Ellipsometry profiles showing thickness and growth rate (first derivative) of CaP 
thin films under an HDA or zein layer at the air-liquid interface of a 2× SBF solution. 
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these rates are sustained over 3 hours before the HDA growth rate appears to be 

reduced to that of the zein/CaP film. As a result of the elevated mineralization rate the 

HDA/CaP has reached a thickness of 335 nm after 5 h of 2× SBF exposure. The 

zein/CaP system produced a 240 nm thick film at the 5 h point of the experiment.  

 

The ellipsometry data obtained from the HDA and zein-induced CaP films from 2× 

SBF showed no distinction between the thickness and growth rates from time periods 

before 70 min. Both systems characteristically displayed immediate and rapid growth, 

in contrast to the 1× SBF system which showed mineral induction periods. The early 

mineralization behavior (before 100 min) in the 1× SBF system allows for distinction 

between the two organic templates based on their significant differences in induction 

periods. However, the distinction in thickness was less obvious in the later stages of 

mineralization (after 220 min). The 2× SBF systems shows the greatest discrepancy 

during this same period, indicating that the organic template used has a greater 

influence on the later stages of mineralization at higher SBF concentrations. The 

concentration of the SBF used (1× or 2×) and the type of organic template (HDA or 

zein) is shown to have an observable effect on the mineralization of calcium 

phosphate thin films at the air-liquid interface.  

 

The effect of 1× SBF without Mg2+ and 1× SBF pH 6 was tested using a zein protein 

template. Thickness and growth rate profiles from these measurements are shown in 

Figure 4.9. Results show that a 1× SBF prepared without Mg2+ reduces the induction 

period to 65 min and slightly increases the maximum growth rate. The overall 

thickness of the CaP film was larger at 138 nm. While the lack of Mg2+ clearly shows 

a large effect on the mineral growth stage, there is also a subtle feature observed in 

the growth rate between 20 and 30 min into the experiment. This bump in the growth 

rate corresponds to a short period of growth followed by a return to a lower rate 

before rapid mineral growth. The thickness of the film during this period is 

approximately 6 nm. 
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The effect of 1× SBF mineralization at pH 6 clearly shows delayed mineral growth 

with an induction period of 190 min. The maximum growth rate of the CaP film 

appears to plateau at 0.5 nm min-1 at the 5 h mark, near the end of the measurement. 

The thickness of the mineral film at this time is approximately 42 nm, significantly 

lower than the 105 nm observed at pH 7.4 (standard 1× SBF). 

 

The same 1× SBF conditions were tested for the HDA monolayer template and the 

thickness and growth rate profiles are shown in Figure 4.10. The results show that the 

absence of Mg2+ in the 1× SBF had a very small effect (near negligible) on the 

HDA/CaP film growth. The slightly faster induction period could not be called 

significant due to the overlap in the thickness error bars. However, faster maximum 

growth rate was observed at 1.1 nm min-1, though this rate was not sustained and even 

dropped below the growth rate of the 1× SBF that contained Mg2+. This led to a non-

significant difference of mineral film thickness, compared to the Mg2+ system, by the 

end of the 5 h measurement, with both films approximately 115 nm thick.  

 

The 1× SBF pH 6 HDA/CaP system also shows a great increase in the induction time 

to 120 min. The maximum growth rate is clearly observed in the HDA system, unlike 

zein 1× SBF pH 6, at approximately 0.6 nm min-1, after this peak the growth rate is 

Figure 4.9: Ellipsometry profiles showing thickness and growth rate (first derivative) of CaP 
thin films under a zein layer at the air-liquid interface of a 1× SBF solution (pH 7.4). An SBF 
prepared without Mg2+ and another SBF at pH 6 were also tested.  
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restored to rates similar to those with and without Mg2+, slightly less than 0.2 nm min-

1. However, due to the extended induction period the 1× SBF pH6 HDA/CaP film is 

approximately 78 nm after 5 h of mineralization. 

 

The same conditions were also tested using 2× SBF under the zein protein. Figure 

4.11. shows this 2× SBF mineralization in the absence of Mg2+ and separately at pH 

6. The Mg2+ absent sample shows similar behavior to the 2× SBF containing Mg2+ 

Figure 4.10: Ellipsometry profiles showing thickness and growth rate (first derivative) of 
CaP thin films under an HDA layer at the air-liquid interface of a 1× SBF solution (pH 7.4). 
An SBF prepared without Mg2+ and another SBF at pH 6 were also tested.  

Figure 4.11: Ellipsometry profiles showing thickness and growth rate (first derivative) of 
CaP thin films under a zein layer at the air-liquid interface of a 2× SBF solution (pH 7.4). An 
SBF prepared without Mg2+ and another SBF at pH 6 were also tested.  
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within the first 120 min of the measurement. Both environments display similar 

growth rates and corresponding thicknesses. After 120 min, however, the Mg2+ absent 

sample maintains approximately double the growth rate at 0.7 nm min-1. This 

promotion of mineralization, from the lack of Mg2+, results in a thicker mineral film 

after the 5 h experiment, at 310 nm.  

 

For mineralization using a 2× SBF pH 6 under zein protein, the thickness profile 

shows that an induction period is observed. This is unusual for a 2× SBF sample and 

indicates the process has been greatly retarded. After an induction period of 140 min, 

the growth rate is observed to be greater than 0.2 nm min-1. This rate continues to 

increase reaching a maximum of 1.7 nm min-1 after another 50 min. After this peak 

the rate continues to fall until it remains stable at 0.3 nm min-1, similar to that of the 

standard 2× SBF (pH 7.4). A CaP film thickness of 125 nm is observed after 5 h of 

mineralization, approximately half of the 240 nm observed in standard 2× SBF. 

 

A similar result is observed for the same 2× SBF treatments under the HDA. The 

Mg2+ absent sample also shows similar mineralization behavior in the early stages of 

the experiment. However, deviations from the two treatments appear earlier than for 

the zein template. After 90 min of CaP mineralization the HDA 2× SBF Mg2+absent 

system maintains a higher growth rate compared to the treatment containing Mg2+. 

Figure 4.12: Ellipsometry profiles showing thickness and growth rate (first derivative) of 
CaP thin films under an HDA layer at the air-liquid interface of a 2× SBF solution (pH 7.4). 
An SBF prepared without Mg2+ and another SBF at pH 6 were also tested.  
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The HDA/CaP film obtained from 2× SBF without Mg2+ was 392 nm thick after 5 h 

of mineralization, which is the thickest mineral film measured from this set of 

experiments.  

 

The HDA 2×SBF pH 6 thickness profile also contains an induction period, however, 

it is much shorter than that observed for the zein template. After 65 min the growth 

rate for this treatment was observed to increase above 0.2 nm min-1. The mineral 

growth rate peaked at 1.5 nm min-1, before gradually declining to match the standard 

2× SBF (pH 7.4) rate of 0.6 nm min-1 after 280 min. Similar to the zein case, the HDA 

2× SBF pH 6 mineral film is significantly thinner after the 5 h experiment, with a 

measured thickness of 180 nm.   

 

The amount of NaH2PO4
 and NaHCO3 within a 1× SBF was tested using the zein 

protein template at the air-liquid interface. The thickness and growth rate profiles for 

these measurements are shown in Figure 4.13. Results show the significant influence 

of phosphate on thin film mineralization. The 4× NaH2PO4 1× SBF system showed 

the shortest induction time of 58 min and the largest maximum growth rate of 2.9 nm 

min-1 and a much thicker film after 5 h at 200 nm. Both of these values are very high 

for 1× SBF systems. This treatment also shows a subtle peak in growth rate at 30 min, 

similar to zein 1× SBF –Mg2+. During this period, an approximately 10 nm film is 

stablized before rapid mineral growth occurs. The 2× NaH2PO4 1× SBF profile shows 

a similar induction time to that of the standard SBF (1× NaH2PO4) but induced a 

higher maximum growth rate of 2.1 nm min-1. The system containing 0.5× NaH2PO4 

showed significantly less mineralization, having an induction time of 227 min before 

achieving the lowest maximum growth of 0.5 nm min-1 rate and the lowest CaP film 

thickness after 5 h with 41 nm.  

 

A similar but less dramatic trend is observed for the measurements using a varied 

concentration of NaHCO3 (also on Figure 4.13). A slight decrease was observed in the 

induction time for both 4× and 2× NaHCO3 at 67 and 81 min, respectively. Larger 

maximum growth rates were also observed at 1.9 and 1.7 nm min-1. The zein 0.5× 

NaHCO3 1× SBF showed an extended induction time and a lower maximum growth 
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rate at 278 min and 0.4 nm min-1, similar to that observed for the 0.5× NaH2PO4 

treatment. 

 

Table 4.1 shows the induction time, maximum growth rate, thickness at maximum 

growth rate, the growth rate at 5 h and the thickness at 5 h for each of the 

mineralization systems studied using in-situ ellipsometry at the air-liquid interface. 

 

 
 

Figure 4.13: Ellipsometry profiles showing thickness and growth rate (first derivative) of CaP 
thin films under a zein layer at the air-liquid interface of a 1× SBF solution. Mineralization 
was tested at various NaH2PO4 (top) and NaHCO3 (bottom) concentrations. 
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Table 4.1. Kinetic parameters obtained from in-situ ellipsometry measurements. 

 
	  
	  
	  

Treatment Induction 
time/min 

Maximum 
growth rate 
/nm min-1 

Thickness at 
maximum 
growth 
rate/nm 

Growth 
rate at 5 h 
point/nm 

Thickness 
at 5 h 
point/nm 

HDA 1× SBF 45 ± 2 0.8 ± 0.1 37 ± 8 0.2 ± 0.1 118 ± 11 
Zein 1× SBF 104 ± 1 1.1 ± 0.1 40 ± 5 0.3 ± 0.1 105 ± 6 
HDA 2× SBF 0 3.4 ± 0.1 48 ± 4 0.3 ± 0.1 335 ± 5 
Zein 2× SBF 0 3.2 ± 0.1 50 ± 5 0.3 ± 0.1 238 ± 7 
Zein 1× SBF  
–Mg2+ 

60 ± 2 1.2 ± 0.1 41 ± 11 0.2 ± 0.1 115 ± 12 

Zein 1× SBF 
pH 6 

196 ± 1 0.5 ± 0.1 39 ± 6 0.5 ± 0.1 41 ± 6 

HDA 1× SBF 
–Mg2+ 

40 ± 2 1.0 ± 0.1 31 ± 4 0.1 ± 0.1 120 ± 6 

HDA 1× SBF 
pH 6 

118 ± 1 0.6 ± 0.1 27 ± 3 0.2 ± 0.1 77 ± 8 

Zein 2× SBF 
 –Mg2+ 

0 3.4 ± 0.1 65  ± 5 0.7 ± 0.1 319 ± 7 

Zein 2× SBF 
pH 6 

150 ± 1 1.8 ± 0.1 49 ± 4 0.3 ± 0.1 123 ± 8 

HDA 2× SBF 
–Mg2+ 

0 4.0 ± 0.1 19 ± 4 0.2 ± 0.1 391 ± 7 

HDA 2× SBF 
pH 6 

70 ± 2 1.6 ± 0.1 50 ± 4 0.4 ± 0.1 179 ± 3 

Zein 1× SBF 
4× NaH2PO4 

58 ± 2 2.9 ± 0.1 67 ± 5 0.3 ± 0.1 199 ± 4 

Zein 1× SBF 
2× NaH2PO4 

102 ± 4 2.1 ± 0.1 60 ± 4 0.3 ± 0.1 156 ± 9 

Zein 1× SBF 
0.5× NaH2PO4 

227 ± 2 0.5 ± 0.1 26 ± 5 0.5 ± 0.1 40 ± 4 

Zein 1× SBF 
4× NaHCO3 

67 ± 3 1.9 ± 0.1 41 ± 2 0.3 ± 0.1 140 ± 5 

Zein 1× SBF 
2× NaHCO3 

81 ± 2 1.7 ± 0.1 60 ± 3 0.3 ± 0.1 139 ± 4 

Zein 1× SBF 
0.5× NaHCO3 

278 ± 2 0.4 ± 0.1 41 ± 3 0.4 ± 0.1 42 ± 5 
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4.3.3 Neutron reflectivity (NR) 
 
The observed induction period before rapid mineral growth in the 1× SBF 

ellipsometry measurements were an interesting phenomenon that could not be further 

studied due to detection limitations of ellipsometry at very small length scales. NR 

measurements were conducted, in order to exclusively probe the induction of CaP thin 

film formation on deuterated HDA (d-HDA) and zein using a ½× SBF prepared in 

D2O. NR profiles and fits for a d-HDA for this system were taken at an angle of 1.1° 

after 30, 90, 120, 150 and 210 min, an additional measurement was taken at an angle 

of 4.8° at 210 min. These results are displayed in Figure 4.14. The low angle 

Figure 4.14: Neutron reflectivity profiles (top) of d-HDA at the air-liquid of a ½× SBF made 
in D2O. Measured data and modeled fits were made at 30, 90, 120, 150 and 210 min, the nSLD 
profiles (bottom) show the changing density below the air-liquid interface. 
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reflectivity profiles change over time, showing a dip in reflectivity within the q-range 

0.02 and 0.4 Å-1. The single measurement at 4.8°, was reflectivity at higher q and 

reveals a broad fringe between 0.10 and 0.17 Å-1.  

 

The neutron scattering length density (nSLD) profiles obtained from the fitted NR 

data, show the structure of the d-HDA head group, tail group and calcium phosphate 

mineral layer, followed by five 30 Å layers that describe the subphase below the 

mineral layer. These nSLD profiles are also shown on Figure 4.14, with the fitted 

values of the models parameters shown in Table 4.2. The d-HDA is not expected to be 

heavily influenced by mineralization, as a result the thickness of the d-HDA tail and 

head group was fixed, but the nSLD of the head group was fitted. The results show 

that the nSLD of the head group was 3.0 × 10-6Å-2 after the first measurement, taken 

30 min after spreading the d-HDA. This value decreases to 1.8 × 10-6Å-2 at 90 and 

120 min and 0.9 × 10-6Å-2 at 150 and 210 min. The calcium phosphate mineral layer 

fitted below the d-HDA layer has a thickness of 10 Å and an nSLD of 3.6 × 10-6Å-2 at 

 d-HDA  
tail 
group 

d-HDA 
head 
group 

Mineral layer Sub-
phase 1 

Sub-
phase 2 

Sub-
phase 3 

Sub-
phase 4 

Sub-
phase 5 

τ/Å  
 

22 ± 1          
22 ± 1 
22 ± 1 
22 ± 1 
22 ± 1 

5 ± 1 
5 ± 1 
5 ± 1 
5 ± 1 
5 ± 1 

10 ± 1 (30 min) 
15 ± 1 (90 min) 

18 ± 1 (120 min) 
23 ± 1 (150 min) 
41 ± 1 (210 min) 

31 
31 
31 
31 
31 

 

31 
31 
31 
31 
- 

31 
31 
31 
31 
- 

31 
31 
31 
31 
- 
 

31 
31 
31 
31 
- 

nSLD  
/10-6 Å-2 

6.1 ± 0.2 
6.1 ± 0.2 
6.1 ± 0.2 
6.1 ± 0.2 
6.1 ± 0.2 

3.0 ± 0.1 
1.8 ± 0.1 
1.8 ± 0.1 
0.9 ± 0.1 
0.9 ± 0.1 

3.6 ± 0.1 
3.5 ± 0.1 
3.3 ± 0.1 
3.2 ± 0.1 
3.2 ± 0.1 

 

4.6 ± 0.1      
4.8 ± 0.1 
4.7 ± 0.1 
4.7 ± 0.1 
5.7 ± 0.1 

5.5 ± 0.1    
5.3 ± 0.1     
5.2 ± 0.1    
5.1 ± 0.1 

- 

5.8 ± 0.1 
5.8 ± 0.1 
5.8 ± 0.1 
5.7 ± 0.1 

- 

6.1 ± 0.1 
6.0 ± 0.1 
6.0 ± 0.1 
5.9 ± 0.1 

- 

6.1 ± 0.1 
6.0 ± 0.1 
6.0 ± 0.1 
6.0 ± 0.1 

- 

Mineral 
vol.% 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

83 ± 4                
88 ± 2                
94 ± 3 

100 ± 2 
100 ± 2 

 

52 ± 3                
46 ± 2           
49 ± 2           
51 ± 4 
24 ± 3 

23 ± 3              
28 ± 2             
32 ± 2           
36 ± 3 

- 

12 ± 3        
13 ± 2        
15 ± 2        
15 ± 2 

- 

4 ± 2            
5 ± 1           
8 ± 2          

12 ± 2 
- 

4 ± 2           
5 ± 1           
5 ± 1            
5 ± 1 

- 

Mineral 
mass 
density  
/mg m-2 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

1.9 ± 0.2 
3.1 ± 0.3 
3.9 ± 0.3 
5.3 ± 0.4 
9.5 ± 0.4 

 

3.7 ± 0.2 
3.3 ± 0.1 
3.5 ± 0.1 
3.7 ± 0.3 
1.7 ± 0.2 

1.7 ± 0.2 
2.0 ± 0.1 
2.3 ± 0.1 
2.6 ± 0.2 

- 

0.9 ± 0.2 
0.9 ± 0.1 
1.1 ± 0.1 
1.1 ± 0.1 

- 

0.3 ± 0.1 
0.4 ± 0.1 
0.6 ± 0.1 
0.9 ± 0.1 

- 

0.3 ± 0.1 
0.4 ± 0.1 
0.4 ± 0.1 
0.4 ± 0.1 

- 
 

Table 4.2. Thickness, nSLD, mineral vol.% and density of the mineral and subphase layers obtained from the 
fitted results of the d-HDA on ½× SBF neutron reflectivity experiment. Each cell contains the parameter at 
time periods 30, 90, 120, 150 and 210 min. Values without errors were fixed parameters.  
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30 min. Over time, the thickness of this layer increases and the nSLD decreases. The 

mineral layer is modeled to reach a thickness of 41 Å by 210 min and a minimum 

nSLD of 3.2 by 150 min which is maintained at 210 min. 

