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Abstract. Serratia sp. NCIMB 40259 is a non-pathogenic Gram-negative bac-
terium that is able to produce hydroxyapatite by a mechanism involving enzymic
cleavage of organic phosphates. Serratia bacteria can attach and form a biofilm
on glass, plastics, ceramics and metals and the method can be used to form three
dimensional porous scaffolds and for coating 3D structures with hydroxyapatite.
The production of calcium phosphate is driven by an acid phosphatase enzyme
located in the bacterial cell wall, on fimbriae and within the bacterial extracellu-
lar polymeric matrix. Calcium phosphate ceramic may be obtained by two meth-
ods: In the first, crystals of calcium phosphate are formed extracellularly within
the pre-formed bacterial biofilm grown on the substrata. In the second method,
planktonic bacteria catalyse the formation of CaP in suspension and on solid
substrata placed in the same container. Composite thin layer of silicon-based
polymer and detonated nanodiamond (DND) particles was used as substrate for
the process of biomineralization by a species of Serratia. The plasma polymer-
ization (PP) method was chosen to obtain composites of silicon–based polymer,
in which DND particles were incorporated. Over the past decades carbon-based
nanostructures have been the focus of intense research due to their unique chem-
ical and physical properties. Recently it was shown that the incorporation of the
DND particles in a polymer matrix (an organosilicon polymer) changes their
physico-chemical properties. The composite films are homogeneous, chemi-
cally resistant, thermally and mechanically stable, thus allowing a large amount
of biological components to be loaded onto their surface and to be used in tissue
engineering, regenerative medicine, implants, stents, biosensors and other med-
ical and biological devices. The aim of this study was to investigate the process
of biomineralisation by Serratia bacteria on various composites of silicon-based
polymer and detonated nanodiamond particles, and to determine the effect of
composite surface on the process of biomineralisation.

PACS codes: 87.85.Qr, 87.85.Rs, 68.55.am, 82.35.Np
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1 Introduction

Serratia sp. NCIMB 40259 is a non-pathogenic Gram-negative bacterium that
is able to produce hydroxyapatite by a mechanism involving enzymic cleav-
age of organic phosphates. The bacteria possess an acid phosphatase enzyme
located in the bacterial cell wall and in the extracellular polymeric substance
(EPS) that surrounds it. When provided with β-glycerophosphate (G-2-P) and
calcium chloride in the culture medium, the phosphatase cleaves the organic
phosphate liberating inorganic phosphate, which combines with calcium ions to
form crystals of nanophase hydroxyapatite within the EPS. Mineralisation at pH
8.6 yields calcium deficient HA which may either sinter (at 1100-1200°C) to β-
tricalcium phosphate (β-TCP) [1], or remain as Ca-deficient HA [2], depending
on the initial Ca/P ratio. Serratia bacteria can attach and form a biofilm on glass,
plastics, ceramics and metals and the method can be used to form three dimen-
sional porous scaffolds and for coating 3D structures with hydroxyapatite, [1,3].
Sintering at 1100-1200°C, consolidates the crystals, forming ceramic grains, at
the same time destroying the bacteria and any pyrogens; all organic material is
removed by approximately 500ºC [1].

The aim of this study was to investigate hydroxyapatite mineralisation by Ser-
ratia on various polymeric and other substrates and to determine the effect of
detonated nano-diamonds on the process.

2 Materials and Methods

Test samples consisted of glass cover slips (d = 12 mm, thickness ∼ 1 mm);
cover slips coated on one side with plasma-polymerized hexamethyl disilox-
ane (PPHMDS) and cover slips coated with a PPHMDS/DND composite layer
[4]. Samples were washed in sterile distilled water three times. The ability of
both suspended bacteria and bacteria attached to the substrate surfaces to catal-
yse the formation of hydroxyapatite was tested. For the former method, test
samples were immersed in 10 ml mineralisation solution (MS: 25 mM CaCl2,
50 mM Glycerol-2-phosphate and 50 mM AMPSO buffer, pH 8.6) with 0.4 ml
pre-grown Serratia (1010 bacteria/ml) in a 25 ml capacity polystyrene Universal
tube. A control containing a (titanium) disc with no bacteria was also included.
Samples were incubated in an incubator with orbital shaker operating at 100 rpm
at 30ºC for 6 days. In the second method, to promote attachment of bacteria to
the substrates, they were suspended in a Serratia culture in an air-lift fermenter
supplied with a continuous flow of carbon-limited culture medium, as previously
described [1], for 5 days. Under these conditions the bacteria are promoted to
form hair-like appendages called fimbriae that enable them to attach to solid sur-
faces [5]. After 5 days the samples with their bacterial biofilm were transferred
to the mineralisation solution (as above) for synthesis of hydroxyapatite for 24 h.
Precipitates and crystals deposited on the substrates in both methods were anal-
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ysed by FTIR, scanning electron microscopy and energy dispersive spectroscopy
(EDS).

