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ABSTRACT OF THE THESIS

The Calcification of Staphylococcus aureus Bacteria by the Mineralization by
Inhibitor Exclusion Mechanism:
A Potential Defense Mechanism Against Bacterial Infections.

Master of Science in Biology

University of California-San Diego, 2011

Professor Paul A. Price, Chair
The emergence of antibiotic resistant bacteria has become a worldwide
concern. Our goal was to develop a new strategy to treat antibiotic resistant bacterial
infections. We investigated whether bacteria are killed by the Mineralization by
Inhibitor Exclusion (MIE) mechanism. This mechanism exploits the size exclusion
characteristics of the bacterial cell wall, and therefore has no impact on mammalian
cells. Our studies demonstrate that live Staphylococcus aureus are calcified by the
MIE mechanism, and that calcification kills bacteria.

The MIE procedure kills

bacteria within hours at room temperature and physiological pH, and requires only
calcium,

phosphate,

and

a

macromolecular

ix

calcification

inhibitor.

INTRODUCTION
Staphylococci are among the most robust pathogens that infect the human population.
Among the many Staphylococci species, Staphylococcus aureus bacteria are the most
notoriously known to infect humans. Since S. aureus are ubiquitous inhabitants of the skin,
typical infections begin on the skin. Some of the most common and severe S. aureus skin
infections include Ritter disease, maltis, and abscesses [1]. S. aureus skin infections are known
to develop quickly into septic infections with a mortality rate of 80%. Further, systemic
infections caused by S. aureus can result in other life threatening diseases, including
pneumonia and meningitis [2].
Since the emergence of antibiotic resistant S. aureus strains, the growing incidence of
S. aureus infections has become a global concern. Although the introduction of methicillin in
1959 was initially effective in treating S. aureus strains that were resistant to penicillin and
other related antibiotics, the first incidence of Methicillin Resistant S. aureus (MRSA)
emerged only a couple years later [3]. Outbreaks of MRSA became increasingly prevalent
worldwide in the 1970’s and have remained a problem ever since. More people die annually
from invasive MRSA infections than from HIV, H1N1 flu, or infant mortality [3-9].
Therefore, continued investigation on mechanisms that may play a role in fighting bacterial
infections is critical. The goal of the present studies is to investigate a new alternative strategy
for killing bacteria at the first site of infection: the skin.
Our strategy for killing bacteria uses the Mineralization by Inhibitor Exclusion (MIE)
mechanism. This mechanism requires only three key components: 1) A solution that
spontaneously forms calcium phosphate crystals. 2) A macromolecular inhibitor of calcium
phosphate crystal growth. 3) A semi-permeable barrier that excludes the inhibitor but allows
calcium and phosphate to enter. The MIE mechanism may be applicable to killing bacteria
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located on the skin since it functions at physiological pH and ambient room temperature. It
also does not contain any compounds that may be toxic to mammalian cells.
The MIE mechanism was previously shown to calcify type I collagen [10]. It was
discovered that in the calcification of type I collagen by the MIE mechanism, the collagen
fibril provided the necessary aqueous compartment in which calcium and phosphate can enter
and form crystals. The physical structure of the fibril plays an additional important role in
mineralization: the role of a gatekeeper that allows molecules smaller than 6 kDa protein to
freely access the water within the fibril while preventing molecules larger than a 40 kDa
protein from entering the fibril (10,11).
The size exclusion characteristics of type I collagen have strong effects on
mineralization. Inhibitors of mineral growth smaller than 6 kDa can access the aqueous
solution in the exterior as well as, the interior of the fibril. The inhibitor known as Bone Gla
protein (BGP) is only 5.7 kDa and it can penetrate into the interior of type I collagen. In
solutions saturated with calcium and phosphate, BGP has been shown to prevent mineral
formation inside the collagen fibril and in the solution outside the fibril. In contrast, the
protein known as Fetuin is a 48 kDa inhibitor of apatite growth and due to its large size, fetuin
cannot access the aqueous interior of type I collagen [11]. Since fetuin can only trap those
nuclei that it can access, the nuclei within the fibril grow far more rapidly than those nuclei
trapped by fetuin outside of the fibril, and the collagen fibril therefore selectively calcifies
[10].
Further studies have shown that the MIE mechanism can mineralize matrices other
than type I collagen. These matrices only needed to have an aqueous compartment and similar
size exclusion characteristics as type I collagen that excludes the large inhibitors of mineral
growth but allows the solution containing the constituents of the crystalline phase to enter.
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[10] We believe that a bacterium, such as S. aureus, may be a suitable matrix to become
calcified by the MIE mechanism.
The cell wall of S. aureus bacteria has size exclusion properties that are similar to type
I collagen. The bacterial cell wall of Staphylococci and other gram-positive bacteria consists
of peptidoglycan and a “secondary wall polymer” composed of teichoic acids,
polysaccharides, and proteins. Molecules smaller than a 14 kDa protein can freely penetrate
the S. aureus cell wall while molecules larger than a 50 kDa protein cannot [12-14]. Thus,
small ions such as calcium and phosphate can penetrate the cell wall and grow within the
aqueous interior of the bacterium while larger inhibitors of crystal growth should be excluded.
It is therefore feasible for S. aureus bacteria to become mineralized by the MIE mechanism.
The goal of our experiments was to first determine whether the MIE mechanism could
successfully calcify dead S. aureus bacteria with intact cell walls. Our next goal was to
determine whether the MIE mechanism can also successfully mineralize living S. aureus
bacteria

and

lastly,

to

examine

whether

calcification

kills

the

bacteria.