 

The subphase layers are also shown to change in nSLD going further from the mineral 

layer towards D2O. This indicates the diffusion of mineral precursors as the 

aggregation of diffuse ionic clusters. The nSLDs for each of these subphase layers, 

along with the all the fitted parameters are also shown in Table 4.2. The calculated 

calcium phosphate mineral % within the mineral and in the subphase is also shown. 

 

The NR profiles of the zein protein spread on D2O and null reflecting water (NRW) 

give an indication of how the protein is arranged at the air-liquid interface. Measuring 

zein on both D2O and NRW allow for corefined fitting of the NR data, this is shown 

in Figure 4.15, along with the nSLD profiles. The fitted parameters for this NR 

Figure 4.15: Neutron reflectivity profiles (top) of zein protein at the air-liquid interface of 
D2O and null-reflecting water (NRW). Co-refined modeled fits of the measured data produced 
nSLD profiles (bottom) which shows the changing density below the air-liquid interface of 
D2O and NRW. 
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measurement are displayed in Table 4.3. The fitted model contains three layers, the 

first layer exists above the air-liquid interface and has a thickness of approximately 7 

Å and contains 19% air. The two subsequent layers are distinguished by their 

moisture content, they are approximately 31 and 43 Å thick containing 76 and 94% 

solvent, respectively. The overall thickness of the diffuse protein film is 

approximately 81 Å. 

 

Table 4.3. – Parameters for the zein protein film obtained from a D2O/NRW corefined fit of 
the neutron reflectivity data, Chi square = 2.23. Values obtained were used to calculate 
surface density. Using a zein protein molecular mass of 21 kDa and a scattering length of 
625.55 x10-4 Å. 
Protein 

Layer 

Solvent τ 

(Å) 

nSLD 

(10-6 Å-2) 

Solvent % Surface Density 

(mg m-2) 

Layer 1 Air 7 ±1 1.4 ±0.1 19 ±2 0.6 ±0.1 

Layer 2 D2O/NRW 31 ±2 1.7 ±0.1 76 ±1 0.7 ±0.1 

Layer 3 D2O /NRW 43 ±2 1.7 ±0.1 94 ±1 0.2 ±0.1 

Total - 81 ±3 - - 1.5 ±0.2 

 
It was of interest to identify how the zein protein is arranged at the air-liquid interface 

to assist with fitting the ½× SBF mineralization using this system. The NR and nSLD 

profiles for this measurement is shown in Figure 4.16, with the fitted parameters 

shown in Table 4.4. The NR data for the zein ½× SBF is also modeled using three 

layers, with a fixed thickness of 7, 31 and 43 Å. Each layer is distinguished by their 

nSLD, with the 7 Å top layer once again existing above the liquid surface, also 

containing 19% air. The two subsequent layers are below the air-liquid interface and 

show decreases in nSLD over time due to mineralization. The lower nSLD 

corresponds to an increasing mineral content within each layer. The first of these two 

layers shows an initial nSLD of 5.1 × 10-6Å-2 after 30 min of mineralization. The 

nSLD of this layer decreased to 4.7 × 10-6Å-2
 at 120 min and maintained this density 

after 150 min of ½× SBF exposure. The lowest layer also showed decreased nSLD 

over time, starting with 5.9 × 10-6Å-2 after 30 min and ending with 5.4 × 10-6Å-2 after 

150 min.  
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Figure 4.16: Neutron reflectivity profiles (top) of zein at the air-liquid interface of a ½× 
SBF made in D2O. Measured data and modeled fits were made at 30, 90, 120 and 150 
min, the nSLD profiles (bottom) show the changing density below the air-liquid interface. 
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Table 4.4. Thickness, nSLD, zein/PNC/D2O vol.% and mineral densities of the mineralized 
layers obtained from the fitted results of the zein on ½× SBF neutron reflectivity experiment. 
Each cell contains the parameter at time periods 30, 90, 120 and 150 min. 
 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Layer 1 Layer 2 Layer 3 
τ/Å 7 ± 1 24 ± 1 

 
45 ± 1 

nSLD/10-6 Å-2 1.4 ± 0.2 5.1 ± 0.1 
4.9± 0.1 
4.7± 0.1 
4.7± 0.1 
 

5.9 ± 0.1 
5.8 ± 0.1 
5.6 ± 0.1 
5.4 ± 0.1 

Zein vol.% 81 ± 2 31 ± 1 
 

6  ± 1 

Mineral vol.% - 
- 
- 
- 

43 ± 3                                                     
48 ± 1               
52 ± 1                   
52 ± 1  
 

13 ± 1              
18 ± 1              
23 ± 1                
29 ± 1 

D2O vol.% (19 % Air) 
(19 % Air) 
(19 % Air) 
(19 % Air) 

26 ± 3                 
21 ± 1                  
17 ± 1                  
17 ± 1 
 

81 ± 1               
76 ± 1              
71 ± 1               
65 ± 1 

Mineral mass 
density /mg m-2 

- 
- 
- 
- 

2.4 ± 0.1  
2.7 ± 0.1  
2.9 ± 0.1   
2.9 ± 0.1 
 

1.4 ± 0.1 
1.9 ± 0.1 
2.4 ± 0.1 
3.0 ± 0.1 
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4.3.4 X-ray reflectivity (XRR) 
 
XRR measurements were also conducted on the HDA ½× SBF system, in order to 

complement the NR data. XRR and X-ray scattering length density (xSLD) profiles 

are shown for HDA ½× SBF mineralization in Figure 4.17. Reflectivity profiles were 

taken at 20, 60, 170 and 240 min time periods. Each of these four measurements show 

two fringes in reflectivity, which appears between 0.18 - 0.22 Å-1 and 0.42 – 0.48 Å-2, 

in contrast to the H2O measurement which is featureless. A gradual shift of both these 

fringes towards lower q occurs over time, which is characteristic of a thickness 

increase. The xSLD profiles obtained from the modeled fitting of the XRR data with a 

fixed thickness and xSLD for the HDA layer above the air-liquid interface. The HDA 

Figure 4.17: X-ray reflectivity profiles (top) of HDA at the air-liquid of a ½× SBF. Measured 
data and modeled fits were made at 20, 60, 170 and 240 min, the xSLD profiles (bottom) show 
the changing density below the air-liquid interface. 
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layer is 20 Å thick with an xSLD of 15.6 × 10-6Å-2. The observed difference in 

reflectivity is accounted for through changes in mineral layer thickness over time. The 

calcium phosphate layer modeled beneath the HDA layer is 8 Å after 20 min and is 

modeled to be 11 Å after 240 min. The xSLD of this layer does not significantly 

change over the measured time period, with measured xSLD of approximately 32.9 × 

10-6Å-2. The parameters obtained from the fitted XRR data are displayed in Table 4.5. 

 
Table 4.5. Thickness and xSLD values for the HDA and mineral layer obtained from 
modeled fits of the XRR data of HDA on ½× SBF. 

 

An HDA layer was also spread onto a ¼× SBF to observe even earlier mineralization 

activity. XRR and xSLD profiles for this system are shown in Figure 4.18. The 

reflectivity profiles for the more diluted SBF system were measured at time periods of 

20, 80 and 120 min. These profiles show a single fringe between the q-range of 0.20 

and 0.24 Å-1, over time this feature appears to increase in reflectivity. The xSLD 

profiles also show a fixed thickness and xSLD of the HDA layer at all time periods, 

however, changes in the mineral layer thickness and xSLD are observed. The fitted 

parameters on Table 4.6. show that the mineral layer is modeled to be 8 Å thick at 20 

min, reducing in thickness to 6 Å by 120 min. This thickness decrease is accompanied 

by an xSLD increase from 16.8 to 19.1 × 10-6Å-2.  

 

The early stage mineralization of calcium phosphate on HDA studied by XRR shows 

different behavior depending on the concentration of SBF used. A rationale for this is 

given in the discussion section of this chapter. 

 

 

Time in ½ SBF  HDA 
thickness/Å 

HDA 
xSLD/10-6Å-2 

Mineral layer 
thickness/nm 

Mineral layer 
xSLD/10-6Å-2 

20 min 20 ± 1 15.6 ± 0.9 8  ± 1 32.5 ± 0.9  
60 min 20 ± 1 15.6 ± 0.9 9  ± 1 33.0  ± 0.9 
170 min 20 ± 1 15.6 ± 0.9 10 ± 1 33.4  ± 0.9 
240 min 20 ± 1 15.6 ± 0.9 11 ± 1 32.6 ± 0.9 
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Table 4.6. Thickness and xSLD values for the HDA and mineral layer obtained from 
modeled fits of the XRR data of HDA on ¼× SBF. 

 

 

Time in ¼ SBF  HDA 
thickness/Å 

HDA 
xSLD/10-6Å-2 

Mineral layer 
thickness/nm 

Mineral layer 
xSLD/10-6Å-2 

20 min 19 ± 1 13.8 ± 0.8 8  ± 1 16.8 ± 0.8 
80 min 19 ± 1 13.8  ± 0.8 6  ± 1 18.1  ± 0.8 
120 min 19 ± 1 13.8  ± 0.8 6  ± 1 19.1  ± 0.8 

Figure 4.18: X-ray reflectivity profiles (top) of HDA at the air-liquid of a ¼× SBF. Measured 
data and modeled fits were made at 20, 80, 120 min, the xSLD profiles (bottom) show the 
changing density below the air-liquid interface. 
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4.3.5 Fourier transform infrared spectroscopy (FT-IR) 
 
FT-IR spectra for the pure HDA and zein powders along with their respective CaP 

thin films are shown in Figure 4.19. Additionally, reference calcium phosphate in the 

form of hydroxyapatite, tri-calcium phosphate and amorphous calcium phosphate are 

also shown in Figure 4.19. The spectra for HDA and zein show characteristic 

absorbance bands attributed to relevant chemical groups. The zein powder shows the 

highest wavenumber feature at 3400-3100 cm-1, which is attributed to the N-H 

stretching from the amine groups present within the protein. The next feature for the 

zein powder is observed is due to C-H stretching vibrations at 3000-2800 cm-1, the 

same absorbance band is present in the HDA powder spectra but is more intense due 

Figure 4.19: FT-IR spectra of the zein and HDA powders and their respectively induced CaP 
thin films (top). Reference CaP powders of hydroxyapatite, tri-calcium phosphate and 
amorphous calcium phosphate next to zein/CaP film (bottom). 
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to the hydrocarbon tail making up the majority of the molecule. These features are not 

present in their equivalent CaP thin films, indicating an undetectably low amount of 

organic material within the induced mineral. The next prominent features of the 

organic template powder FT-IR spectra are those between 1750-1400 cm-1 which can 

be attributed to C=O stretching vibrations. HDA possesses a single carboxyl acid 

group; therefore the single sharp peak was observed at 1680 cm-1. However, the zein 

protein shows three absorbance bands in this region from the different C=O stretching 

environments leading to the observed amide I, II and III bands. The remaining 

features, at lower wavenumbers, of the HDA powder spectra are the “fingerprint” 

bands for the HDA molecule. 

 

Both the zein and HDA-induced CaP film show the nearly identical spectra, so can be 

assumed to be the same form of calcium phosphate. The spectra show two weak broad 

peaks between 1700-1400 cm-1, once again these peaks arise from C=O stretching. 

However, these absorbance bands arise from the carbonate groups present within the 

calcium phosphate film, indicating a carbonated phosphate mineral has formed. The 

most prominent peaks in the mineral containing spectra are those from the v3 and v4 

modes of phosphate stretching observed as broad bands at 1100-900 cm-1 and 650-

500 cm-1, respectively. 

 

When compared to a set of calcium phosphate references, hydroxyapatite, tri-calcium 

phosphate and an amorphous calcium phosphate, it can be noted that only the SBF 

induced CaP contains any carbonate feature. The hydroxyapatite and tri-calcium 

phosphate are crystalline forms of calcium phosphate, as a result the FT-IR spectra 

shows quite sharp peaks within the 1100-900 cm-1 and 650-500 cm-1 regions. 

However, the amorphous and the SBF induced calcium phosphate show more broad 

features in this region, indicating much less conformity of phosphate stretching within 

the mineral.  

 

FT-IR spectra for the zein/CaP grown from 1× SBF at various NaH2PO4 and NaHCO3 

are shown in Figure 4.20. Increasing the phosphate concentration from 1× to 2×, 

shows an increase in the relative intensity for both the v3 and v4, while showing a 
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reduced carbonate absorbance band. This trend continues with the 4× and 8× 

NaH2PO4 systems.  

 

The 2× NaHCO3 system shows increased absorbance from the carbonate region while 

maintaining the same level of phosphate absorbance, compared to 1× NaHCO3. The 

4× and 8× NaHCO3 measurements continue to show this trend, additionally, the 

emergence of a sharp peak at 875 cm-1. This peak is attributed to the presence of 

HCO3
- within the formed mineral, which increases in prevalence with increasing 

NaHCO3.  

Figure 4.20: FT-IR spectra of the zein/CaP films made at various NaH2PO4 concentrations 
(top) and NaHCO3 concentrations for a 1× SBF. 
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4.3.6 X-ray photoelectron spectroscopy (XPS) 
 
X-ray photoelectron survey spectra for the two faces (“air-facing” and “solution-

facing” side) of the zein/CaP mineral film and a reference hydroxyapatite are shown 

in Figure 4.21. The two opposing sides of the zein-induced CaP film were measured 

to confirm the presence of nitrogen arising from the protein template, which was 

hypothesized, would exist exclusively at the air-liquid interface. The XPS survey 

spectra for each of the surfaces show a very similar shape indicating that the 

elemental composition within the films are similar. Features common to the presented 

data are those arising from photoelectrons characteristic of O 1s, Ca 2s, Ca 2p, C 1s, P 

2s and P 2p orbitals. However, the zein/CaP “air-facing” side spectrum shows an 

extra feature at a binding energy of 397 eV. This peak is characteristic of 

photoelectrons ejected from the N 1s orbital. The nitrogen content is attributed to the 

many amide and amine groups within the zein protein. This measurement coupled 

with the “solution-facing” side measurement shows that the zein protein is located 

exclusively at the air-liquid interface, due to the absence of the N 1s peak in the 

“solution-facing” spectrum.  

 

Spectra at the binding energies near the photoelectrons from the Ca 2p, O 1s, P 2p and 

N 1s orbitals are shown in Figure 4.22. These spectra were collected to compare the 

elemental environments of the zein-induced mineral film with that of a reference 

Figure 4.21: Survey spectra obtained from X-ray photoelectron spectroscopy showing the 
characteristic photoelectron energies elements present within the two sides of the zein/CaP 
film and a reference hydroxyapatite powder. 
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hydroxyapatite. Inspection of these spectra also shows a similar shape of these peaks 

within a relevant binding energy range, with the exception of the N 1s spectra. The 

observed similarities indicate the Ca, P and O environments within the zein/CaP films 

and hydroxyapatite are equivalent, with respect to the oxidation states and bonding of 

the elements present. 

 

The atomic and weight % of relevant elements for the zein/CaP films and the 

hydroxyapatite are displayed in Table 4.7. This quantitative analysis shows more of a 

difference between the studied samples. The values displayed show that the atomic % 

of Ca within the zein/CaP “air-facing”, “solution-facing” sides and the reference 

hydroxyapatite are 7%, 12% and 21%, respectively. The Ca content on the surface of 

these materials is highest for the hydroxyapatite reference followed by the “solution-

facing” then the “air-facing” side. This trend is also observed for the P and O atomic 

percent. As expected, N atomic percent is 0 for the hydroxyapatite and “solution-

facing” surfaces but the “air-facing” surface contained 5 atom percent N. The C 

Figure 4.22: X-ray photoelectron spectroscopy scans of the photoelectron energies 
characteristic of the Ca 2p (top-left), O 1s (top-right), P 2p (bottom-left) and N 1s (bottom-
left) orbitals, for the two sides of the zein/CaP film and a hydroxyapatite reference. 
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atomic percent shows the opposite trend to that observed for Ca, P and O. The 

zein/CaP “air-facing” side showed the highest C content at 54%, followed by 45%  

 
Table 4.7. – Atom and weight percent showing the elemental composition of the zein-
induced mineral film and hydroxyapatite reference obtained from XPS analysis. Results 
shown as zein-CaP “air-facing”/zein CaP “solution-facing”/hydroxyapatite. C contribution is 
from adventitious hydrocarbons. Ca:P Atomic Ratio 1.2/1.1/1.2. 
Element Ca P O N C 

Atom % 7/12/21 7/10/17 27/34/43 5/0/0 54/45/20 

Weight % 17/26/37 12/17/23 26/29/30 4/0/0 40/29/10 

 

from the “solution-facing” side and 20% from reference hydroxyapatite. While the 

presence of C is unavoidable using XPS analysis, due to adventitious hydrocarbons, 

the elevated C atom % observed in the zein/CaP film is likely to arise from C 

contained within the mineral. However, when the ratio of Ca:P is calculated for each 

of the measured XPS spectra, a similar value of approximately 1.2 is observed. 

Despite the Ca:P ratio of hydroxyapatite being 1.67, the rationale for the measured 

value of 1.2 is that it is the ratio of Ca:P at the surface of the mineral, due to the 

surface sensitive nature of XPS. 