3 Results

3.1 Biomineralisation by suspended Serratia

Figure 1(a) shows crystalline precipitates obtained from samples with suspended
bacteria. Crystals formed in the presence of all samples except the titanium
disc control without bacteria. In Figure 1(b), histograms of weight of calcium
phosphate precipitates shown in Figure 1(b) are presented.
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Figure 1 (a) Precipitation of calcium phosphate using suspended 

Serratia; Dry weights of precipitates are shown in parenthesis: 1 

- Ti disc control, no bacteria (0.08g); 2 - Cover glass (0.64g), 3 - 

PPHMDSIII (0.62g); 4 - PPHMDSIV (0.71g); 5, PPHMDS/NH3 

(5min) (0.75g); 6, PPHMDSIV/DND (0.63g).  

 

In the Figure 2 representative scanning electron micrograph of 

the precipitates obtained from bacteria in suspension is shown. 

Scanning electron microscopy revealed clusters of crystals 

interspersed with bacteria with all samples. 

EDX analysis of the precipitates gave calcium phosphate ratios 

(Ca/P) of approximately 1.5 (atomic %) with no significant 

difference in composition between the samples. Histograms of 

Ca/P ratios of the crystals on the different surfaces (2)-

PPHMDS/NH3/2 min; (3)– PPHMDSIV/NH3 /10min; (4)- 

PPHMDSIV/DND; (5)-CG–glass cover slips (control) are shown 

in the Figure 3.  

Figure 1(a) Precipitation of calcium phosphate using suspended Serratia. Dry weights of
precipitates are shown in parenthesis: 1 – Ti disc control, no bacteria (0.08 g); 2 – Cover
glass (0.64 g); 3 – PPHMDSIII (0.62 g); 4 – PPHMDSIV (0.71 g); 5 – PPHMDS/NH3

(5 min) (0.75 g); 6 – PPHMDSIV/DND (0.63 g).
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Figure 1 (b) Histograms of weight of calcium phosphate 

precipitates shown in Fig 1 (a).  

 

 

Figure 2. Representative scanning electron micrograph of the 

precipitates obtained from bacteria in suspension. Clusters of 

crystals and bacteria (arrowed) are visible. Magnification x 

7500; bar = 1μm.   

 

Figure 4 presents FTIR spectra of the HA grown by different 

composites based on plasma polymerized HMDS monomer 

(PPHMDS) deposited on CG substrates (line 2), PPHMDS 

treated additionally with ammonia (NH3) for 5 minutes (line 3) 

and modified  by incorporation of DND particles in PPHMDS, 

are presented. For comparison the FTIR spectra (line 1) of the 

calcium phosphate deposit grown on the initial CG substrate in 

the same conditions is also shown. The properties of the formed 

mineral layers are rather different due to its thickness, to the 

presence of eventual functional groups, to crystallinity and to the 

size of crystal particles etc. 

Figure 1(b) Histograms of weight of calcium phosphate precipitates shown in Figure 1(a).
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Figure 2. Representative scanning electron micrograph of the precipitates obtained from
bacteria in suspension. Clusters of crystals and bacteria (arrowed) are visible. Magnifi-
cation ×7500; bar = 1 µm.

In Figure 2 representative scanning electron micrograph of the precipitates ob-
tained from bacteria in suspension is shown. Scanning electron microscopy re-
vealed clusters of crystals interspersed with bacteria with all samples.

EDX analysis of the precipitates gave calcium phosphate ratios (Ca/P) of ap-
proximately 1.5 (atomic %) with no significant difference in composition be-
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Figure 3.  Histograms of Ca/P ratios of the crystals on the 

different surfaces (2) -PPHMDS/NH3/2 min; (3) – 

PPHMDSIV/NH3 /10min; (4) - PPHMDSIV/DND; (5) - CG–glass 

cover slips (control).   
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Figure 4. FTIR spectra of the HA grown on: line 1 - CG in MS; 

line 2 - PPHMDSIV; line 3 – PPHMDSIV/NH3 (5min); line 4 - 

PPHMDSIV/DND. 

