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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 �rst 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 signi�cance

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

e�ective for the adsorption and remediation of environmental contaminants such as

radionuclides and metals. We further identify that in addition to providing a bio�lm

sca�old for nucleation, the metabolic activity of Pseudomonas �uorescens 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

Ca10(PO4)6(OH)2.
1 HAP is an example of a 'bioceramic',2 a novel class of materials with po-

tential applications ranging from bone implants,3 to drug delivery.4 Hydroxyapatite coatings

have been used to reinforce bone cements, enhancing load-bearing capacity,5 and promot-

ing proliferation and di�erentiation of human osteoblast-like cells.6,7 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.8�12

Cement and concrete have been commonly used building materials throughout the 20th

Century and there is signi�cant interest 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 hydroxyapatites for the remediation of radionuclide13,14 and heavy

metal15 contaminants from the environment has been a subject of recent research interest.

The crystal structure of naturally-occuring HAP is too complex to be accurately mimicked
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by synthetic crystalline apatites, and the use of synthetic apatites has been observed to

result in poor adhesion and low mechanical strength of dental treatments,16 plus reduced

radionuclide sorption capacity.13 Hydroxyapatite produced through the direct actions of a

living organism - termed 'biogenic' hydroxyapatites - may o�er a solution to these limitations,

via intrinsic properties such as reduced solublity, and comparable particle size to those found

in natural hydroxyapatites.16�18

Here we identify and describe a new method for deposition of a biogenic hydroxyapatite

onto the surface of OPC; using the Gram negative bacterium Pseudomonas �uorescens.

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 �uorescens, LB

broth, and a phosphate pH bu�er. Unlike synthetically grown HAP16,19 and biomimetic

HAPs,20 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 �rst time the bac-

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

the metabolic generation of ammonium phosphate minerals.

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
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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 20oC for 24 hours. Samples were

removed and cured in a saturated solution of Ca(OH)2 (1.5gL-1) for 28 days at 20oC. The

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

2.2 Bio�lm Growth on Cured OPC Coupons

Growth medium was prepared from 20gL-1 LB Broth (Sigma-Aldrich), 9.4gL-1 KH2PO4

(Sigma-Aldrich), 2.2gL-1 K2HPO4 (Fluka), dissolved in deionised water in a 2L Duran �ask,

The �ask was heated on a magnetic stirrer plate at 70oC to dissolve all components. Then

100 ml volumes were decanted into Erlenmeyer �asks 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 �asks (1 coupon per �ask). The

inoculum of P. �uorescens strain SBW25 was grown overnight at ambient temperature with

continual shaking, in 100ml LB broth to an OD600 = 0.1. Test �asks were inoculated with

100uL of this overnight culture. Control �asks were not inoculated. All �asks 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 �asks after 20 days and rinsed thoroughly in DI

water to remove any bio�lm 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 20oC. No contamination was observed on the control

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-1 agar

(Sigma-Aldrich) prior to autoclaving. The medium was then aseptically dispensed into petri
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dishes, cooled, and stored overnight at room temperature. The following day, 3x plates

were streak-inoculated with P. �uorescens culture overnight. 3x plates were kept as non-

inoculated controls. All plates were then incubated at 20oC for 12 days and pH was measured.

After a 6 day incubation period, the plates were imaged and a �ne 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 re�ected 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. Still, 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 �nal thickness of 30 µm . For analysis sections were

gold coated and imaged using an S-3700 SEM (Hitachi) �tted 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.21

2.5 X-ray Di�raction (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 Di�ractometer (Bruker D8 Advance). Patterns

were collected in the 2theta scan range 6-60o using a step size of 0.02o, 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
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compared with mineral phases from the Inorganic Crystal Structure Database (ICSD). An

estimate of hydroxyapatite crystallite size was calculated using Scherrer's equation,22 based

on the full width at half maximum (FWHM) of the [002] re�ection at 26o 2theta.

2.6 X-ray Fluorescence (XRF) Analysis

All samples were ground into a �ne 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 re�ection diamond attenuated total re�ectance (DATR) accessory, �tted with a KRS-5

substrate.