4.3.7 X-ray diffraction (XRD) 
 
XRD patterns were taken to identify any crystal structure within the HDA and zein-

induced mineral films at the air-liquid interface. The XRD patterns for these materials 

and a hydroxyapatite reference are shown in Figure 4.23. The mineral films grown 

Figure 4.23: X-ray diffraction patterns of the zein/CaP and HDA/CaP films as a powder, 
along with a reference hydroxyapatite powder. 
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using these two organic templates were shown to be amorphous, also suggested by 

FT-IR measurements. They exhibit a broad amorphous feature from between 15 and 

35° in 2 theta, and none of the reflections characteristic of hydroxyapatite. 

4.4. Discussion 
4.4.1 Corroboration of in-situ ellipsometry and assessment of HDA and 
zein induced calcium phosphate thin films 
 
Since ellipsometry measures only optical properties (ψ, Δ) and does not directly 

measure any physical properties, it is important that the measurements made are 

corroborated with complementary techniques. Thicknesses of the HDA and zein-

induced calcium phosphate thin films after 1.5 and 2.5 h of 2× SBF exposure obtained 

from SEM were compared to those from in-situ ellipsometry measurements. This 

comparison is displayed in Figure 4.24 and Table 4.8, and shows reasonable 

correlation between the thicknesses obtained using the independent techniques. A 

reason for the observed deviation would likely be the area probed. SEM thicknesses 

were obtained from images spanning approximately 4 µm of the mineral film in the 

dry-state. Whereas, in-situ ellipsometry thickness are attained from a 1 mm2 section 

Figure 4.24: Correlation between calcium phosphate mineral film thicknesses obtained using 
in-situ ellipsometry and SEM. Red line indicates a 1:1 relationship, i.e. perfect correlation. 
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of the mineral film in the wet-state. The two techniques complement each other very 

well, with SEM allowing for validation of the ellipsometry model.  

 

Table 4.8. – Comparison of calcium phosphate film thickness using zein and HDA  
after 1.5 and 2.5 h of mineralization obtained using SEM and ellipsometry. 
 

 

 

 

 

 

 

 

FT-IR was not able to unambiguously detect the organic material within the CaP films 

but the presence of a N 1s peak from XPS measurements show that the zein protein 

was exclusively on the “air-facing” side of the mineral film. This result also helps to 

corroborate the mineralization model as it shows the organic template remains on the 

surface and influences calcium phosphate growth beneath. 

 

Differences between the zein and HDA-induced calcium phosphate mineral films 

cannot be observed macroscopically. Photographs of the mineral films grown from 

both organic templates are shown in Figure 4.25. The dried films show striking 

iridescence after 1.5 h of mineralization, with the observed reflected colour changing 

with thickness increases. This iridescence is rationalized by selective wavelength 

reflection of incident white light as a result of the mineral film thickness existing on 

the order of visible light wavelengths. The composition of the films by FT-IR also 

appear indistinguishable, additionally, it cannot be concluded that the zein and HDA 

induced CaP is purely amorphous as there were additional FT-IR peaks in the 

amorphous reference that are not accounted for. Based on the FT-IR measurements 

taken, the zein and HDA induced calcium phosphate would be considered and 

amorphous precursor of a carbonated hydroxyapatite. This conclusion is made based 

on the broad peaks of the zein/HDA CaP associated with the v3 and v4 modes of 

phosphate, indicating the mineral is not crystalline (backed up by XRD results). 

However, the position of these broad peaks match those of hydroxyapatite and tri-

Sample SEM 

thickness/nm 

Ellipsometry 

thickness/nm 

Zein/CaP 1.5 h 151 ±15 155 ±10 

Zein/CaP 2.5 h 194 ±11 185 ±15 

HDA/CaP 1.5 h 163 ±5 177 ±12 

HDA/CaP 2.5 h 252 ±10 237 ±9 
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calcium phosphate. Since, only hydroxyapatite is capable of incorporating carbonate 

and existing as a carbonated apatite, the zein/HDA induced CaP is likely to be an 

amorphous precursor to a carbonated apatite.  

 

Explicit differences between the zein and HDA templates for mineralization are 

observed in the form of morphologies observed by SEM and kinetics by in-situ 

ellipsometry. A schematic illustrating a model of mineralization for zein and HDA is 

shown in Figure 4.26. The SEM results show that the zein/CaP mineral films are 

formed through aggregation of hemispherical units and HDA/CaP mineral films form 

in a more intuitive fashion as a flat film starting from the HDA monolayer and 

mineralizing in the direction of the solution. The cause of this morphological 

difference is attributed to distribution of negative charges of each organic template, 

Figure 4.25: Photographs of the zein/CaP and HDA/CaP films on a glass substrate scooped 
from the air-liquid interface. The zein/CaP films were retrieved after 1.5, 2.5, 5 and 24 h (A, 
B, C and D) grown from a 2× SBF. The HDA/CaP films were also retrieved after 1.5, 2.5, 5 
and 24 h (E, F, G and H) grown from a 2× SBF Top: Photos taken at θ = 0°, Bottom: Photos 
taken at θ = 45°, showing the iridescent nature of the mineral films. 
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this rationale is made as it is well known that the presence and position acidic amino 

acids of biomineralization proteins are responsible for high control of nano-structures. 

The HDA surface would expose a negatively charged surface upon which calcium 

phosphate pre-nucleation clusters will aggregate (Figure 4.26, Panel A), stabilize 

critical nuclei (Panel B) followed by rapid mineralization (Panel C & D). This process 

would also occur on the zein surface, however due to the various non-acidic 

functional groups and the diffuse nature of the protein film, as shown by NR 

measurements, the early stages of mineralization occur in a different manner. This is 

evident from the in-situ ellipsometry measurements in 1× SBF for both these organic 

templates. Both zein and HDA display an induction period, where calcium phosphate 

pre-nucleation clusters are expected to be adsorbing and aggregating on both 

templates before rapid mineralization. This process is faster on HDA due to the flat, 

high negative charge surface, evident by a shorter induction time. For the zein system, 

the diffuse protein template and distributed negative charges causes a longer induction 

time. The localized negative charges of zein protein would cause localized 

aggregation of calcium phosphate pre-nucleation clusters, leading to an alternative 

Figure 4.26: Schematic showing the stages of induction and growth for zein (top) and HDA 
(bottom) induced CaP mineralization. Calcium phosphate pre-nucleation cluster aggregation 
(Panel A), critical nuclei stabilisation (B) and rapid mineral growth (C & D) are the stages 
through which the zein and HDA mineral film are formed.	  
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mineral structure to that formed using HDA. This initially localized mineralization 

can be observed from SEM images in the form of 80 nm “seeds” existing, without 

exception, in the centre of each of the hemispherical calcium phosphate units induced 

by the zein protein. These “seeds” then propagate rapid mineral growth resulting in 

increased hemispherical diameter. However, once these calcium phosphate 

hemispheres reach a critical size, 270 nm diameter by SEM, the air-liquid interface 

becomes saturated and further mineralization must occur in the form of hemisphere 

aggregation and fusion. The 2.5 h SBF SEM images of the zein-induced films display 

this process occurring, showing a coherent “air-facing” surface and less curvature on 

the “solution-facing” surface. The in-situ ellipsometry measurements are also 

indirectly able to detect the process of hemispherical aggregation and fusion 

occurring. The thickness and growth rate profiles of zein and HDA 2× SBF show 

similar rapid growth in the early stages (<1.5 h), with zein not able to maintain the 

high mineralization rates later in the experiment. This reduction in calcium phosphate 

mineralization is attributed to hemispherical aggregation and fusion. During the early 

stages of mineralization on the zein template mineral expansion would have occurred 

outward from the “seed”, leading to hemispherical formation. Surface saturation 

results in a different orientation (Figure 4.26, Panel D) of mineralization occurring 

which compromises the calcium phosphate growth rate. This hindrance in 

mineralization does not occur for HDA, since it is continuously mineralizing as a film 

and maintains a flat surface for mineralization throughout the experiment.  

4.4.2 Effect of pH, Mg2+ absence and PO4
3- and HCO3

- concentration on 
mineralization kinetics and composition 
 
A drastic effect on calcium phosphate thin film mineralization was observed by 

altering the pH, Mg2+ presence, PO4
3- and HCO3

- concentration. These effects show 

the influence of solubility, cation competition and composition on mineralization 

kinetics. 

 

For both zein and HDA when mineralizing in a pH 6 1× SBF the induction time was 

extended, compared to the standard SBF (pH 7.4). This observation implies that at 

lower pH the aggregation of calcium phosphate pre-nucleation clusters is slower. 

Additionally, it is known that the solubility163 of hydroxyapatites are increased at 

lower pH. Therefore, it is less energetically favourable to precipitate calcium 



	   85	  

phosphate mineral. This is shown by the slow growth of the thin mineral films at pH 

6. 

 

The absence of Mg2+ was shown to be more influential using the zein template, with 

HDA showing a negligible difference in mineralization by ellipsometry. The zein 

system over a 1× SBF –Mg2+ showed a shorter induction time, before which a subtle 

peak in growth was observed. This feature shows a brief stabilization (20 min) of a 

critical mineral nuclei in the form of a 10 nm film, where the conditions do not 

promote mineral dissolution but neither is rapid mineral growth energetically 

favourable. Panel B of Figure 4.26 shows this schematically, however, in most 

systems the process of nuclei stabilization is undetectably rapid. It is suspected from 

the shorter induction period that the absence of Mg2+ promotes calcium phosphate 

pre-nucleation cluster aggregation. Within the standard 1× SBF the Mg2+ ions would 

interfere with the pre-nucleation clusters as they have the same charge as Ca2+. 

Without Mg2+, this inhibition does not occur leading to faster induction and also an 

observed stabilization of critical mineral nuclei.  

 

Figure 4.27: The effect of varying NaH2PO4 and NaHCO3 on mineral film thickness after 5 h 
and the phosphate:carbonate FT-IR absorbance ratio, obtained from ellipsometry and FT-IR, 
respectively.	  
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Varying the concentration of NaH2PO4 within the 1× SBF showed a drastic effect on 

calcium phosphate mineralization behaviour. This was expected since PO4
3- was the 

limiting reagent within the SBF with respect to the stoichiometry of hydroxyapatite 

(Ca5(PO4)3OH). This detail is revealed by the significant difference in the mineral 

film thickness after the 5 h experiment. From 4×, 2×, 1× to 0.5× NaH2PO4 the 

thickness is shown to decrease from 199, 156, 105 to 40 nm, respectively. The 

corresponding FT-IR measurements show that there is an increasing proportion of 

phosphate relative to carbonate within the film at higher NaH2PO4 concentration 

within the SBF. These effects are shown in Figure 4.27 along with those for NaHCO3 

concentration. In-situ ellipsometry also showed that varying NaH2PO4 concentrations 

are also influential on the early stages of mineralization, with a shortened induction 

time at 4× NaH2PO4 and an extended induction at 0.5× NaH2PO4. This would be 

expected since phosphate is an integral component of the calcium phosphate pre-

nucleation cluster. Increasing the phosphate concentration would increase the number 

of clusters within the SBF, resulting in faster aggregation. However, the 2× NaH2PO4 

measurement showed no significant difference in induction time indicating that only 

above a critical concentration is induction affected. The 4× NaH2PO4 shows this, 

additionally, this system stabilizes critical nuclei by maintaining a 10 nm mineral film 

for 15 min before rapid mineralization. The 0.5× NaH2PO4 showed the largest 

extention of induction time, due to halving the amount of calcium phosphate pre-

nucleation clusters within the SBF. 

 

The 0.5× NaHCO3 system showed similar behaviour to that of its phosphate analogue. 

The drastic effect on the early stages mineralization suggests that carbonate is also a 

vital component of the mineral and possibly the pre-nucleation cluster. However, 

critical nuclei stabilization was not observed when the NaHCO3 concentration was 

increased. Beyond 2× NaHCO3 concentration, there is no additional increase in 

mineral thickness after 5 h, suggesting a saturated carbonate content within the 

mineralized film. The slight reduction in induction time for the 2× and 4× NaHCO3 

systems show that there could be an effect of carbonate on pre-nucleation cluster 

aggregation.  
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The results of altered SBF experiments show how influential the pH, Mg2+ presence, 

PO4
3- and HCO3

- concentration on air-liquid interface mineralization. However, with 

regards to early stage mineralization in the form of induction period analysis, in-situ 

ellipsometry begins to show its limitations of obtaining structural information. 

 

4.4.3 Probing mineral nucleation using neutron and X-ray reflectivity at 
the air-liquid interface of ½×  and ¼×  SBF 
 
The NR measurements of both d-HDA and zein were taken at ½× SBF in order to 

examine the induction period of calcium phosphate formation at the air-liquid 

interface. The model for the time-resolved NR data for the d-HDA system showed 

that as mineralization occurred a decrease in nSLD of the head group over time is 

attributed to the exclusion of D2O from within this layer as mineralization proceeds. 

As the head group became dehydrated, the mineral layer beneath the head group 

increased in thickness, transitioning from 10 Å to 41 Å thickness at time 30 and 210 

min, respectively. The nSLD of this mineral layer (3.2 × 10-6Å-2) at time 150 min was 

used to indicate the minimum D2O content within the calcium phosphate layer, in 

order to calculate the relative moisture content within the mineral layer at time 30, 90, 

120 min. The chemical formula of the formed calcium phosphate is expected to be 

Ca5(PO4)3OD, with an nSLD of 3.2 × 10-6Å-2 which corresponds to a mass density of 

2.21 g cm-3. The mass density of crystalline hydroxyapatite is 3.1 g mL-1, we would 

expect this density of be lower when amorphous. A schematic, Figure 4.28, 

displaying the modeled layers involved in the induction period and the relative 

distribution of mineral near the air-liquid interface.  
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The mineral percent within the subphase beneath the mineral layer was also 

calculated using 3.2 × 10-6Å-2 and 6.36 × 10-6Å-2 as reference values for the 

amorphous calcium phosphate and the solvent, respectively. This mineral % can be 

used to provide an indication of calcium phosphate pre-nucleation cluster aggregation. 

Similar monolayer mineralization systems studied by Dey et. al.102 using cryo-TEM 

show “snapshots” of this aggregation but using NR this phenomena can be probed in-

situ. 

Figure 4.28: Schematic showing how the components of the d-HDA system explain the 
nSLD present within the profile.	  
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For the zein system, using the same amorphous calcium phosphate nSLD of 3.2 × 10-

6Å-2, it is possible to calculate the mineral percent within the two solution exposed 

layers of the protein film. This reveals the layer immediately beneath the air-liquid 

interface becoming saturated with mineral after 120 min, containing a maximum of 

52% mineral which is maintained at 150 min. The lowest layer of the protein film, 

continues to accumulate pre-nucleation clusters throughout the measurement. 

However, due to the more diffuse nature of this protein section a maximum mineral 

content of 29% is achieved after 150 min.  

 

The mineral component of the zein film in ½× SBF contains a lot more D2O than the 

mineral section of the d-HDA layer. This is expected since the SEM images show the 

Figure 4.29: Schematic showing the distribution of calcium phosphate mineral within the d-
HDA (top) and zein (bottom) systems. From the left to right panels the time periods 30, 90, 
120 and 150 min (extra panel for HDA is 210 min).	  
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flat nature of HDA-induced mineral films and more localized mineralization in the 

zein system. The moisture content observed in the NR results for the zein mineral 

layer are likely to be D2O that exists around the mineral “seeds” that are known to 

initiate mineralization for this system. A schematic of both the d-HDA and zein-

induced mineralization systems are shown in Figure 4.29, which show mineral 

distribution as a function of distance from interface and time. 

 

X-ray reflectivity measurements that were conducted for HDA on ½× SBF showed a 

much thinner mineral film forming under the HDA layer compared to the NR result, 

over time this layer gradually increased in thickness from 8 Å to 11 Å, from 20 to 240 

min, respectively. The reason for the large difference in NR and XRR result is likely 

the result of the ½× SBF prepared in D2O for the NR experiment. 

 

It is known that there are differences in the physical properties164 of H2O and D2O. 

Katz et. al. also note the difference of solute dissolution within H2O and D2O, salts 

and gases consistently show lower solubility in D2O compared with H2O. Potassium 

chloride is reported as 7% less soluble in D2O and CO2 and O2 10% less soluble. This 

difference is associated with the stronger hydrogen bonding that exists in D2O.  

 
 
Table 4.9. – Physical properties of D2O and H2O obtained from Katz et. al.164 
 

 

 

 

 

 

 

 

 

 

For this reason other biological phenomena such as protein folding and interaction 

can be altered when dissolved in D2O, and it is important to be mindful of potential 

deviations of neutron experiments utilizing D2O, especially kinetic experiments.  

Physical property D2O H2O 
Melting point/°C 3.79 0.00 
Boiling point/°C 101.41 100.00 
Density/g mL-1 1.10775 0.997074 
Temperature of maximum 
density/°C 

11.23 3.98 

Viscosity,  
millipoise (25°C) 

12.00 8.93 

Surface tension 
/dynes cm-1 

71.93 71.97 

Dielectric constant (25 °C) 78.25 78.54 

Solubility product (25 °C) 1.95 × 10-15 1.00 × 10-14 
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With these solubility differences in mind, the thicker calcium phosphate films 

observed for the NR experiment are likely to arise from more rapid mineralization 

caused by lower solubility of calcium phosphate in solution. This was also noted 

when 2× SBF solutions in D2O were prepared, the solution would instantaneously 

turn cloudy when calcium chloride was added as the final salt. Whereas, with 2× SBF 

prepared in H2O, the solution would remain colourless for 3-4 days before calcium 

phosphate precipitation caused a turbid liquid.  

