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Abstract

Ordinary Portland Cement (OPC) is the World’s most widely used building material. Cement is thus

vulnerable to degradation through many processes. Bacteria are capable of generating minerals, in
a process called biomineralisation. This may lead to the formation of many different minerals. There
is precedent for applying biomineralisation processes to the repair and preservation of cements and

concretes.

In this thesis, we observe and describe for the first time the bacterially-mediated deposition of a
hydroxyapatite coating onto OPC, and describe the biochemical mechanisms underlying this process.
The biogenic hydroxyapatite deposition takes place in a synergistic process with the cement
substrate material; utilising a Pseudomonas fluorescens biofilm, phosphates from the growth

medium, and calcium from the cement substrate and pore solution.

We additionally investigate the capacity of P. fluorescens to form biofilms under varied
environmental conditions of temperature and carbon source availability, which is relevant to the
application of the identified biogenic deposition system in the built environment. The investigation
of P. fluorescens biofilms under these conditions is yet to be reported in the literature. We also
establish that varied P. fluorescens morphologies may emerge under different environmental
conditions, and carry out a novel structural characterisation and assay the fitness of these varied

colony morphologies.

Developing upon these initial investigations, we characterise this biogenic hydroxyapatite in detail
using TEM, SEM-EDS, XRD, synchrotron-SAXS, and Mossbauer spectroscopy. We identify that this
biogenic hydroxyapatite presents a less crystalline; plate like morphology, and reduced primary

particle size in comparison to abiotic hydroxyapatite.

The functional capacities of this biogenic hydroxyapatite as an OPC coating material are also

investigated. We use focus-variation microscopy to characterise the surface topography of the



coating, nanoindentation to measure the hardness and elastic modulus of the biogenic and abiotic
hydroxyapatites, in combination with X-CT analysis to establish the completeness of the deposition

process, and contact-angle measurements to investigate the hydrophobicity of the coating.
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Chapter 1: Introduction

1.1 Introduction — Microorganisms and Cement

Microorganisms are an important factor in the deterioration of ceramic materials such as concrete,
natural stone, and glass.!” Microbially induced concrete corrosion (MICC) has been well researched

due to the widespread use of concrete in the built environment, and the subsequent economic

t.12

impact promoting research interest.”” MICC associated with sewerage and water transport systems

has been particularly well characterised.?™®

In comparison with the level of research involving concretes, the interactions of bacteria with

cement paste alone is not as well studied. However there have been recent investigations into the

[7]

association of selected bacterial species with medical cements,"”” and surfaces relevant to food

safety.’® The degradation mechanisms of Portland cement pastes by organic acids produced by Fungi

such as Aspergillus and the physical damage caused by fungal mycelia have been a topic of recent

research interest .

There has been very little study to date regarding the capacity of bacteria to preserve or repair —

rather than degrade — cement materials. Some recent studies have established that biofilm material

[11]

will generate a cement which is more resistant to water ingress,”  or that biofilms may provide

some shielding from environmental attack.’™” While microbially-induced calcite precipitation is an

™3] the use of bacterially generated hydroxyapatite to

established method for cement repair,
preserve cements and protect new buildings remains unstudied and the underlying biochemical

processes have not been characterised.



1.2 Biofilms

The dominant mode of bacterial growth in the environment is in the form of a biofilm™™"\. Biofilms
are multicellular communities which consist of a matrix of extracellular polymeric substances (EPS)
within which the microbial cells and some inorganic materials are suspended. The resultant gel is
primarily anionic.”® These dense, multicellular communities are irreversibly adhered to a solid
substrate, an interface, or indeed to other microorganisms.ml Bacteria living within biofilms are
considered ‘sessile’, and generally express an altered phenotype in terms of growth rate and gene

transcription than found in equivalent planktonic (free-swimming) cells.*®

Figure 1: A 3D Image of a Biofilm

Figure 1: A 3D image of a biofilm attached to a glass substrate, visualised using confocal microscopy.

The image illustrates the extracellular matrix which makes up a biofilm (purple-orange), which
encases individual cells. Voids and pores are also visible (black areas), which allow for nutrient flow

and waste product removal from the biofilm. Scale bar is 100um. Image is own work.

Biofilms are widely associated with the built environment, such as through colonisation of metal

surfaces ™ and drinking water systems.”?” Biofilms are capable of forming in a broad range of



environments, and so have relevance to a diverse range of industrial activities, including aviation,m]

the oil industry,™

and nuclear waste disposal. ?? Bacteria are known to grow on the surface of
cement materials in the form of a biofilm.”**%! |t is therefore highly likely that most bacterial
communities will interact with cementitious materials as biofilms.™ % Thus, when investigating

interactions between bacteria and cement pastes it is natural to focus studies on the activity of

biofilms rather than planktonic cells.

a. Biofilms and Cement
The association of bacterial biofilms with cement pastes has been studied to a limited extent in the

724 3nd food safety.!’® These investigations generally have very

context of medical ceramics,
different aims and outcomes from those concerning biofilms in a civil engineering context. The
influence of the microorganisms on the ceramic substrate tends to be of less interest in food safety

and medical investigations, with measurements of bacterial growth and activity as influenced by the

substrate taking precedence.

The presence of fungi in biofilms is also relevant to the corrosion of cement pastes, and their role in
this process has been investigated.” It has been noted that fungi are relevant to the degradation of
cement at near-surface nuclear repositories.® Fungal metabolism in biofilms may generate organic
acids, leading to chemical attack of the underlying cement paste. Investigations have generated a
model of Portland cement degradation by acetic, butyric, lactic and oxalic acids secreted by

Aspergillus niger

Further work has characterised the mechanisms of cement structure degradation caused by citric,
tartaric, and oxalic acids using techniques such as electron-probe micro analysis (EPMA), XRD, and
SEM !, While chemical attack is the predominant form of fungi-associated cement degradation,

physical attack by intrusion of hyphal growth into cement pores has also been reported o



The growth of a mixed-culture biofilm of isosaccharinic acid degrading microorganisms taken from
an alkaline analogue site on the cement-based NRVB (Nirex Reference Vault Backfill) was
investigated by Nirex ?°. Electron microscopy was used to characterise the biofilm. The biofilm was
found to trap inorganic debris and carbonation was observed close to the biofilm/grout interface,

although the biofilm could not penetrate more than a millimetre into the porous NRVB structure.

b. Microbially Induced Concrete Corrosion
Microbially induced concrete corrosion (MICC) has been reported in a variety of environments, such
as sewage pipelines and waste water treatment systems.m'zs] Corrosion of the concrete materials
found in wastewater collection systems has a significant economic impact.[“g] The cost of
maintaining the wastewater collection infrastructure in the USA is an estimated $4.5 billion per

year .9

This economic impact has promoted significant interest in elucidating the mechanisms behind MICC.
Various microorganisms have been shown to participate in the corrosion of concrete. Commonly
associated with this process are the aerobic Sulphur Oxidising Bacteria (SOB), the anaerobic Sulphate
Reducing Bacteria (SRB), and the nitrifying bacteria Nitrosomonas and Nitrobacter ™. However,
nitrifying bacteria are generally only relevant to MICC above the ground; as they are generally

deposited onto the concrete substrate from atmospheric dust.!"

MICC is typically associated with bacterial growth on the concrete in the form of a biofilm.??! Many
of the microorganisms and general mechanisms involved in MICC have been known for decades,
with recent advancements in molecular-based approaches allowing more detailed descriptions of
the microbial activity behind these processes. MICC in underground systems has been associated
with biogenic sulphuric acid. Underground MICC is typically associated with environments which
contain sulphate, which leads to biogenic sulphuric acid attack of the concrete through the

combined actions of sulphate reducing bacteria (SRB) and sulphur oxidising bacteria (SOB).

10



SRB obtain energy/electrons from molecular hydrogen or organic compounds, using sulphate as a
terminal electron acceptor. SRB couple the oxidisation of organic compounds or molecular hydrogen
to the reduction of sulphate to hydrogen sulphide, and so will produce hydrogen sulphide (H,S) from
sulphate (SO,%). SRB are generally anaerobic.!” The generated H,S may react with atmospheric

oxygen to generate elemental sulphur, sulphide, and thiosulphate.[zsl

SOB such as Thiobacillus are able to grow with reduced sulphur compounds as their only
energy/electron source, and CO, as the only carbon source. Energy can be obtained from the
oxidisation of hydrogen sulphide, producing (biogenic) sulphuric acid. These sulphur oxidising
prokaryotes can oxidise a variety of reduced inorganic sulphur compounds, including hydrogen
sulphide, sulphur, sulphite, thiosulphate, and a variety of polythionates.®" Many SOB species are

either obligate aerobes or facultative anaerobes. 2°32

The reduction in pH caused by SOB production of sulphuric acid can cause dissolution of calcium
hydroxide (Ca(OH),) leading on to the precipitation of gypsum from solution. Following dissolution of
Ca(OH), at lower pH, cement hydrates such as calcium silicate hydrate (CSH), calcium aluminate
hydrate (CAH) and tetra-calcium aluminoferrite (C4AF) decompose as a result of the loss of calcium,
and convert to amorphous silica, alumina and ferric hydrogel.”?® The calcium aluminate sulphate
mineral ettringite may form in deeper sections of the concrete, where the pH remains relatively
high.”?®! Ettringite is expansive, and so occupies a greater volume than the monosulfoaluminate it

replaces. This creates expansive stresses that can cause cracking and deterioration.®*

¢. Microbially-Induced Biomineralisation as a Cement Treatment Method

Where ‘biomineralisation’ is discussed in this thesis, it refers to ‘biologically induced mineralisation’
rather than ‘biologically controlled mineralisation’, which is not relevant to this work. 343!
Specifically, in biologically controlled mineralisation the organism controls the process of

mineralisation to a high degree; typically independently of environmental conditions which generate

11



a mineral form specific to that particular species, such as through the production of an organic
matrix.2>*®! Examples include magnetite formation by bacteria and silica deposition by diatoms.?® In
comparison, in biologically induced mineralisation the synthesis of the mineral is generally
dependent upon environmental conditions which may be generated by the organism — such as the

[35]

reduction of CO, by algae ' - and does not use any specialised structures or molecular mechanisms

unique to the organism.?>3¢

The use of biomineralisation to repair the built environment is presently best studied in the form of
‘microbially induced calcite precipitation’ (MICP). There has been significant research interest in the
use of bacteria such as S. pasteurii to seal cracks in concretes through the precipitation of calcite to
generate a consolidating surface finish.™® This process relies upon the generation of an alkaline
microenvironment around the bacterial cell via metabolic processes such as the breakdown of urea
by the enzyme urease, with the resulting increase in pH associated with calcium carbonate

precipitation.®

Calcite treatments of building materials are associated with increased strength of the substrate
material,”” but have shown limited capacity to bind stone particles together®® and may be more
susceptible to environmental degradation than other biominerals such as the relatively less soluble
hydroxyapatite.*! Hydroxyapatite is a calcium phosphate mineral which closely resembles bone
material and there is an emerging interest in the use of hydroxyapatite coatings for the
consolidation and preservation of marble and limestone buildings and sculptures. *2™¢!
Hydroxyapatite coatings have been observed to display excellent consolidation abilities, and are

more resistant to environmental degradation than calcites."’*®!

While the use of hydroxyapatite as a building material treatment is a developing area of research,
the use of biomineralised hydroxyapatite in this context remains unstudied. All work to date has

utilised chemical methods to deposit this hydroxyapatite, with methods including immersion of

12
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calcite-bearing samples in phosphate solutions™®, as well as more aggressive plasma-spraying and

electrochemical deposition processes. >

There have been limited studies investigating biogenic hydroxyapatite formation on solid surfaces.
Macaskie et al. (2005) used the Gram-negative bacterium Serratia NCIMB 40259 to deposit an
extracellular polymeric matrix of biomass onto polyurethane and titanium substrate materials. This
EPS was then used as a ‘scaffold’ for enzymatic nucleation of bio-hydroxyapatite when a source of
calcium is added, producing a hydroxyapatite layer bound to the scaffold.”" pseudomonas and
Serratia species have also been used to produce nanoscale bio-hydroxyapatite while encapsulated in

a sol-gel. 2

Therefore there is significant scope to investigate the capacity of bacteria to generate
hydroxyapatite coatings on OPC-based substrate materials. Bacterial deposition of bio-
hydroxyapatite onto concrete may produce a thinner, more flexible, or stronger film than has been
achieved with plasma spraying, electrochemical deposition, or biomimetic deposition.®*** There are
several practical applications for this biogenic hydroxyapatite. This may include the consolidation of
cement-based construction materials, as has been investigated with inorganically synthesised

[42,48]

hydroxyapatites by other researchers, or the generation of cement coatings with the capacity to

uptake environmental contaminants such as heavy metals and radionuclides.™

In this work, we aim to establish a method for the deposition of hydroxyapatite onto a cement-
based substrate material using the model environmental bacterium Pseudomonas fluorescens
SBW?25. We intend to examine the growth of this strain under different conditions relevant to this
deposition processes, including the use of different carbon sources and growth temperatures. We
will also characterise this deposited ‘biogenic’ hydroxyapatite as compared against an ‘abiotic’
hydroxyapatite, in terms of its chemical and structural composition, and the properties of this

hydroxyapatite as a cement coating material for practical applications in the built environment.
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We have utilised the model environmental bacterium Pseudomonas fluorescens to generate a
hydroxyapatite coating on the surface of an OPC substrate. We describe the biochemical
mechanisms underlying this deposition process. (Chapter 3) Additional work examined the

crystallographic nature and chemical composition of this biogenic hydroxyapatite. (Chapter 5)

There has been little investigation of the effects of temperature and carbon source variation on the
formation of P. fluorescens biofilms. In this thesis (Chapter 4), we identify that alterations in carbon
source concentration and composition have variable effects on adhered biofilm cell density, and that
reduced temperatures promote emergence of a fuzzy spreader phenotype. The crystal violet binding
assay, coupled with confocal microscopy allowed characterisation of changes in biofilm cell

morphology and bulk structure which were associated with different environmental conditions.

In this work, we describe and quantify the effects of temperature, carbon source concentration, and
carbon source composition on the capacity of Pseudomonas fluorescens to form an adhered biofilm
at the liquid-solid interface. We establish that two distinct morphologies emerge under varied
conditions, and quantify the differences between these morphologies in detail using confocal
microscopy. The data presented in Chapter 4 is relevant to the potential applications of the biofilm-
mediated deposition of biogenic hydroxyapatite by P. fluorescens, providing an outline of the

environmental conditions where this deposition process may be successfully applied.

We demonstrate in Chapter 6 that this deposition process uniformly coats the substrate material, as
visualised using X-CT. The biogenic hydroxyapatite has an increased surface roughness, with a
subsequent increase in coating surface area which is useful for bioremediation applications as well
as potential applications in medical devices. We additionally demonstrate that this biogenic
hydroxyapatite layer is hydrophobic, which is a significant benefit for preserving new cement
structures due to the limitation of water and chloride ingress; both of which are associated with

cement deterioration. (Chapter 6)
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Chapter 2: Analytical Techniques

A broad range of analytical techniques can be applied to characterisation of biofilms and
biominerals. Aspects of biofilms that are typically characterised include structure, chemical
composition, and activity.” A review of the chemical and physical methods for biofilm

21 A review of the methods for

characterisation was prepared by Wingender et al. in 2007.
characterising biominerals (with a focus on pathological biominerals such as kidney stones) was

prepared by Gianossi (2012).”

The techniques described in this chapter were used in these studies to examine biofilm formation
and other microbial activities. We also characterise the hydroxyapatite biomineral layer in terms of
morphology, crystal structure, chemical composition, as well as substrate coverage and layer

thickness.

a. Biofilm Characterisation

The growth of biofilms may be quantified using culture-based techniques. These techniques rely
upon the examined organism being culturable under laboratory conditions. The use of microtitre
plates as a culture vessel for biofilm formation - coupled to crystal violet staining to quantify the
adhered cells — has been applied successfully to quantify biofilm adherence.”” However, crystal
violet staining techniques have the inherent limitation of measuring total biomass but not viability;

as live cells, dead cells, and extracellular material will all uptake the crystal violet stain.®!