Materials and Methods
Materials--Staphylococcus aureus ATCC 25923 (lot # 485992, reference #085v) was
purchased from MicroBioLogics Inc. (St. Cloud, MN). Calcein stain was purchased from
Sigma (St. Louis, MO). Colorimetric assays for calcium were purchased from JAS
Diagnostics (Miami, FL). Biomol Green colorimetric phosphate assays were purchased from
Enzo life sciences (Plymouth Meeting, PA). Dulbecco’s Modified Eagle Medium (DMEM)
was purchased from Gibco (Grand Island, NY). LB broth, Agar, and Hepes were purchased
from Fisher (Fair Lawn, NJ).

Methods--Preparation of Dead S. aureus
5ml of a S. aureus glycerol stock was added to 1L of Luria Broth and grown at 37°C
with agitation (150rpm) for 16hours. The culture was spun down in a Sorvall RC2-B
centrifuge at 4,068xg in a GSA rotor for 10 minutes. The same Sorvall centrifuge and GSA
rotor was used in subsequent centrifugation steps. The pellet was suspended in 40 mL of 0.5M
EDTA, pH 7.5. The solution was rotated end-over-end at room temperature for 24 hours and
then centrifuged at x 11,750 g for 15 minutes. The pellet was suspended in 40 mL of water
and centrifuged at x11,750 for 15 minutes. This wash step was repeated four times total. The
final pellet was shell frozen and lyophilized. A 50 mg/ml stock of bacteria in distilled water
was prepared from the lyophilized bacteria.

Preparation of Exponentially growing S. aureus
The absorbance of the bacterial culture was monitored with a spectrophotometer
(Hitachi-2000) using a wavelength of 600nm and a one cm diameter cuvette. An aliquot from
an overnight culture grown from a S. aureus glycerol stock was added to a flask containing 50
ml Luria Broth (LB) to achieve an initial A600 of 0.04. This culture was grown at 37°C with
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agitation (150 rpm) for two hours until the bacteria reached its exponential growth phase
(A600~0.6-0.8). The culture received 10% glycerol and it was stored at -70°C until needed. For
calcification experiments, typically 6mls of the exponential bacteria was spun down in a
clinical centrifuge at 3,400 rpm for 5 minutes. The supernatant was decanted and the pellet
was washed three times with chilled 0.2M HEPES buffer, pH 7.4 before it was added to the
calcifying and noncalcifying solutions.

S. aureus incubation in the calcifying, non-calcifying, and BGP solutions
The solution used for investigating the extent of the S. aureus bacterial matrix
calcification was prepared at room temperature utilizing a procedure that was designed to
achieve the near instantaneous mixing of calcium and phosphate. This would ensure that
subsequent mineral formation would occur by homogenous nucleation in the resulting
solution. The calcifying and non-calcifying solutions contained 5 mg of bovine fetuin per ml
in 0.2M Hepes buffer, pH 7.4.
For the calcifying solution, the hepes buffer containing either 10mM CaCl2 or 10mM
sodium phosphate buffer, pH 7.4, was added to two separately chilled 10x75 glass test tubes.
A Pasteur pipette was used to quickly and forcefully expel the calcium solution into the test
tube containing phosphate buffer. This would achieve a final two ml volume containing a
5mM calcium and 5mM phosphate solution. This procedure was repeated until a desired
volume of the calcifying solution was achieved. The non-calcifying solutions were made
similarly by mixing one ml of HEPES buffer with one ml of HEPES buffer containing either
10mM sodium phosphate buffer, pH 7.4 or 10mM CaCl2. Finally, the BGP solutions were
made in a similar fashion as the calcifying solution but 2 mg/ml BGP was also added to the
solution prior to rapid mixing.
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The calcifying, non-calcifying, and BGP solutions were added separately to 12x75
glass test tubes containing 1x108 cell/ml (A600~0.13) of the exponential or dead bacteria. The
test tubes were placed end over end at room temperature for 24 hours. At certain time points,
aliquots of the bacterial solutions were mixed with 10% glycerol and frozen at -70°C for later
viability or biochemical analysis.

Measuring A600 to monitor the extend of calcification and bacterial growth
At specific time points, 0.5ml of the calcifying and non-calcifying solution containing
either dead or live S. aureus was separately transferred to one-centimeter cuvettes. The
baseline absorbance of each solution was determined at 600 nm using a Hitachi-2000
spectrophotometer. After each baseline measurement, 25mM of EDTA, pH 7.4, was
immediately added to the cuvette and the A600 was re-measured. The difference between the
A600 of the baseline measurement and after EDTA treatment is due to mineral. A relatively
constant A600 number after EDTA treatment indicates that bacterial growth did not occur.

Quantification of bacterial calcification by calcein staining
For specific time points, calcein staining was utilized to detect mineral incorporation
into live S. aureus incubated in the serum-free calcifying and non-calcifying solutions. 10µl of
each bacterial solution was smeared onto an albumin-coated slide and air-dried at room
temperature. The slide was placed into a solution containing 20 ug/ml calcein in 1mM NH4OH
for one minute to fluorescently label the mineralized bacteria. The slides were washed three
times in fresh 1mM NH4OH for three seconds. The slides were viewed under a Leica DM
microscope at 40X. Photographs were taken under exposure to visible light at 0.03 seconds
and under exposure to fluorescence at .33 seconds. The bacteria were then counted. The
percentage of calcified S. aureus was then thus determined:
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% calcified =

(# fluorescent )
(total # )

Biochemical Analyses of mineral incorporation into the bacteria
The calcium and phosphate incorporation into live S. aureus bacteria was determined
by acid extraction. 0.4ml aliquots of the calcifying and non-calcifying bacterial solutions were
spun down in a clinical centrifuge at 3,400 rpm for five minutes. The supernatant was saved in
a separate microfuge and the pellet was resuspended with 0.4ml of 150mM HCl to dissolve
the mineral at room temperature overnight. The supernatant and acid extracts were then
quantitatively assayed for calcium using a colorimetric assay purchased from JAS
Diagnostics, Inc. Phosphate concentrations were also quantified using the biomol green
colorimetric assay.