 

The ¼× SBF HDA experiment was conducted to see if this process could be inhibited 

further. The result for this measurement showed a mineral film with a much lower 

xSLD and therefore mineral density, with the thickness of the film decreasing over 

time. This behaviour can be attributed to calcium phosphate pre-nucleation cluster 

adsorbtion. Since the surface underneath the HDA layer is not yet saturated with these 

clusters the xSLD is approximately 18.1 × 10-6Å-2 compared to 32.6 × 10-6Å-2 using 

½× SBF.  

 

As more pre-nucleation clusters adsorb underneath the HDA layer, a more dense 

mineral layer is formed. Upon reaching saturation at an xSLD of approximately 32.6 

× 10-6Å-2, the mineral film can then begin to increase in thickness. This is the 

rationale that underlies the induction period observed during the in-situ ellipsometry 

measurements using the 1× SBF on zein and HDA templates. 

4.5 Conclusion 
 
The calcium phosphate mineral films produced from a SBF solution at the air-liquid 

interface using zein and HDA layers were successfully formed and characterized. In-

situ ellipsometry was utilized to provide useful information on the kinetics of 

mineralization using both these organic templates and a range of SBF conditions. The 

model used to infer physical properties from the ellipsometry results is considered to 

be valid due to successful corroboration. SEM results showed that the mineral 

thicknesses obtained are reasonably well correlated to those obtained by ellipsometry. 

Additionally, XPS results show that the zein protein exists exclusively at the “air-
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facing” side of the mineral surface indicating that mineralization is induced by the 

organic surface and proceeds from the top down. 

 

SEM results show a clear distinction in the morphology of the calcium phosphate thin 

films induced by the two organic templates. HDA mediated mineral films reliably 

formed in a continuous and flat arrangement, whereas mineral films grown using zein 

consistently showed the presence of hemispherical nanoparticles that aggregated and 

fused to form a mineral film. The difference in these mineralization processes was 

also indirectly observed by in-situ ellipsometry. Zein and HDA mineralization from 

2× SBF started showing different growth rates after 90 min. The slower rate of the 

zein-induced film formation was attributed to the reformed mineralization that takes 

place once the surface is saturated with hemispherical nanoparticles. HDA-induced 

mineralization proceeded at approximately double the rate, as the new mineral 

forming did not have to reorient itself since the surface for mineralization remains flat 

throughout the experiment. 

 

Mineralization conducted with different SBF conditions showed altered thickness and 

growth rate profiles by ellipsometry. Using a 2× SBF pH of 6, an induction period 

was observed for both to be extended for both the zein and HDA-induced films, 

which is usually characteristic of 1× SBF systems. This was attributed to the 

increased solubility of calcium phosphate in more acidic environments, leading to less 

precipitation of inorganic salts. The absence of Mg2+ was shown to be more 

influential using zein over HDA. A shorter induction period was observed, in which a 

stable 6 nm critical mineral nuclei was formed. The experiments conducted with 

varying NaH2PO4 and NaHCO3 concentration within the 1× SBF showed differences 

in thickness and growth rate profiles. Increasing phosphate resulted in much shorter 

induction periods and much thicker films, however, this is expected since phosphate 

is the limiting reagent for hydroxyapatite using this SBF recipe. Increasing carbonate 

showed less influence on induction period and film thickness, however it is a vital 

component since halving its concentration leads to severe inhibition of mineralization. 

Complementary FT-IR measurements confirm that increases in phosphate or 

carbonate within the SBF leads to increases in the content of these anions within the 

precipitated mineral films. 
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The limitation of the ellipsometer to probe the induction period during early stage 

mineralization was overcome using neutron and X-ray reflectivity. The d-HDA ½× 

SBF (in D2O) system showed mineral film formation and growth from a 10 Å to 41 Å 

thick after the 210 min experiment. However, when an X-ray reflectivity experiment 

was conducted using HDA on a ½ × SBF (in H2O) much thinner mineral films where 

detected. This induction-phase mineral film maintained the same density throughout 

the experiment but gradually became thicker from 8 Å to 11 Å, significantly lower 

than the thicknesses observed using neutron reflectivity. This difference was 

rationalized due to the fact that salts are less soluble in D2O relative to H2O. For this 

reason, it is more likely for calcium phosphate to precipitate in a D2O environment 

leading to the thicker films observed in the neutron reflectivity experiment. 

 

The experiments conducted and results obtained reveal novel insights into thin film 

mineralization at the air-liquid interface. However, the films produced are not free-

standing and remain quite brittle. Furthermore, this method can only be used to 

produce a single layer mineral film as multilayer film production is not possible using 

this method. 
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Chapter 5 
 

Multilayered biopolymer templates of chitosan and iota-

carrageenan for mineralization of calcium phosphate and 

calcium carbonate 
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5.1. Introduction 
 
The remarkable mechanical properties achieved by bone and sea-shells are the result 

of the hierarchal structure of organic and inorganic components.10, 11, 165, 166 

Multilayers of calcium carbonate tiles within nacre are also responsible for the 

striking iridescence of sea-shells, due to selective diffraction of visible light. Chemists 

and materials scientists have attempted to reproduce nacre with varying degrees of 

success.167-171  Li et al.167 induced slow crystallization of calcium carbonate within a 

suspension of carboxyl graphene. Scanning electron microscopy (SEM) images of the 

resulting material showed the multilayered structure of the carboxyl graphene/CaCO3 

hybrid. X-ray diffraction data revealed that CaCO3 was present in the material as the 

calcite polymorph. The procedure used by Li et al. produced multilayered CaCO3 

with an individual layer spacing similar to nacre (300-400 nm). However, this method 

does not allow growth of continuous films on a planar substrate (e.g. cm2 surface 

coverage). Finnemore et al.169 made multilayer films by layer-by-layer deposition of 

the poly-electrolytes poly(acrylic acid) (PAA) and poly(4-vinyl pyridine) (PVP). 

Nanopores were introduced into the films by immersion in a pH 10 solution. Calcium 

carbonate formation within the poly-electrolyte film was induced by the ammonium 

carbonate diffusion technique, resulting in a high-quality nacre mimic.  

 

Environmental researchers have found that in areas located near industrial waste, the 

morphology of seashells is adversely altered by the presence of heavy metal ions.172, 

173 Ions which affect mollusc mineralization processes include Cd2+, Cr3+, Pb2+, Zn2+ 

and Cu2+. The effect of these ions on shell growth has been investigated using live 

molluscs, with the growth rates found to depend on the mollusc’s species, the type of 

heavy metal ion and the concentration.67, 172-175 Figueroa et al.172 assessed the effect of 

Cd2+, Cr3+, Pb2+ and their mixtures on the shell growth rate of the scallop Argopecten 

ventricosus, a marine species very sensitive to the presence of heavy metal ions. They 

found that Cd2+, Cr3+ or Pb2+ at concentrations as low as 0.01 mg L-1 were able to 

reduce the scallop shell growth rate from 0.04 mm day-1 to 0.02 mm day-1. The 

growth rate was reduced to 0.01 mm day-1 when the scallops were exposed to all three 

ions, as is often found near waste run-off sites. The reduction in growth rate was 

attributed to the inhibition of enzymes, such as carbonic anhydrase, and deregulated 

membrane diffusion processes due to heavy metal ion presence.68, 176 Minimal 
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research has been reported on influence of heavy metal ions on the structure of 

calcium-based mineralization within organic templates.  

 

In this chapter the influence of Cu2+, Zn2+, Cd2+ and Pb2+ ions on CaP and CaCO3 

growth within biopolymer multilayer films is investigated. Chitosan and iota-

carrageenan multilayer films were prepared on glass substrates by a layer-by-layer dip 

coating technique, and then the multilayered films immersed in a simulated body fluid 

(SBF) or simulated seawater (SSW) at 20°C to induce CaP or CaCO3 growth, 

respectively. SEM, small angle neutron scattering (SANS), small angle X-ray 

scattering (SAXS) were used to follow the changes within the internal structure of the 

biopolymer film following mineralization. The aims for this chapter are noted below. 

5.2. Aims 
 
 1. Successfully obtain multilayered biopolymer films using layer-by-layer 

assembly of chitosan and iota-carrageenan. 

 2. Induce mineralization of calcium phosphate and calcium carbonate using 

simulated body fluid and simulated sea-water, respectively, as a non intrusive method 

for mineral formation. 

 3. Identify the effect of the following heavy metal ions, Cu2+, Cd2+, Zn2+ and 

Pb2+ on the mineralization of calcium phosphate and carbonate within the 

multilayered biopolymer films.  
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5.3. Results 

5.3.1 Quartz crystal microbalance with dissipation (QCM-D) 

QCM-D results for 0.1 mg mL-1 solutions of chitosan and iota-carrageenan that were 

consecutively passed over the QCM chip are shown in Figure 5.1. The synchronized 

frequency decreases and dissipation increases indicate the moments each of these 

polysaccharides are adsorbed.  The first 24 minutes of the experiment was spent 

flowing H2O, in order to obtain a baseline frequency and dissipation. The first 

chitosan layer is shown to form at the 25 min point of the experiment. This solution 

was flowed for 7 minutes before switching to iota-carrageenan. Repeated alternations 

of these two biopolymers led to a stepped feature of frequency decrease and 

Figure 5.1: QCM-D data (A) showing changes in frequency and dissipation with the 
successive passing of chitosan and iota-carrageenan solutions. QCM-D chips before (top) and 
after (bottom) biopolymer film formation (B). Modeled adsorbed mass and kinematic 
viscosity with chitosan and iota-carrageenan addition (C). 
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dissipation increase. The QCD-D data was fitted using a viscoelastic model, which 

provides the physical parameters of kinematic viscosity and adsorbed mass. These 

properties are also shown to be stepped and changes occur at the same time periods of 

chitosan and iota-carrageenan addition.  

 

During the 24 minute H2O baseline, an adsorbed mass of 0 µg cm-2 and a kinematic 

viscosity of 0.89 mm2 s-1 (viscosity of H2O) was observed. The absorption of the first 

chitosan layer raises both the kinetic viscosity and the adsorbed mass to 1.72 mm2 s-1 

and 3.7 µg cm-2, respectively. The subsequent iota-carrageenan layer increased the 

kinematic viscosity and adsorbed mass of the deposited film to 1.81 mm2 s-1 and 6.0 

µg cm-2. The first bilayer showed the highest increase in both these properties, with a 

change in kinematic viscosity and adsorbed mass of 0.9 mm2 s-1 and 5.0 µg cm-2, 

respectively. The second bilayer exhibits a significantly lower change in these 

properties to 0.21 mm2 s-1 and 1.5 µg cm-2, respectively. However, the third bilayer 

results in a slight increase in the change of kinematic viscosity and adsorbed mass to 

0.25 mm2 s-1 and 2.6 µg cm-2, respectively. The change in these parameters upon 

addition of each biopolymer layer and the total for each of the three bilayers are 

shown in Table 5.1. 
 
 
 
Table 5.1. Change in kinematic viscosity and adsorbed mass upon addition of each chitosan 
and iota-carrageen layer. Three bilayers were formed within the QCM cell. 

Adsorbed layer Change in kinematic 
viscosity/mm2 s-1 

Change in adsorbed 
mass/µg cm-2 

First chitosan 0.80  2.6 
First iota-carrageenan 0.10 2.4 
First bilayer 0.90 5.0 
Second chitosan 0.07 0.9 
Second iota-carrageenan 0.14 0.6 
Second bilayer 0.21 1.5 
Third chitosan 0.09 1.2 
Third iota-carrageenan 0.16 1.4 
Third bilayer 0.25 2.6 
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5.3.2 Scanning electron microscopy (SEM) 

Figure 5.2: SEM images showing the 32-bilayer chitosan/iota-carrageenan films in the dry 
state at various degrees of SBF mineralization. Panels A & B show the unmineralized film, 
C & D show the film after 30 min SBF exposure, E & F after 3 h SBF exposure and G & H 
after 18 h SBF exposure. 
 



	  101	  

SEM images of 32-bilayer chitosan/iota-carrageenan films after exposure to SBF (1×) 

for 30 min, 3 h and 18 h, along with the unmineralized film in the dry-state are shown 

in Figure 5.2. Panels A & B show the unmineralized biopolymer film. The film is 

continuous over hundreds of micrometres and, upon higher magnification, shows a 

smooth cross-section. The cross-section also reveals each of the chitosan and iota-

carrageenan layers within the multilayered film. The chitosan layers are shown to be 

approximately 31 ± 5 nm and the iota-carrageenan layers are shown to be 72 ± 8 nm. 

Upon mineralization in SBF for 30 min (Panels C & D), the film is shown to have a 

roughened texture caused by calcium phosphate formation. The distinction between 

the chitosan and iota-carrageenan layers are no longer visible, however, a distinct 

multilayer structure can still be observed in the dry-state. The 3 h SBF mineralized 

films show an improved texture of the cross-section, containing 80-120 nm bulbous 

features that appears to be composite of biopolymer and calcium phosphate. The 

cross-section of the film also shows faint remnants of a multilayer structure in the 

dry-state. The 18 h SBF mineralized films no longer contain any sign of multilayered 

structure due to over mineralization. The composite of biopolymer and calcium 

phosphate have caused streaking in both directions of the films cross-section.  
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Figure 5.3: SEM images showing the 32-bilayer chitosan/iota-carrageenan films in the dry 
state at various degrees of SSW mineralization. Panels A & B show the unmineralized film, 
C & D show the film after 30 min SSW exposure, E & F after 3 h SSW exposure and G & H 
after 18 h SSW exposure. 
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SEM images of 32-bilayer chitosan/iota-carrageenan films after exposure to SSW for 

30 min, 3 h and 18 h, along with the same images of the unmineralized film in the 

dry-state are shown in Figure 5.3. Mineralization in SSW for 30 min (Panels C & D), 

has also caused the film to possess a roughened texture from calcium carbonate 

formation, however the extent of this roughening is to a lesser degree compared to 

SBF. The multilayer structure of the biopolymer film is still present. The 3 h SSW 

mineralized films show an impressive multilayered structure also containing bulbous 

regions of biopolymer and calcium carbonate. The cross-section of the film also 

possesses a more distinct multilayer structure in the dry-state compared to SBF 

exposure for 3 h. The 18 h SSW mineralized films show little evidence of a 

multilayered structure due to the large extent of calcium carbonate formation. 

Particles that range between 40-90 nm can be observed within the cross-section of this 

film and appear similar to those of the 3 h SBF exposed films. 
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5.3.3 Cryogenic scanning electron microscopy (Cryo-SEM) 
 

Cryo-SEM images of a 60 bilayer unmineralized film in the swollen (H2O) state are 

shown in Figure 5.4. These images show the large extent to which the biopolymer 

film swells and also reveals a more defined and thicker multilayer structure. 

Individual layers of chitosan and iota-carrageenan can not be distinguished, however, 

the thickness of a bilayer of these biopolymers can range between 6 µm to 20 µm. 

Such a thickness is greater than that of the entire 32-bilayer film in the dry state. The 

interfaces between each bilayer appear much more consistent in thickness at 

approximately 100-300 nm. The square-shaped voids between the bilayers are 

suspected to be artefacts caused by ice-crystal formation and removal. 

 

 

 

 

 

 

Figure 5.4: Cryo-SEM images showing a 60-bilayer chitosan/iota-carrageenan film in the 
wet state unmineralized. Panels A, B, C & D are at 250×, 1,000×, 5,000× and 20,000×, 
respectively. 
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Cryo-SEM images of a 60 bilayer film exposed to SBF for 3 h in the swollen state are 

shown in Figure 5.5. These images also show the great extent of swelling and a 

noticeable difference from the structure of the unmineralized film. The individual 

interface layers appear slightly thicker, more dense and are more rough compared to 

the unmineralized film. These differences in texture and roughness were also 

observed in the dry-state (non cryo-SEM images), however, the wet-state images 

show that these features can be attributed to the interface layers within the biopolymer 

film. 

 

 

 

 

 

 

 

 

Figure 5.5: Cryo-SEM images showing a 60-bilayer chitosan/iota-carrageenan films in the 
wet state after 3 h mineralization in SBF. Panels A, B, C & D are at 250×, 1,000×, 5,000× 
and 20,000×, respectively. 
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Cryo-SEM images of a 60 bilayer exposed to SSW for 3 h in the swollen state are 

shown in Figure 5.6. This film appears a lot more disordered than the unmineralized 

and the SBF exposed film, with a less distinct multilayered structure. The interface 

layers are shown to no longer be horizontally aligned but adopting a randomly 

distributed arrangement. 
 

 

 

 

 

 

 

 

Figure 5.6: Cryo-SEM images showing a 60-bilayer chitosan/iota-carrageenan films in the 
frozen wet state after 3 h mineralization in SSW. Panels A, B, C & D are at 250×, 1,000×, 
5,000× and 20,000×, respectively. 
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5.3.4 Cyrogenic transmission electron microscopy 

 

Figure 5.7: Cryo-TEM images showing a 60-bilayer chitosan/iota-carrageenan films in the 
wet state unmineralized.  
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Cryo-TEM images of a 60 bilayer unmineralized film in the swollen state are shown 

in Figure 5.7. This technique was used in order to obtain higher resolution images of 

the swollen film. Two sections of the film are shown and also display the multilayered 

structure of the film. These multilayers clearly consist of both the chitosan and iota-

carrageenan biopolymers, unlike the cryo-SEM images which just contained voids 

spaces were the biopolymers should have been. Additionally, these images show the 

more dense (darker) interface layer between each of the biopolymers. These interface 

layers appear much thinner than the biopolymer layers between them at 

approximately 100-300 nm, with the biopolymer layer thickness of approximately 2 

µm. The highest magnification images (Panels E & F) show the a mesh-like structure 

within the interface layer. The dark particles observed in these images are likely to be 

ice-crystal artefacts from the sample preparation. 
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5.3.5 Small angle neutron scattering (SANS) 

Chitosan and iota-carrageenan multilayer films were made to 120-bilayers and small 

angle neutron scattering was conducted on these films. The scattering profiles for the 

unmineralized and 30 and 180 min SBF exposed films are shown in Figure 5.8. For 

each of the treatments similar scattering behavior is observed in the mid to low q 

range (0.01-0.70 Å-1), where a broad feature is observed between 0.01-0.05 Å-1. 