Direct quantification of adhered biofilm cells overcomes these limitations, but requires more time
and materials. This quantification may be done by ‘scraping’ the biofilm from the colonised substrate
material into a suspension buffer, homogenising the resultant suspension, and quantifying the
number of biofilm cells in CFU/ml via serial dilutions and plate counting.lg] Similar approaches have

(1% and

been successfully applied to the evaluation of biofilm formation on antibiotic-loaded ceramics
biofilms formed by Streptococcus.[8] This methodology also permits the bacterial colony morphology

19



to be examined, which allows for a positive identification of the bacterial strain, and is also of

relevance to studies of ‘adaptive radiation’."

We utilise a culture-based ‘fitness assay’ based on maximal growth rate to establish differences in

environmental fitness of different P. fluorescens SBW25 morphologies, which is a commonly utilised
method to quickly and easily establish a proxy of bacterial fitness.!* In our study, we measure ODgqo
over a time course for two differing P. fluorescens SBW25 morphologies to compare their fitness for

growth at different temperatures.

Confocal laser scanning microscopy (CLSM) allows the three-dimensional structure of biofilms to be
directly visualised, and parameters such as biofilm thickness, biomass, and roughness to be
quantified via image analysis.">*®! CLSM is presently the ‘gold standard’ method for biofilm
structural studies,™ due to the relatively mild sample preparation conditions in comparison to

higher-resolution imaging techniques such as conventional SEM."®!

b. Biomineral Characterization

i. X-Ray Powder Diffraction (XRD)

XRD is an X-ray based analytical technique which allows the phase composition and crystal structure
of materials (mineralogical composition) to be determined, based on the diffraction of X-rays from
the structure of these crystalline or semi-crystalline materials."*>?” In the context of this thesis, we
utilise XRD to identify the presence of hydroxyapatite minerals. Additionally, Rietveld refinement
techniques allow for the quantification in variations of the crystalline structure of different

materials, such as cements.’!

XRD require a homogenous material, which in the case of our work was typically generated by
grinding the sample into a powder where possible. XRD is also relatively poor at quantifying low

amounts (<2%) of components in a mixed sample, and does not provide any information on the
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chemistry of the material examined, only its crystallography. These issues were overcome by

complementing XRD studies with FT-IR, ICP-OES, and SEM/TEM.

ii. Fourier-Transform Infra-Red Spectroscopy (FT-IR)

FT-IR is a ‘vibrational spectroscopy’ technique, working by way of the detection of internal vibrations
in the molecules constituting the analysed material.”? FT-IR may be applied to detect and quantify

221 35 well as to characterise inorganic materials such as cements.””® By measuring

microbial biomass,
the IR absorption (or transmittance, or emission) spectra of a sample which interacts with infrared

radiation, it is possible to make inferences about the molecular structure of that sample.

In order for any vibrational spectroscopy technique to work effectively, the sample must be ‘IR
active’ — the molecule must have to capacity to vibrate in some mode such as
stretching/rocking/twisting etc. In most organic materials, this will be evident the movement of
hydrogen atoms bonded to carbon. In the case of hydroxyapatite — an inorganic mineral — it is
possible to observe signals from carbonates (CO5*), phosphates (PO,*), and hydroxides/water

molecules.

iii. Electron Microscopy (SEM and TEM)

SEM is an electron microscopy technique allowing a high level of magnification, with a maximum
resolution of approximately 10nm. TEM allows an even higher level of magnification, with a
maximum resolution of approximately 0.2nm, allowing almost atomic-level imaging of materials.
Both of these techniques rely upon a beam of electrons to create images of the sample. Both
techniques can be paired with electron dispersion spectroscopy, which allows for a concurrent
elemental analysis of the sample. However, the elemental analysis is less sensitive than that which
can be attained with alternative spectroscopic or emissions-based techniques such as ICP-OES.
Consequently, in the context of this study SEM and TEM are most useful as a method of visualising

particle morphology, complementing X-ray diffraction and ICP-OES measurements. SEM and other
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electron or optical techniques such as focus-variation microscopy also provide textural data such as

surface roughness.

SEM and TEM both require sample preparation techniques. Ceramics require gold-coating prior to
SEM imaging, and TEM imaging requires the generation of either thin sections or dispersions of small
particle numbers onto a sample grid. If SEM is used to visualise biofilms, it is possible to generate
high resolution images compared to techniques such as CLSM, but this comes at the expense of

sample dehydration or disruption during sample preparation.

iv. Synchrotron Techniques — Small-Angle X-Ray Scattering (SAXS)

Synchrotron radiation allows for the generation of high-energy, high brilliance X-rays when
compared to laboratory X-ray sources.?* SAXS pattern analysis allows for information on particle
sizing and nanoscale structure to be determined, and is often employed to examine biomolecules
such as proteins.[ZS] In the context of this thesis, we use SAXS to complement TEM analyses of
particle size. Being very closely related to XRD, SAXS shares the same advantages and limitations
common to most X-ray diffraction techniques; requiring a homogenous sample and providing only

crystallographic information.

v. X-ray Computed Tomography (X-CT)

X-CT relies upon the differential absorption of X-rays by materials with different attenuation
coefficients, which are converted into greyscale values to generate a 3D image of the sample. We
utilise X-CT to image the distribution of a biogenic hydroxyapatite over the surface of a cement

substrate material.

X-CT provides a non-destructive method to visualise the 3D structure of materials, which may
include biomineral layers or biofilms. This visualisation can be carried with minimal sample
preparation. Image analysis techniques can allow the differentiation of differing mineral phases

based upon their varied X-ray attenuation properties, however it is necessary to validate these
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observations using XRD to confirm phase composition, and no specific elemental or chemical

information is generated.

vi. Inductively coupled plasma optical emission spectroscopy (ICP-OES)

ICP-OES (sometimes referred to as ICP-AES) is an emission spectroscopy technique. A plasma is
generated and utilised to ionise a sample material. This process will generate radiation at
wavelengths which are characteristic of the elements being ionised. It is necessary to use chemical
standards of known concentrations against which the sample emission spectrum may be compared.
This method provides highly quantitative information regarding the chemical composition of the
analyte material, but offers no information regarding sample crystal structure or particle
morphology. This makes ICP-OES highly complementary to X-ray diffraction and electron imaging

techniques.
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Chapter 3 — Biogenic Hydroxyapatite: A New Material for the Preservation and Restoration of the
Built Environment
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e OPC/Hydroxyapatite thin-sections were prepared under contract by Petrolab Ltd (Cornwall,
UK)

e FT-IR data collection and analysis were provided under contract by The James Hutton
Institute (Craigiebuckler, Aberdeen, UK)

The following section (Chapter 3) is formatted for and was published in ACS Applied Materials and
Interfaces, Volume 9, Issue 37, Pages 31401-31410 (2017).

26



Chapter 3 - Biogenic Hydroxyapatite: A New
Material for the Preservation and Restoration

of the Built Environment

Ronald J Turner, Joanna C Renshaw, and Andrea Hamilton*
Department of Civil and Environmental Engineering, University of Strathclyde, Glasgow
E-mail: Andrea.Hamilton@strath.ac.uk

Keywords: Cement, Hydroxyapatite, Biomineralisation, Bioceramics, Medical Implant

Materials, Architectural Preservation, Nuclear Waste Disposal, Environmental Remediation

Abstract

Ordinary Portland Cement (OPC) is by weight the world’s most produced man-
made material, and consequently is used in a variety of applications in environments
ranging from buildings, to nuclear wasteforms, and within the human body. In this pa-
per, we present for the first time the direct deposition of biogenic hydroxyapatite onto
the surface of OPC, in a synergistic process which relies upon the unique properties of
the cement substrate. The synthesised hydroxyapatite is very similar to that found in
nature; having a crystallite size, iron and carbonate substitution, and a semi-crystalline
structure which identify that this biogenic hydroxyapatite is akin to that found in nat-
ural bone and tooth enamel. Hydroxyapatites with such a structure are known to be
mechanically stronger and more biocompatible than synthetic or biomimetic hydroxya-
patites. The formation of this biogenic hydroxyapatite coating therefore has significance
in a range of contexts. In medicine, hydroxyapatite coatings are linked to improved bio-

compatibility of ceramic implant materials. In the built environment, hydroxyapatite
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coatings have been proposed for the consolidation and protection of sculptural materials
such as marble and limestone, with biogenic hydroxyapatites having reduced solubility
in comparison with synthetic apatites. Hydroxyapatites have also been established as
effective for the adsorption and remediation of environmental contaminants such as
radionuclides and metals. We further identify that in addition to providing a biofilm
scaffold for nucleation, the metabolic activity of Pseudomonas fluorescens increases the
pH of the growth medium to a suitable level for hydroxyapatite formation. The gen-
erated ammonia reacts with phosphate in the growth medium, producing ammonium
phosphates, which are a precursor to the formation of hydroxyapatite under conditions
of ambient temperature and pressure. Subsequently, this biogenic deposition process
takes place in a simple reaction system under mild chemical conditions, which are cheap

and easy to apply to fragile biological or architectural surfaces.

1 Introduction

Hydroxyapatite (HAP) is a calcium phosphate mineral with the general chemical formula
Ca9(PO4)6(OH),.! HAP is an example of a 'bioceramic’,? a novel class of materials with po-
tential applications ranging from bone implants,? to drug delivery.* Hydroxyapatite coatings
have been used to reinforce bone cements, enhancing load-bearing capacity,® and promot-
ing proliferation and differentiation of human osteoblast-like cells.®" In addition, there is an
emerging interest in the use of hydroxyapatite coatings for the consolidation and preservation
of marble and limestone buildings and sculptures.®*?

OPC is among the most utilised materials in society. Cement and concrete have been
commonly used building materials throughout the 20th Century and there is significant in-

terest in repairing concrete structures to reduce the amount of cement consumed worldwide.

Cement is also used as a encapsulant for radioactive waste storage and the use of hydrox-

13,14 115

yapatites for the remediation of radionuclide and heavy metal "> contaminants from the

environment has been a subject of recent research interest.
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The crystal structure of HAP is too complex to be accurately mimicked by synthetic
crystalline apatites, and the use of these synthetic apatites has been observed to result

6 as well as reduced

in poor adhesion and low mechanical strength of dental treatments,?
radionuclide sorption capacity.'® Hydroxyapatite produced through the direct actions of a
living organism - termed "biogenic’ hydroxyapatites - may offer a solution to these limitations,
through properties such as reduced solublity, and particle sizes comparable to those found
in natural hydroxyapatites. 1618

Here we identify and elucidate a new method for deposition of a biogenic hydroxyapatite
onto the surface of OPC; using the Gram negative bacterium Pseudomonas fluorescens.
Unlike existing techniques, this method does not require the addition of an external calcium
source and uses a simple bioreactor design with a common environmental microorganism.
Importantly it is achieved using few reagents, requiring only Pseudomonas fluorescens, LB

P1619 and biomimetic

broth, and a phosphate pH buffer. Unlike synthetically grown HA
HAPs,?° this phase is easily formed at room temperature and pressure, making it applicable
to the building industry and relatively economical.

The location, crystal structure, chemistry and morphology of the hydroxyapatite pro-
duced on OPC are investigated using XRD, FT-IR, and SEM-EDX. We identify that this
biogenic hydroxyapatite has similarity to natural hydroxyapatites; which is of relevance to
a range of applications, particularly nuclear waste disposal, medical implant materials, and
architectural preservation. We additionally identify and describe for the first time the bac-

terially mediated biochemical mechanism behind this deposition process, which relies upon

the metabolic generation of ammonium phosphate minerals.
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2 Methods

2.1 OPC Sample Preparation

OPC Powder 'Multicem 32,5R (CEM-II/A-LL)’ (Hanson Heidelberg) was hydrated with
200g water per 500g OPC powder (water:cement ratio = 0.4). The paste was mixed for
15 minutes using a Rotary Mixer on a low speed setting. The paste was then poured into
silicone moulds and stored at 100 %relative humidity and 20°C for 24 hours. Samples were
removed and cured in a saturated solution of Ca(OH), (1.5gL™) for 28 days at 20°C. The

cement coupons were stored in this solution at 20°C until required.

2.2 Biofilm Growth on Cured OPC Coupons

Growth medium was prepared from 20gL! LB Broth (Sigma-Aldrich), 9.4¢L ! KH,PO,
(Sigma-Aldrich), 2.2¢gL.! KoHPO, (Fluka), dissolved in deionised water in a 2L, Duran flask,
The flask was heated on a magnetic stirrer plate at 70°C to dissolve all components. Then100
ml volumes were decanted into Erlenmeyer flasks which were sealed with non-absorbent
cotton wool bungs (Cowens Ltd) and autoclaved. OPC samples were rinsed thoroughly in
DI water, and aseptically transferred into thel Erlenmeyer flasks (1 coupon per flask). The
inoculum of P. fluorescens strain SBW25 was grown overnight at ambient temperature with
continual shaking, in 100ml LB broth to an OD600 = 0.1. Test flasks were inoculated with
100uL of this overnight culture. Control flasks were not inoculated. All flasks were incubated
at ambient temperature on a shaking tray, inside a fume hood for 20 days. Control and test
samples were aseptically retrieved from the flasks after 20 days and rinsed thoroughly in DI
water to remove any biofilm material, then vacuum packed to minimise cement carbonation
prior to analysis. To determine if contaminating bacteria were present on the control samples,
and verify that Pseudomonas was growing successfully on test samples, scrapings from the
surface were taken, homogenised via sonication, inoculated onto Tryptone Soya Agar plates

(Oxoid), and incubated for 4 days at 20°C. No contamination was observed on the control
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samples, and Pseudomonas growth was apparent on all test samples.

2.3 Examination of Ammonium Phosphate Mineral Formation

Growth medium was prepared as described above, but with the addition of 15gL™! agar
(Sigma-Aldrich) prior to autoclaving. The medium was then aseptically dispensed into Petri
dishes, cooled, and stored overnight at room temperature. The following day, 3x plates
were streak-inoculated with P. fluorescens culture overnight. 3x plates were kept as non-
inoculated controls. All plates were then incubated at 20°C for 12 days and pH was measured.
After a 6 day incubation period, the plates were imaged and a fine opaque crystalline pre-
cipitate was observed within the bacterial colonies when viewed with an optical microscope
(Nikon Eclipse LV100IVD) using a 10x objective lens and reflected light. There was no
bacterial growth or precipitate observed on the control plates. After a 12 day incubation
period large crystal precipitates were observed, associated with the bacterial colonies on the
test plates. The crystals were imaged under a 10x objective lens, using cross-polarised light
microscopy in incident mode. No bacterial growth or crystal precipitates were observed on

the control plates.

2.4 SEM-EDS Analysis

Polished thin cross-sections of the cement samples were made by resin impregnation followed
by grinding and polishing the sample to a final thickness of 30 ym . For analysis sections were
gold coated and imaged using an S-3700 SEM (Hitachi) fitted with an 80mm X-Max detector
(Oxford Instruments) for EDS analysis. All SEM Images and EDS Maps were gathered at a
10mm working distance and 15.0kV accelerating voltage.. SEM images without EDS analysis

were collected using an SU6600 SEM (Hitachi) and all images were processed using ImageJ.?!
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2.5 X-ray Diffraction (XRD) analysis

XRD patterns were collected through the body of intact samples and smears from bacterial
colonies grown on agar plates using an X-ray Diffractometer (Bruker D8 Advance). Patterns
were collected in the 2theta scan range 6-60° using a step size of 0.02°, and a scan speed of 0.5
seconds/step. A Cu shutter tube generating X-rays with a wavelength of 1.5418 Angstrom
(0.15418nm) was used with a 0.6mm X-ray slit. Samples were continually rotated during
pattern collection. XRD data was processed using DIFFRAC EVA software (Bruker) and
compared with mineral phases from the ICSD (Inorganic Crystal Structure Database) An
estimate of hydroxyapatite crystallite size was calculated using Scherrer’s equation,?? based

on the full width at half maximum (FWHM) of the (002) reflection at 26° 2theta.

2.6 X-ray Fluorescence (XRF) Analysis

All samples were ground into a fine powder prior to analysis. XRF analysis of OPC powder
and fully cured hydrated OPC paste powders was carried out using a Bruker S4 Explorer

instrument.