2.8 Confocal Microscopy of Bio�lms

Bio�lm-coated OPC samples were removed from the incubation �asks and rinsed in a 1x

concentration phosphate bu�ered 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

solution. The bio�lms were stained for 5 minutes, removed from the solution, and then

examined using a confocal microscope (Leica SP5 II). A laser excitation wavelength of 458nm

was used to excite the �uorescent 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 was carried out using a 40x dry objective lenses and confocal maps were collected

using 100 frames per optical section.
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3 Results and discussion

3.1 Characterisation of Calcium Phosphates on OPC Samples

OPC samples were incubated in phosphate-bu�ered LB broth (initial pH 6.2) with (test) and

without (control) P. �uorescens 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. �uorescens. 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 untreated OPC control (Fig 1).

However, XRD (Fig 2A) and FT-IR (Fig 3) analysis showed that the phosphate layer

deposited on the control sample was brushite.This could be expected, as the pH of the control

solution was 7.4, which is too low to precipitate hydroxyapatite.23 However, on samples

incubated with Pseudomonas, bio�lm growth was evident and associated with the formation

of a hydroxyapatite layer on the OPC surface (Figs 1A, 2B, 3), forming below the bio�lm.

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.24,25

The broad X-ray di�raction re�ections in the XRD spectrum (Fig 2B) indicate that the

bacterially deposited hydroxyapatite is a poorly crystalline material, particularly when com-

pared to the sharp re�ections from brushite (Fig 2A) 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.20 Further comparisons of our hydroxyapatite with a carbonate substituted hy-

droxyapatite (ICSD-289992) and a synthetic hydroxyapatite (ICSD-203027) identi�es that

the hydroxyapatite generated by Pseudomonas �uorescens appears most similar to the car-

bonated hydroxyapatite (Supplementary Information Fig 1, 2).
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Biological hydroxyapatites have been observed to incorporate di�erent ions into their

crystal structures.27 The FT-IR spectrum of the bacterially deposited hydroxyapatite (Fig

3B) displays peaks at 1456, 1415, and 874 cm-1. These peaks indicate the presence of carbon-

ate ions (CO3)
−2, partially replacing (PO4)

−3 sites in the hydroxyapatite crystal structure.27

This creates an inherent disorder when compared with synthetic hydroxyapatites, which have

higher crystallinity.20 Carbonate substitution of phosphate groups is a common characteris-

tic of other biogenic hydroxyapatite crystals described in the literature.20 Additionally, the

XRD pattern of the hydroxyapatite produced matches to that of 289992-ICSD - a calculated

structure for a carbonate-substituted hydroxyapatite (Supplementary Fig 1).28 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.16,29

Application of Scherrer's equation to the [002] re�ection 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 teeth24 and corresponds

well to literature values for biologically generated hydroxyapatites made using this same

methodology; sizes typically ranging from 20-40nm.22,30
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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 phosphorous (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 bio�lm has been active. B) SEM-EDS Map of unmodi�ed OPC sample cross-section
cured for 28 days with no further modi�cation. 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 phosphorous 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.
Re�ections were matched to 289992-ICSD (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] re�ection can be observed at c. 26o 2theta. The size of the hydroxyapatite
crystallites based on the [002] re�ection 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, Ca10(PO4)6OH2) and some CaCO3. 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 �uorescens, OPC, and Hy-

droxyapatite

Pseudomonasand other bacteria are capable of producing nano-hydroxyapatite with physical

properties very similar to natural bone material.31 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;31 and the addition of a speci�c calcium

source to stimulate hydroxyapatite production.32

It is signi�cant 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 �xed 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,31 and the addition of calcium and phosphorous donors was also

necessary when using sol-gel or alginate substrates.32 In the case of OPC, calcium is present

in su�cient 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.23 For

chemical deposition of biomimetic hydroxyapatite, pH values ranging from 7.3-11.5 are typ-

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

studies of biogenic hydroxyapatite production involve multi-step processes and use a con-

trolled rise in pH.31,32 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 bu�er. This rise in pH is due to Ca(OH)2 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. �uorescens, the increase was much greater, rising to pH 9.1. In the

course of this work, we identi�ed that attempting to grow P. �uorescens in this batch re-

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

P. �uorescens is a non-lactose fermenting micro-organism. Consequently, in a growth

medium such as LB broth which contains amino acids as the carbon and nitrogen sources,

P. �uorescens will secrete ammonia, amines, and amides as by-products from the metabolic

breakdown of amino acids.36The 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.37,38

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 micro-organisms such as

Pseudomonas, Staphylococcus, Klebsiella, and Proteus .39�42 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)39 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.43 Ammonium phosphates are used as chemical

precursors to hydroxyapatite, and have been used as such for the consolidation of lime-

stones.44�46Hydroxyapatite does not form when OPC is placed in bu�ered LB broth without

Pseudomonas (Fig 1B). We propose that in our system, P. �uorescens breaks down amino

acids, and in doing so raises the pH and generates ammonia, leading to the formation of

ammonium phosphate precursors for hydroxyapatite formation. We have identi�ed that P.