Distinctions between these films are more apparent in the lower q-range (<0.01 Å-1). 

Another prominent feature is exclusively observed in the mineralized samples 

between 0.002-0.005 Å-1, a slight shift of this feature occurs from 30 min to 180 min 

of SBF exposure. Additionally, the drastic increase the slope of the low q (<0.005 Å-1) 

scattering is observed with SBF exposure. 

Figure 5.8. Small angle neutron scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films exposed to D2O buffer. Profiles shown are of the unmineralized and the 30 and 180 
min SBF exposed film. 
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The neutron scattering profiles for the unmineralized and 30 and 180 min SSW 

exposed films are shown in Figure 5.9. The SSW treated films also a show similar 

broad scattering feature between the mid and low q range. The feature observed 

between 0.002-0.005 Å-1 for the SBF treated samples also appears to be present for 

the SSW samples, however it is much weaker in intensity. Within the SSW treated 

samples an increase in slope of the scattering intensity at low q is also observed. 

However, the change with SSW exposure is not monotonic, since the 30 min SSW 

film appears to have a greater slope than the 180 min film. 

 

Figure 5.9: Small angle neutron scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films exposed to D2O buffer. Profiles shown are of the unmineralised and the 30 and 180 
min SSW exposed film. 
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The 120-bilayer films were mineralized in SBF and SSW for 30 and 180 min in each 

of the following heavy metal ions Pb2+, Zn2+, Cd2+ and Cu2+ at concentrations of 5 and 

50 µg L-1. The SANS profiles for each of the heavy metal ions in SBF and SSW are 

shown in Figures 5.10, 5.11, 5.12 and 5.13, respectively. Within each of these 

scattering profiles subtle differences exist within the low q (0.002-0.005 Å-1) feature 

that was observed in the SBF and SSW samples without heavy metal ions. 

Additionally, differences in the slope of scattering in the low q region are also 

observed, however, they do not reach the high gradients observed in the systems 

Figure 5.10: Small angle neutron scattering profiles of 120-bilayer chitosan/iota-
carrageenan films exposed to D2O buffer. Profiles shown are of the films that have been 
mineralized with Pb2+ in SBF (left) and SSW (right) for 30 and 180 min at concentrations of 
5 and 50 µg L-1. 
 

Figure 5.11: Small angle neutron scattering profiles of 120-bilayer chitosan/iota-
carrageenan films exposed to D2O buffer. Profiles shown are of the films that have been 
mineralized with Zn2+ in SBF (left) and SSW (right) for 30 and 180 min at concentrations of 
5 and 50 µg L-1. 
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without heavy metal ions. 

 

 

 

 

 

 

 

Figure 5.12: Small angle neutron scattering profiles of 120-bilayer chitosan/iota-
carrageenan films exposed to D2O buffer. Profiles shown are of the films that have been 
mineralized with Cd2+ in SBF (left) and SSW (right) for 30 and 180 min at concentrations of 
5 and 50 µg L-1. 
 

Figure 5.13: Small angle neutron scattering profiles of 120-bilayer chitosan/iota-
carrageenan films exposed to D2O buffer. Profiles shown are of the films that have been 
mineralized with Cu2+ in SBF (left) and SSW (right) for 30 and 180 min at concentrations of 
5 and 50 µg L-1. 
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5.3.6 Small angle X-ray scattering (SAXS) 
 

Small angle X-ray scattering was conducted on the same 120-bilayer films as those 

used for SANS, however, due to the poor penetration of X-rays, the measurement was 

done in the dry-state. SAXS profiles for the unmineralized and the 30 and 180 min 

SBF and SSW exposed films are shown in Figure 5.14. The profiles do not contain as 

many features as the SANS measurements as a lower q-range was used due to 

instrument limitations. From each of the SAXS profiles the slope of the X-ray 

scattering was shown to vary between each sample.  

 

 

 

 

Figure 5.14: Small angle X-ray scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films in the dry state. Profiles shown are of the unmineralized and the 30 and 180 min SSW 
and SBF exposed film. 
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The SAXS equivalent measurements were also conducted on 120-bilayer films 

mineralized in SBF and SSW for 30 and 180 min in each of the following heavy 

metal ions Pb2+, Zn2+, Cd2+ and Cu2+ at concentrations of 5 and 50 µg L-1. The SAXS 

profiles for each of the heavy metal ions in SBF and SSW are shown in Figures 5.15, 

5.16, 5.17 and 5.18, respectively. Within each of these scattering profiles, differences 

in the slope of X-ray scattering can be observed, however, no immediate trend can be 

conclusively stated. 

 

Figure 5.15: Small angle X-ray scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films in the dry state. Profiles shown are of the films that have been mineralized with Pb2+ in 
SBF (left) and SSW (right) for 30 and 180 min at concentrations of 5 and 50 µg L-1. 
 

Figure 5.16: Small angle X-ray scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films in the dry state. Profiles shown are of the films that have been mineralized with Zn2+ in 
SBF (left) and SSW (right) for 30 and 180 min at concentrations of 5 and 50 µg L-1. 
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Figure 5.18: Small angle X-ray scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films in the dry state. Profiles shown are of the films that have been mineralized with Cu2+ 
in SBF (right) and SSW (left) for 30 and 180 min at concentrations of 5 and 50 µg L-1. 
 

Figure 5.17: Small angle X-ray scattering profiles of 120-bilayer chitosan/iota-carrageenan 
films in the dry state. Profiles shown are of the films that have been mineralized with Cd2+ 
in SBF (left) and SSW (right) for 30 and 180 min at concentrations of 5 and 50 µg L-1. 
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5.3.7 Inductively coupled plasma – Mass spectrometry (ICP-MS) 
 

Inductively coupled plasma – mass spectrometry measurements were conducted to 

deduce the concentration of heavy metal ions within the 120-bilayer films. However, 

the ppm values obtained exceed the theoretical maximum (based on concentration of 

heavy metals present in solution), so the ICP-MS results should only be viewed 

qualitatively. A total of 21 samples were measured, show in in Figure 5.19, including 

an unmineralized film, SBF and SSW exposed films for 30 min and 3 h and SBF and 

SSW 3 h exposed films containing Cu2+, Cd2+, Zn2+ and Pb2+ at concentrations of 5 

and 50 µg L-1. The ICP-MS results show that none of these heavy metal ions are 

present within the samples mineralized without heavy metal ions, as expected. Those 

mineralized with Cu2+ showed a significant presence of Cu2+, with the 50 µg L-1 films 

containing more Cu2+. The presence of Cd2+ was only significantly detected in the 

SBF and SSW films containing 50 µg L-1 of the corresponding heavy metal ion. This 

observation is also noted for films mineralized with SBF and SSW containing 50 µg 

L-1 Pb2+ but not at the ten-fold lower concentration. The presence of Zn2+ was 

observed within the Zn2+ mineralized films in SBF and SSW. However, the 50 µg L-1 

did not exclusively contain the highest amount, with the 5 µg L-1 sample containing 

more Zn2+ than the 50 µg L-1. However, his observation may be an artefact.  

 

Figure 5.19: Inductively coupled plasma – mass spectrometry results showing the 
qualitative presence of Cu2+, Cd2+, Zn2+ and Pb2+ within 72 bilayer chitosan/iota-carrageenan 
films mineralized in SBF and SSW at 5 and 50 µg L-1 of heavy metal ions. 
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5.3.8 X-ray diffraction (XRD) 

XRD patterns for the 120-bilayer chitosan/iota-carrageenan films mineralized in SBF 

and SSW for 30 min and 3 h are shown in Figure 5.20. The unmineralized film shows 

two reflections arising from spacing within the biopolymer film. These features exist 

at 2 Theta values of 8.2° and 16.9°, which correspond to d-spacings of 10.8 and 5.2 Å. 

This feature arises from ordering within the biopolymer film since it appears in the 

unmineralized film. SBF and SSW exposure does not cause any reflections 

characteristic of crystalline calcium phosphate or calcium carbonate at both exposure 

times of 30 min and 3 h. Any mineral content within the 120-bilayer films would 

therefore have to be amorphous. 

 

 

 

 

 

 

 

 

Figure 5.20: X-ray diffraction patterns of the 120-bilayer chitosan/iota-carrageenan film. 
Measurements of the unmineralized and 30 min and 3 h SBF and SSW exposed films are 
shown. 
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5.4 Discussion  
5.4.1 Formation of chitosan/iota-carrageenan multilayered films. 
 
The multilayer biopolymer films were dip-coated onto microscope slides. The piranha 

treated slides exposed a hydrophilic negatively charged SiO2 surface. Upon 

immersion into the chitosan solution, the positively charged NH3
+

 groups on the poly-

saccharide chains start to electrostatically attract to the slide surface. QCM-D shows 

this adsorption occurs once the chitosan solution is introduced to the cell after 25 

minutes of H2O stabilization. Within 20 seconds the SiO2 chip surface is coated with 

chitosan, characterised by a drop in frequency and increase in dissipation. This entails 

that the surface has an adsorped mass and that the viscoelastic properties of the 

surface have changed. After 5 minutes of continuous chitosan flow the frequency and 

dissipation do not change, this provides evidence that the chitosan does not 

accumulate and that approximately 20 seconds is enough for surface adsorption. The 

passing of an iota-carrageenan solution is followed and observed at 34 minutes. This 

causes a further drop in frequency and rise in dissipation. Similar to the initial 

chitosan layer, the iota-carrageenan adsorption is also on the order of 20 seconds and 

also does not accumulate on the chitosan surface. This completes the formation of the 

first bilayer, chitosan and iota-carrageenan solutions are passed sequentially to induce 

a second and thrid bilayer on the QCM chip. The same behaviour is observed with the 

additional bilayers characteristically showing monotonic, step wise decreases and 

increases in frequency and dissipation, respectively. These measurements provided an 

indication for how long each slide should be exposed to the biopolymer solutions 

when preparing the dip-coated films. This allows for uniformly coated films to be 

prepared rapidly, where 16 bilayers can be desposited in approximately 20 minutes. 

Similar dip-coating procedures have exposed slides to each polymer solution for up to 

15 minutes, individually, in order to induce a uniform coating.177  

 

SEM images show that multilayer biopolymer films formed are structured with 

alternating chitosan and iota-carrageenan layers and are have uniform coverage across 

10s of micrometers. The uniform coating is also evident when the biopolymer films 

are swollen with H2O. The photographs of the 120-bilayer multilayer films in Figure 

5.21. show the that unmineralized film has a golden sheen over 12 cm2, which appear 

on both sides of the slide, such iridescence is only possible with a uniform and 
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periodically arranged nanostructure. Mineralization of calcium phosphate and calcium 

carbonate through the exposure of SBF and SSW, respectively, causes a distinct 

colour change within the mutilayered biopolymer film. Shifts from a golden to a blue 

colour can be attributed to a refractive index change within the interfaces between the 

individual chitosan and iota-carrageenan layers. This refractive index change would 

arise from a compositional difference after mineralization, this is observed in the 

SEM and Cryo-SEM images. The SEM images show that mineralization causes a 

texture change within the film and when similar films are observed in the swollen 

state it is clear that the interfaces between each biopolymer layer are the most dense 

component of the film. The 100-300 nm length scale of these interface layers are 

consistent with the periodic arrangement required to diffract visible light causing 

Figure 5.21: Photographs showing chitosan/iota-carrageenan multilayer films containing 120 
bilayers. A, B show the unmineralized film in both the dry and swollen states, respectively. 
Subsequent rows show the film after exposure for 5 min, 30 min, 180 min and 18 h exposure 
to SBF (dry, C, F, I, L), (swollen, D, G, J, M) and SSW (swollen, E, H, K, N). 
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iridescence. The density change within the interface layers is discussed further with 

the interpretation of the SANS and SAXS parameters, later in this chapter. 

The biopolymer films exhibit ample swelling upon submerging in H2O. This is shown 

in the photographs in Figure 5.22 and the plots shown in Figure 5.23. The mass of the 

biopolymer film is shown to increase 2 orders of magnitude after swelling for 1 day. 

The multilayered biopolymer films are capable of absorbing H2O over 150 times their 

mass in the dry state, shown by the 16, 32, 64 and 128 bilayer film beyond 12 h of 

swelling. A large change in thickness is also observed with the 128 bilayer film 

becoming bulgy after 24 h of swelling. The mass of the biopolymer films in the dry 

and swollen states are shown in Table 5.2. 
Table 5.2. - Mass of chitosan/iota-carrageenan film at different bilayer numbers, in the dry 
state and after swelling in H2O for 60 s, 30 min, 180 min, 12 h, 24 h.  
  H2O mass (mg cm-2) after 
Bilayers Biopolymer 

mass (mg cm-2) 
60 s  30 min 180 min 12 h 48 h 

8 0.36 ± 0.02 16 ± 4  42 ± 5 50 ± 5 25 ± 4  24 ± 4  
16 0.42 ± 0.03 18 ± 3  44 ± 5 62 ± 6 116 ± 8  120 ± 8  
32 0.73 ± 0.06 19 ± 4  46 ± 5 78 ± 6 238 ± 11 266 ± 12  
64 1.38 ± 0.11 21± 4  48 ± 5 80 ± 7 292 ± 14 440 ± 23 
128 4.04 ± 0.37 23 ± 4  61 ± 6 153 ± 9  431 ± 22 553 ± 31  

Figure 5.22: Side view of a chitosan/iota-carrageenan 128 bilayer film, exposure to H2O for 
0, 3, 6, 12, 24, 48 h (A, B, C, D, E, F) has resulted in swelling. 
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Figure 5.23: The surface density (top) of the chitosan/iota-carrageenan film as a function of 
bilayers added. Swelling behavior of the 8, 16, 32, 64 and 128 bilayer films shown by the 
amount of absorbed H2O over time. 
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5.4.2 Calcium phosphate and calcium carbonate mineralization within the 

multilayered biopolymer film. 

Mineralization of calcium phosphate and carbonate was induced by exposing the 

films to SBF and SSW, respectively. SEM images in both the dry and swollen state 

showed differences in film texture and thickness with mineralization. The mineral 

content within the films is shown to be amorphous with X-ray diffraction. SANS 

measurements were performed to obtain structural information within the biopolymer 

film in the swollen state over a 12 mm diameter of sample, which is unique to SANS. 

SAXS measurements were also taken on the same film but are limited to the dry state 

due to the nature of X-ray measurements. The parameters obtained from the SANS 

measurements include the power law exponent, lamellar thickness and nSLD 

(lamellar model) and the dynamic and static correlation lengths (Gausian Lorentz gel 

model). The components of these models are shown in Figure 5.24 and reveal at 

which q-range each model accounts for scattering. 

Labels for each of the heavy metal ion treatments are shown in Table 5.3. and each of 

the SANS and SAXS parameters for these treatments is shown in Table 5.4. 

  

Figure 5.24: SANS profiles showing the fits for the 120 bilayer film unmineralized, SBF 
exposure for 30 min and 180 min. The power law, lamellar model and the Gaussian Lorentz 
gel components of the fits have been separated to show where components give rise to 
dominant scattering in particular regions of q. 
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Table 5.4. Fitted parameters of the measured SANS data, a combined model using the power law, lamellar and 
Gaussian Lorentz gel model. The power law of the SAXS data is also included.	  