2.7 FT-IR Analysis

IR spectra were recorded using a Bruker Vertex 70 Fourier Transform Infrared Spectrometer.
Representative portions of the sample surface were transferred on to the sample area of a
single reflection diamond attenuated total reflectance (DATR) accessory, fitted with a KRS-5

substrate.

2.8 Confocal Microscopy of Biofilms

Biofilm-coated OPC samples were removed from the incubation flasks and rinsed in a 1x
concentration phosphate buffered saline (PBS) solution. The samples were then transferred

into a 50ml staining bottle containing 0.1 % w/v acridine orange (Alfa-Aesar) in 1x PBS
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solution. The biofilms were stained for 5 minutes, removed from the solution, and then
examined using a confocal microscope (Leica SP5 IT). A laser excitation wavelength of 458nm
was used to excite the fluorescent stain, and a photon multiplier tube with an emission
collection wavelength of 475-550nm was used to collect the image data from the sample.
Images were obtained using a 40x dry objective lenses and confocal maps were collected

using 100 frames per optical section.

3 Results and discussion

3.1 Characterisation of Calcium Phosphates on OPC Samples

OPC samples were incubated in phosphate-buffered LB broth (initial pH 6.2) with (test) and
without (control) P. fluorescens inoculum for 20 days and then analysed using SEM-EDS,
XRD and FT-IR.

Calcium phosphate mineralisation occurred on the surface of all OPC samples incubated
in the medium, regardless of the presence of P. fluorescens. SEM-EDS analyses clearly
demonstrate the presence of a calcium phosphate layer on the surface of the test sample,
which was not observed on the un-treated OPC control (Fig 1).

However, XRD (Fig 2) and FT-IR (Fig 3) analysis showed that the phosphate layer
deposited on the control sample was brushite (Fig 2A), a highly crystalline calcium phosphate
mineral with the formula CaHPO,.2H50O. This could be expected, as the pH of the control
solution was 7.4, which is too low to precipitate hydroxyapatite.?® However, on samples
incubated with Pseudomonas, biofilm growth was evident and associated with the formation
of a hydroxyapatite layer on the OPC surface (Figs 1A, 2B, 3), forming below the biofilm.
The location of the phosphate layer presents opportunities for generating hydroxyapatite
coated cements, which could overcome the limited mechanical performance, such as low
fracture toughness of synthetic calcium-phosphate based ceramics.?*%

The broad X-ray diffraction reflections in the XRD spectrum (Fig 2B) indicate that
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the bacterially deposited hydroxyapatite is a poorly crystalline material, particularly when
compared to the sharp reflections from brushite (Fig 4) observed on the control samples. Bio-
genic hydroxyapatite typically consists of poorly crystalline carbonated hydroxyapatite. 26:27
In contrast, non-biologically generated calcium phosphate minerals typically present higher
crystallinity.?’ Further comparisons of our hydroxyapatite with a carbonate substituted hy-
droxyapatite (ICSD-289992) and a synthetic hydroxyapatite (ICSD-203027) identifies that
the hydroxyapatite generated by Pseudomonas fluorescens appears most similar to the car-
bonated hydroxyapatite (Supplementary Fig 1, 2).

Biological hydroxyapatites have been observed to incorporate different ions into their
crystal structures.?” The FT-IR spectrum of the bacterially deposited hydroxyapatite (Fig
3B) displays peaks at 1456, 1415, and 874 cm™. These peaks indicate the presence of carbon-
ate ions (CO3) ™2, partially replacing (PO4) 3 sites in the hydroxyapatite crystal structure.?’
This creates an inherent disorder when compared with synthetic hydroxyapatites, which have
higher crystallinity.?® Carbonate substitution of phosphate groups is a common characteris-
tic of other biogenic hydroxyapatite crystals described in the literature.?? Additionally, the
XRD pattern of the hydroxyapatite produced matches to that of 289992-1CSD - a calculated
structure for a carbonate-substituted hydroxyapatite (Supplementary Fig 1).? These obser-
vations indicate that this bacterial hydroxyapatite is comparable to natural hydroxyapatites
found in bone and dental enamels, in terms of both ionic substitution and crystal structure.

The hydroxyapatite layer was observed to consist of a granular assembly of individual
nanoscale particles, with size ranging from 30-100nm (Fig 3A). The observed morphology is
consistent with nano-hydroxyapatite morphologies reported in the literature. 62

Application of Scherrer’s equation to the (002) reflection of the biogenic hydroxyapatite
XRD patterns determined the crystallite size to be approximately 30nm (Fig 2B). This
is similar to the particle size of natural hydroxyapatite found in teeth?* and corresponds
well to literature values for biologically generated hydroxyapatites made using this same

methodology; sizes typically ranging from 20-40nm.?%3°
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Mounting Material Mounting Materialf

Ceent rte

Figure 1: A) SEM-EDS map of the test OPC sample cross section. Image illustrates the
interface at the top surface of the sample against the mounting material. The SEM-EDS
map shows distribution of calcium (Red), silicon (Green) and phosphorus (Blue) through the
sample cross-section. A calcium phosphate layer (Magenta) is clearly visible at the interface
between the cement and the sample mounting material, representing the 'top’ surface where
the biofilm has been active. B) SEM-EDS Map of unmodified OPC sample cross-section
cured for 28 days with no further modification. Image illustrates the interface at the top
surface of the sample against the mounting material. The SEM-EDS map of calcium (Red)
and silicon (Green) distribution in the sample is shown. No phosphorus was detected during
EDS mapping of the control sample. The direction of the black arrows indicate the 'top’ of
the sample cross-section.
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Figure 2: A) XRD pattern of control OPC sample. The pattern was matched to PDF 00-009-
0077 (Brushite) as annotated (B). B) XRD pattern of Pseudomonas-treated OPC sample.
Reflections were matched to 289992-1CSD (hydroxyapatite) as annotated (H). A calcite peak
(C) is also annotated on the test coupon, which was matched to 250-ICSD (PDF 01-070-
0095). The (002) reflection can be observed at c¢. 26° 2theta. The size of the hydroxyapatite
crystallites based on the (002) reflection FWHM was calculated as c. 30nm using Scherrer’s
equation.
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Figure 3: A) SEM micrograph of hydroxyapatite layer deposited onto the OPC substrate.
Image is of a polished cross-section of the hydroxyapatite layer. The hydroxyapatite presents
a relatively coarse morphology, consisting of an assembly of nanoscale particles. Individual
particle sizes are 30-100nm. B) The IR spectrum of surface material from the same sample,
which indicated that it consisted primarily of a phosphate, with a structure similar to hy-
droxyapatite (formula, Ca;o(PO4)sOHs) and some CaCOj. It showed strong similarities to
a reference IR spectrum of a phosphate rock which contains hydroxyapatite
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3.2 Interactions between Pseudomonas fluorescens, OPC, and Hy-
droxyapatite

Pseudomonasand other bacteria are capable of producing nano-hydroxyapatite with physical
properties very similar to natural bone material.3! Research on the bacterial generation of
hydroxyapatite has generally required immobilisation of the bacteria on a matrix, such as
sol-gels or alginate beads, prior to mineral formation;*' and the addition of a specific calcium
source to stimulate hydroxyapatite production. 32

It is significant that these steps are not necessary when bio-hydroxyapatite is generated
on an OPC substrate material, as shown in this study. OPC has several properties which
may have contributed to this. The OPC block provides a fixed substrate for hydroxyapatite
deposition; negating the requirement for a sol-gel or similar matrix. In previous studies,
calcium phosphate loading was found to be necessary when generating bio-hydroxyapatite
on polyurethane or titanium,?' and the addition of calcium and phosphorus donors was also
necessary when using sol-gel or alginate substrates.?? In the case of OPC, calcium is present
in sufficient quantities (Table 1) both on the OPC surface and in the surrounding solution.

A pH of 7.4 or higher is necessary for the chemical synthesis of hydroxyapatite.?® For
chemical deposition of biomimetic hydroxyapatite, pH values ranging from 7.3-11.5 are typ-

19:22,33-35 and the presence of calcium and phosphate precursors is necessary. Previous

ical,
studies of biogenic hydroxyapatite production involve multi-step processes and use a con-
trolled rise in pH.3'3? In this work, a rise in pH was observed in both the control and test
systems, compared to the initial pH of the LB broth (Table 2), despite the presence of the
phosphate pH buffer. This rise in pH is due to Ca(OH), leaching from the cement. In the
control system, the pH rise was limited to pH 7.4 (from an initial pH of pH 6.2); in the
absence of higher pH, brushite was formed rather than hydroxyapatite. However, in the
systems containing P. fluorescens, the increase was much greater, rising to pH 9.1. In the

course of this work, we identified that attempting to grow P. fluorescens in this batch re-

action system with no pH buffering capacity was not possible, due to an almost immediate
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rise in growth medium pH to 12.5 which inhibits P. fluorescens growth.

P. fluorescens is a non-lactose fermenting microorganism. Consequently, in a growth
medium such as LB broth which contains amino acids as the carbon and nitrogen sources,
P. fluorescens will secrete ammonia, amines, and amides as by-products from the metabolic
breakdown of amino acids.?*The secretion of these metabolic products accounts for the
pH increase observed in the medium, which was greater than that caused by OPC alone
(Table 2). The generation of an alkaline micro-environment around the bacterial cell is a
well characterised process which occurs during the initial stages of calcite biomineralisation,
with oxidative deamination of amino acids and the resulting increase in pH associated with
calcium carbonate precipitation.37:3

The metabolic generation of ammonia by Pseudomonas can be expected to instigate a
similar reaction to that which occurs during the generation of urolithiasis-associated stru-
vite, calcite, and hydroxyapatite crystals by non-lactose fermenting microorganisms such as
Pseudomonas, Staphylococcus, Klebsiella, and Proteus.3**? The reaction mechanism behind
the bacterial production of struvite has also been linked to the generation of hydroxyapatite
under conditions of increased calcium concentration such as the use of calcium acetate by
Sanchez-Roman et al, (2007)% but a cement substrate has never been used before in this
context.

The reaction produces ammonium phosphates, via the bacterial generation of ammonia
in a reaction system containing phosphates.®® Ammonium phosphates are used as chemical
precursors to hydroxyapatite, and have been used as such for the consolidation of lime-
stones. ¥ *Hydroxyapatite does not form when OPC is placed in buffered LB broth without
Pseudomonas (Fig 1B). We propose that in our system, P. fluorescens breaks down amino
acids, and in doing so raises the pH and generates ammonia, leading to the formation of am-
monium phosphate precursors for hydroxyapatite formation. We have identified that Pseu-
domonas fluorescens will generate ammonium phosphate minerals when grown in buffered

LB medium (Fig 4), using a combination of optical microscopy and XRD analysis. It has
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been noted that hydroxyapatite production using carbonate and ammonium phosphate pre-
cursors occurs at room temperature and pressure,?® which is in agreement with the findings
of this work; and supports this proposed chemical mechanism underlying hydroxyapatite
production by Pseudomonas. The synergistic interactions between bacterial metabolism,
the growth medium, and the OPC substrate which lead to hydroxyapatite biomineralisation

are summarised in Figure 5.
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Figure 4: A) Cross-polarised transmitted light microscopy image of ammonium phosphate
crystals precipitated into buffered LB agar by P. fluorescens. The image shows the edge
of a single P. fluorescens colony (right hand side) on an agar plate. Precipitation can be
observed both within the colony itself, and projecting from the surface of the colony as
dendrites. B) Cross-polarised transmitted light microscopy image of ammonium phosphate
crystals precipitated into buffered LB agar. The image shows the central portion of single P.
fluorescens colony on an agar plate. Crystalline precipitates are observed to be dispersed as
dendritic crystals throughout the bacterial colony. C) XRD patterns collected from extracted
crystalline material after 12 days of incubation. Peaks annotated ’ACaP’ were matched to
PDF 00-035-0226 (ammonium calcium phosphate hydrate). Peaks annotated ’AFeP’ were
matched to PDF 00-031-0053 (ammonium iron phosphate hydrate). Peaks annotated ’AZnP’
were matched to PDF 00-020-1429 (ammonium zinc phosphate hydrate).

It has been observed that bacteria control the process of bio-mineralisation, facilitat-

ing nucleation and growth of the mineral particles.” This is perhaps best characterised in

38,47,48

the bio-mineralisation of calcium carbonate, as well as magnetite deposition by the
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magnetotactic bacteria, and silica deposition by diatoms.*® The EPS skeleton generated by
bacteria has been used as a nucleation point for the crystallisation of hydroxyapatite on
titanium and foam substrates.?? In this context, the mechanism for this deposition process
has been observed to use the cohesive, tightly adherent biofilm generated by the bacterium
Serratia, which acts as a scaffold for the enzymatically mediated nucleation of calcium phos-
phate minerals.?? The biofilm matrix produces a confined ’reaction space’ which prevents
agglomeration of the nanocrystals, aiding the generation of nanoscale hydroxyapatite par-
ticles.?> We observed that P. fluorescens generates a biofilm scaffold (Fig 6) which may
support the nucleation process.

In the built environment, hydroxyapatite coatings can be expected to reduce the disso-
lution of calcites in limestone and marble;*® however this protection has been observed to
be less than anticipated.® This has been partially attributed to the high thickness of the
HAP films being prone to cracking, as well as layer porosity.® Limestone is also a significant
component of the OPC material (CEM-II/A-LL) used in this study, consisting of 6-20 %
of the OPC mass.®*XRF analysis of our cement finds a CaO weight % of 66% (Table 1),
literature values of CaO content marbles and limestones are relatively close to this value,
with measurements of approximately 55% appearing typical.®!%? As such, we would suggest
that limestone and marble are likely to be suitable alternative substrate materials for the

deposition process described in this work.
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Figure 5: A flow chart illustrating the synergistic interactions between components in the
reaction system, which produces hydroxyapatite biomineralisation on the surface of the OPC
substrate.
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| 100pm |

Figure 6: Confocal microscopy images of a P. fluorescens biofilm on the surface of an OPC
coupon. The image shows A) XZ and B) XY projections of the biofilm. A ’channel’ of lower
biofilm density can be observed, measuring approximately 43um (annotated) across at the
‘entry’ point as observed on the XZ projection and narrowing to breadths of approximately
15-19um (annotated) further into the 'channel’ as observed in the XY projection. Blue
represents areas of lower biofilm signal intensity, green represents areas of higher biofilm
signal intensity; the highest signal intensity areas are shown in Yellow.
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4 Tables

4.1 XRF Table

Table 1: XRF Analysis

Analyte Chemical Form Dry OPC Powder! Hydrated OPC Paste!
Calcium CaO 72.05 66.15
Silica Si09 21.76 21.08
Alumina Al,O4 5.1 4.67
Iron Fe, O3 3.34 3.17
Magnesium MgO 2.17 1.72
Titanium T10, 0.21 0.2
Sodium Na,O 0.33 0.09
Potassium KO 0.87 0.13
Phosphorus P5,05 0.11 0.09
Zinc ZnO 0.12 0.12
Sulfur Trioxide SOj; 3.38 2.29
Sulfur S 1.35 0.92

1 All values are weight%

4.2 pH Table

Table 2: pH Measurements

Sample pH”
Test 9.065+0.027
Control 7.445+0.201

Buffered LB (No OPC) 6.20440.007
2 All values are mean of n=3 =+ standard error of the mean

5 Conclusions

We have demonstrated for the first time that a biogenic hydroxyapatite can be directly
biomineralised onto the surface of Ordinary Portland Cement, and described the biochemical
mechanisms behind this deposition process. Both XRD and FT-IR analysis illustrate that the
disorder, carbonation, crystal structure, and crystallite size of this deposited hydroxyapatite

are similar to natural apatite materials; with associated advantages over synthetic apatites
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which have been described elsewhere. 31618 The direct biomineralisation of hydroxyapatite
on OPC has never been reported before; and as such the biochemical mechanisms underlying
this unique synergistic process have not been investigated or described in the literature to
date.