Visual inspection of calcified bacteria by scanning electron microscopy and Energy
Dispersive X-ray spectrometry
The bacterial solutions directly received 10% formaldehyde wt/vol. The bacterial
solutions now containing formaldehyde were placed end over end for one hour to fix the
bacteria. Afterwards, the test tubes were left upright at room temperature to allow the bacteria
to settle by gravity for 24 hours. After the supernatant was removed, the pellet was gently
suspended in 20% ethanol and the bacteria were left to settle by gravity for 24 hours. This step
was repeated with 50% and then 100% ethanol. After the final dehydration step, the bacterial
solution was diluted into 100% ethanol when necessary to achieve a solution containing 1x108
cell/ml (A600~0.13). 10µl of each bacterial solution was placed onto a silicon wafer and dried
at room temperature. The sample was viewed using a Phillips XL30 ESEM FEG. Energy
Dispersive X-ray Spectrometry (EDX) was performed using the Oxford EDX detector. The
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INCA X-Ray Micro Analysis software was used to create an elemental map and elemental
energy loss spectrum of the bacterial samples based on their chemical composition.

Determining the impact of calcification on colony forming units
Glycerol stocks containing 1x108 cell/ml (A600~0.13) of the calcified and noncalcified
S. aureus were saved at specific time points. These samples were serially diluted into chilled
LB broth. In triplicates, 100µl of each dilution was plated onto the LB agar. The plates were
incubated at 37°C for 20 hours. The colony forming units per milliliter was calculated.

Determining the impact of calcification on bacterial growth rate in LB broth
Glycerol stocks containing 1x108 cell/ml (A600~0.13) of the calcified and noncalcified
S. aureus were saved at specific time points. The bacterial solutions were transferred to
bacterial culture tubes. They were spun down in a swinging bucket centrifuge at a speed of
3,400 rpm for five minutes. The supernatant was decanted and the pellet was suspended in 5ml
of LB both. This solution contained an A600~0.03. The culture tubes were incubated in 37°C.
0.5ml samples were taken at specific time points to determine the A600 of the solution.

Results
Scanning Electron Microscopy: Morphological differences between non-mineralized and
mineralized dead bacteria
We first determined whether dead Staphylococcus aureus bacteria with intact cell
walls could become mineralized by the Mineralization by Inhibitor Exclusion mechanism. The
bacterial cell wall contains size exclusion characteristics that allow molecules smaller than a
14 kDa protein to diffuse through the bacterial cell wall, but prevent molecules larger than 50
kDa protein from entering. Fetuin is a 48 kDa inhibitor of apatite growth that should not
penetrate the cell wall. In a solution that can spontaneously form mineral crystal, fetuin can
trap the crystals in the solution outside of the bacterial cell. Consequently, only the calcium
and phosphate that enter the bacterial cell can rapidly grow into crystals.
The calcifying solution contains a high ion product solution generated by rapidly
mixing equal 1 ml volumes of 10 mM calcium and 10 mM phosphate. This produces a
homogenous solution containing 5 mM of each ionic component in a pH 7.4 buffer. Roughly
1x 108 cells/ml of dead bacteria were added to the calcifying solution and incubated at room
temperature for 24 hours. After incubation, the bacteria were fixed and dehydrated onto a
silicon wafer for scanning electron microscopy analysis (SEM).
SEM was used to visualize the morphology of calcified and non-calcified dead S.
aureus (Figure 1). Both Staphylococci bacterial samples retained their spherical shape, which
is a characteristic feature of Staphylococci bacteria. However, the noncalcified dead bacteria
appear to be smooth and have a smaller diameter of about 600nm. Meanwhile, the calcified
bacteria appear to have a rough, uneven texture and a larger diameter of about 10, 000 nm.
The difference in morphology between the calcified and uncalcified dead bacteria may be due
to

calcification

by

the

9

MIE

mechanism.

As
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a bacterium calcifies, mineral may cause a calcified bacterium to appear rougher in texture and
larger in size.

Figure 1. Scanning Electron Micrograph (SEM) of Calcified Dead S. aureus. Approximately 1x108
cells/ml (A600~0.13) of dead S. aureus were separately incubated in 2 ml of either a calcifying or a
noncalcifying solution at room temperature for 24 hours. The bacterial solutions directly received 10%
formaldehyde wt/vol before they were placed end
end-over-end
end for one hour. After fixation, the bacteria
were allowed to settle by gravity overnight at room temperature. The
he supernatant was replaced with a
gradient of ethanol
thanol solutions. 10ul of each bacterial sample was placed onto a silicon wafer and
examined at 10 kV and ~36,000 magnification.

Elemental composition of calcified dead S. aureus
Energy dispersive X
X-ray
ray spectroscopy (EDS) was utilized to create elemental maps of
the calcified and uncalcified dead bacteria. This system ccreates
reates an image that illustrates
illustrate the
spatial distribution of elements that are present in each sample. Elemental maps for carbon,
calcium, and phosphorus were generated for the calcified an
and
d uncalcifeid bacteria (Figure 2).
The SEM micrographs of each sample are shown to allow visual comparison of the elemental
maps to the morphology of the bacteria. The uncalcified bacteria have carbon and some
phosphorus localized with the bacteria, but no
nott calcium. This is not unusual since carbon is an
essential element to all life forms and phosphorous is a necessary component of DNA. The
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absence of calcium localization suggests that calcification did not occur in the uncalcified
bacteria. Conversely, alll three elements are robustly localized with the calcified bacteria. The
simultaneous increase in the localization of calcium and phosphorous suggests that
calcification successfully occurred in dead S. aureus.

Figure 2. Elemental Mapping of Calcified De
Dead S. aureus. Energy Dispersive X-ray
X
spectroscopy
(EDS) was utilized to create elemental maps of the bacteria based on their composition. This system
creates images showing the spatial distribution of carbon, calcium, and phosphorus in the calcified dead
S. aureus and the uncalcified live S. aureus after a 24 hour incubation. The images on the left column
are scanning electron micrographs to allow visual comparison of the elemental maps to the morphology
of the bacteria.