Film SANS 
Power 
law/Q-m 

SANS 
Lamellar 
thickness/Å 

PD/% Lamellar 
neutron 
SLD/10-6Å-2 

Dynamic 
correlation 
length/Å 

Static 
correlation 
length/Å 

SAXS Power 
law/Q-x 

S1 2.26 ± 0.04 - - - 41 ± 1 22 ± 1 2.60 ± 0.01 
S2 3.19 ± 0.03 1483 ± 44 14 3.6 ± 0.1 48 ± 2 22 ± 1 2.56 ± 0.01 
S3 2.91 ± 0.07 1492 ± 103 21 5.2 ± 0.1 42 ± 2 19 ± 1 2.44 ± 0.01 
S4 3.70 ± 0.02 1865 ± 45 22 2.7 ± 0.1 36 ± 1 17 ± 1 2.32 ± 0.01 
S5 3.83 ± 0.02 2123±34 16 2.0 ± 0.1 40 ± 2 18 ± 1 2.21 ± 0.01 
S6 3.37 ± 0.03 1244 ± 43 14 4.5 ± 0.1 52 ± 2 20 ± 1 2.69 ± 0.01 
S7 2.72 ± 0.03 - - - 46 ± 2 20 ± 1 2.47 ± 0.02 
S8 3.00 ± 0.02 - - - 40 ± 1 18 ± 1 2.45 ± 0.01 
S9 3.17 ± 0.03 - - - 48 ± 2 13 ± 1 2.20 ± 0.02 
S10 2.48 ± 0.05 - - - 41 ± 2 22 ± 1 2.47 ± 0.01 
S11 3.25 ± 0.04 1519 ± 61 71 3.7 ± 0.1 43 ± 1 25 ± 1 2.44 ± 0.01 
S12 3.52 ± 0.04 2853 ± 66 51 2.8 ± 0.1 47 ± 1 18 ± 1 2.50 ± 0.01 
S13 3.27 ± 0.04 1615 ± 94 22 3.4 ± 0.1 43 ± 1 20 ± 1 2.63 ± 0.01 
S14 2.67 ± 0.04 - - - 45 ± 2 22 ± 1 2.72 ± 0.02 
S15 2.81 ± 0.03 - - - 42 ± 1 20 ± 1 2.66 ± 0.01 
S16 3.20 ± 0.02 - - - 40 ± 1 19 ± 1 2.63 ± 0.01 
S17 3.15 ± 0.03 1336 ± 57 14 3.6 ± 0.1 41 ± 1 23 ± 1 2.32 ± 0.01 
S18 2.33 ± 0.03 - - - 44 ± 2 22 ± 1 2.75 ± 0.01 
S19 3.36 ± 0.02 1769 ± 66 68 3.2 ± 0.1 52 ± 1 23 ± 1 2.48 ± 0.02 
S20 2.74 ± 0.04 - - - 59 ± 3 17 ± 3 2.38 ± 0.01 
S21 3.19 ± 0.02 3914 ± 89 55 3.9 ± 0.1 54 ± 2 31 ± 1 2.33 ± 0.01 
S22 3.36 ± 0.03 1361 ± 54 80 3.4 ± 0.1 55 ± 1 23 ± 1 2.47 ± 0.01 
S23 3.44 ± 0.03 1392 ± 73 19 3.4 ± 0.1 47 ± 2 21 ± 1 2.55 ± 0.01 
S24 2.82 ± 0.03 - - - 40 ± 1 21 ± 1 2.22 ± 0.01 
S25 3.44 ± 0.03 2643 ± 96 61 3.4 ± 0.1 45 ± 2 23 ± 1 2.27 ± 0.01 
S26 2.49 ± 0.03 - - - 41 ± 1 22 ± 1 2.62 ± 0.01 
S27 3.44 ± 0.05 2475 ± 69 63 3.2 ± 0.1 54 ± 1 22 ± 1 2.45 ± 0.01 
S28 3.02 ± 0.03 - - - 38 ± 1 18 ± 1 2.19 ± 0.01 
S29 3.08 ± 0.05 1555 ± 95 71 3.3 ± 0.1 54 ± 2 37 ± 1 2.53 ± 0.01 
S30 2.56 ± 0.03 - - - 43 ± 1 22 ± 1 2.90 ± 0.01 
S31 3.35 ± 0.06 2582 ± 84 57 3.3 ± 0.1 48 ± 2 20 ± 1 2.58 ± 0.01 
S32 3.18 ± 0.08 2274 ± 78 62 3.3 ± 0.1 41 ± 1 20 ± 1 2.59 ± 0.01 
S33 3.50 ± 0.07 2670 ± 83 45 3.4 ± 0.1 50 ± 1 31 ± 1 2.71 ± 0.01 
S34 3.29 ± 0.09 2017 ± 73 60 3.4 ± 0.1 49 ± 1 24 ± 1 2.49 ± 0.01 
S35 3.29 ± 0.03 1405 ± 70 19 5.6 ± 0.1 48 ± 1 20 ± 1 2.51 ± 0.01 
S36 3.55 ± 0.04 2740 ± 77 51 2.9 ± 0.1 44 ± 1 21 ± 1 2.22 ± 0.01 
S37 3.64 ± 0.02 1387 ± 32 14 3.5 ± 0.1 44 ± 1 27 ± 1 2.69 ± 0.01 
	  

	  

Table 5.3. Labels for each of the heavy metal ion treatments for each biopolymer film, for 
each ion Cu2+, Zn2+, Cd2+ and Pb2+ at concentrations of 5 and 50 µg L-1 and exposure times 
of 30 and 180 min 
SSW Control Cu2+ Zn2+ Cd2+ Pb2+ 
  5           

μg L-1 
50         
μg L-1 

5         
μg L-1 

50     
μg L-1 

5          
μg L-1 

50         
μg L-1 

5          
μg L-1 

50    
μg L-1 

0 m S1         
30 m S2 S6 S10 S14 S18 S22 S26 S30 S34 
180 m S3 S7 S11 S15 S19 S23 S27 S31 S35 
SBF          
30 m S4 S8 S12 S16 S20 S24 S28 S32 S36 
180 m S5 S9 S13 S17 S21 S25 S29 S33 S37 
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After modelling the set of SANS and SAXS measurements a range of  physical 

parameters were obtained. These parameters are plotted against each other to identify 

certain trends in Figures 5.24, 5.25, 5.26 and 5.27. The slopes obtained from the 

power law fits for both the SAXS and SANS data are shown in Figure 5.24. A 

comparison of this data shows grouping of SBF (red) and SSW (blue), with the SBF 

samples tending to have larger SANS m values and small SAXS m. We would expect 

the SBF films to contain more mineral than the SSW exposed film due to the lower 

Ksp
 value of calcium phosphate163 relative to amount of Ca2+ and PO4

3- in SBF, 

compared to the Ksp value of calcium carbonate relative to the Ca2+ and CO3
2-

 in the 

SSW. The unmineralized film is shown to have the lowest SANS m-value revealing 

scattering characteristic of mass fractals (SANS m = 2.26) in the swollen state. 

Mineralization causes the film to transition towards a smooth film (S4, S5 SANS m = 

Figure 5.24: Plot showing the SAXS power law slope against the SANS power slope (top) 
for each of the 37 biopolymer films measured. Separate plots are shown within the SBF and 
SSW films (bottom), where the larger numbers indicate 180 min, otherwise 30 min and the 
underlined numbers indicate 50 µg L-1, otherwise 5 µg L-1. The datapoints have been labeled 
S1-37 as per their treatment noted in Table 5.4. 
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3.70 & 3.83) overall. The dashed line running through the plot shows where the data 

would be if the SAXS and SANS provided the same slopes, which is unlikely as the 

two techniques are probing the dry and swollen state, respectively. The slope 

parameters for the heavy metal ion mineralized films are shown in the lower half of 

Figure 5.24. 

 

The lamellar model accounted for the significant scattering feature at 0.003 Å-1 

,which is shown in Figure 5.8. A plot of the two physical parameters lamellar 

thickness and lamellar nSLD for the films that possessed significant scattering 

between the q-range 0.002 and 0.005 Å-1
, is shown in Figure 5.25. These lamellae are 

considered to be the interface layers between the chitosan and iota-carrageenan layers 

seen by Cryo-SEM, Figure 5.5. The reason that only the more mineralized samples 

Figure 5.25: Plot showing the lamellar neutron scattering length density (nSLD) against the 
lamellar thickness (top), obtained from the lamellar model, for the biopolymer films that 
showed significant lamellar scattering. Separate plots are shown within the SBF and SSW 
films (bottom), where the larger numbers indicate 180 min, otherwise 30 min and the 
underlined numbers indicate 50 µg L-1, otherwise 5 µg L-1. The datapoints have been labeled 
S1-37 as per their treatment noted in Table 5.4. 
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exihibit this feature is due to a threshold of mineralization required in order to provide 

the interface layer with enough nSLD contrast in order to scatter. This is supported by 

the SANS scattering profiles as the lamellar scattering feature at 0.003 Å-2 emerges 

abrutly without a gradual rise from high q, which would indicate the sudden 

emergence of a large scattering object, as opposed to slow growth of a mineral 

particle. The same lamellae are present in the unmineralized state, as seen in cryo-

SEM, but do not give rise to the lamellar feature in the SANS scattering as the 

contrast is very low due to the high D2O content from swelling. The dashed vertical 

line on Figure 5.25 is placed on the nSLD of D2O (6.36×10-6 Å-2), which was the 

solvent used during the modelling. Upon mineralization the nSLD of the 

lamellar/interface layers start to decrease due to a decrease in moisture and increase in 

mineral content. Figure 5.25 shows that the SBF exposed films can be considered to 

Figure 5.26: Plot showing the lamellar nSLD against the SANS power slope (top) for the 
biopolymer films that showed significant lamellar scattering. Separate plots are shown 
within the SBF and SSW films (bottom), where the larger numbers indicate 180 min, 
otherwise 30 min and the underlined numbers indicate 50 µg L-1, otherwise 5 µg L-1. The 
datapoints have been labeled S1-37 as per their treatment noted in Table 5.4. 
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be more mineralized as they display the lowest lamellar nSLD (or highest nSLD 

contrast against D2O). The most mineralized films S4 and S5 (30 min and 3 h SBF, 

without heavy metal ions) show the highest contrast against D2O with lamellar nSLDs 

of 2.7 and 2.0×10-6 Å-2, respectively. Some of the films show large polydispersity, 

from 14 up to 80 %, with the average lamellar thickness for the films between 1000 

and 3000 Å. These length scales are consistent which cryo-SEM and TEM images 

taken of the swollen multilayered biopolymer film.  

 

A plot of the lamellar nSLD against the SANS power law slope in Figure 5.26 shows 

the correlation of the two variables. The vertical dashed line, once again, represents 

the nSLD of D2O (6.36×10-6 Å-2), the horizontal line shows the SANS power law 

slope for the unmineralized 120 bilayer film (m = 2.26). The point where these lines 

converge can be viewed as approximately where the unmineralized film would be 

positioned if its lamellar nSLD was low enough to produce enough contrast for 

Figure 5.27: Plot showing the dynamic correlation length against static correlation length 
(top). Separate plots are shown within the SBF and SSW films (bottom), where the larger 
numbers indicate 180 min, otherwise 30 min and the underlined numbers indicate 50 µg L-1, 
otherwise 5 µg L-1. The datapoints have been labeled S1-37 as per their treatment noted in 
Table 5.4. 
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lamellar scattering. This point and the region around it is empty for this reason (the 

inhibited mineralization samples), however a trend from this region towards to the 

high SANS power law slope and low nSLD is observed. This supports our assertion 

that the scattering arises from lamellar in the form of interfaces within the bilayers of 

the biopolymer film. It also shows that with increasing lamellar density, as a result of 

mineralization, the overall structure of the film tends to a more smooth flat surface.  

 

The dynamic and static correlation lengths for each of the treated 120-bilayer films 

are shown in Figure 5.27. These parameters do not show any correlation with respect 

to SBF or SSW, additionally these correlation lengths do not seem to relate to extent 

of mineralization. The values for the dynamic and static correlation lengths range 

between 35-60 Å and 10-40 Å, respectively. The obtained range of polymer-polymer 

spacing within the swollen film correlates well with the dry-state spacings found by 

XRD reflections corresponding to 11 and 5 Å. It is expected that these spacings would 

increase upon interaction with H2O, however, as shown in Figure 5.27, there is no 

effect of mineralization on the spacing between the polymer mesh within the film. 

This finding provides additional indication that mineralization is happening largely or 

exclusively at the interfaces between the individual chitosan and iota-carrageenan 

layers. Leading to the polymer-polymer spacing within respective biopolymer 

remaining unaltered by mineralization within the interface layers. 

5.4 Conclusion 
 
Multilayered chitosan/iota-carrageenan films were successfully prepared by dip-

coating slides of chitosan and iota-carrageenan solutions. The films produced showed 

striking iridescence exclusively when swollen with H2O. Calcium phosphate and 

carbonate mineralization through exposure to SBF and SSW was shown to change the 

colour of the multilayer films from gold to blue, after 3 h exposure. QCM-D results 

show the formation of the multilayers only requires ~20 s of exposure to respective 

biopolymer solutions to induce surface attachment. Successive passing of alternating 

solutions showed the bilayer formation as a function of time. SEM images confirmed 

the presence of both biopolymers within the film. The structure of the film appeared 

to change with exposure to SBF and SSW, with a textured multilayer maintained after 

5 min, 30 min and 3 h of mineralization. The lack of iridescence in the 18 h SBF 
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exposed films was shown to be the result of extended mineralization causing a 

merged multilayer structure. Cryo SEM and TEM revealed the vast difference in 

thickness and multilayer stacking upon H2O swelling. These images showed dense 

interfaces, approximately 100-300 nm, between the individual chitosan and iota-

carrageenan layers. SANS profiles from the 120 bilayer films showed scattering 

features from the biopolymer gel phase, the mineralized lamellae and the overall film 

structure. We observed the tendency of these films to show scattering characteristic of 

smooth sheets and increasingly dense lamellae upon exposure to SBF and SSW. The 

biopolymer films exposed to SBF for 30 min and 3 h showed the greatest extent of 

mineralization. This lead to the smoothest scattering surface, observed by power law 

parameters of 3.8. Additionally, a lamellar feature was observed after sufficient 

mineralization provided enough neutron scattering contrast. The most mineral dense 

system was found to be the SBF 3 h exposed film, possessing an nSLD of 2.0 × 10-6Å-

2. The extent to which these scattering features varied with heavy metal ion exposed 

mineralization allow us to conclude the inhibitory effects of Cu2+, Zn2+, Pb2+ and 

Cd2+. Treatments that contained these ions did not reach the high power law 

parameters or the low nSLD values observed for the heavy metal free systems. The 

dynamic and static correlation lengths obtained for the multilayered films appear to 

correlate well with the spacing found using XRD. However, no grouping could be 

observed between the SBF and SSW exposed films or any trend with increasingly 

mineralized systems. This finding indicated that mineralization is not likely to be 

occurring within the diffuse biopolymer environments within the individual chitosan 

or iota-carrageenan layers, rather mineralization occurs near-exclusively at the 

interfaces between these layers. This rationale for calcium phosphate and calcium 

carbonate mineralization within these films was corroborated with cryo-SEM images 

which show differences in interface layer texture. The change in iridescence colour of 

the swollen films with SBF and SSW exposure also suggests mineralization is 

occurring at these interfaces as this is the only periodically arranged structure within 

the length-scale required to diffract visible light. Calcium phosphate and carbonate 

mineralization within these interfaces leads to compositional differences, which 

results in changes to refractive index causing a change in the observed iridescence. 
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Chapter 6 
 

Mineralization of chitosan and iota-carrageenan films at the 

solid-liquid interface using in-situ ellipsometry  
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6.1. Introduction 
 
Solvent interaction with polymers has been an area of research with the aim of 

identifying the optimum solvents for dissolution178-182. Researchers have shown that a 

range of variables influence polymer dissolution and swelling, including; chain-

length, solvent hydrophobicity, degree of branching182 and chemical functionality183. 

These interactions and properties are of interest as they allow polymer systems to 

become stimuli-responsive. In-situ ellipsometry has become increasingly popular in 

the last decade for studying thickness and density changes within polymer thin films 

upon solvent swelling116.  

 

The role of in-situ ellipsometry for identifying kinetic information of a mineralization 

system was shown to be very valuable in chapter 4. With mineralizaiton of calcium 

phosphate at the air-liquid interface successfully observed and thicknesses 

corroborated by SEM. This chapter shows that such kinetic measurements are also 

possible on the solid-liquid interface. The chitosan/iota-carrageenan multilayered film 

presented in chapter 5 were used as the thin film for studying the mineralization rate 

of calcium phosphate and calcium carbonate. However, only 1 or 2 bilayer films were 

made in order to obtain thicknesses within the measurable range for ellipsometry. 

 

Research surrounding in-situ ellipsometry for observing the effect of mineralization 

within biopolymer thin films is limited. This chapter shows that it is possible to 

accurately measure swollen films of chitosan/iota-carrageenan of thicknesses between 

3-5 µm. The ellipsometer used for these measurements was not the same one used for 

the results in chapter 4 (Imaging ellipsometer). The Picometer ellipsometry used 

allowed for faster data collection and higher angular resolution in-order to resolve the 

oscillating features that arise from films thicker than 1 micrometer. 
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6.2. Aims 
 1. Obtain a 1 or 2 bilayer chitosan and iota-carrageenan film and corroborate 

thicknesses found using ellipsometry with X-ray reflectivity. 

 

 2. Evaluate the effect of the following heavy metal ions, Cu2+, Cd2+, Zn2+ and 

Pb2+, on mineralization kinetics of calcium phosphate and carbonate formation with 

exposure to SBF and SSW. 
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6.3. Results 

6.3.1. X-ray reflectivity (XRR) 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: X-ray reflectivity profiles showing the Si wafer and the dip-coated 1-bilayer 
chitosan/iota-carrageenan film. Replicates of the films that had been immersed in H2O for 1 h 
are shown along with a film not exposed to H2O.  
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X-ray reflectivity measurements were taken on 1-bilayer chitosan and iota-

carrageenan films coated on Si wafer, the results are shown in Figure 6.1. XRR 

profiles of 5 replicates of the 1-bilayer film after soaking in H2O for 1 h and drying 

are shown along with a film that had not been treated to H2O. These results show that 

fringes caused by phase interaction only occur after the films have been soaked in 

H2O and dried. The film that was not treated to H2O, shows a feature-less decay in 

reflectivity beyond the critical edge, similar to the bare Si wafer. The modeled fits of 

the XRR produce values for the biopolymer thickness and xSLD, these values are 

shown in the xSLD profiles in Figure 6.1 and in Table 6.1. These results show that 

after H2O soaking, the 1-bilayer films achieve a thickness between 379 and 528 Å, 

with their xSLD ranging between 12.8 and 13.5 × 10-6Å-2. Before H2O soaking the 1-

bilayer is too thick to obtain reflectivity fringes to deduce thickness, which generally 

occurs above 150 nm. However, from the reflectivity profile of the pre-soaked 1-

bilayer film, the xSLD of the biopolymer can be obtained as the X-rays view the 

biopolymer film as the entire substrate and do not sufficiently penetrate the 

biopolymer in order to create a second reflection from the Si surface. The xSLD of the 

biopolymer film pre-soaked was found to be 15.5 × 10-6Å-2, which is higher than 

those that had been H2O treated.  