The described method presents a rapid, simple, and cheap method of promoting in-situ
biomineralisation of hydroxyapatite onto the OPC substrate, with associated advantages
arising from the formation of this biogenic hydroxyapatite in comparison with more widely
studied biomimetic hydroxyapatites. Significantly, we have observed that the bacterium
Pseudomonas fluorescens will produce this biogenic hydroxyapatite under mild reaction
conditions within a relatively simple reaction system, in a synergistic process which uses
the chemical and physical properties of a Portland cement substrate material. We suggest
that OPC has properties which make it a favourable substrate for bacterial hydroxyapatite
deposition, namely the presence of accessible calcium,® which in combination with the pH
rise and ammonia production arising from microbial metabolic processes, favours hydrox-
yapatite formation.?® There is significant potential to investigate this deposition process on

other calcium-rich substrate materials, such as marbles and limestones.
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Chapter 4: Effect of Carbon Source Concentration and Growth Temperature
on Pseudomonas fluorescens SBW25 Biofilm Formation, Morphology, and

Structure

Abstract

The growth of biofilms has considerable relevance to many emergent practical applications
such as microbial fuel cells and biomineralisation. These applications present a diverse set
of environmental conditions, and so the characterisation of biofilm formation and structure
under different environmental conditions is of relevance to a range of disciplines. The
ubiquitous bacterium Pseudomonas fluorescens SBW25 is capable of forming biofilmsin a
range of environments, and as such is an excellent model microorganism for the
investigation of biofilm formation. P. fluorescens SBW25 has also been the model organism
for many studies of ‘adaptive radiation’ — the emergence of niche-adapted, diversified
morphologies from an ancestral species. While P. fluorescens SBW25 biofilm and cell
morphologies have been well-studied in terms of their genetic basis, the effects of
temperature on adaptive radiation of P. fluorescens and the characterisation of links

between biofilm cell colony morphology and bulk biofilm structure remains unstudied.

In this study, we demonstrate that the Fuzzy Spreader (FS) and Smooth (SM) morphologies
of P. fluorescens SBW25 have several adaptations which may favour their emergence under
different temperature conditions. We identify that the FS morphology has a competitive
advantage at reduced incubation temperatures versus the SM morphology. We link this
observation to measured structural variations in the bulk biofilm formed when these colony

morphologies are present in different proportions. These structural variations may be
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directly linked to altered fitness to different environmental niches. These effects were
observed across a range of carbon sources, and the changes in biofilm structure observed
are relevant to a number of practical applications including wastewater treatment,

microbial fuel cells, and biomineralisation.

Keywords: Biofilms, Pseudomonas fluorescens, Temperature, Carbon Source, Confocal

Microscopy, Biofilm Assays
Introduction

Bacterial biofilms are ubiquitous in the environment, forming on virtually any surface
submerged in or exposed to an aqueous solution. They form under a wide range of
conditions and can be found in natural, industrial and medical systems. Biofilm formation is
useful in a number of practical applications, such as wastewater treatment U and the
operation of microbial fuel cells 23] These processes rely upon the development of mature
biofilms, often onto a specifically engineered substrate designed to maximise process

efficiencies . Both wastewater treatment processes and microbial fuel cells may use a

[3, [5,6]

range of temperatures *, carbon sources, and carbon source concentrations
Potentially, MFCs could perform well at relatively low temperatures, ranging from 4°C —

15°C B, Consequently, the investigation and description of biofilm growth at lower

temperatures is of particular significance to researchers in a number of fields.

[7'9], and

Pseudomonas species are used in waste water treatment and microbial fuel cells
there has been recent interest in the use of Pseudomonas bacteria to promote

[10,11

biomineralisation I The generation of calcium phosphate minerals by these bacteria has

been linked with the formation of biofilms *%, and in a previous study we demonstrated the
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formation of a hydroxyapatite layer on a cement surface by a biofilm of P. fluorescens
sBW25 3. The minerals deposited by these biofilms may be useful in a number of diverse

settings, from use in medical implants (14151 the preservation of architectural materials [16]

to nuclear waste remediation ..

In this study, we investigated P. fluorescens, a motile, obligate aerobic, Gram-negative, rod-
shaped bacterium, ubiquitous in the environment. The organism is commonly associated
with natural materials such as soil, water, and plantsm] and can form biofilms in a range of
environments.™ Varied P. fluorescens SBW25 colony morphologies have been observed to
emerge under different environmental conditions, notably the ‘Smooth’ (SM), ‘Fuzzy
Spreader’ (FS), and ‘Wrinkly Spreader’ (WS) morphologies.[zo] The emergence of varied
phenotypes from a common ancestor morphology is called ‘adaptive radiation’, and P.
fluorescens SBW25 has acted as the preeminent model microorganism to study this effect in

the Bacterig.** ™!

Both the FS and SM morphologies have been observed to exist in biofilms at the base of test
tube microcosms, with competition between these strains being the topic of several

2026271 yowever, there has been relatively little investigation of the effects of

studies.
temperature and carbon source on biofilm formation and adaptive radiation by P.
fluorescens SBW25. There is scope for variations in colony morphology to be linked with
variations in bulk biofilm morphology or even individual cell morphology, as observed in V.
cholerae.”” Individual colony morphology is associated with cell positioning within a

microcosm in recent computational models.’* Consequently, observations of variation in

colony morphology may link to bulk biofilm structural changes, and hence impact on biofilm
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activity relevant to many industrial processes such as wastewater treatment,'! the

2,3] [13,30]

operation of microbial fuel cells,'* and biomineralisation.

In this work, we investigated the effect four different carbon sources (sodium pyruvate,
sodium benzoate, glucose and glycerol; lgL'1 and 5gL'1), and incubation temperatures of
25°C and 9°C, on biofilm formation by P. fluorescens SBW25 at the solid-liquid interface.
The effect on biofilm structure, adhered biofilm cell CFU/ml, and colony morphology was
investigated after incubation periods of 2, 6 and 10 days. King’s B medium was then utilised
for a more detailed comparison of differences in colony morphology abundance at an

incubation temperatures of 9°C versus 25°C.
Results and Discussion

Effect of carbon source, concentration and temperature on biofilm growth and morphology

In general (and as expected) the adhered cell concentration at 9°C was lower, compared to
25°C for all four carbon sources (sodium pyruvate, sodium benzoate, glucose and glycerol)
at both concentrations, and all time points. At the reduced incubation temperature (9°C),
the carbon source concentrations appeared to have no effect on the amount of adhered
biofilm cells at each time point, and a decrease in adhered biofilm CFU/ml was observed
between days 6 and 10, for all carbon sources. Generally, at 9°C there was little difference in

cell concentration between carbon sources and concentrations.

Across all time points sodium pyruvate at a concentration of 5gL™* was the only carbon
source where an increase in concentration was linked to a significantly increased amount of
adhered biofilm cells (Figure 1). In the case of sodium benzoate and D-glucose, a decrease

in adhered cells was observed with increasing carbon concentration (Fig 1) after the 10 day
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incubation period. It should be noted that the initial quantification point (2 days) may be too
late in the incubation period to detect initial differences in growth rate with variations in

carbon source and temperature.
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Figure 1: The effects of carbon source and temperature on Biofilm cell CFU/ml measured at
2, 6, and 10 day incubation periods. Variations on biofilm cell CFU/ml are associated with
changes in carbon source and incubation temperature. All measurements are mean of N=3

+/- SEM.
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In general when viewed across all examined time points and incubation temperatures, the
lowest quantity of adhered cells was observed with sodium benzoate as the carbon source,
with a mean adhered cell concentration of 3.35x10° CFU/m. The highest quantity of adhered
cells was observed with sodium pyruvate, which generated a mean adhered cell

concentration of 2.28x10’ CFU/ml.

Two distinct phenotypes were observed for the adhered biofilm cells —a Smooth phenotype
and a Fuzzy Spreader phenotype (Appendix 2, Supplementary Figure 4).[27] The smooth
morphology has been generally observed to colonise the liquid phase of static broth
microcosms, forming small, smooth colonies. In comparison, the fuzzy spreader has been
observed to colonise the microcosm floor where O, levels are lower; forming large,

spreading colonies 120731,

All cultures were inoculated with an ancestral SM phenotype. At 25°C the SM phenotype

still dominated in the early stages of the incubation period; FS was only observed with 1gL'1
pyruvate (Table 1). By day 6, the FS morphology appeared to become more dominant, with
a more even mix between FS and SM morphologies observed across all carbon sources and

temperatures by day 10.
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Carbon Source | Day 2, | Day 6, 25°C | Day 10, Day 2, 9°C | Day 6, 9°C | Day 10, 9°C
25°C 25°C
Glycerol 5gL* SM FS FS FS FS FS
Glycerol 1gL" SM FS FS FS FS FS
Benzoate 5gL | SM FS SM FS FS SM
Benzoate 1gL! |  SM FS SM FS FS SM
Glucose 5gL™ SM SM FS SM FS FS
Glucose 1gL™ SM FS SM FS FS FS
Pyruvate 5gL™ | SM FS FS FS FS SM
Pyruvate 1gL™ FS SM SM FS SM FS

Table 1: Dominant morphologies of bacterial colonies recovered from adhered biofilms,
associated with Temperature and Carbon Source at Days 2, 6, and 10. Carbon sources are
glycerol, benzoate, glucose, and pyruvate at concentrations of 5gL'1 and 1gL'1. All carbon
sources were examined at 25°C and 9°C incubation temperatures. Colony morphologies
identified as Fuzzy Spreader (FS) or Smooth (SM) are based on descriptions by Rainey &

Travisano '*"\. All observations were collected from triplicate experiments.

At 25°C, in the case of 1gL" pyruvate, the FS morphology was dominant at day 2, but had

reverted to a SM morphology by day 6; with the FS morphology not emerging again. With
both concentrations of sodium benzoate, the FS phenotype temporarily emerged on day 6
before reverting to SM on Day 10. Across all time points and carbon sources at 9°C, the FS

morphology was more prevalent than at 25°C at incubation day 2.

Further studies on the relative abundance of the two morphologies observed were
undertaken using King’s B medium (which contains 19 gL™* glycerol); this medium is widely
used for adaptive radiation studies with P. fluorescens SBW25.121:23273234 The ancestral SM

morphology dominated in early incubation periods; however, the emergence of the FS
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phenotype was more rapid at 9°C than 25°C. By day 6, the FS morphology dominated at

both temperatures (Table 2), but the proportion of SM was higher at 9°C than 25°C,

suggesting that the rapid early growth of FS was not sustained at the lower temperature.

The rapid emergence of FS at 9°C was also observed with the varied carbon sources and

concentrations (Table 1). However by day 10, relatively even mixes of SM and FS

morphologies were seen at both 9°C and 25°C.

Morphology Day 2 - 25°C Day 2 -9°C Day 6 - 25°C Day 6 - 9°C
FS 4.26 14.14 79.51 64.21
SM 95.74 85.86 20.49 35.79

Table 2: Counts of colony morphology the Fuzzy Spreader (FS) and Smooth (SM)
morphologies of adhered biofilm cells, as a percentage of total colonies counted (range 205 -
1535 colonies in total). Measurements were taken after 2 and 6 day incubation periods at
either 9°C or 25°C in King’s B medium. Measurements were collected from triplicate

experiments for each condition.

Previous studies on these phenotypes in King’s B Medium have focused on the spatial
associated distribution variations, genetic changes, and competition between different P.
fluorescens SBW25 morphologies. These experiments are generally carried out at room
temperature, in a medium that is incorporates glycerol as a carbon source (King’s B). These
studies have identified that the FS morphology typically occupies the base of test tube
microcosms, while the SM morphology colonises the liquid phase.[zo] Our results indicate
that the FS morphology does dominate the microcosm base as would be expected; however
we additionally establish that the proportion of FS and SM morphology observed in this

niche will vary as a result of temperature, an effect which has not been observed to date.
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Comparison of Biofilm Structures

Although confocal microscopy has been used to study P. fluorescens SBW25 morphologies

3536] there has

such as the Wrinkly Spreader (WS) and ‘small colony variant’ (SCV) phenotypes,[
been limited studies of the SM and FS morphologies and little investigation to date of any

structural variations linked to temperature.

In this study we used confocal microscopy to examine the structures of the biofilms formed
with King’s B medium at 9°C and 25°C (6 days incubation), and with glycerol or benzoate
(1gL'1) at 25°C (10 days incubation). With King’s B medium, biofilm structure at 9°C was
dramatically altered from that observed at 25°C (Figure 2). COMSTAT analysis identified that
the biofilm formed at 9°C was of reduced biomass and thickness, with increased roughness
and surface area to biovolume ratio than the biofilm formed at 25°C (Table 3). This is
consistent with the reduced growth at 9°C, compared to 25°C, observed with the varying

carbon sources (Fig. 1)

Figure 2 : Confocal microscopy images of P. fluorescens SBW25 biofilms grown at 25°C (Left)
and 9°C (Right) after a 6 day incubation period. The biofilm formed at 25°C is clearly thicker

and of greater total biomass than the biofilm formed at 9°C. Scale bar is 100um.

Although the observed variations in biofilm parameters will be significantly affected by

differing growth with temperature, the morphological composition is also likely to impact on
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the biofilm structure. With King’s B medium, FS was the dominant phenotype observed at
both temperatures after 6 days incubation, although the percentage FS was lower at 9°C
(Table 2). To investigate the effect of morphology on biofilm structure, biofilms were grown
on 1gL'1 sodium benzoate, and lgL'legceroI at 25°C for 10 days. These carbon sources were
chosen as the biofilms formed had similar amounts of adhered cells (Fig 1), but had different

dominant phenotypes: FS with glycerol; SM with benzoate.

Significant variations in biofilm parameters were observed between the two biofilms (Table
3). The biomass and average thickness of the biofilm were greater with glycerol rather than
benzoate, whilst Roughness coefficient and surface area to biovolume ratio were greater
with benzoate than glycerol. It is therefore possible that a relative increase in abundance of
SM morphology cells within the P. fluorescens biofilm may be linked to decreased biofilm

density and thickness; and increased roughness and surface area to biovolume ratio.

Medium King’s B Glycerol 1gL'1 ‘ Benzoate 1gL'1

Incubation Temperature 25°C 9°C 25°C

Biomass (um>/um?) 152 +/- 60 26 +/-3 325.7+/-110.3 | 1.61+/-1.14

A Thick
verage Thickness (um) | o, / g3 52 +/-11 479.9 +/- 126 177 +/- 89.0

Roughness Coefficient

(Ra) 0.03 +/-0.02 | 0.3 +/-0.08 0.09 +/- 0.02 1.9 +/-0.01
Surface Area to
Biovolume Ratio 0.21 +/-0.04 | 0.46 +/-0.04 0.42 +/-0.3 2.04 +/-0.4
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Table 3: Comparison of biofilm parameters measured using confocal microscopy images of
biofilms formed at 25°C and 9°C after a 6 day incubation period, or biofilms formed with
either a glycerol (observed as FS-dominant) or benzoate (observed as SM-dominant) carbon
source after a 10 day incubation period. Measurements were collected from confocal stacks

using the software COMSTAT 2. All measurements are mean of at least N=3 +/- SEM.

Previous studies have shown the competition between the FS and SM phenotypes are
complex, with a stable maintenance of variation between the two morphologies identified
as typical.”*”! Adaptation of P. fluorescens SBW25 morphologies to different environmental

niches has been identified in the past, such as the identified dominance of the WS phenotype at the

B3] and the niche preference of the FS phenotype to the base of test tube

air-liquid interface,
microcosms. Significantly, an inhibitory effect of FS on SM has been noted and attributed to
the deprivation of oxygen in the broth phase promoted by the capacity of FS morphology
cells utilise ‘FS rafts’ that allow them to transiently colonise the broth phase of the

microcosm.”® However, there are very few studies investigating the impact of overall

environmental conditions on colony morphology.

In the present work we identify that these variations in biofilm structure and morphological
abundance suggest adaption to environmental conditions, in particular to temperature.
These variations can be associated with changes in bulk biofilm structure that may plausibly
impact fitness under different growth conditions. The structure of Pseudomonas biofilms is
relevant to a number of practical applications; such as wastewater treatment,®” and
biomineralisation. 8 A nascent example is the use of microbial fuel cells, a technology which
utilises biofilm formation as a novel method for the generation of electricity while

simultaneously removing organic waste material from wastewater streams.!”! Biofilm
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formation by Pseudomonas species has been exploited in the development of these fuel
cells as Pseudomonas species are capable of utilising a diverse range of sugars and organic
substrates®®, with studies identifying that enhanced Pseudomonas biofilm development

generates improved power generation and waste organic material clearance.!”