Another way to examine the elemental composition of our bacteria is to produce an
electron energy loss spectrum (EELS). A spot analysis was performed on a cluster of calcified
calcifi
or uncalcifiedd bacteria. The elemental spectrum revealed distinct peaks for carbon and
phosphorous in the calcified bacteria but not in the uncalcified bacteria (Figure 3).
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Figure 3. Elemental Spectrum of Calcified Dead S. aureus. Energy Dispersive X-ray
X
Spectroscopy
(EDS) was used to produce energy loss spectrums for the calcified and uncalcified live S. aureus
bacteria after a 24 hour incubation
incubation. By doing a spot analysis using this system, we were able to identify
the elemental composition in a clus
cluster of bacteria.

EELS analyzed the atomic percent of the elements present in each sample. By
normalizing the atomic percent of the elements to carbon, we were able to establish the
relative number of atoms of phosphorous and calcium in the two bacterial ssamples
amples (Table 1).
There is a dramatic increase in the number of calcium and phosphate atoms detected in the
calcified sample compared to the uncalcified samples. We believe that this simultaneous
increase in calcium and phosphorous is due to mineralization
mineralization.. The calculated calcium to
phosphorous molar ratio of the calcified bacteria supports this belief. The measured ratio of
our calcified sample is 1.66, which is similar to the calcium and phosphorous molar ratio
found in biological apatite [15-18].
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The information from table 1 also allowed us to determine the weight of mineral to
carbon in the calcified sample. To determine the weight of mineral, we first multiplied the
number of calcium atoms by 40 (the atomic weight of calcium) and then we multiplied the
number phosphorous atoms by 95 (the atomic weight of phosphate). The two values were
added together to determine the total weight of mineral found in the calcified bacteria. The
weight of carbon was determined similarly by multiplying the number of carbon atoms by 12
(atomic weight of carbon). The ratio of the mineral weight to the carbon weight in the
calcified bacteria was 3.13.
Table 1. Elemental Analysis of Calcified Dead S. aureus. Energy Dispersive X-ray Spectroscopy
(EDS) was used to produce energy loss spectrums for the calcified dead S. aureus and the uncalcified
live S. aureus after a 24 hour incubation. By doing a spot analysis using this system, we were able to
identify the elemental composition in a cluster of bacteria. The relative number of atoms of each
element was determined by normalizing the atomic percent of each element to the atomic percent of
carbon. The change due to calcification was determined by subtracting the atoms of an element in the
uncalcified bacteria from the atoms in the calcified bacteria.

Relative # of Atoms in
Bacteria (Carbon=100)
Element
Carbon
Phosphorous
Calcium

Uncalcified
100.0
2.6
0.0

Calcified
100.0
24.4
36.2

Change due to Calcification
0
21.8
36.2

Evidence that the Mineralization by Inhibitor Exclusion Mechanism Targets the Bacterial Cell
Wall in Dead Bacteria
We believe that the cell wall of S. aureus bacteria is the target of the MIE mechanism.
The cell wall contains size exclusion characteristics that allow molecules smaller than a 14
kDa protein to freely penetrate the cell wall, but prevents molecules larger than a 50 kDa
protein from entering. Fetuin is a 48 kDa inhibitor of apatite growth and due to its large size,
fetuin may not be able to penetrate the cell wall. Since fetuin can only trap those nuclei that it
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can access, the nuclei within the bacteria should grow far more rapidly than those nuclei
trapped by fetuin outside of the bacteria. The bacteria should therefore selectively calcify.
Conversely, BGP is a 6 kDa inhibitor of apatite growth that is able to rapidly penetrate the
bacterial cell wall. Therefore, BGP should prevent mineral formation from occurring in the
aqueous solution located in the interior and exterior of the cell wall.
To test whether the MIE mechanism does in fact target the bacterial cell wall, we
incubated dead S. aureus in three conditions: 1) Fetuin with 5 mM calcium. 2) Fetuin with 5
mM calcium and 5 mM phosphate. 3) Fetuin with 5 mM calcium, 5 mM phosphate, and BGP.
After a 24 hour incubation period, the bacteria from each condition were spun down and
separated from their respective incubating solution. We directly examined the calcium
remaining in the solution and we also performed acid extraction of the pellet to examine the
calcium within the bacteria (Table 2).
When the bacteria were incubated in a solution containing fetuin and calcium but no
phosphate, bacterial calcification did not occur (Table 2). Calcium remained entirely in the
solution and was not incorporated into the bacteria. Calcification can only occur in a solution
containing fetuin and a high ion product of calcium and phosphate. In the presence of fetuin,
mineral formation can only occur in the solution inaccessible to the inhibitor of crystal growth.
When bacteria were incubated in such a solution, there was a drop in calcium from solution.
The amount of calcium that left the solution was recovered in the bacteria. This suggests that
the calcium and phosphate that enter the cell wall and escape inhibition by fetuin are able to
grow into crystals.
Finally, when BGP was added to a solution containing the necessary components for
mineralization, calcification of the bacteria did not occur. The calcium remained in the
solution and was not detected in the bacteria. We believe that the size exclusion characteristics
of the bacterial cell wall, allows BGP to penetrate the cell wall and prevent bacterial
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calcification from occurring even in the presence of fetuin. Together, these results demonstrate
that the bacterial cell wall contains the necessary size exclusion properties to be a target of the
MIE mechanism.

Table 2. Location of Calcium in Calcified Dead S. aureus. Approximately 1x108 cells/ml
(A600~0.13) of dead S. aureus were separately incubated in various 2ml solutions at room temperature
for 24 hours. A 400ul aliquot of each sample was spun down and the supernatant was saved for
biochemical analysis. The bacterial pellet was suspended in an equal volume of 150mM HCL to
dissolve the bacterial pellet and calcium from the acid extraction was examined.