 
 
Table 6.1. Parameters obtained from the fits of the XRR data from the 1-bilayer chitosan/iota-
carrageenan films. The biopolymer thickness and xSLD are shown for each thin film sample. 
Sample Biopolymer 

thickness/Å 

Biopolymer xSLD/10-6Å-2 

Si Wafer 0 - 

1-bilayer after H2O #1 379 ± 6 12.8 ± 0.2 

1-bilayer after H2O #2 380 ± 6 13.9 ± 0.2 

1-bilayer after H2O #3 389 ± 6 13.4 ± 0.2 

1-bilayer after H2O #4 528 ± 6 13.5 ± 0.2 

1-bilayer after H2O #5 439 ± 6 12.8 ± 0.2 

1-bilayer before H2O - 15.5 ± 0.2 
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6.3.2. Ellipsometry 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ellipsometry measurements were conducted on the 1-bilayer chitosan/iota-

carrageenan (after H2O soaking) films in order to corroborate the XRR data. The 

fitted data for this layer and a comparison of thicknesses obtained from ellipsometry 

and XRR are shown in Figure 6.2. These results show reasonable correlation of the 

biopolymer thickness using independent techniques. The films were shown to be 

between 40 and 55 nm in the dry-state. 

 

 

 

 

 

 

Figure 6.2: An example of an ellipsometry measurement on a 1-bilayer chitosan/iota-
carrageenan film in the dry state (after H2O soaking) (top). X-ray reflectivity obtained 
thickness against ellipsometry obtained thickness for the 1-bilayer films after immersing 
in H2O for 1 hour (bottom), dashed red line = 1:1 correlation 
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In-situ ellipsometry measurements were conducted where the 1-bilayer chitosan/iota-

carrageenan film was exposed to SBF. Figure 6.3 shows the fitted model and the 

obtained ellipsometry data, this figure also shows the thickness and refractive index 

changes over time. The film thickness changes very rapidly at the beginning of the 

measurement reaching 160 nm after only 10 minutes of SBF exposure, from an initial 

dry-state thickness of 53 nm. This rapid thickness is attributed to the immense 

swelling from the dry-state towards a swollen environment. This swelling continues 

but begins to plateau after 2 h, maintaining a thickness of 198 nm. The refractive 

index changes show an inverse relationship with thickness. This observation is 

consistent with swelling as the refractive index is expected to decrease with swelling 

since an increase H2O (refractive index = 1.333) volume % should reduce the overall 

film’s refractive index. It is difficult to conclude if mineralization is occurring within 

the 1-bilayer system. However, this ambiguity does not exist within the 2-bilayer 

system, shown on the next pages. 

 

 

Figure 6.3: Ellipsometry data of the 1-bilayer chitosan/iota-carrageenan film exposed to 
SBF over time (top). Thickness and refractive index of the biopolymer layer over time 
(bottom). 
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In-situ ellipsometry measurements of the 2-bilayer chitosan/iota-carrageenan exposed 

to H2O were taken and the data and fitted model is shown in Figure 6.4. The angle 

range that the data was collected shows oscillations arising from the phase interaction 

that occurs when a film is thicker than the radiation wavelength used to probe it. 

These oscillations are observed for both the ellipsometric X and Y values measured by 

the ellipsometer. After the first 2 hours of H2O exposure, the oscillations become 

lower in amplitude and higher in frequency. During the last 2 hours of the 

measurement the oscillated response remains the same, showing the film is no longer 

changing in thickness. For each of the measured datasets the three-layer model fit the 

data reasonably well. Each of the three layers are distinguished by their refractive 

index (proportional to moisture content), as the top section of the film is the lowest 

refractive index and the two subsequent layers containing higher refractive indices.  

Figure 6.4: Ellipsometric X & Y profiles and the modeled fit of a 2-bilayer 
chitosan/iota-carrageenan film exposed to H2O. Data is shown at time 0, 1 and 2 h (top), 
along with 3, 4 and 5 h (bottom). 
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Each of the fitted parameters used in the modeled data for the 2-bilayer film in H2O 

are shown in Figure 6.5. The thickness (red) and refractive index (blue) were 

calculated for each the hydrated surface layer, the biopolymer layer and the dry layer. 

The surface hydrated layer reaches a thickness of 500 nm after 20 min and remains at 

this thickness for the whole measurement. The refractive index of this layer is the 

lowest at approximately 1.394, this is expected since it contains the largest volume % 

H2O.  The 2-bilayer chitosan/iota-carrageenan film shows a rapid increase in 

thickness from the start of the experiment until approximately 80 min. This thickness 

increase is accompanied by a refractive index decrease similar to that found in the 1-

bilayer film. This period can also be attributed to swelling of the biopolymer film, 

after which there is no significant growth. A slope was fitted to this thickness after 80 

min and a growth rate of 0.1 ± 0.1 nm min-1 (not significantly different to 0) was 

obtained. The dry layer was modeled to be the thinnest layer at approximately 80 nm 

throughout the experiment. This layer maintained the highest refractive index at 1.480 

since it contained the lowest H2O volume %. 

 

 

 

 

 

Figure 6.5: Thickness (red, left axis) and refractive index (blue, right axis) parameters 
obtained from the fitted ellipsometry data of the 2-bilayer chitosan/iota-carrageenan film 
exposed to H2O. 
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In-situ ellipsometry measurements of the 2-bilayer chitosan/iota-carrageenan exposed 

to SBF are shown in Figure 6.6. Oscillations in the ellipsometric X & Y response 

were also observed in this system. After the first 2 hours of SBF exposure, the 

oscillations are shown to increase in frequency and slightly decrease in amplitude. 

During the last 2 hours of the measurement significant changes in the oscillated signal 

continue. The frequency of the oscillation appears to be increase while the amplitude 

does not change significantly. This indicates the 2-bilayer film is changing in 

thickness even after 5 h of SBF exposure, unlike the stagnant response observed for 

H2O in the later stages of the experiment. 

 

 

Figure 6.6: Ellipsometric X & Y profiles and the modeled fit of a 2-bilayer chitosan/iota-
carrageenan film exposed to SBF. Data is shown at time 0, 1 and 2 h (top), along with 3, 4 
and 5 h (bottom). 
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The fitted parameters of the three modeled layers of the 2-bilayer film in H2O are 

shown in Figure 6.7. Similar to the H2O exposed film the biopolymer layer thickness 

increases rapidly at the beginning due to film swelling. However, the thickness for 

this layer does not plateau after 80 min, rather it continues to grow linearly at a rate of 

2.3  ± 0.1 nm min-1. As this thickness increase continues the refractive index remains 

fairly constant around 1.413. This result shows the thickness increase after 80 min 

cannot be the result of H2O swelling since the refractive index does not decrease 

proportionally. Therefore, the thickness increase during this period can be attributed 

largely to calcium phosphate mineralization within the biopolymer layer. The surface 

hydrated layer has a modeled thickness of approximately 100 nm, which is thinner 

than that observed for the H2O exposed system. The modeled refractive index of the 

surface hydrated layer in the SBF exposed system is approximately 1.398, which is a 

similar level of H2O volume % of the surface hydrated layer observed for the H2O 

exposed system. The modeled thickness for the dry layer within the 2-bilayer film 

exposed to SBF is 81 nm, similar to that of the H2O exposed system. However, its 

refractive index is significantly lower at approximately 1.442. This suggests this layer 

is more hydrated than the dry layer of the H2O exposed film, which could be the result 

of exposure to a solution of higher ionic strength. 

 

Figure 6.7: Thickness (red, left axes) and refractive index (blue, right axes) profiles 
showing the change in the fitted parameters when exposed to SBF over time. 
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In-situ ellipsometry measurements of the 2-bilayer chitosan/iota-carrageenan exposed 

to SSW are shown in Figure 6.8. Similar to the cases of H2O and SBF exposure, 

oscillations in the ellipsometric X & Y response were also observed in this system. 

After the first 2 hours of SBF exposure, the oscillations are also shown to increase in 

frequency but remain unchanged in amplitude. There are also significant changes in 

the frequency of the oscillations during the last two hours of the experiment. The 

change in the ellipsometric X & Y response with SSW is similar to the result for SBF 

exposure, unlike the stagnant H2O response. 

 

 

Figure 6.8: Ellipsometric X & Y profiles and the modeled fit of a 2-bilayer chitosan/iota-
carrageenan film exposed to SSW. Data is shown at time 0, 1 and 2 h (top), along with 3, 
4 and 5 h (bottom). 
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The modeled thickness and refractive index of the three layers within the 2-bilayer 

chitosan/iota-carrageenan film are shown in Figure 6.9. A similar result to the H2O 

and SBF systems was observed with the biopolymer layer thickness increasing rapidly 

at the beginning due to film swelling. Once again, the thickness for this layer does not 

plateau after 80 min, with the growth rate after this time period of 2.1  ± 0.2 nm min-1. 

The refractive index of each of the three modeled layers remains constant throughout 

the experiment, indicating that H2O swelling is not causing the thickness increases 

observed. This thickness increase is attributed to calcium carbonate formation within 

the biopolymer layer. The thicknesses of the surface and dry layers of the film 

exposed to SSW were modeled to be 259 and 158 nm, respectively, with refractive 

indices of 1.409 and 1.439, respectively.  

 

Calcium phosphate and calcium carbonate mineralization were also induced in SBF 

and SSW containing known concentrations of the heavy metal ions, Cu2+, Cd2+, Zn2+ 

and Pb2+, at concentrations of 0.5, 5, 50 and 500 µg L-1. The biopolymer growth rate 

after 80 min for each of these treatments was obtained and is discussed later in this 

chapter. 

 

 

 

Figure 6.9: Thickness (red, left axis) and refractive index (blue, right axis) profiles 
showing the change in the fitted parameters when exposed to SSW over time. 
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The figures presenting the ellipsometric X & Y data (shown above) only display the 

data at 1 h time intervals, in order to neatly display the oscillations. However, 

measurements were made every 15 min and an example of this data for the 2-bilayer 

film exposed to SSW is shown in Figure 6.10. This result shows that significant 

changes in the oscillation frequency is observed after 15 min intervals of SSW 

exposure. 

 

 

 

 

 

Figure 6.10: An example of multiple ellipsometric X & Y profiles of a 2-bilayer 
chitosan/iota-carrageenan film exposed to SSW taken every 15 min. Data is displayed in 2-
dimensions (top) and in 3-dimensions (ellipsometric X = bottom-left, ellipsometric Y = 
bottom-right). 
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6.3.3. Scanning electron microscopy (SEM) 
SEM images of a 2-bilayer chitosan/iota-carrageenan film is shown in Figure 6.11. 

The images show that the film is continuous and flat for hundreds of micrometers. 

The film in the dry-state is shown to have a thickness of approximately 772 nm. This 

indicates that upon swelling the thickness increases by at least 4 × in order to achieve 

the >3000 nm thickness observed in the wet-state by in-situ ellipsometry.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11: SEM images of the 2-bilayer film in the dry state. At 1,000× magnification 
(left) and 60,000× magnification.  
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6.4. Discussion.  
6.4.1 Observing the swelling of 1 and 2 bilayer chitosan/iota-carrageenan 
film 
 
H2O swelling of the 1 and 2 bilayer chitosan/iota-carrageenan films was observed by 

ellipsometry. The X-ray reflectivity thickness of the 1-bilayer could only be measured 

after the films had been soaked in H2O and dried, otherwise the film thickness was to 

large to obtain reflectivity fringes. This reduction in thickness is caused by the partial 

dissolution of the top iota-carrageenan layer. The swelling of this film in H2O causes 

a thickness increase from 53 nm to approximately 183 nm, an increase of  3.5 times. 

However, when 2-bilayers are coated onto an Si wafer, much larger thicknesses are 

observed for the swollen film. The 2-bilayer film in the dry state is approximately 772 

nm, upon swelling this thickness increases beyond 4400 nm. This large thickness 

Figure 6.12: Schematic showing the effect of H2O swelling on the 1 (A & B) and 2 (C & 
D) bilayer chitosan (green) /iota-carrageenan (pink) film. The dry state (A & C) films are 
thinner than the H2O swollen (B & D) film. The first iota-carragenan is retained in the 2 
bilayer film due to the capping of the second chitosan layer. 
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increase is explained by the capping of the first iota-carrageenan layer by the second 

chitosan layer. The 1-bilayer film showed how the top carrgeenan dissolves when 

soaked in H2O. A similar process occurs in the 2-bilayer system but complete 

dissolution of the first carrageenan layer is not possible due to the capping caused 

from the chitosan layer above. Figure 6.12 displays a schematic illustrating this 

process. The bulk of the 2-bilayer biopolymer film thickness is attributed to the first 

iota-carrageenan layer, with a dense chitosan layer beneath it. The region above the 

first carrageenan layer contains the second chitosan layer and the partially dissolved 

second carrageenan layer. This description of the biopolymer layer explains the nature 

of the three layers modeled in the in-situ ellipsometry measurements of the 2-bilayer 

films. Where the partially dissolved carrageenan and second chitosan layer represent 

the modeled “surface hydrated layer”, the second iota-carrageenan layer represents 

the modeled “biopolymer layer” and the first chitosan layer represents the modeled 

“dry layer”.  

6.4.2 Biopolymer film mineralization in the presence of Cu2+, Zn2+, Cd2+ 
and Pb2+ 
 
Mineralization of calcium phosphate by exposure to SBF on a 1-bilayer chitosan/iota-

carrageenan film did not show any obvious sign of thickness increase beyond 

swelling. However, the 2-bilayer chitosan/iota-carrageenan films displayed significant 

thickness increases after initially swelling in SBF and SSW, which is attributed to the 

formation of calcium phosphate and carbonate, respectively. Thicknesses of the 

biopolymer film increased at rates of 2.3  ± 0.1 nm min-1
 and 2.1  ± 0.2 nm min-1, 

when exposed to SBF and SSW. These rates were shown to increase as high as 5.0 ± 

0.3 nm min-1, when exposed to an SBF containing 500 µg L-1 Cd2+. 

 

The effect of Cu2+, Zn2+, Cd2+ and Pb2+ at concentrations of 0.5, 5, 50 and 500 µg L-1 

on the growth rate of 2-bilayer chitosan/iota-carrageenan films exposed to SBF and 

SSW are shown in Figure 6.13. An average for each of the fitted parameters obtained 

from the modeling of the in-situ ellipsometry data is shown in Table 6.2 & 6.3, for 

SBF and SSW respectively. For the SBF cases, heavy metal ion exposure resulted in 

increased growth rates for all treatments except 50 µg L-1 Cd2+ and 0.5 µg L-1 Zn2+, 

which did not show rates significantly different to the 2.3 nm min-1 observed for the 

no heavy metal ion sample. The 50 µg L-1 Cu2+ sample was the case that showed a 
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lower rate at 1.3 ± 0.2 nm min-1. For the SSW cases, most of the heavy metal ion 

treatments resulted in an increased biopolymer growth rate. The 0.5, 50 and 500 µg L-

1 Zn2+ and the 500 µg L-1 Cd2+ treatments each showed rates that were not 

significantly different to that of the non heavy metal ion treated sample. The 50 µg L-1 

Cd2+ sample showed a lower biopolymer growth rate in SSW at 0.9 ± 0.1 nm min-1. 

The presence of heavy metal ions does affect the mineralization of calcium phosphate 

and carbonate within the 2-bilayer chitosan/iota-carrageenan films, however no trend 

with concentration is observed and none of the heavy metal ions could be considered 

categorically different. 

 

Figure 6.13: Plots showing the growth rate of the biopolymer film thickness exposed to SBF 
(top) in Cu2+, Cd2+, Zn2+ and Pb2+

 at concentrations of 0.5, 5, 50, 500 µg L-1, , where the black 
line shows the rate for no heavy metal ion exposure with the dotted lines as error bars. The 
equivalent plot for SSW (bottom) is also displayed. 
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Table 6.2: Parameters obtained from the fitted plot of the 2-bilayer chitosan/iota-carrageenan 
film exposed to SBF in the presence of Cd2+, Cu2+, Pb2+ and Zn2+, at concentrations of 0.5, 5, 
50 and 500  µg L-1. 

Sample 

Average 
Surface 
T/nm 

Average 
Surface RI 

Mineralization 
rate/nm min-1 

Average 
Biopolymer RI 

Average Dry 
layer T/nm 

Average Dry 
layer RI 

H2O 571 ± 12 1.393 ± 0.002 0.1 ± 0.1 1.406 ± 0.001 81 ± 6 1.481 ± 0.003 
SBF 172 ± 3 1.399 ± 0.001 2.3 ± 0.1 1.413 ± 0.001 109 ± 3 1.442 ± 0.001 
0.5Cd 349 ± 117 1.393 ±0.003 4.3 ± 0.2 1.407 ± 0.001 109 ±7 1.444 ± 0.001 
5Cd 296 ± 21 1.402 ± 0.001 4.2 ± 0.4 1.404 ± 0.001 116 ± 2 1.447 ± 0.001 
50Cd 367 ± 37 1.406 ± 0.002 2.6 ± 0.3 1.411 ± 0.002 132 ± 7 1.476 ± 0.041 
500Cd 199 ± 23 1.385 ± 0.001 5.0 ± 0.3 1.398 ± 0.001 133 ± 3 1.446 ± 0.001 
0.5Cu 753 ± 52 1.396 ± 0.001 2.9 ± 0.5 1.400 ± 0.001 529 ± 93 1.421 ± 0.001 
5Cu 159 ± 12 1.404 ± 0.002 3.9 ± 0.1 1.413 ± 0.001 135 ± 5 1.442 ± 0.001 
50Cu 185 ± 8 1.404 ± 0.001 1.3 ± 0.2 1.402 ± 0.001 252 ± 10 1.421 ± 0.001 
500Cu 118 ± 28 1.370 ± 0.001 3.1 ± 0.2 1.416 ± 0.001 58 ± 7 1.492 ± 0.008 
0.5Pb 874 ± 31 1.396 ± 0.001 4.2 ± 0.3 1.401 ± 0.001 221 ± 8 1.421 ± 0.001 
5Pb 351 ± 3 1.406 ± 0.001 3.9 ± 0.3 1.408 ± 0.005 187 ± 5 1.432 ± 0.010 
50Pb 149 ± 5 1.405 ± 0.004 3.1 ± 0.2 1.417 ± 0.001 108 ± 2 1.454 ± 0.001 
500Pb 434 ± 14 1.396 ± 0.001 3.6 ± 0.2 1.403 ± 0.001 166 ± 2 1.458 ± 0.001 
0.5Zn 827 ± 158 1.398 ± 0.001 2.8 ± 0.2 1.405 ± 0.001 150 ± 5 1.435 ± 0.002 
5Zn 375 ± 16 1.407 ± 0.001 3.7 ± 0.4 1.412 ± 0.001 147 ± 5 1.439 ± 0.002 
50Zn 308 ± 52 1.403 ± 0.001 3.9 ± 0.2 1.405 ± 0.001 136 ± 2 1.440 ± 0.002 
500Zn 400 ± 13 1.404 ± 0.001 3.0 ± 0.4 1.412 ± 0.001 108 ± 2 1.451 ± 0.001 
 
Table 6.3: Parameters obtained from the fitted plot of the 2-bilayer chitosan/iota-carrageenan 
film exposed to SSW in the presence of Cd2+, Cu2+, Pb2+ and Zn2+, at concentrations of 0.5, 5, 
50 and 500  µg L-1. 