Methods

Strain and routine growth conditions

Pseudomonas fluorescens strain SBW25 [40] (provided by Dr Nicolas Tucker, Strathclyde
Institute of Pharmacy & Biomedical Sciences, University of Strathclyde) was revived from -
80°C storage onto King’s B agar, incubated for 3 days and an ancestral smooth morphology

was recovered for use as an inoculum.
Experimental Conditions for Static Biofilm Test Tube Culture Carbon Source Analysis

Four different carbon sources were examined at temperatures of 25°C and 9°C: Sodium
Pyruvate (Sigma-Aldrich), D-glucose (Sigma-Aldrich), Sodium Benzoate (Sigma-Aldrich), or
Glycerol (Sigma-Aldrich) were added to a base medium, to final concentrations of either 1gL
Yor 5gL". The base medium was developed from a formulation used by Allison et al. 41 and
contained the following components dissolved in deionised water: MgS0O, 7H,0 (Sigma-
Aldrich) 0.2gL™, K,HPO, (Sigma-Aldrich) 2.2gL™, KH,PO, (Sigma-Aldrich) 9.4gL™, NH,CI (VWR)

O.65gL'1, CaCl, .2H,0 (Fisher Scientific) O.133gL'1.

2ml volumes of each media were dispensed into disposable glass culture tubes (Corning
Inc), which were sealed with non-absorbent cotton wool bungs (Cowens Ltd). Tubes were
inoculated with 0.05% v/v inocula of P. fluorescens culture (ODgg of culture inoculum = 0.1)

with a calibrated inoculation loop. Glass tubes containing each medium variant for each
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time point (2, 6 and 10 days) were incubated at 9°C and 25°C. All samples were prepared

and incubated in triplicate.

After 2, 6, and 10 day static incubation periods, biofilm cell density was measured and
colony morphology recorded. TSA (Oxoid) and LB (Sigma-Aldrich) media were used as the
guantification and propagation medium for the carbon source investigations to avoid any
interference from the glycerol present in King’s B medium formulations. Quantification was
carried out using the drop plate method, allowing results from triplicate microcosms to be
analysed on single Petri dishes.[*>*3 The use of the drop plate method step enabled the
economical screening of a large range of carbon sources and conditions, versus the more

resource intensive spread plating method.
Experimental Conditions for Quantification of FS and SM Abundance in King’s B Medium

P. fluorescens SBW25 was propagated from the ancestral smooth morphology in triplicate

test tube microcosms containing 7ml King’s B medium at either 9°C or 25°C for 2 or 6 days.

A quantitation of the abundance of both morphologies was then carried out. This was done
via collection of 1ml adhered A-L interface biofilm material from the test tube base, which
was diluted in PBS and colony abundances quantified by serial dilution and spread-plating of
100pL aliquots onto King’s B agar. Plates were incubated at 20°C for 3 days prior to

guantification of SM and FS morphology cells.

> 200 colonies were countable in total for each set of experimental conditions, ranging from
205-1535 colonies dependent upon experimental conditions of time point and temperature.
SM and FS colony counts were converted to a percentage of total colonies observed for

each set of conditions.
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Confocal Microscopy: culture conditions and analysis

Biofilms were grown in a static incubation mode on the inner surface of Nunc"™ 35mm
glass-bottomed dishes (Thermo Fisher), which allowed the biofilm to be visualised directly
on the substrate. Biofilms were grown in King’s B medium at 9°C or 25°C, or the base
medium described in the earlier section ‘Experimental Conditions for Static Biofilm Test

Tube Culture Carbon Source Analysis’, containing 1gL-1 benzoate or glyercol.

After the selected incubation period (6 or 10 days), the growth medium was removed and
the biofilm samples rinsed with 0.9% NaCl to remove any planktonic cells, followed by
staining with 3ml 0.1 % w/v acridine orange (Alfa-Aesar) in 1x PBS solution. The biofilms
were incubated in the staining solution for 5 minutes, before the staining solution was

removed. Biofilms were examined using a confocal microscope (Leica SP5 ).

Confocal microscopy images were prepared using Avizo 8.1.The collected confocal maps
were analysed with the COMSTAT?2 (version 2.1) software package 144461 15 determine

biofilm parameters.
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Chapter 5: A Characterisation and Comparison of Biogenic and Abiotic Hydroxyapatites

All literature reviews, practical work, data analysis, and manuscript preparation was carried out by
Ronald Turner, with guidance provided by Andrea Hamilton and Joanna Renshaw, with the following

exceptions:

Mossbauer spectroscopy was carried out on a collaborative basis by Dr Paul Bingham and Mr

Alex Scrimshire, both of Sheffield Hallam University

e Rietveld refinement of XRD patterns to determine lattice parameters, crystallite size, and
strain was carried out on a collaborative basis by Dr Pieter Bots (Strathclyde)

e TEM imaging and FIB-SEM lift-outs were carried out on a collaborative basis by Dr Andrew
Brown and Mr John Harrington of the University of Leeds, with funding by the Henry Royce
Institute

e SAXS data collection and data reduction was carried out as a national service (STFC funded)
by Dr Nick Terrill of Diamond Light Source, UK. (Beamline [-22)

e FT-IR data was collected and analysed by Dr Matthew Baker and Dr Cerys Jenkins
(Strathclyde), on a collaborative basis.

e CHN/TOC analysis was carried out under contract by Antony Hinchliffe of the University of
East Anglia

e Mass-balancing of ICP-OES and CHN/TOC data was carried out on a collaborative basis by Dr

Susan Cumberland (Strathclyde)
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Chapter 5 — A Characterisation and Comparison of Biogenic and Abiotic

Hydroxyapatites

Abstract

The calcium phosphate mineral hydroxyapatite has been a focus of significant research interest.
Hydroxyapatites have variable structural morphologies, which may include rod-like and/or plate-like
nanostructures. These variations in nanostructure are associated with changes in the properties of
the bulk material, such as altered Young’s modulus or the promotion of bone formation in the
context of medical implant devices. In this work, TEM and SAXS analyses are used to establish that
the biogenic hydroxyapatite has a plate-like, anhedral morphology with particle diameters of 20-
30nm; in comparison to the abiotic hydroxyapatite which presented a more crystalline, rod-like
structure with a larger primary particle size. We also identify that hydroxyapatites synthesised on an
OPC substrate appear to uptake a level of carbonate and iron from the cement substrate, with an
abiotic hydroxyapatite having an increased level of carbonate relative to the biogenic
hydroxyapatite. This effect is likely due to the more immediate pH increase utilised in the abiotic
synthesis process. Analysis of the data suggests that this iron and carbonate exists in a separate
phase from the hydroxyapatite, although there is some evidence for iron incorporation into the
hydroxyapatite lattice. We establish these associations of iron and carbonate with the
hydroxyapatites through a combination of ICP-OES, SEM-EDS, FT-IR, and XRD. We utilise *’Fe
Mossbauer Spectroscopy to determine that a coating of this biogenic hydroxyapatite on Ordinary
Portland Cement associates with iron in the Fe(lll) oxidation state, potentially in the Ca(2) sites of
the hydroxyapatite structure, in the octahedral coordination. Mossbauer analysis provides also
provides some evidence for superparamagnetic nanoparticles associated with the biogenic
hydroxyapatite coating. In comparison, the abiotic hydroxyapatite coating appears to contain Fe(lll)
in the form of FeOOH, again in an octahedral coordination but without any paramagnetic

component.
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Introduction

Hydroxyapatite is a calcium phosphate mineral, with the general formula [Cas(PO,)3(OH)]. The ability
of bacteria to promote formation of hydroxyapatite has been of recent research interest.[1, 2] So-
termed ‘Biogenic’ hydroxyapatite can be formed through the action of Pseudomonas fluorescens, in
a growth medium containing LB broth, potassium phosphates, and OPC which mediates an increase
in pH and production of ammonium; leading to the formation of hydroxyapatite. This process has
been examined in previous work, and is suggested to rely upon microbial generation of an alkaline

environment.[3]

Hydroxyapatite presents with variable morphologies, and these changes influence the physical
properties of the material. Rod-like morphologies [4] as well as spherical or plate-like [5]
morphologies have been described in the literature. Spherical or plate-like hydroxyapatites can be
found in bone material,[6] and synthetic spherical hydroxyapatites have been associated with
enhanced bone formation in vitro.[7] Plate-like hydroxyapatites have been identified as the ideal
morphology for stiffening isotropic materials, in comparison to spherical and fibrous

morphologies.[8]

We characterise these biogenic and abiotic hydroxyapatites using a combination of XRD, SAXS, FT-IR,
TEM, and *>’Fe Mdssbauer spectroscopy. We observe that the biogenic hydroxyapatite formed is
associated with both iron and carbonate when formed on Ordinary Portland cement, and that the
biogenic hydroxyapatites are associated with lower inorganic carbonate levels than abiotic
hydroxyapatites in general. We also observe alterations in lattice parameters when synthesis
methods are varied. Biogenic hydroxyapatite was observed to present a plate-like morphology,

versus a rod-like morphology for the abiotic hydroxyapatite.
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Materials and Methods

Experimental Procedures

Hydroxyapatite synthesis

The P. fluorescens SBW25 stock culture used as the inoculum for this study was grown in LB (Lennox)
broth (Sigma-Aldrich). Buffered LB broth with added Ca(OH), was used as the growth medium for
hydroxyapatite synthesis in the absence of OPC. The buffered LB broth consisted of 20gL™ LB
(Lennox) Broth (Sigma-Aldrich), 9.4gL™" KH,PO, (Sigma-Aldrich), 2.2gL™* K,HPO, (Fluka), and 1gL™
Ca(OH),. All materials were added in powdered form and dissolved in DI water. 100ml volumes of
the buffered LB broth solution were dispensed into Erlenmeyer flasks. The initial addition of 1gL™
Ca(OH), was observed to immediately raise the pH of the buffered LB medium from 6.0 to 6.4, as
measured pre-autoclaving of the medium. All flasks were sealed with non-absorbent cotton wool

bungs (Cowdens). The flasks were autoclaved at 121°C for 15 minutes.

Test flasks were inoculated with a 1% v/v inoculum of P. fluorescens overnight culture (OD600 = 0.1).
Control flasks were not inoculated, acting as abiotic controls. All flasks were incubated for 20 days at
ambient temperature with continual shaking inside a fume cabinet. After a 20 day incubation period,

pH measurements were taken. In all flasks containing Ca(OH), , the pH had risen to ~9.6.

To collect the precipitates from the liquid media, 10ml of medium was transferred to a sterile 15ml
centrifuge tube, and the precipitate collected via centrifugation at 8000g for 20 minutes, at 20°C.
The supernatant was decanted, the collected sediment pellet was re-suspended in distilled water to
wash and re-centrifuged. The supernatant was discarded and the precipitate air-dried at 37°C for 24
hours. Precipitates were imaged with a Nikon digital camera. Precipitates were analysed by XRD,

SAXS, SEM, FT-IR, and TEM as described further below.
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P. fluorescens Biofilm Growth and Hydroxyapatite Synthesis on an OPC Substrate

OPC coupons were rinsed thoroughly in DI water, and one coupon aseptically transferred into each
flasks containing 100ml sterile modified buffered LB broth, which did not contain any Ca(OH), but
was otherwise of the same formulation described earlier. Test flasks were inoculated with 100uL of
P. fluorescens overnight culture (ODggo = 0.1); control flasks were not inoculated. All flasks were

incubated at ambient temperature on an orbital shaker.

Unlike the Ca(OH), system, in the absence of bacteria there was an insufficient rise in pH to generate
hydroxyapatite on an OPC coupon, with brushite forming instead. In order to synthesise an ‘abiotic
hydroxyapatite coating’ on OPC, the protocol was carried out as described for the ‘control’ samples.
However, prior to autoclaving the growth medium the pH was adjusted to 9.0 by preparing 90ml of

buffered LB broth made up to a final volume of 100ml with 1M NaOH.

Solid-State Analyses

X-Ray Diffraction (XRD)

XRD spectra were collected using a Bruker D8 Advance instrument. Measurements of lattice
parameters based on the collected XRD patterns were carried out using TOPAS (Bruker) using a
crystallographic information file for hydroxyapatite with a spacegroup of P6;/m.[9] Instrument peak
broadening was estimated by analysing a crystalline silicon standard and fitted in TOPAS

simultaneously to each sample of interest.

Small-Angle X-Ray Scattering (SAXS)

Biogenic and abiotically generated hydroxyapatite precipitates were dried and analysed using SAXS
at Diamond Light Source (beamline 122). 12.4keV X-rays were used with a camera length of 1.9m,

providing a q range of 0.013-0.9A". The collected scattering patterns were background subtracted
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and radially integrated using the in-house software DAWN, and SasView was used for further data

analyses and fitting.[10]

Transmission Electron Microscopy (TEM)

Approximately 10mg of the dried hydroxyapatite powders were separately dispersed in methanol,

and a small amount loaded onto a TEM sample grid prior to imaging using an FEI Titan3 Themis 300.

Chemical Speciation Analyses

*’Fe Méssbauer Spectroscopy

To prepare the samples for MAssbauer analysis, a clean diamond-coated file (Draper Tools Ltd, UK)
was used to scrape the surface of the cement samples to generate a fine powder. Powdered samples

were vacuum-packed for storage prior to analysis, to minimise any potential carbonation.

Maossbauer spectroscopy was carried out at 293 K using a constant acceleration spectrometer with a
25 mCi >’Co source in a Rh matrix. Absorbers were prepared from ground samples mixed with
graphite powder to ensure a Mossbauer thickness t<1. Spectra were measured in the velocity range
+12 mm s " relative to a-Fe and were fitted using the Recoil analysis software package. Two
broadened Lorentzian paramagnetic doublets were fitted to the resultant spectra. It was assumed
for the purposes of fitting that the recoil-free fraction f (Fe(l11)’f (Fe(ll)) = 1.0. Spectral
measurements were carried out over 2 weeks per sample. The relatively low signal-to-noise ratio
obtained from the measured samples was due to their low Fe contents, and data collection was
halted at a point where an unfeasible (> 1 month) additional collection time would be required to

produce a statistically significant improvement in spectral signal-to-noise ratio.

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-OES)

Biogenic and abiotically generated hydroxyapatite precipitates were collected and dried to produce

fine powders. Hydroxyapatites formed on OPC were removed from the surface using clean diamond-
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coated files (Draper Tools Ltd, UK), to produce a fine powder. Samples were processed for ICP-OES
via microwave digestion using a MARSXpress microwave digestion system (CEM Corporation) in a
10ml solution of concentrated trace-element grade hydrochloric acid (2ml) and nitric acid (8ml).
Samples were diluted 1:10 in ultrapure water prior to analysis using an iCAP 7000 Plus series ICP-OES

(Thermo-Fisher).

Fourier Transform Infrared Spectroscopy (FT-IR)

Representative portions of biogenic and abiotic hydroxyapatite precipitates were transferred onto
the diamond ATR element of the Spectrum Two (PerkinElmer). Pressure was applied to samples at a
force gauge of 50. Spectral repeats were taken of three portions of each sample and averaged to

produce overall sample representative spectra.

Spectra collected using the Spectrum Two spectrometer were exported as csv files and exported to
MATLAB for spectral analysis including processing, peak fitting and plotting using in-house written

software.

Total Organic Carbon/Total Inorganic Carbon/Elemental Analysis for CHN

5mg of each sample was weighted out into centrifuge tubes and mixed with 5ml sulphurous acid.
Further sulphurous acid was added until effervescence was observed to stop. Samples were then
freeze-dried. The dried samples were disaggregated using a spatula, which was then weighed into tin

capsules for analysis. Samples were analysed using an Exeter CE440 Elemental Analyser.
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Results and Discussion

Structural and morphological characteristics of biogenic and abiotic hydroxyapatite

XRD

Figure 1: XRD Patterns of Biogenic and Abiotic Hydroxyapatite Samples
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Figure 1 Legend: XRD patterns of biogenic and abiotic hydroxyapatites precipitates, and coatings on
an OPC substrate. Library patterns were taken from Sanger & Kuhs (1992) [9] for hydroxyapatite, and

Markgraf & Reeder (1985) [11] for calcite.