 
 

3.2. Biomineralisation by attached bacteria  

In the Figure 5 photograph  of the cover glass slips (5 and 6) and 

cover glass slips, coated with polymer (PPHMDS), treated 

subsequently with ammonia (NH3) for 2 min - (2) and for 10 min 

-  (3)  as well as cover glass slip coated with the composite 

(PPHMDS/DND) - (4) is shown. 

Nano size needle shaped crystals were found on all of the 

surfaces. Fig. 4 shows the appearance on all samples, with Ca/P 

ratio around 1.2 from EDX analysis. Surfaces with only bacteria 

but no crystals were also observed (not shown). 

 

Figure 3. Histograms of Ca/P ratios of the crystals on the different surfaces: (2) –
PPHMDS/NH3/2 min; (3) – PPHMDSIV/NH3/10 min; (4) – PPHMDSIV/DND; (5) –
CG–glass cover slips (control).
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Figure 4. FTIR spectra of the HA grown on: line 1 - CG in MS; 

line 2 - PPHMDSIV; line 3 – PPHMDSIV/NH3 (5min); line 4 - 

PPHMDSIV/DND. 
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(PPHMDS/DND) - (4) is shown. 

Nano size needle shaped crystals were found on all of the 

surfaces. Fig. 4 shows the appearance on all samples, with Ca/P 
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Figure 4. FTIR spectra of the HA grown on: line 1 – CG in MS; line 2 – PPHMDSIV;
line 3 – PPHMDSIV/NH3 (5min); line 4 – PPHMDSIV/DND.

tween the samples. Histograms of Ca/P ratios of the crystals on the differ-
ent surfaces (2) – PPHMDS/NH3/2 min; (3) – PPHMDSIV/NH3/10 min; (4) –
PPHMDSIV/DND; (5) – CG–glass cover slips (control) are shown in the Fig-
ure 3.

Figure 4 presents FTIR spectra of the HA grown by different composites based
on plasma polymerized HMDS monomer (PPHMDS) deposited on CG sub-
strates (line 2), PPHMDS treated additionally with ammonia (NH3) for 5 min-
utes (line 3) and modified by incorporation of DND particles in PPHMDS, are
presented. For comparison the FTIR spectra (line 1) of the calcium phosphate
deposit grown on the initial CG substrate in the same conditions is also shown.
The properties of the formed mineral layers are rather different due to its thick-
ness, to the presence of eventual functional groups, to crystallinity and to the
size of crystal particles etc.

3.2 Biomineralisation by attached bacteria

In Figure 5 photograph of the cover glass slips (5 and 6) and cover glass slips,
coated with polymer (PPHMDS), treated subsequently with ammonia (NH3) for
2 min – (2) and for 10 min – (3) as well as cover glass slip coated with the
composite (PPHMDS/DND) – (4) is shown.
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Figure 5 Photograph  of the cover glass slips (5 and 6) and cover 

glass slips, coated with polymer (PPHMDS), treated 

subsequently with ammonia (NH3) for 2 min - (2) and for 10 

min -  (3)  as well as cover glass slip coated with the composite 

(PPHMDS/DND) - (4).  

 

Nano size needle shaped crystals were found on all of the 

surfaces. Fig. 4 shows the appearance on all samples, with Ca/P 

ratio around 1.2 from EDX analysis. Surfaces with only bacteria 

but no crystals were also observed (not shown).  

 

Figure 6 (a-c) Morphology of the biofilm deposited on the 

polymer (PPHMDS) with subsequent treatment with ammonia 

(2) and soaking in the mineralisation solution (MS) for 24h. 

Surfaces with only bacteria but no crystals (d).  