�uorescens generates ammonium phosphate minerals when grown in bu�ered LB medium

(Fig 4), using a combination of optical microscopy and XRD analysis. It has been noted that
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hydroxyapatite production using carbonate and ammonium phosphate precursors occurs at

room temperature and pressure,45 which is in agreement with the �ndings of this work; and

supports this proposed chemical mechanism underlying hydroxyapatite production by Pseu-

domonas. 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 bu�ered LB agar by P. �uorescens. The image shows the edge
of a single P. �uorescens 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 bu�ered LB agar. The image shows the central portion of single P.
�uorescens 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.47 This is perhaps best characterised in

the bio-mineralisation of calcium carbonate,38,47,48 as well as magnetite deposition by the
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magnetotactic bacteria, and silica deposition by diatoms.49 The EPS skeleton generated by

bacteria has been used as a nucleation point for the crystallisation of hydroxyapatite on

titanium and foam substrates.32 In this context, the mechanism for this deposition process

has been observed to use the cohesive, tightly adherent bio�lm generated by the bacterium

Serratia, which acts as a sca�old for the enzymatically mediated nucleation of calcium phos-

phate minerals.32 The bio�lm matrix produces a con�ned 'reaction space' which prevents

agglomeration of the nanocrystals, aiding the generation of nanoscale hydroxyapatite par-

ticles.32 We observed that P. �uorescens generates a bio�lm sca�old (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;45 however this protection has been observed to

be less than anticipated.8 This has been partially attributed to the high thickness of the

HAP �lms being prone to cracking, as well as layer porosity.8 Limestone is also a signi�cant

component of the OPC material (CEM-II/A-LL) used in this study, consisting of 6-20 %

of the OPC mass.50XRF analysis of our cement �nds a CaO weight % of 66% (Table 1),

literature values of the CaO content of marbles and limestones are relatively close to this

value, with measurements of approximately 55% appearing typical.51,52 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 �ow 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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Figure 6: Confocal microscopy images of a P. �uorescens bio�lm on the surface of an OPC
coupon. The image shows A) XZ and B) XY projections of the bio�lm. A 'channel' of lower
bio�lm density can be observed, measuring approximately 43µm (annotated) across at the
'entry' point as observed on the XZ projection and narrowing to breadths of approximately
15-19µm (annotated) further into the 'channel' as observed in the XY projection. Blue
represents areas of lower bio�lm signal intensity, green represents areas of higher bio�lm
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 Powder1 Hydrated OPC Paste1

Calcium CaO 72.05 66.15
Silica SiO2 21.76 21.08
Alumina Al2O3 5.1 4.67
Iron Fe2O3 3.34 3.17
Magnesium MgO 2.17 1.72
Titanium TiO2 0.21 0.2
Sodium Na2O 0.33 0.09
Potassium K2O 0.87 0.13
Phosphorus P2O5 0.11 0.09
Zinc ZnO 0.12 0.12
Sulfur Trioxide SO3 3.38 2.29
Sulfur S 1.35 0.92

1 All values are weight%

4.2 pH Table

Table 2: pH Measurements

Sample pH2

Test 9.065±0.027
Control 7.445±0.201
Bu�ered LB (No OPC) 6.204±0.007

2 All values are mean of n=3 ± standard error of the mean

5 Conclusions

We have demonstrated for the �rst 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.13,16�18 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. Signi�cantly, we have observed that the bacterium

Pseudomonas �uorescens will produce this biogenic hydroxyapatite under mild reaction con-

ditions within a relatively simple reaction system, which uses the chemical and physical prop-

erties 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,39 which in combination with the pH rise and ammonia production

arising from microbial metabolic processes, favours hydroxyapatite formation.23 There is

signi�cant potential to investigate this deposition process on other calcium-rich substrate

materials, such as marbles and limestones.
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