The results from the XRD analyses are plotted in Fig. 1, and the results from the Rietveld refinement
are summarized in Table 1. Rietveld refinement was possible with a single phase in the precipitate
samples (Table 1), identified as hydroxyapatite with a space group P63/m.[9] In addition to

hydroxyapatite, calcite [11] was identified at 24.15% and 3.60% in the abiotic and biogenic
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hydroxyapatite coatings, respectively. The Rietveld refinements also revealed variations in the lattice
parameters between the different samples (Table 1); we determined that the biogenic HAP samples
have a larger unit cell volume (530.5-531.0 A%) compared to the abiotic HAP samples (~528.6 A3).
Increases in c/a ratio are associated with B-carbonated hydroxyapatite.[12] We would suggest that it
is unlikely that carbonate is selectively substituted into the crystal structure of the hydroxyapatites
but rather exists as a separate phase. Silicon incorporation is also associated with expanded lattice
parameters and unit cell volumes, which we do not observe.[13] Past work has identified that iron-
substitution of hydroxyapatites is associated with a contraction in lattice dimensions;[14,
15]although the literature is conflicting, with other data suggesting that iron incorporation results in
expanded lattice parameters.[16] We would therefore not suggest that there is sufficient evidence
for any direct incorporation of substituting ions into the hydroxyapatite lattice from investigation of

the lattice parameters (Table 1) alone.

Table 1: Lattice and Physical Parameters of Biogenic and Abiotic Hydroxyapatites

wt%
a(A) c(A) c/a ratio V (A?)
Sample calcite
Biogenic HAp Precipitate 9.436(1) 6.8854(4) 0.7297 530.95(8) n.d.
Abiotic HAp Precipitate 9.420(1) 6.879(1) 0.7303 528.57(16) | n.d.
Biogenic HAp Coating 9.434(1) 6.8817(4) 0.7295 530.46(8) 3.60(5)
Abiotic HAp Coating 9.437(3) 6.8541(8) 0.7263 528.61(31) | 24.1(5)

Table 1 Legend: Lattice parameter of Biogenic and Abiotically generated hydroxyapatites. All

parameters were calculated using TOPAS, (n.d.: not detected)

81




TEM and Small Angle X-Ray Scattering (SAXS)

Transmission Electron Microscopy identified that the biogenic hydroxyapatite displays a plate-like,
anhedral morphology, with particle diameters of approximately 20-30nm (Fig 2A). In contrast, the
abiotic hydroxyapatite consisted mainly of relatively crystalline rods, which exceed 50nm in length

but are only 1-5nm across (Fig 2C).

Analysis of the SAXS patterns identified that the biogenic hydroxyapatite presents a larger primary
particle size than the abiotic hydroxyapatite (Fig 2E), as represented by changes in the ‘radius of
gyration (Rg) parameter of a Guinier-Porod model fitted to the SAXS patterns. We observed an
enlarged Rg for the biogenic hydroxyapatite (4.423 A +/- 0.0001) in comparison to the abiotic

hydroxyapatite (3.772 A +/- 0.001).
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Fig 2: TEM Micrographs, electron diffraction images, and SAXS patterns of biogenic and abiotically

synthesised hydroxyapatites
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Fig 2 Legend: TEM micrographs of biogenic HAP (A), showing a flat, plate-like nanomorphology with
the electron diffraction pattern (inset) demonstrating that this hydroxyapatite has an amorphous,

disordered crystal structure. In comparison, the abiotic HAP (C) shows a Needle-like morphology with
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a comparatively crystalline, ordered crystal structure (inset). High magnification images show the
relative disorder in the atomic lattice structures for the biogenic (B) and abiotic (D) hydroxyapatites,
including Fast Fourier Transforms of the images to highlight these changes (inset). The SAXS patterns

(E) were fit to a Guinier-Porod model, with a Rg of 3.772 A +/- 0.001 for the abiotic hydroxyapatite,
and a Rg of 4.423 A +/- 0.0001 for the biogenic hydroxyapatite. SAXS pattern is mean of 3 patterns
per sample. Inset images showing lattice fringes and FFT indicate a higher level of disorder in the
biogenic precipitate sample in comparison to the abiotic precipitate sample as indicated by increased

variations in lattice fringe orientation in the control sample. Scale bar (B & D) is 5nm.

Chemical composition and speciation variations between biogenic and abiotic

hydroxyapatite

ICP-OES

Table 2: Elemental Composition of Various Hydroxyapatites as Measured by ICP-OES, TOC, and CHN

Biogenic HAp Abiotic HAp Biogenic HAp Abiotic HAp Buffered LB
Precipitate Precipitate Coating Coating Broth
Ca 18.44 +/- 0.65 47.97 +/-8.19 37.11+/-5.43 40.60 +/- 8.93 0.62 +/-0.03
Fe 0.02 +/- 0.0008 0.04 +/- 0.02 1.19 +/-0.19 1.86+/-0.24 0.004 +/-0
16.59 +/-
P 13.58 +/- 0.68 22.96 +/- 5.64 16.35+/-2.3 5.29 +/- 0.95
5.03
0.01 +/-
Si 0.02 +/- 0.002 0.06 +/- 0.01 2.07 +/-0.17
1.69 +/-0.62 0.001
N 1.38 +/-0.58 1.48 +/- 1.98 0.06 +/-0.24 0.05 +/- 0.02 N/A
H 1.59 +/-0.36 1.05 +/- 0.09 1.22 +/-0.03 1.14 +/- 0.04 N/A
Total
6.62 +/- 1.64 1.56 +/- 0.09 3.74 +/-0.29 5.84 +/- 0.32 N/A
Carbon
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Organic
5.99 +/- 0.94 0.91+/-0.01 0.57+/-0.15 | () 404/-0.10 N/A
Carbon
Inorganic
~0.63 ~0.65 ~3.17 ~5.47 N/A
Carbon

Table 2 Legend: Elemental Composition of Various Hydroxyapatites as Measured by ICP-OES. All

values are mean of N = 3 +/- standard error of the mean. All values are weight %

ICP-OES indicated that iron enrichment was associated with hydroxyapatite formed on OPC, whether
the synthesis was carried out in a biogenic or abiotic process. It was identified that high levels of iron
were not present in the growth medium in the absence of an OPC substrate (Table 2, ‘Buffered LB
Broth’). Significant iron enrichment could be observed in both hydroxyapatites formed on OPC, with

lower levels observed in both precipitate samples (Table 2).

Inorganic carbon levels were highest in the coating samples, with the abiotic hydroxyapatite having
the highest proportion; most likely due to the presence of higher levels of calcite in this sample.
Phosphorus levels were lowest in the abiotic HAp coating, being comparable to buffered LB broth
alone. This may be linked to the lack of biomass in the abiotic coating deposition process, which
could be expected to increase both organic carbon, nitrogen, and phosphorus levels in the biogenic

coating versus the abiotic coating; as was generally observed (Table 2).

An increased phosphorus level was observed in the abiotic precipitate, which appears to link with an
increased calcium concentration in this same sample. It may be that this increased phosphorus and
calcium level is representative of a higher ‘purity’ hydroxyapatite sample relative to the biogenic
system which will contain a higher proportion of biomass. Both total and organic carbon values

support this interpretation.
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The presence of a cement substrate also has a considerable effect, with ICP-OES revealing similar
enrichment in the hydroxyapatite coatings for iron and silicon (Table 2), both of which are present in
some quantity in the cement substrate. The influence of the substrate appears to have a greater
effect on the association of carbonate and trace metals with the hydroxyapatite, than the changes

produced by variation between biogenic and abiotic synthesis methods (Table 2).
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FT-IR

Figure 3: FT-IR Analysis of Hydroxyapatite Samples
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Figure 3: FT-IR analysis of hydroxyapatite samples. ‘Py3)’ represents the v3 PO,> bending vibrational
mode, Py’ represents v4 PO bending vibrational mode.[17] ‘C;,5)’ represents the v3 cos*
stretching vibrational mode.[18, 19] B represents biological material/amide bonds (likely N-H

bending).[20] OH, represents stretching of the O-H group, likely from water.

Biogenic samples showed broader characteristic phosphate peaks indicating a less ordered lattice
structure (Fig 3), which is in agreement with TEM observations (Fig 2). The influence of carbonates
from the cement substrate material was clearly observable. A particularly high level of carbonate

was noted in the abiotic hydroxyapatite coating.
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This observation suggests that the synthesis method may have a significant influence on the ionic
content of the hydroxyapatite coating; which is evidenced from the increased carbonate content in
the abiotic hydroxyapatite coating sample versus the biogenic coating sample as observed from the
XRD patterns, which showed a higher level of calcite in the abiotic hydroxyapatite coating versus the

biogenic hydroxyapatite coating (Fig 1, Table 1).

We would suggest this may be attributable to the pH increase in the abiotic coating system was
mediated via the use of sodium hydroxide rather than the by-products of bacterial metabolism or
gradual dissolution of Ca(OH), as in the abiotic precipitate system. The key difference between the
methods is a lower rate of pH increase in the biological system versus an immediate increase in the
abiotic coating system. Increased pH is associated with increased concentrations of carbonate ions in
solution, whereas at low pH bicarbonate and dissolved CO, will be of greater abundance.[21] As the
treatment times were the same for both methods (20 days), it can be inferred that greater
carbonation will be observed in the abiotic coating sample as it was in a carbonate-enriched

environment for a larger portion of the incubation period than all other samples examined.

A particularly high ‘biological’ peak at wavenumber of around 1700cm™ identified a relatively high
proportion of biological material in the biogenic precipitate. This would be expected due to the
collection of samples using centrifugation leading to more biological material in the analysis versus

the coatings, where the biological material can be more easily washed from the solid substrate.

’Fe Mossbauer Spectroscopy

Analysis of the biogenic and abiotic hydroxyapatite coatings on Ordinary Portland Cement (OPC)
was undertaken using *’Fe Méssbauer spectroscopy to investigate the oxidation state and
coordination environment of iron.[22] A negligible MGssbauer signal was acquired from all other
samples, which was expected due to the comparatively low iron content in these materials. The

biogenic hydroxyapatite coating on OPC generated a Méssbauer spectrum consistent with the
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presence of Fe(lll) (Fig 4). Iron in the (lll) oxidation state would be the expected form in iron-

substituted hydroxyapatite produced under aerobic conditions.[23]

The fitted M&ssbauer spectrum (Fig 4) indicates two different Fe(lll) sites in the biogenic
hydroxyapatite sample. Past investigations have calculated the isomer shift (CS) and quadrupole
splitting (A) values for iron-substituted hydroxyapatite at 300K.[24] When compared with the results
of the present investigation Doublet 1 suggests the presence of Fe(lll) in the Ca(2) site of the
hydroxyapatite structure, in an octahedral coordination (Table 3).[24]. The results suggest that
Doublet 2 identifies iron existing in the ‘surface Fe(lll)’ site; which represents super-paramagnetic

nanoparticles similar to haematite with iron in an octahedral coordination.[24]

Figure 4: Fitted Mdssbauer Spectrum of Biogenic Hydroxyapatite OPC Coating
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Figure 4: Mdéssbauer spectrum of biogenic hydroxyapatite OPC coating.
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Table 3: Mossbauer Parameters Table

Centre Shift Quadrupole Splitting
Sample/description
(mms?) (mms?)
Biogenic Hydroxyapatite D1 0.23(8) 1.52(20)
precipitate D2 0.26(5) 0.49(10)
Abiotic Hydroxyapatite D1 0.48(13) 0.80(41)
precipitate S1 0.1(13) -
Oct- Fe(lll), Ca(2) site (Jiang et al. 2002) 0.23 1.72
Surface Fe(lll), superparamagnetic nanoparticles, 0.22 0.69
octahedral coordination (Jiang et al. 2002)
Oct- Fe(lll) - Ferrihydrite/lepidocrocite (Marco et al. 0.32 0.61
2000)
Oct- Fe(lll) - Ferrihydrite (Rout et al. 2014) 0.31 0.68

Table 3: Mossbauer parameters. Doublet (D) and singlet (S) experimental data is included. Data

extracted from Marco et al. (2000) [25] and Rout et al. 2014 [26)].

In comparison, the abiotic hydroxyapatite displayed an altered Mdssbauer spectrum of which 80% of
the spectral area represented Fe(lll) in a symmetric six-fold coordination environment [27] with the
remaining 20% being metallic or cubic iron (Fig 5). The spectra matches well with reported
Mossbauer spectra for Goethite (FeOOH) at 300K (Goethite 125086 “Limonite”, Mineral
Spectroscopy Database, Mount Holyoke College)[28], and previously reported magnetite-HAp

composites [27] where a six-fold coordination of Fe(lll) can be expected.[29]
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Figure 5: Fitted Mdssbauer Spectrum of Abiotic Hydroxyapatite OPC coating
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Figure 5: Méssbauer spectrum of abiotic hydroxyapatite OPC coating

Conclusions

We have observed structural and chemical differences between the biogenic and abiotically-
synthesised hydroxyapatites via analysis of XRD patterns, SAXS patterns, and TEM. When formed on
OPC, we identify that these hydroxyapatites will associate with iron and carbonate, likely drawn

from the cement substrate material, as measured using ICP-OES and SEM-EDS.

Crystallite size was observed to be increased in the biogenic hydroxyapatite, with a plate-like and
relatively amorphous morphology visible under TEM in comparison to the crystalline rods in the

abiotic hydroxyapatite. These observations were consistent across XRD, SAXS, and TEM analysis. The
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observed capacity for Pseudomonas fluorescens to generate an amorphous hydroxyapatite versus a

rod-like abiotic hydroxyapatite has not been reported in the literature to date.

Hydroxyapatite morphology is linked to its physical properties, which will ultimately affect the final
applications of the material. The increased surface area of spherical and plate-like morphologies has
also been linked to superior drug loading and release in comparison to other hydroxyapatite
forms.[30] Spherical or plate-like hydroxyapatites can be found in bone material, and synthetic
spherical hydroxyapatites have been associated with enhanced bone formation in vitro.[7] Plate-like
hydroxyapatites have been identified as the ideal morphology for stiffening isotropic materials, in
comparison to spherical and fibrous morphologies. [8] Consequently, Pseudomonas-induced
hydroxyapatite deposition may offer a novel synthesis method for these plate-like hydroxyapatite

morphologies.

FT-IR analysis identified there is a considerable level of carbonate present in the abiotic
hydroxyapatites, generally higher than that observed in biogenically synthesised hydroxyapatite; this
observed carbonate may be from calcite and XCO2 substitution/surface adsorption into the
hydroxyapatite. We suggest that the higher levels of carbonate observed in the abiotic samples may
be attributed to a longer time incubation period in a higher-pH and therefore carbonate-rich

environment.