 

Figure 6 presents crystal morphology of the biofilm deposited on 

the polymer (PPHMDS) with subsequent treatment with 

ammonia (2) and soaking in the mineralisation solution (MS) for 

24h. Nano size needle shaped crystals were found on all of the 

surfaces. Fig. 6 (a, b, c) shows the appearance on all samples, 

with Ca/P ratio around 1.2 from EDX analysis. Surfaces with 

only bacteria but no crystals were also observed (Fig. 6 (d)). 
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Figure 5. Photograph of the cover glass slips (5 and 6) and cover glass slips, coated with
polymer (PPHMDS), treated subsequently with ammonia (NH3) for 2 min – (2) and for
10 min – (3) as well as cover glass slip coated with the composite (PPHMDS/DND) –
(4).

Nano size needle shaped crystals were found on all of the surfaces. Figure 4
shows the appearance on all samples, with Ca/P ratio around 1.2 from EDX
analysis. Surfaces with only bacteria but no crystals were also observed (not
shown).
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the polymer (PPHMDS) with subsequent treatment with 

ammonia (2) and soaking in the mineralisation solution (MS) for 
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Figure 6. Morphology of the biofilm deposited on the polymer (PPHMDS) with subse-
quent treatment with ammonia (2) and soaking in the mineralisation solution (MS) for
24 h (a-c). Surfaces with only bacteria but no crystals (d).
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Figure 6 presents crystal morphology of the biofilm deposited on the polymer
(PPHMDS) with subsequent treatment with ammonia (2) and soaking in the
mineralisation solution (MS) for 24 h. Nano size needle shaped crystals were
found on all of the surfaces. Figure 6(a,b,c) shows the appearance on all samples,
with Ca/P ratio around 1.2 from EDX analysis. Surfaces with only bacteria but
no crystals were also observed (Figure 6(d)). Bacteria surrounded by crystals
and uncoated bacteria can be seen.

In Figure 7(a) the coating together with the bare glass (or polymer) surface is
shown. The image from the centre of this deposit is also shown (Figure 7(b)).
EDX maps for Si, Ca and P respectively of the area shown in Figure 7(a) is
shown in Figure7(c). EDX mapping confirmed that this surface had calcium and
phosphate.
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Figure 7 (a) Morphology of the biofilm together with the bare 

glass (or polymer) surface. The image from the centre of this 

deposit is also shown (Figure 7 (b)). EDX maps for Si, Ca and P 

respectively is shown in (c).  

 

4. Discussion  
These preliminary experiments showed that crystals formed in 

bacterial suspensions with all polymer-coated substrates after 6 

days. The presence of polymers and DND in the composite layer 

did not prevent mineral formation nor significantly diminish the 

weight of precipitate formed in suspensions in comparison with 

the cover glass control or the other polymer-coated samples 

without DND. Polymer treatment with ammonia and DND may 

slightly influence crystallinity, crystal size or clustering. On 

samples with pre-formed biofilm, crystals formed on all the 

bacteria-covered surfaces after 24h. It can be concluded that the 

polymers and DND did not inhibit mineral precipitation or 

bacterial attachment to the supports. However, in all these 

experiments the cover glass, whose composition, according to 

EDX analysis includes Si, Ca, P and Mg, may have influenced 

the mineralization process and future studies will experiment 

with bacteria on polymers without the underlying coverglass 

support. The results suggest that the surface properties of a 
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Figure 7. Morphology of the biofilm together with the bare glass (or polymer) surface
(a). The image from the centre of this deposit is also shown (b). EDX maps for Si, Ca
and P respectively is shown in (c).

4 Discussion

These preliminary experiments showed that crystals formed in bacterial suspen-
sions with all polymer-coated substrates after 6 days. The presence of polymers
and DND in the composite layer did not prevent mineral formation nor signifi-
cantly diminish the weight of precipitate formed in suspensions in comparison
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with the cover glass control or the other polymer-coated samples without DND.
Polymer treatment with ammonia and DND may slightly influence crystallinity,
crystal size or clustering. On samples with pre-formed biofilm, crystals formed
on all the bacteria-covered surfaces after 24 h. It can be concluded that the poly-
mers and DND did not inhibit mineral precipitation or bacterial attachment to the
supports. However, in all these experiments the cover glass, whose composition,
according to EDX analysis includes Si, Ca, P and Mg, may have influenced the
mineralization process and future studies will experiment with bacteria on poly-
mers without the underlying coverglass support. The results suggest that the
surface properties of a PPHMDS/DND composite may be successfully used as
biological support surfaces for biosynthesis of hydroxylapatite (HA) by Serratia
bacteria and in this way to be used as alternative method for coating polymers
and metals with complex shapes.
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