Conditions
Fetuin + Ca

Calcium in
Bacterial Pellet
(µmol)
< 0.01

Calcium in
Remaining in
Solution (µM)
5

Fetuin + Ca + Pi

3.8

3.1

Fetuin + Ca + Pi + BGP

<0.01

5

Decrease in Solution
Calcium (µM)

0.0
1.9
0.0

Furthermore, as bacterial calcification occurs, the incubating solution becomes more
optically dense. The absorbance at 600 nm was determined for the same three conditions
previously described. The baseline absorbance measurements were taken before the start of
incubation and after 24 hours. After each baseline measurement, ethylenediaminetetraacetric
acid (EDTA) was added to the solution and the absorbance was re-measured. Since EDTA is a
calcium chelator, its addition to a solution with mineral will subsequently dissolve the
crystals. Consequently, the measurement after the addition of EDTA is the absorbance due
bacteria alone (Table 3).
The A600 of the bacterial solution containing fetuin and calcium alone did not
increase over a 24 hour period. This supports our argument that calcium alone is not
responsible for bacterial mineralization. In contrast, the bacterial solution containing fetuin
with calcium and phosphate had a dramatic increase in A600. There was about a 530%
increase in absorbance after a 24 hour incubation period in the calcifying solution. When
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EDTA was added to the solution, the absorbance dropped to a value similar to the uncalcified
bacteria. Therefore, the increase in absorbance must have been due to bacterial calcification.
Finally, an increase in A600 was not detected for the solution containing fetuin,
calcium, phosphate, and BGP. While fetuin inhibits crystal growth on the exterior of the
bacteria, BGP can diffuse into the bacterial cell wall and prevent crystal growth in the interior
of the bacteria. Since calcification is completely inhibited in the solution located inside and
outside of the bacteria, there was no increase in A600 detected after 24 hours.
Table 3. Increase in Absorbance due to Calcification in Dead S. aureus. Approximately 1x108
cells/ml (A600~0.13) of dead S. aureus bacteria were separately incubated in various 2ml solutions at
room temperature for 24 hours. The extent of calcification was monitored by measuring the absorbance
at 600nm (A600). The A600 was recorded before the start of incubation and after a 24 hour incubation.
After each baseline measurement was taken, EDTA, a calcium chelator, was immediately added to the
aliquot. In the presence of EDTA, the A600 of the calcified bacteria dropped to a value similar to the
uncalcified bacteria, suggesting that the increase in A600 is due to mineralization.

Conditions

A600 t=0 hours

A600 t=24 hours

Fetuin + Ca
Fetuin + Ca + Pi

0.13 ± 0.03
0.13 ± 0.03

0.12 ± 0.01
0.690 ± 0.01

Fetuin + Ca + Pi + BGP

0.13 ± 0.03

0.12 ± 0.01

The Frequency of Bacterial Calcification can be Determined by Calcein Staining
Now that we established that dead S. aureus bacteria could become successfully
mineralized by the Mineralization by Inhibitor Exclusion mechanism, our next goal was to
determine whether the MIE mechanism could also calcify live S. aureus. Approximately 1x
108 cells/ml of live bacteria were incubated in a calcifying or noncalcifying solution at room
temperature. After 24 hours, aliquots from both samples were taken for calcein staining.
Calcein is a compound that binds to hydroxyapatite and fluoresces under ultraviolet light. The
same field of calcein stained bacteria were viewed under visible and fluorescent microscopy
(Figure 4). The percentage of calcified bacteria within a field was calculated by dividing the
number of florescent calcified bacteria by the total number of visible bacteria.
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As the incubation time in the calcifying solution progresses to 24 hours, the majority
of the bacteria become calci
calcified (Table 4). This indicates that live S. aureus can in fact
become calcified by the MIE mechanism and that the frequency in which the bacteria become
mineralized is dependent on their incubation time in the calcifying solution. Furthermore,
some bacteriaa appear to have a stronger fluorescence than other bacteria. This suggests that
bacteria incubated in the same calcifying solution and for the same period of time may
experience different levels of calcification. Calcein staining is therefore a sensitive measure
for the extent and frequency of bacterial calcification.

Figure 4.Calcein Staining of Calcified Live S. aureus. Approximately 1x 108 cells/ml were incubated
in the calcifying solution for 24 hours at room temperature. 10ul of each sample was smeared onto an
albumin-coated
coated slide and air
air-dried.
dried. The smear was then stained in 20 ug/ml calcein in 1 mM NH4OH.
The mineralized bacteria were qu
quantified
antified using visible light and fluorescence microscopy. The lower
box illustrates bacteria viewed under light microscopy at 20X magnification and 0.33s exposure. The
bottom box is the same field of bacteria viewed under fluorescence microscopy at 20X magnification
mag
and 1/250s exposure. The fraction of calcified bacteria was calculated by dividing the number of
fluorescent bacteria by the total number of bacteria.
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Table 4. Effect of Incubation Time on the Fraction of Calcified Live S. aureus Approximately 1x
108 cells/ml were incubated in either a calcifying or noncalcifying solution. At specific time points, 10ul
of each sample was smeared onto an albumin-coated slide and air-dried. The smear was then stained in
20 ug/ml calcein in 1 mM NH4OH. For each time point, the mineralized bacteria were quantified using
visible light microscopy (at 20x magnification and 0.33s exposure) and fluorescence microscopy (at
20x magnification and 1/250s exposure). The fraction of calcified bacteria was calculated by dividing
the number of fluorescent bacteria by the total number of bacteria.