Interpretation of the Mdéssbauer spectra of hydroxyapatite formed directly on Ordinary Portland
Cement suggests the presence of ‘superparamagnetic’ iron-hydroxyapatite nanoparticles. We
therefore suggest that the present work identifies Pseudomonas-induced biomineralisation as a
novel method for the generation of iron- and/or carbonate-associated hydroxyapatites under simple
reaction conditions, and that varying synthesis methods has the capacity to alter hydroxyapatite

particle morphology.
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Chapter 6 - Hydroxyapatites as Cement Coating Materials with Varied Surface

Properties

Abstract

Cement is the most versatile and widely-used of all building materials. The development of novel
cement coatings is a topic of considerable and on-going research interest. One such coating of
interest is hydroxyapatite, a naturally forming calcium phosphate mineral found in bone and teeth,
which has potential application for medical implants and building materials. In many environments
where cement is used, the topographic properties (e.g. roughness) of generated hydroxyapatite
coatings are important. Surface roughness is particularly important in the function of building
preservation, as it is linked to appearance, texture, and hydrophobicity. Hydroxyapatite also has
hydrophobic properties linked to its roughness, which could be usefully applied in building
preservation. We identify that the hydrophobicity properties of hydroxyapatite may be variable

depending on whether it is produced abiotically or biogenically. We show that in the absence of
bacteria, but in the presence of the phosphate, brushite [Ca(HPO4) - 2H20] is precipitated onto the
cement block. The addition of Pseudomonas fluorescens to the medium generates an increased pH,
leading to the precipitation of hydroxyapatite [Ca10(PO4)e(OH)]. In this study, we identify that a

bacterially-synthesised hydroxyapatite layer presents a higher average roughness compared to
untreated cement, and a lower roughness than brushite. We establish that abiotic synthesis of
hydroxyapatite produces the smoothest observed surface finish. We demonstrate that the deposited
hydroxyapatite layer is more hydrophobic than both untreated cement, and cement coated with
brushite; but less hydrophobic than the hydroxyapatite coating produced abiotically. These
variations in roughness and hydrophobicity with synthesis method allow for ‘tuning’ of the
hydroxyapatite coating properties depending upon the desired final application. Through X-CT
imaging of the sample and observation of positive skewness (Rsk) values of the 3D surface

parameters, the hydroxyapatite coatings were observed to form a layer covering over 99.8% of the
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substrate with a coating of approximately 130um thickness. We establish that the hardness of
biogenic and abiotic hydroxyapatites is comparable, and both have a lower modulus but higher
hardness than values for brushite reported in the literature. We discuss the relevance of these
observations to the use of hydroxyapatite coatings in the built environment. We propose that these
hydroxyapatites could be applied as a hydrophobic sealant to cementitious materials where water
ingress may cause deterioration or be otherwise undesirable. For example, in cases where there is

no trapped water that may expand during freezing leading to further damage.
Introduction

Hydroxyapatite, a calcium phosphate mineral with the general formula Ca;o(PO.)¢(OH),, is found
naturally in tooth and bone material. Hydroxyapatite has been investigated as a cement coating
material, with relevance to cultural heritage preservation and environmental remediation.™? It has
shown promise in recent work for the consolidation and/or repair of building materials such as
carbonate stones,” limestones,” and marbles.® Hydroxyapatite coatings are also of interest as a
coating material for the uptake of environmental contaminants.*® However, the capacity of
bacteria to generate these hydroxyapatite minerals ‘in-situ’ on cement has received little attention
in the literature to date until very recently,” and the applied properties of these hydroxyapatites

remains unstudied.

The generation of hydrophobic surface coatings for concretes has been of significant recent research
interest.® ™ There is an increasing need for such coatings due to the corrosive effects of water and
chloride ingress to cementitious building materials.***? Hydrophobicity is linked to the surface
topography parameters, with increased micro- and nano-scale roughness generally associated with

[13,14]

increased hydrophobicity.

The surface micro- and macro-topography of mineral-coated materials is also associated with altered
biocompatibility of medical implant devices.™*® Roughened hydroxyapatite coated materials are

associated with higher implant bond strength in dental implants.”” Optimisation of dental implant
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topographies therefore has potential to increase the success of implant-related dental restorative
work, and recent work has examined the topographic properties of several dental implant
materials." Increased roughness is also associated with increased surface area, which may enhance

the uptake of environmental contaminants by the hydroxyapatite.

Different levels of roughness and hydrophobicity may be desirable depending upon the ultimate
application of the cementitious material. Examples may include architectural restoration or building
preservation where a smooth, hydrophobic finish is desirable; or environmental remediation
applications where a rougher, less hydrophobic coating is of greater utility. Consequently, the ability

to ‘tune’ these properties will be of considerable value.

In this paper, we examine and compare the surface roughness, topographic parameters, and
hydrophobicity of bacterially-generated and abiotically-synthesised hydroxyapatite layers on a

cement substrate, compared to cement treated with sterile growth medium which generates a
brushite [Ca(HPO4) - 2H,0] coating, and completely untreated cement. We identify that by utilising

different synthesis methods, it is possible to generate variations in the roughness and

hydrophobicity of these coatings on a cement substrate.

Experimental Methodology
Cement Substrate Preparation

Ordinary Portland Cement (OPC) coupons (a cuboid block of cured cement; measuring
approximately 5 x 2 x 1cm) were manufactured and cured by means of the following: 500 g cement
powder ('Multicem 32,5R (CEM-II/A-LL)' , Hanson Heidelberg) was hydrated with 200g water to a
water:cement ratio of 0.4 (wt/wt). The grout paste was mixed for 15 minutes at low speed using
rotary mixer. The paste was cast into 5x2x1 cm silicone moulds and stored at 100% relative humidity
and 20°C for 24 hours. Samples were then demoulded and cured in a saturated solution of Ca(OH),

at 20°C for at least 28 days.
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Phosphate Mineral Formation on Cement

Biotic and abiotic hydroxyapatite [Cas(PO,4);(OH)] and brushite [CaHPO,.2H,0] layers were generated
onto the surfaces of the OPC coupons by means of the following method: For the biogenic apatite,
suspensions containing Pseudomonas fluorescens biofilms were incubated in flasks each containing
one coupon in a buffered lysogeny broth (LB) at 20°C and gently rotated (Yellowline OS2, speed
setting = 1) for 20 days, as described previously."” The final suspensions were measured at pH 9.1.
Control experiments were incubated as above with the OPC coupons but in the absence of a P.

fluorescens bacterial inoculum.

In the absence of bacteria there was an insufficient rise in pH to generate hydroxyapatite on an OPC
coupon, with brushite forming instead. Synthesis of abiotic hydroxyapatite was subsequently
generated by adjusting the pH before autoclaving. In order to synthesise an ‘abiotic hydroxyapatite
coating’ on OPC, the protocol was carried out as described for the ‘control’ samples. However, prior
to autoclaving the growth medium the pH was adjusted from an initial pH of 6.3 to 9.0 by preparing

90ml of buffered LB broth made up to a final volume of 100ml with 1M NaOH.

Prior to topographic scanning, the coupons were removed from the flasks; rinsed with deionised
water and mild agitation to remove any biofilm material, and vacuum-packed prior to analysis to
minimise any degradation. Coupons of fully cured but otherwise untreated cement were also rinsed

and topographic scans collected.
Formation of biotic and abiotic hydroxyapatite precipitates

To generate biogenic and abiotic hydroxyapatites in the absence of a cement substrate for nano-
indentation studies, the protocol was followed as before but with the addition of 1gL™ Ca(OH), to
the growth medium, both in the presence and absence of bacteria to respectively synthesise
biogenic and abiotic hydroxyapatites. To collect the precipitates from the liquid media, 10ml of
medium was transferred to a sterile 15ml centrifuge tube, and the precipitate collected via

centrifugation at 8000g for 20 minutes, at 20°C. The supernatant was then decanted and the
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collected sediment pellet re-suspended in distilled water to wash and re-centrifuged. The

supernatant was discarded and the precipitate air-dried at 37°C for 24 hours.
Topographic Scanning

The surface topography of each sample was mapped using focus-variation microscopy (Alicona 4G
infinite focus scanner). Each of the three samples — the biogenic hydroxyapatite, abiotic
hydroxyapatite, brushite, and unmodified cement were all analysed following the treatment

processes described in the section ‘Phosphate Mineral Formation on Cement’.
X-Ray Computed Tomography (X-CT) Analysis

X-CT data was collected using a Nikon XT H 320. X-CT analysis generated a total of 2000 X/Y-Slices,
and 600 Z-slices through the sample, with a voxel size of 16.5um?>. X-CT datasets were segmented
into three sections (‘coating’, ‘cement’, and ‘background’) using Trainable Weka Segmentation
software.™ Following segmentation, measurements of coating thickness and substrate coverage

were carried out using Fiji.*"

Hydrophobicity Measurements

Cement coupons were rinsed thoroughly with DI water and dried under a stream of nitrogen gas.
Three 20uL droplets of deionised water were spotted onto the surface of each coupon. Images were
captured using a Nikon digital camera. Droplet contact angle measurement was performed using Fiji

and the LBADSA plugin."?"
Nano-indentation Measurements

Direct nano-indentation measurements of the coatings on the cement substrate were not feasible
due to the low thickness of the coating and high hardness of the substrate, so measurements of
modulus and hardness were collected from precipitated biogenic and abiotic hydroxyapatite

samples using a Nano Indenter (MTS Nano Indenter XP).
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Results and Discussion

Results

Calcium phosphate minerals were precipitated on all coupons incubated in LB media, but the specific
mineral formed was dependent upon the presence of bacteria and pH. When bacteria were present
hydroxyapatite — a phosphate mineral with the chemical formula Cay3(PO,4)s(OH), - was found to
form on the coupons in past XRD and FT-IR studies.” The biochemical mechanisms underlying this

Y When bacteria were absent,

differential deposition process have been described in previous work.
brushite — a phosphate mineral with the formula CaHPO,.2H,0 - formed on the coupons at pH 6.3

(initial pH of the culture medium). However, if the pH of the abiotic culture medium was raised to pH

9.0, then hydroxyapatite was observed form instead of brushite.

The surface of the biogenic hydroxyapatite-coating, abiotically-generated hydroxyapatite-coating,
brushite-coated (no bacteria), and untreated cement samples were examined via focus-variation

microscopy, with the results summarised in Table 1.

Table 1: Topography of Biogenic Hydroxyapatite, Abiotic Hydroxyapatite, Brushite, and Untreated

Cement
Biogenic Abiotic Untreated
Parameter Brushite
Hydroxyapatite Hydroxyapatite Cement
Coating Thickness
130.0 £7.1A 161.6 +9.3A | 260.1 + 26.7B N/A
(um)
Coating Surface
99.8 £+ 0.1°* 100 +£ 0.0 * 100+0.0 * N/A
Coverage (%)
Ra (um) 7.86+2.24A 1.65 + 0.13C 14.59+2.24B | 3.75+0.758 C
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Rq (um) 10.07+2.66 A 223 £ 0.16C 19.76 £0.11B | 6.28+1.33A

-2.76 £ 0.667
Rsk 0.58 £ 0.200 A -0.07 £ 0.71A | 1.40+0.616 A
B
Rku 3.85+£0.592 * 7.93 £ 279* 8.80+6.38 * 14.77 £5.28 *

Table 1: images of coated OPC cement coupons. All Results are mean of N =3 + SEM. Coating
thickness and surface coverage were quantified by measurements of segmented 3D X-CT images. Ra
(roughness average), Rq (Root-Mean-Squared roughness), Rsk (skewness), and Rku (kurtosis) were
measured using focus-variation microscopy. For each parameter, statistical significance (p<0.05) was
established by a 1-way ANOVA to establish the effect of each treatment, and treatment similarities
were identified with an uppercase letter (A-C) via Tukey post-hoc analysis. Differences between
values within a single row which share an uppercase letter are not statistically significant (a = 0.05).
Differences in coating surface coverage and Rku were not found to be statistically significant via 1-

way ANOVA (p>0.05); these values are indicated by a star (*) symbol.

Both the biogenic hydroxyapatite and brushite coated samples had a higher average roughness (Ra)
than an untreated cement coupon, at 7.86 and 14.59um respectively compared against 3.75um.
However, there was no statistically significant difference in the Root-Mean-Squared roughness (Rq)
between the biogenic hydroxyapatite coated and untreated samples, whilst the brushite-coated
sample had an Rq three times greater than the untreated sample. This can be expected due to the
increased sensitivity of Rq to outlying measurements, representing the rougher, less consistent
topography of the brushite coating. Ra for the abiotic hydroxyapatite coating was statistically the
same as the untreated sample, and Rq was the lowest of all samples measured, indicating that this
abiotic coating presented the smoothest average surface roughness of all samples, by at least a

factor of 2. The Ra/Rq ratio for the abiotic hydroxyapatite was 1.35, in comparison to 1.67 for the
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untreated sample. This observation suggests that the abiotic coating process reduces the presence
of any asperities present on the cement surface, generating a smoother and more ordered surface

topography than that present on untreated cement.

Rqg, Rsk (skewness), and Rku (kurtosis) analyses offer a statistical description of the distribution of
peak width, symmetry, and shape respectively.™ The negative Rsk value for the untreated sample
indicates a surface with more pores than peaks; or a ‘perforated’ surface.™® The Rsk values for the
biogenic HAP, abiotic HAP and the brushite coatings were all statistically similar and all higher than
the untreated sample; this demonstrates reduction in surface porosity. Both biogenic and brushite-
coated materials had positive Rsk values, identifying relatively high peaks and shallow valleys; or a
pointed surface. Rsk measurements of the abiotic coated sample were approximately zero, which

was expected due to the very smooth, flat nature of this coating.

Rku analysis showed that all four samples had a kurtosis greater than 3, representing a ‘leptokurtic’
surface profile which identifies that the distribution of topographic measurements are concentrated
to a high extent around the mean value when compared to a normal distribution. Notably, the Rku
of the biogenic hydroxyapatite-coated sample is the lowest and least variable of all the samples,
being close to 3. In this analysis, Rku suggests that the peaks and valleys of the biogenic
hydroxyapatite-coated substrate are closer together than on the abiotic hydroxyapatite, brushite-
coated, and untreated cement samples. However, 1-way ANOVA suggests that the differences in Rku
between the four sample materials are not statistically significant. As such, limited inference should

be drawn from the Rku analysis.

X-CT analysis of the samples (Table 1) identified that an average of 99.8% of the substrate was
coated with hydroxyapatite when the biogenic deposition process was used. The abiotic
hydroxyapatite and brushite coatings generated substrate coverage of 100% (Table 1). Image
analysis revealed that the average biogenic hydroxyapatite coating thickness was approximately

130um, which was statistically similar to the abiotic hydroxyapatite coating thickness of
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approximately 160um. The brushite layer exceeded 260um in thickness, being significantly greater

than the other coatings.

In the present study, the abiotic-generated hydroxyapatite coating was the most hydrophobic
treatment observed, followed by bacterially-deposited hydroxyapatite (Figure 1). Both
hydroxyapatite treatments are more hydrophobic than untreated cement; and considerably more

hydrophobic than the brushite-coated sample (Fig 1).

Figure 1: Hydrophobicity Measurements of Sample Cements
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Figure 1: Bar chart of the mean hydrophobicity of the sample’s surface measured by water droplet
contact angle. The abiotic hydroxyapatite-coated sample is most hydrophobic, and the Brushite-

coated sample is the least hydrophobic. Error bars are the SEM (n = 3) and all differences between
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samples are statistically significant (ANOVA, p < 0.001). Example images of droplets are included

above each sample.

Brushite has received attention as a ‘calcium phosphate cement’ (CPC), which are observed to be
generally hydrophilic.?? It has been observed that high strength hydrogen bonding takes place
between water molecules and the brushite coating, which can be expected as brushite contains
water layers as part of its crystal structure.” Brushite is considerably more soluble than
apatites.”**! Additionally, brushite has been observed to have an interfacial energy of 4.5mJ.m?, in
comparison to 8mJ.m™ for apatites.”® Increased interfacial tension can be linked to increased

hydrophobicity,®

although this has not been directly observed in calcium phosphate minerals to
date. Together, these factors may account for the low hydrophobicity observed on the brushite-

coated cement samples when compared to the hydroxyapatites.

Hardness of the biogenic and abiotic hydroxyapatites formed as precipitates was measured and
were statistically similar (Table 2). Hardness of the hydroxyapatites is low when compared to
literature values for hydroxyapatites sintered at >1150°C,"*" but is comparable to values for lower-
temperature sintering at <700°C."”®! The measured hardness for both hydroxyapatites was higher
than literature values for brushite, as would be expected based on their respective positions on the

Moh’s hardness scale; where brushite is typically measured as 2.5, compared to 5 for apatites.””