Sample 

Average 
Surface 
T/nm 

Average 
Surface RI 

Mineralization 
rate/nm min-1 

Average 
Biopolymer RI 

Average Dry 
layer T/nm 

Average Dry 
layer RI 

H2O 571 ± 12 1.393 ± 0.002 0.1 ± 0.1 1.406 ± 0.001 81 ± 6 1.481 ± 0.003 
SSW 259 ± 5 1.409 ± 0.001 2.1 ± 0.2 1.417 ± 0.001 158 ± 3 1.439 ± 0.001 
0.5Cd 718 ± 171 1.399 ± 0.001 4.1 ± 0.4 1.402 ± 0.001 200 ± 4 1.433 ± 0.001 
5Cd 885 ± 27 1.399 ± 0.001 3.3 ± 0.1 1.405 ± 0.001 171 ± 4 1.433 ± 0.001 
50Cd 185 ± 15 1.403 ± 0.004 0.9 ± 0.1 1.404 ± 0.001 153 ± 3 1.442 ± 0.001 
500Cd 326 ± 28 1.387 ± 0.001 1.6 ± 0.4 1.400 ± 0.001 105 ± 5 1.463 ± 0.003 
0.5Cu 531 ± 141 1.402 ± 0.001 3.0 ± 0.2 1.407 ± 0.001 183 ± 6 1.428 ± 0.002 
5Cu 609 ± 106 1.394 ± 0.003 3.5 ± 0.2 1.402 ± 0.001 184 ± 24 1.433 ± 0.008 
50Cu 244 ± 6 1.403 ± 0.005 2.6 ± 0.1 1.413 ± 0.001 75 ± 4 1.480 ± 0.005 
500Cu 232 ± 86 1.385 ± 0.006 4.7 ± 0.3 1.391 ± 0.023 130 ± 15 1.429 ± 0.003 
0.5Pb 499 ± 34 1.402 ± 0.001 3.2 ± 0.4 1.403 ± 0.001 142 ± 3 1.441 ± 0.001 
5Pb 156 ± 32 1.395 ± 0.002 3.1 ± 0.2 1.403 ± 0.001 190 ± 13 1.430 ± 0.002 
50Pb 662 ± 33 1.396 ± 0.001 2.7 ± 0.4 1.399 ± 0.001 212 ± 6 1.424 ± 0.001 
500Pb 496 ± 116 1.394 ± 0.001 3.8 ± 0.4 1.398 ± 0.001 208 ± 10 1.426 ± 0.002 
0.5Zn 760 ± 14 1.396 ± 0.001 2.5 ± 0.2 1.402 ± 0.001 171 ± 4 1.436 ± 0.005 
5Zn 260 ± 13 1.401 ± 0.001 3.7 ± 0.2 1.405 ± 0.001 175 ± 3 1.435 ± 0.003 
50Zn 351 ± 38 1.398 ± 0.002 2.7 ± 0.3 1.404 ± 0.001 142 ± 18 1.439 ± 0.005 
500Zn 418 ± 20 1.401 ± 0.001 1.9 ± 0.3 1.405 ± 0.001 113 ± 3 1.462 ± 0.002 
 

The observed changes in biopolymer film growth rates could be caused by the 

differences between the reaction quotient, Q, of the heavy metal ion phosphates or 

carbonates with respect to the solubility product Ksp. Table 6.4 shows the Ksp values 

for each of the heavy metal ion phosphates and carbonates, including those for 

calcium and magnesium. The reaction quotients for the heavy metal ion (0.5 µg L-1) 

phosphates and carbonates, along with the calcium and magnesium phosphate and 

carbonate reaction quotients provide an indication of the level of supersaturation for 
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each mineral. The reaction quotient for the metal phosphates will increase by three 

orders of magnitude for every one order of magnitude increase in concentration and 

the metal carbonate reaction quotients will increase by one order of magnitude for 

every one order of magnitude increase in concentration.  

 

E.g. At [Pb2+] of 0.5 µg L-1, Q for Pb3(PO4)2 = 1.4 × 10-32 

       At [Pb2+] of 5 µg L-1, Q for Pb3(PO4)2 = 1.4 × 10-29 

and 

       At [Pb2+] of 0.5 µg L-1, Q for PbCO3 = 1.4 × 10-12 

       At [Pb2+] of 5 µg L-1, Q for PbCO3 = 1.4 × 10-11 

 

For each of the heavy metal ion (0.5 µg L-1) phosphates the reaction quotient is shown 

to be larger than the solubility product. Therefore, during the in-situ ellipsometry 

experiments in SBF the heavy metal ion along with calcium were supersaturated with 

respect to forming a phosphate mineral. The high rates observed for the heavy metal 

ion containing SBF exposed films could be due to the formation of a lower density 

mineral, caused by Ca2+ substitution. A mineral component of lower density would 

cause the volume of the biopolymer film to expand more rapidly compared to dense 

mineral formation. The ICP-MS data from Chapter 5 of the 120-bilayer film exposed 

SBF or SSW at 50 µg L-1 of Cu2+, Zn2+, Cd2+ and Pb2+ showed the detectable presence 

of these heavy metal ions, Zn2+ and Cu2+ were also detected at 5 µg L-1. This shows 

that the heavy metal ions are present in the mineral precipitate within the biopolymer 

film. Additionally, the lamellar model fits of the SANS data showed that the nSLD of 

the interface layers was most dense with SBF exposure for 30 m and 3 h, without 

containing heavy metal ions, with nSLD values of 2.6 and 2.0 × 10-6Å-2. The nSLD of 

the interface layers of the heavy metal ion exposed SBF films existed between 3 – 4 × 

10-6Å-2. The in-situ ellipsometry results of the 2-bilayer films show that while the 

rates of biopolymer film growth are larger, this does not correspond to faster 

mineralization but possibly the mineralization of a less dense mineral.  

 

In terms of the heavy metal ion (0.5 µg L-1) carbonates, the reaction quotient is only 

larger for PbCO3, at 5 µg L-1
 CdCO3 becomes supersaturated and only at  500 µg L-1 

are ZnCO3 and CuCO3. The SANS data in chapter 5 showed that the nSLD of the 
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interface layers for the SSW treated films were not significantly more different when 

treated with heavy metal ions, with values between 3.6 and 5.2 ×10-6Å-2. It cannot be 

conclusively stated that the carbonated minerals are less dense in the presence of 

heavy metal ions. An explanation for the SSW heavy metal ion treated rates obtained 

by in-situ ellipsometry requires additional experimental corroboration.  

 
Table 6.4: Solubility products184, 185, Ksp, for calcium, lead, copper, zinc and magnesium 
phosphates and carbonates, in order of descending solubility. The calculated reaction 
quotient, Q, for each of the heavy metal ion phosphates and carbonates, in SBF and SSW 
respectively, is given at a concentration of 0.5 µg L-1, for calcium phosphate and carbonate 
the Q for these minerals in the SBF and SSW are shown. 
Phosphate 
mineral 

Ksp Q  Carbonate 
mineral 

Ksp Q 

Pb3(PO4)2 3.0×10-44 1.4×10-32  PbCO3 7.4×10-14 1.4×10-12 

Cu3(PO4)2 1.4×10-37 4.9×10-31  CdCO3 5.2×10-12 2.6×10-12 

Cd3(PO4)2 2.5×10-33 8.5×10-32  ZnCO3 1.5×10-11 4.6×10-12 

Zn3(PO4)2 9.0×10-33 4.6×10-31  CuCO3 1.4×10-10 4.7×10-12 

Ca3(PO4)2 2×10-29 1.8×10-20  CaCO3 2.8×10-9 3.6×10-7 

Mg3(PO4)2 1.0×10-25 1.0×10-15  MgCO3 3.5×10-8 2.5×10-6 
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6.5 Conclusion 
 
Chitosan/iota-carrageenan films containing 1 and 2 bilayers were shown to have 

unique behavior when exposed to H2O. The 1-bilayer film was shown to have a 

portion of its iota-carrageenan layer undergo dissolution upon soaking in H2O, 

achieving a swollen thickness of 182 nm compared to 53 nm in the dry-state. The 2-

bilayer film achieved swollen thicknesses of over 4400 nm, this high thickness was 

attributed to the trapping of the first iota-carrageenan layer by the second chitosan 

layer. In-situ ellipsometry was successfully employed to investigate the ability of a 2-

bilayer chitosan/iota-carrageenan film to induce calcium phosphate and calcium 

carbonate mineralization from SBF and SSW, respectively. Thickness increases were 

observed throughout the 5 h experiment when exposed to SBF and SSW, unlike the 

stagnant film thickness observed after 80 min of H2O exposure. 

 

The biopolymer growth rates were used to provide an indication of mineral formation 

within the organic template. The exposure of SBF and SSW caused the biopolymer 

film to expand at a rate of 2.3 and 2.1 nm min-1, respectively. Faster rates of 

biopolymer growth were observed in most cases of exposure to Cu2+, Cd2+, Zn2+ and 

Pb2+. However, for the SBF case, these faster rates were attributed to a heavy metal 

phosphate formation of lower density than that of calcium phosphate. This attribution 

was made by considering the SANS data in chapter 5, the inability of the heavy metal 

ion treated films to display an nSLD of these interfaces as dense as those without 

heavy metal ion exposure, suggests a less dense mineral was formed. 
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7.1 Overall Conclusion 
 

The results shown and discussed in this thesis provides a novel perspective on bio-

mimetic mineralization by ultilising ellipsometry, X-ray/neutron reflectivity and small 

angle neutron scattering as in-situ characterization techniques.  

 

Zein protein and HDA templates were shown to successfully initiate mineralization at 

the air-liquid interface of SBF. The calcium phosphate thin films grown from these 

organic templates displayed a similar striking iridescence but contained unique 

morphologies when studied with scanning electron micrscopy. The HDA-induced 

calcium phosphate film showed a flat continuous morphology, while the zein-induced 

films were shown to have formed through the aggregation and fusion of 

hemispherical particles with a radius of 150 nm. In-situ ellipsometry was shown to be 

able to indirectly observe this aggregation with a reduced thickness growth rate after 

120 min. The thicknesses obtained by ellipsometry were corroborated with SEM, the 

two independent techniques show reasonable correlation. 

 

The effect of SBF concentration, pH, Mg2+ presence and the concentration of 

phosphate and carbonate ion was also evaluated with in-situ ellipsometry. Calcium 

phosphate thin film mineralization using a 2× SBF resulted in immediate mineral 

growth, whereas, at 1× SBF concentrations an induction period before rapid mineral 

growth was observed. This induction period was considered a nucleation period and is 

attributed to the adsorption and aggregation of calcium phosphate prenucleation 

clusters at the air-liquid interface. Mineralization using a pH 6 SBF caused this 

induction period to be extended due to the increased solubility of calcium phosphate 

in a more acidic environment. Phosphate concentration within the SBF was shown to 

be remarkably influential on the mineralization kinetics with thicker mineral films 

obtained at higher phosphate concentrations. Higher carbonate concentrations were 

found to be less influential on mineralization suggesting that the carbonate content 

within the mineral film had reached saturation.  

 

X-ray and neutron reflectivity was able to probe the structural features of the very 

early stages of mineralization. Fitted features of the collected data consistently 

showed the presence of a mineral layer under the HDA layer. This mineral layer was 
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considered to be a collection of calcium phosphate prenucleation clusters due to the 6 

- 23 Å thicknesses obtained. Measurements taken using ¼× SBF and ½× SBF showed 

different mineral behavior. The ¼× SBF displayed the initial formation of an 8 Å film 

which gradually became thinner but more dense. The ½× SBF measurement showed a 

very dense mineral film, which became thicker of the course of a 4 h experiment. 

 

A multilayered biopolymer template comprising alternating layers of chitosan and 

iota-carrageenan were formed for bio-mimetic mineralization using SBF and SSW. 

SEM revealed that the multilayered templates showed distinct spacing between the 

layers. These films were shown to expand immensely upon H2O exposure; this 

expansion caused spacing between the individual chitosan and iota-carrageenan layers 

and left a 2D nanoscale periodic arrangement of interfaces between these layers. This 

caused the swollen films to possess a golden iridescent sheen; cryo-SEM and TEM 

confirmed that these interfaces were between 100-300 nm. Calcium phosphate and 

carbonate mineralization of these templates caused the golden appearance of the films 

to shift towards a blue colour. This was the result of mineralization occurring within 

the interface layers, which changed the density of these layers causing a refractive 

index change. 

 

The effect of Cu2+, Zn2+, Cd2+ and Pb2+ ions at concentration of 5 and 50 µg L-1 on 

calcium phosphate and carbonate mineralization on the multilayered chitosan/iota-

carrageenan films was investigated. ICP-MS results showed that in each of the heavy 

metal ion treatments at 50 µg L-1, a detectable signal for the respective ions could be 

obtained. Small angle neutron scattering was used to identify nanoscale structural 

changes upon mineralization and the effect of these heavy metal ions. The 

multilayered chitosan/iota-carrageenan films that were mineralized without heavy 

metal ions showed significant changes in their low-q scattering, which was modeled 

as the increased density of interface layers. However, none the heavy metal ion 

treated films achieved the same level of interface density. 

 

In-situ ellipsometry at the solid-liquid interface was carried out using a 1 and 2-

bilayer chitosan/iota-carrageenan layers. The 1-bilayer film was shown to have its 

thickness significantly reduce when exposed to H2O due to iota-carrageenan swelling, 



	  156	  

achieving thicknesses of approximately 182 nm. However, 2-bilayer showed 

thicknesses of over 4400 nm when swollen. This vast difference in thickness was 

attributed to the capping of the iota-carrageenan layer by the second chitosan layer.  

 

The 2-bilayer chitosan/iota-carrageenan films were mineralized in SBF and SSW. 

Both these supersaturated solutions induced sustained thickness increases in the 

biopolymer film throughout the 5 h measurement, unlike the H2O exposed film, 

which became stagnant after 80 min. Biopolymer growth rates of approximately 2.2 

nm min-1 were typical rates obtained using SBF and SSW. However, when the same 

mineralization was conducted in the presence of Cu2+, Zn2+, Cd2+ and Pb2+ heavy 

metal ions at concentrations of 0.5, 5, 50 and 500 µg L-1 most of the biopolymer film 

growth rates were shown to increase with these treatments. It was noted that each of 

the heavy metal ion phosphates were supersaturated with respective to their 

corresponding Ksp. This would explain the formation of heavy metal substituted 

minerals existing within the film. The SANS from the thicker bilayer films showed 

that the heavy metal ions reduced density the of the interface layers, it is possible the 

faster biopolymer growth rates are caused by low-density mineral formation. This 

would cause a greater volume expansion and give the impression that mineralization 

is occurring faster when it is actually occurring in a less dense manner. 

7.2 Future Work 
Overall, the work presented in this thesis set out a foundation for the use of in-situ 

ellipsometry, X-ray and neutron reflectivity and small angle X-ray and neutron 

scattering to examine different stages and different templates for calcium phosphate 

and carbonate mineralization. Using the methods presented here, the effects of other 

biologically relevant treatments can be tested for their effects of mineralization rate. 

The temperature, ionic strength and presence of acidic macromolecules would be a 

relevant study for bio-mimetic mineralization.  

 

The inability of obtaining, let alone influencing, crystalline polymorphs of calcium 

phosphates and carbonates could be overcome using expressed proteins or designing 

synthetic peptides. An interesting set of experiments would be to form a mixture of 

these organic molecules with the templates formed in this thesis as a means of 
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inducing the formation of crystalline structures, which could then be studied using in-

situ X-ray diffraction or grazing incidence X-ray scattering. 

 

The X-ray and neutron reflectivity measurements performed to investigate the 

induction period of calcium phosphate using SBF at the air-liquid interface would 

require corroboration in order to create a more convincing case of the thicknesses and 

densities obtained. While cryo-TEM measurements have been conducted102 these do 

not provide a representative study of the surface.  

 

Additional corroboration would be required for the solid-liquid in-situ ellipsometry 

measurements. In-situ AFM measurements, similar to those shown by Habraken et al. 

in the introduction, would be able to compare the size and density of the heavy metal 

ion containing minerals compared with those without heavy metal ions. 
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