Incubation Time
0
9
12
24

Fraction Calcified
0%
18%
57%
92%

Scanning Electron Microscopy: Morphological Differences Between Non-Mineralized and
Mineralized Live Bacteria
Next we wanted to visualize the morphology of individually calcified and uncalcified
live bacteria. Roughly 1x 108 cells/ml of live bacteria were added to the calcifying solution. A
sample of the bacteria after 12 and 24 hours of incubation were fixed and dehydrated onto a
silicon wafer for SEM analysis. SEM was used to visualize the morphology of noncalcified S.
aureus and calcified S. aureus from two different time points (Figure 5).
All three bacterial samples retain the spherical shape of Staphylococci bacteria. The
non-calcified bacteria have a smooth exterior and a smaller diameter of 600 nm. The
morphology of the bacteria begins to change significantly in the early stages of calcification.
After 12 hours of incubation in the calcifying solution, the calcified live bacteria gain a rough
but even exterior that is different from the bumpy, uneven exterior of the calcified dead S.
aureus. Additionally, the diameter of the bacteria after 12 hours of calcification begins to
increase to1000 nm. As calcification progressed to 24 hours, the exterior of the bacteria
remains rough but even, and the diameter of the bacteria continues to increase to 1200 nm. We
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believe that calcification by the MIE mechanism is responsible for the morphological changes
in the appearance off live bacteria and their increased diameter.

Figure 5. Scanning Electron Micrograph (SEM) of Calcified Live S. aureus. Approximately 1x108
cells/ml (A600~0.13) of live S. aureus were separately incubated in 2 ml of either a control solution or a
calcifying solution at room temperature. At specific time points, an aliquot of each solution was
removed. The aliquots directly received 10% formaldehyde wt/vol before they were placed end-overen
end for one hour. After fixation, the bacteria were allowed to settle by gravity overnight at room
temperature and the supernatant was replaced with a gradient of ethanol solutions. 10ul of each
bacterial sample was placed onto a silicon wafer and eexamined
xamined at 10 kV and ~36,000 magnification.

Elemental Composition of Calcified Live S. aureus
To determine whether the rough exterior seen in the SEM micrographs was due
mineralization, energy dispersive X
X-ray
ray spectroscopy was utilized to create elemental
elementa maps of
the bacteria. Elemental maps for carbon, calcium, and phosphorus were generated for the
calcified and uncalcifiedd live bacteria after a 24
24-hour
hour incubation (Figure 4). The SEM
micrographs of each sample are shown to allow visual comparison of the elemental maps to
the morphology of the bacteria. Calcium and phosphorous are robustly localized with the
calcified bacteria, but not with the uncalcified bacteria. The simultaneous increase in the
localization of calcium and phosphorous suggests that live S. aureus bacteria became
successfully mineralized.
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Figure 6. Elemental Mapping of Calcified Live S. aureus. Energy Dispersive X-ray
X
spectroscopy
(EDS) was utilized to create elemental maps of the bacteria based on their composition. This system
creates images showing the spatial distribution of carbon, calcium, and phosphorus in the calcified live
S. aureus and the uncalcified live S. aureus after a 24 hour incubation. The images on the left column
are scanning electron micrographs to allow visual comparison of the elemental maps to the morphology
of the bacteria.

To further examine the elemental composition of calcified live S. aureus,
aureus EELS was
used. The elemental spectrum revealed distinct peaks for carbon and phosphorous in the
calcified bacteria but not in the uncalcified bacteria (Figure 7). Additionally, EELS analyzed
the atomic percent of the elements present in each sample. By nnormalizing
ormalizing the atomic percent
of the elements to carbon, we determined the relative number of atoms of phosphorous and
calcium (Table 5). The data indicate that there is a simultaneous increase in calcium and
phosphorous in the calcified bacteria, but not in the uncalcified bacteria. This increase in
calcium and phosphorous may be due to calcification since the molar ratio of calcium to
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phosphorous in the calcified live bacteria is 1.77. This measured ratio is similar to the molar
ratio found in biological apatite and calcified dead bacteria [15-18].
Using the information from table 5, we were able to calculate the ratio of mineral
weight to carbon weight in the calcified bacteria. To first determine the weight of mineral, we
multiplied the number of calcium atoms by 40 (atomic weight of calcium), multiplied the
number of phosphorous atoms by 95 (atomic weight of phosphate), and the two values were
added together. The weight of carbon was determined similarly by multiplying the number of
carbon atoms by 12 (atomic weight of carbon). The ratio of mineral weight to carbon weight
in the calcified live bacteria is 2.62. This ratio for calcified live bacteria is only slightly
smaller than the 3.1 ratio calculated for calcified dead bacteria. However, not all of the live S.
aureus bacteria were calcified at 24 hours according to the calcein stains. After taking this into
account, it would appear that calcification per bacteria occurred to the same extent in the live
and dead bacteria.
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Figure 7. Elemental Spectrum of Calcified Live S. aureus. Energy Dispersive X-ray
X
Spectroscopy
(EDS) was used to produce energy loss spectrums for the calcified and uncalcified live S. aureus
bacteria after a 24 hour incubation
incubation. By doing a spot analysis using this system, we were able
abl to identify
the elemental composition in a cluster of bacteria.

Table 5. Elemental Analysis of Calcified Live S. aureus. Energy Dispersive X-ray
X
Spectroscopy
(EDS) was used to produce energy loss spectrums for the calcified and uncalcified live S. aureus
bacteria after a 24 hour incubation
incubation. By doing a spot analysis using this system, we were able to identify
the elemental composition in a cluster of bacteria. The relative number of atoms of each element was
determined by normalizing the atomic percent ooff each element to the atomic percent of carbon. The
change due to calcification was determined by subtracting the atoms of an element in the uncalcified
bacteria from the atoms in the calcified bacteria.