Table 2: Measurements of Modulus and Hardness of different calcium phosphate minerals

Sample Elastic Modulus (GPa) Hardness (GPa)
Biogenic hydroxyapatite 4.23+1.32 0.07 £0.04
Abiotic hydroxyapatite 4.78 £ 0.46 0.09 £0.008

Brushite*/** 6.6 +0.4* 0.0107 £ 0.002**
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Table 2: Measurements of elastic Modulus (GPa) and Hardness of biogenic hydroxyapatite, abiotic
hydroxyapatite, and brushite. Reported measurements for biogenic and abiotic samples are mean of
N = 3 # Standard error of the mean. *Values for brushite are from results reported by Charriere et al

(2001).%% **For brushite, measurements were of strength in compression rather than hardness.*”

Discussion

Building Preservation — Coverage, Hydrophobicity, and Hardness

The use of hydroxyapatite as a novel consolidant for building materials has been a topic of significant
recent research interest.?*3! Hydroxyapatite presents certain advantages over alternative surface
coatings such as calcite. Hydroxyapatite has a dissolution rate approximately four orders of
magnitude less than calcite.” Calcite has been of recent interest as a coating material. However,
atmospheric pollutants may react with calcite to produce gypsum, leading to deterioration of the
surface of calcite-rich building materials such as marble; a process described as ’sugaring'.[S] In this
context, hydroxyapatite coatings may provide similar crack sealing and consolidation effects as
calcite precipitation, while generating a cohesive layer which is more resistant to deterioration. Both
brushite-coated and hydroxyapatite-coated cement samples presented a ‘coated’ surface, which
minimised pores and cracks and positive Rsk values were observed (Fig 1). This can be expected to

reduce the rate of deterioration in real-world applications.*?

Variations in hydroxyapatite synthesis method generated variable surface roughness values and
coating thicknesses (Table 1). This may have significance in a number of contexts, where it is
desirable to produce a surface coating to reduce pores and cracks, while minimising the increase in

irregularity and roughness and producing a relatively hydrophobic surface.

Hydrophobicity is a desirable property for concretes; with water and chloride ingress associated with
the corrosion of concrete reinforcement materials such as steel rebar.™ The development of

hydrophobic concretes has therefore been of recent research interest.®***! The generation of
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hydrophobic cements through the incorporation of biofilm into mortar material has been associated
with increased roughness on the micro- and nano-scale."™ We observed that biogenic
hydroxyapatite was considerably less hydrophobic than the abiotic hydroxyapatite (Fig 2), with a
contact angle of ~50° versus ~85°. This observation may at first appear surprising, in light of recent
work which has identified that biological material enhances the hydrophobicity of ceramics, with
contact angles >70 degrees appearing attainable.™ However, we note that even the biogenic
hydroxyapatite is significantly more hydrophobic than the baseline hydrophobicity observed on
untreated cement of ~37° (Fig 2). The low measured roughness of the abiotic hydroxyapatite coating
would not appear to suggest a high level of hydrophobicity (Fig 1).[34]. However, in the specific case
of hydroxyapatite — which has been recognised for its tuneable hydrophobicity under certain

]

conditions > — increased roughness has been linked with decreased contact angle and therefore

lower hydrophobicity.*®!

The results of the present study do not suggest a truly ‘hydrophobic’ (Contact Angle >90°) surface
coating is generated when hydroxyapatite is deposited. However, the relative increase in
hydrophobicity of cements coated with hydroxyapatite is comparable to mortars generated through
the incorporation of small amounts of biofilm material,™” and is significantly higher than reported
hydrophobicities for unmodified brushite-coated cements.®**! The contact angles achieved using
an abiotic coating exceed those measured following silanisation,®”) but cannot attain high contact

angles observed using ‘super-hydrophobic’ treatments such as PTFE.*®

Hardness is a desirable quality for a building coating material as it will enhance wear resistance. The
marginally reduced stiffness of biogenic hydroxyapatite in comparison to abiotic hydroxyapatite —
coupled with increased hardness in comparison to alternative calcium phosphates — may confer
some resistance to crack formation under environmental pressures. The elastic modulus was lower
for both measured hydroxyapatite samples when compared to literature values for brushite (Table

2), however it must be noted that the differences observed were not statistically significant.?” The
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modulus was however lower than the 6.0GPa reported by Martin et al. (1995) as typical of calcium-
deficient hydroxyapatites formed at physiological temperatures.m] The observed reduction in
modulus however may identify that the biogenic and abiotic hydroxyapatites investigated in this
work have a greater mechanical flexibility when compared to more crystalline calcium phosphates
examined by others.”” The biogenic hydroxyapatite appeared to have a slightly lower and more
variable modulus than the abiotic hydroxyapatite, possibly due to residual biofilm material present
in the hydroxyapatite. The incorporation of biofilm material with ceramics has been hypothesised to
alter its mechanical properties,™ although there has been no experimental investigation to date.
The results of the present study identify that the incorporation of biomass into cement-coating
materials such as hydroxyapatite may not have a significant effect on the bulk material hardness and

elastic modulus.

Environmental Remediation

Hydroxyapatite is also of interest in producing building material coatings with active environmental
remediation capacities. Biogenic hydroxyapatite has shown potential for the remediation of metal
contaminated waters and for the sequestration of radionuclide wastes."? In these contexts, the
structure of hydroxyapatite permits extensive atomic substitution of other ions into the crystal
structure, such as fluoride, chloride, carbonate, strontium, and cobalt.>**™*" This ‘open’ structure is

significant in allowing the uptake of radionuclides and other metals from the environment.

The finish produced by the bacterial treatment generated Ra and Rq values half that of the brushite-
coated samples. This relatively reduced Ra/Rq of the hydroxyapatite coated sample may be
significant in terms of generating a surface coating for remediation or preservation. Increased
roughness of the surface generates an increased surface area; allowing enhanced trapping of
pollutants for remediation purposes. However, this must be balanced against the increased surface
area which will be exposed to dissolution via environmental erosion; such as acidic precipitation. In

these terms, the reduced roughness of the hydroxyapatite coating may be an advantage. Further
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reductions in Ra/Rqg were possible by utilising an abiotic hydroxyapatite coating process, with a

higher smoothness than untreated cement being attainable (Fig 1).

Conclusions

In this study, we identify that varying between biogenic and abiotic synthesis processes presents the

opportunity to influence the surface roughness and hydrophobicity of the hydroxyapatite coating.

We demonstrate that P. fluorescens will generate a layer of hydroxyapatite on the surface of OPC
that has a greater surface roughness than untreated cement, but a lower surface roughness than the
brushite-coated cement. An abiotic synthesis process generated the lowest observed roughness,
being even smoother than the untreated cement. The hydroxyapatite layer coats the majority of the
surface. We additionally determine that biogenic and abiotic hydroxyapatites have comparable

hardness and modulus, which are within the range expected for hydroxyapatite minerals.

We observe that a biogenic hydroxyapatite coating is more hydrophobic than untreated cement, and
significantly more hydrophobic than cement coated in brushite. An abiotically synthesised
hydroxyapatite coating was observed to have the highest hydrophobicity of all samples examined in
this study. The protective capacity of the hydrophobicity produced by these hydroxyapatites may
warrant further investigation as an in-situ coating material to enhance water resistance in the built

environment.
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Chapter 7: Thesis Conclusions

In this thesis, we have demonstrated that a biogenic hydroxyapatite can be biomineralised onto
ordinary Portland cement under relatively simple reaction conditions. We have also elucidated the
biochemical mechanisms underlying this process. This newly identified deposition method presents
a rapid, simple, and cheap method of promoting in-situ biomineralisation of hydroxyapatite onto the

OPC substrate.

We have carried out a detailed characterisation of the biogenic hydroxyapatite itself using a
combination of synchrotron-SAXS, TEM, SEM-EDS, and Mossbauer spectroscopy. The results suggest
that biogenic hydroxyapatite displays a less crystalline; spherical morphology, and reduced primary

particle size in comparison to abiotically synthesised hydroxyapatite.

Additionally, we have characterised fundamental properties of the biogenic hydroxyapatite coating
on OPC at the bulk scale. Focus-variation microscopy identified that the hydroxyapatite layer is
relatively rough, increasing the surface area. X-CT reveals that the biogenic deposition process
uniformly coats the entire exposed substrate. We additionally establish that the coating enhances
the hydrophobicity of the ceramic substrate material; although an abiotic hydroxyapatite was found
to be of even greater hydrophobicity. It was identified that hardness and modulus of the

hydroxyapatite did not vary significantly if synthesised biologically or abiotically.

We have also examined the effects of variations in temperature and carbon source composition on
P. fluorescens biofilm formation and colony morphology. While this initial study has identified that
significant variations in biofilm cell concentration and morphology are linked to changes in

environmental conditions, we have not examined the full range of environmental conditions which
may be present should this coating method be applied in the built environment. Further work may
involve the examination of an expanded temperature range, or alterations in pH which are likely in

association with high-pH ceramics.
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There are a number of potential applications for this newly described hydroxyapatite deposition
system, which present opportunities for further applied research. Coating OPC and similar cements
with hydroxyapatite using this bacterially-mediated method may be useful in generating a ceramic
bone or dental implant material with enhanced biocompatibility.[1] However, the use of an
opportunist pathogenic bacterium such as P. fluorescens in contact with an implant material will

require careful consideration of the potential for infection.

Hydroxyapatite morphology is linked to its physical properties, which will ultimately affect the final
applications of the material. The increased surface area of spherical and plate-like morphologies has
also been linked to superior drug loading and release in comparison to other hydroxyapatite forms,
which we also observe at the bulk scale.[2] Spherical or plate-like hydroxyapatites can be found in
bone material, and synthetic spherical hydroxyapatites have been associated with enhanced bone
formation in vitro.[3] Plate-like hydroxyapatites have been identified as the ideal morphology for

stiffening isotropic materials, in comparison to spherical and fibrous morphologies.[4]

OPC is one of the most widely used construction materials in society, and there is an environmental
and economic need to preserve and protect concrete structures more widely. The use of organically
grown hydroxyapatite offers significant advantages as a protective surface coating. Hydroxyapatite
deposition on marble has been investigated, but always via inorganic formation. These methods
have been observed to produce a calcium phosphate coating exhibiting pores and/or cracking,
offering reduced protection to the marble, and also require the addition of an extra calcium
source.[5—-11] Significantly, inorganic calcium phosphates often have inferior mechanical properties
compared to bacterially generated calcium phosphates, suggesting this method could be

appropriate for coating building materials.[12]

Bacterial deposition of bio-hydroxyapatite onto concrete may produce a thinner, more flexible, or
stronger film than has been achieved with plasma spraying, electrochemical deposition, or

biomimetic deposition.[13, 14] Bacterially generated hydroxyapatite may potentially present
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superior strength and crack resistance, as has been observed in other natural hydroxyapatite-
bearing systems.[15, 16] A bacterially based deposition method may also help avoid reaction
conditions which are unsuitable for architectural conservation, such as extreme alterations of pH,

high reaction temperatures, or the use of toxic compounds.[9]

We suggest that biogenic hydroxyapatite may be useful as a coating material for building materials
rich in calcium, such as cement and marble.[17] Calcite treatments of building materials are
associated with increased strength of the substrate material,[18] but have shown limited capacity to
bind stone particles together,[19] and may be more susceptible to environmental degradation than
the relatively less soluble hydroxyapatite.[10] The consolidation capacity of hydroxyapatite may

exceed that of calcite.

A novel application of bacteria in cement repair is the development of ‘self-healing concrete’. This
method utilises bacteria packaged as spores within a prepared cement mortar, which activate upon
water ingress.[20, 21] This water ingress is typically due to crack formation; as water enters, the
bacteria emerge from their spores and precipitate calcite. There is significant potential to examine
the ability of bacteria to precipitate hydroxyapatite in this system, due to it’s potentially superior

crack-sealing properties.

Cements of varied formulations are planned for use in nuclear waste repositories concepts in a
number of countries. Some of these concepts use cement blends containing a high quantity
limestone, and rely on the leaching of cement minerals to generate a high pH.[22] There is therefore
potential for hydroxyapatite layers generated by environmental bacteria which may prevent

damage.

Additionally, a recent study has investigated the use of biogenic hydroxyapatite for the uptake of
radioisotopes, which established that biogenic hydroxyapatite uptakes radionuclides more efficiently

that commercially available hydroxyapatites. In this study, it was found the hydroxyapatite

117



biologically manufactured by Serratia utilising glycerol-2-phosphate and Ca** precursor chemicals
had a smaller crystalline size of ~30nm, and produced the highest level of radionuclide sorption
when compared against commercial hydroxyapatite. XRD analysis of this biogenic hydroxyapatite

identified a relatively open, semi-crystalline and/or nanoparticle structure.[23]

We would therefore suggest that examinations of this biogenic hydroxyapatite coating in
applications such as building material restoration, environmental contaminant remediation, and
medical implant devices are potential routes for further research. Additionally, there is significant
scope to examine the formation of P. fluorescens biofilms under varied environmental conditions,

perhaps most significantly under conditions of raised pH or varied calcium concentrations.
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Appendix 1 - Supplementary Information for Chapter 3
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Supplementary Figure 1: Simulated powder diffraction pattern of a carbonate-substituted
hydroxyapatite, generated from ICSD-289992
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Supplementary Figure 2: Simulated powder diffraction pattern of a synthetic
hydroxyapatite, generated from ICSD-203027
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Supplementary Figure 3: The IR spectrum of the surface of the control OPC

sample indicated that it consisted predominantly of brushite, a calcium phosphate with the
formula CaHPO4.2H20, with evidence for a possible trace of an organic component. A
reference IR spectrum of brushite is shown for comparison.
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Appendix 2 - Supplementary Information for Chapter 4

Morphology Max V Time at Max V (s)
FS 5.38+/-2.9 21937 +/- 8186
SM 8.85 +/-2.58 24800 +/- 6852

Supplementary Table 1: Maximum growth velocities (Max V), and time at maximum velocity (Time at
Max V) for the Fuzzy Spreader (FS) and Smooth (SM) morphologies at 25°C. All measurements are
mean of at least N=8 experimental replicates, +/- SEM. The maximum growth rate for the FS
morphology was significantly (p < 0.05) lower than the SM morphology at 25°C. Differences in Time

at Max V were not significant.

—d

Supplementary Figure 4: Photographic images of colony morphologies of Smooth (Left) and Fuzzy

Spreader (Right) P. fluorescens cells, cultured on TSA from adhered biofilm material. Scale bar is
10mm. Identification of colony morphologies was based on that described by Rainey & Travisano

(1998).
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Supplementary Figure 5: Comparisons of biomass, thickness, surface area to biovolume ratio, substrate coverage, and roughness of biofilms formed with
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either benzoate or glycerol carbon sources at a 25°C incubation temperature. Measurements of A - Biomass (ug,) B - Surface Area
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to Biovolume ratio (um2/um3), C - Biofilm thickness (um), D - Roughness coefficient (Ra), E -
Substrate Coverage (%), and over a 10 day incubation period. Colony morphology at days 2, 6, and 10
is indicated by ‘SM’ or ‘FS’. Measurements were collected from confocal stacks using the software
COMSTAT 2. All measurements are mean of N=3 +/- SEM. Statistical analysis is in supplementary

information (S| Table 1).
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Appendix 3 - Supplementary Information for Chapter 5
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Supplementary Figure 6: TEM images of an abiotic (Left, 500nm scale bar) and biogenic
(Right, 1um scale bar) hydroxyapatite coating on an OPC substrate. The abiotic

hydroxyapatite appears to have a needle-like morphology, in comparison to the more plate-

like biogenic hydroxyapatite.
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Biogenic HAp Abiotic HAp Biogenic HAp | Abiotic HAp

Precipitate Precipitate Coating Coating
Ca 19.45 51.35 39.62 43.38
Fe 0.02 0.072 2.20 3.45
P 41.62 70.46 50.13 16.19
Si 0.004 0.10 3.85 3.15
Organic C 5.99 0.91 0.570 0.40
Inorganic C 3.12 3.25 15.87 27.22
Total C 6.62 1.56 3.74 5.84
N 1.59 1.05 1.223 1.14
H 1.59 1.05 1.22 1.14
Calcite content (Rietveld) nd nd 3.60 24.10
Ca from Calcite (calculated) nd nd 1.44 9.65
Total Weight % Calculated 73.39 128.24 114.67 96.07

Supplementary Table 2: A mass-balanced table of the elemental composition of biogenic and abiotic
precipitates and coatings. Mass balance assumed the following phases/compounds were present for
the element noted in brackets: PO, (P), CasO (Ca), SiO, (Si), Fe(O); (Fe), CO; (inorganic carbon), N (N),

H (H). All values are weight %.
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