Relative # of Atoms in
Bacteria (Carbon=100)
Element

Uncalcified

Calcified

Change due to
Calcification

Carbon
Phosphorous

100.0
2.6

100.0
21.5

0.0
18.9

Calcium

0.0

33.6

33.6
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Biochemical Analysis and Absorbance Data Suggest that Live S. aurues Bacteria Become
Mineralized
Further evidence for the calcification of live S. aureus bacteria was determined by
directly examining the calcium and phosphate content in the bacteria after incubation in the
calcifying solution. Roughly 1x108 cells/ml were separately incubated in a 4 ml volume of the
calcifying or noncalcifying solution. An aliquot of both bacterial solutions were taken before
and after 24 hours. The solution was spun down and the bacteria were separated from the
solution. We directly examined the calcium and phosphate remaining in the solution, and we
also performed acid extraction of the pellet to examine the calcium and phosphate content
within the bacteria (Table 6).
After 24 hours, there was an increase in both calcium and phosphate detected directly
in the calcified bacterial pellet. We believe that this increase is due to calcification because the
molar ratio of calcium to phosphate detected in the bacteria is 1.41. Since this ratio is very
similar to the molar ratio found in biological apatite, we believe that calcification of live S.
aureus by the MIE mechanism successfully occurred [15-18].
As bacterial calcification occurs, the bacterial solution becomes more optically dense.
We could therefore use the absorbance at 600nm as an indicator of bacterial calcification.
Since we were working with living bacteria, this method was also advantageous as it allowed
us to monitor any bacterial growth that may be occurring in the calcifying solution. The A600
was determined before and after a 24 hours incubation period in the calcifying solution (Table
6). After each baseline A600 was taken, EDTA was immediately added and the A600 was remeasured. Since EDTA dissolves mineral, the re-measured A600 is attributed only to the
presence of bacteria.
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After 24 hours, the A600 of the calcifying bacteria increased dramatically. There was
about a 400-450% increase in absorbance of calcified live S. aureus. This increase in
absorbance for the calcified live bacteria is slightly less than the 530% increase for calcified
dead S. aureus. This may be attributed to the fact that not all of the live bacteria were calcified
by 24 hours according to the calcein stains.
Over a 24 hour period, the A600 of the non-calcified bacteria did not change,
suggesting that bacterial growth did not occur in the noncalcifying solution. Additionally,
when EDTA was added to the calcified bacterial solution, the re-measured A600 value
dropped to a value similar to the A600 measured at the start of incubation. This indicates that
over 24 hours, the number of bacteria present in the both solutions is relatively stable. This
information allowed us to confidently test the ramification of calcification on bacterial
viability.
Table 6. Mineral Location and Increase in A600 of the Calcified Live S. aureus. Approximately
1x108 cells/ml (A600~0.13) of live S. aureus bacteria were incubated in a 4 ml calcifying solution at
room temperature for 24 hours. A 400ul aliquot of the bacterial solution was taken at the beginning and
end of the incubation. The aliquots were spun down and the supernatant was saved for biochemical
analysis. The bacterial pellet was suspended in an equal volume of 150mM HCL to dissolve the
bacterial pellet. The calcium and phosphate from the acid extraction was examined. Also, the increase
in mineral during calcification is associated with an increase in optical density. To monitor the extent of
calcification and changes in bacterial growth, the A600 of the calcifying bacteria solution was
determined at the beginning and end of a 24 hour incubation period. After each baseline measurement
was taken, EDTA, a calcium chelator, was immediately added to the aliquot. In the presence of EDTA,
the A600 of the calcified bacteria dropped to a value similar to the A600 measured at the start of
incubation, suggesting that the increase in A600 is due to mineralization.

Calcified S. aureus

t = 0 hours

t = 24 hours

Calcium
Phosphate
A600

< 0.01 mMol
< 0.01 mMol
0.13 ± 0.03

6.15 mMol
4.35 mMol
0.553 ± 0.01
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Calcification Kills Live S. aureus Bacteria
We previously established that the MIE mechanism could successfully calcify live S.
aureus bacteria. Our next goal was to investigate the impact of calcification on bacterial
viability. We first examined whether calcification inhibits the ability of S. aureus bacteria to
form colonies. An aliquot of the calcified and uncalcified bacteria were taken at specific time
points. Each sample was serially diluted into LB broth and then inoculated onto LB agar. The
percent viability was calculated by dividing the number of colony forming units of the
calcified bacteria by the uncalcified bacteria. The percent viability for each time point was
subtracted from 100 to determine the percent non-viable bacteria.
We first compared the percent non-viable bacteria to the frequency of calcification
determined from calcein staining (Figure 8). The data suggests that there is a strong
correlation between bacterial death and the frequency of bacterial calcification. At several
time points throughout the incubation period, there is almost the same percentage of calcified
bacteria as there are dead bacteria. This provides strong proof that calcification is linked to
bacterial death.
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Figure 8. The Increase in Non
Non-Viable
Viable Bacteria is Associated with the Frequency of Bacterial
Calcification. Live S. aureus bacteria were incubated in a calcifying solution for different periods of
time. Serial dilutions of each sample were performed in LB broth. 100 ul of the desired dilution was
immediately plated onto the LB agar and incubated at 37 degrees for 20 hours. Fo
Forr each time point, the
CFU/ml for the calcified and uncalcified bacteria were counted. The percent viability was calculated by
dividing the CFU/ml of calcified by the uncalcified bacteria. The percent viability for each time point
was subtracted from 100 to determine the percent non
non-viable
viable bacteria. Additionally, 10ul of the
calcified bacteria were taken at specific time points for calcein staining. For each time point, the
mineralized bacteria were quantified using visible light microscopy (at 20x magnification
magnifi
and 0.33s
exposure) and fluorescence microscopy (at 20x magnification and 1/250s exposure). The percentage of
calcified bacteria was calculated by dividing the number of fluorescent bacteria by the total number of
bacteria.

Extensive Calcification Occurs After Bacterial Death
We previously compared bacterial death to the frequency of bacterial calcification and
established that calcification may be killing the bacteria. We next compared bacterial death to
the extensiveness of bacterial calcificatio
calcification.
n. As bacteria become increasingly calcified, the
solution becomes more optically dense. Since EDTA is a calcium chelator, its addition to a
solution containing mineral crystals will cause the crystals to dissolve. When EDTA was
added to the calcified bact
bacterial solution, the re-measured
measured A600 value dropped to a value
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similar to the A600 measured at the start of incubation. Thus, the increase in A600 of the
calcified bacterial solution is due to calcification. We could therefore use the percent increase
in A600 as a measure of the extent of bacterial calcification. This allowed us to compare the
extent of bacterial calcification to the percentage of non-viable bacteria (Figure 9).
After 12 hours of incubation in the calcifying solution, about 60% of the bacteria have
been killed. However, at 12 hours there is only a 100% increase in absorbance. As
calcification progresses to 24 hours, nearly 95% of the bacteria have died and there is a total
of 420% increase in absorbance. From the data we can conclude that during the first 12 hours
of incubation, calcification is not occurring extensively but the majority of the bacteria have
already been killed. In the second half of incubation, most of the bacteria have already died
but there is a dramatic increase in calcification. We believe that this dramatic increase in
calcification in the latter half of incubation is a consequence of bacterial death.
It is possible that as a bacterium becomes calcified, the apatite crystals puncture its
plasma membrane causing the bacterium to die and its cytosolic contents to float away.
Consequently, there is more space within the bacteria for the crystals to grow, resulting in a
dramatic increase of calcification. This theory supports previous A600 and EELS data
indicating that dead bacteria with an intact cell wall but no plasma membrane can become
nearly 100% more calcified than live bacteria.
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Figure 9. Extensive Bacterial Calcification Occurs After Bacterial Death
Death.. Live S. aureus bacteria
were incubated in a calcifying solution for different periods of time. Serial dilutions of each sample
were performed in LB broth. 100 ul of the desired dilution was immediately plated onto the LB agar
and incubated at 37 degrees for 20 hours. For each time point, the CFU/ml for the calcified and
a
uncalcified bacteria were counted. The percent viability was calculated by dividing the CFU/ml of
calcified by the uncalcified bacteria. The percent viability for each time point was subtracted from 100
to determine the percent non
non-viable bacteria. The A600 of the calcifying bacteria solution was also
determined at specific time points throughout the incubation period. After each baseline measurement
was taken, EDTA, a calcium chelator, was immediately added to the aliquot. In the presence of EDTA,
the A600 of the calcified bacteria dropped to a value similar to the uncalcified bacteria, suggesting that
the increase in A600 is due to mineralization.

The Effects of Calcification on Bacterial Growth Rate
We next wanted to investigate whether calcificati
calcification
on impacts the growth rate of
bacteria. We believe that the growth rate of the calcified bacteria should be significantly
decreased since previous data indicates that calcification kills the majority of the bacteria by
24 hours. To test this hypothesis, an aliquot of the calcified and noncalcified bacteria were
taken after 24 hours of incubation. The bacteria were directly diluted into LB broth. As the
bacteria divide, there is an increase in optical density. Consequently, the absorbance at 600nm
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was used to monitor the growth rate of the calcified and uncalcified bacteria over the course of
5 hours (Figure 10).
Within one hour of incubation in LB broth, we begin to detect an increase in
absorbance occurring in the uncalcified bacteria, suggesting that bacterial division of the
uncalcified bacteria is rapidly occurring. In contrast, we did not detect an increase in
absorbance for the calcified bacteria until 3 hours after their addition into LB broth. Therefore,
there is a significantly longer lag period in the calcified bacteria where limited or no bacterial
division is occurring for the first 3 hours. This supports our hypothesis that calcification kills
the majority of the calcified bacteria. Since there is only a small amount of viable bacteria
remaining after calcification, a longer period of time is needed for the remaining bacteria to
divide into a large enough amount such that a noticeable increase in A600 can be detected.
3

Number of Bacteira

2.5
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1.5
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1

Calcified for 24
hours
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Figure 10. Calcification Inhibits Bacterial Growth Rate. Approximately 1x108 cells/ml were
incubated in the calcifying and noncalcifying solution for 24 hours. An aliquot of each sample was
directly diluted into LB broth. The bacterial solutions were incubated in 37 degrees for 5 hours. As
bacteria divide, there is an increase in optical density. Therefore, the absorbance at 600nm was used to
monitor the increase in bacterial growth rate. We used the increase in A600 to represent the number of
bacteria in the y-axis.
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Death by Calcification is Responsible for the Inhibited Growth Rate and Division of Calcified
Bacteria
It may be possible that the calcified bacteria are still alive but just encapsulated in a
mineral shell. The encapsulation in mineral may inhibit bacterial growth and division without
necessarily killing the bacteria. To disprove this hypothesis, 1x108 cells/ml were incubated in
the calcifying and uncalcifying solution. An aliquot of each sample was taken after 24 hours
of incubation. We first measured the A600 of the calcified and uncalcified bacterial solutions
at pH 7.4 and then we re-measured the A600 after the addition of EDTA. Since EDTA is a
chelator of calcium, its addition to the calcified bacterial solution dissolved the mineral
present in the calcifying bacterial solution. Consequently, the remeasured A600 value of the
calcified bacterial solution dropped to an A600 value similar to the uncalcified bacteria (Table
7).
We then took a fresh aliquot of the same calcified and uncalcified bacterial solutions
and we added enough acetic acid to lower the pH from 7.4 to 6.0. Lowering the pH slightly
does not affect bacterial viability. It does, however, dissolve the mineral in the bacteria
solution. When we lowered the pH of the calcified bacterial solution, the A600 dropped to a
similar A600 value as the uncalcified bacterial solution and the calcified bacterial solution
containing EDTA (Table 7). This suggests that the mineral within the calcified bacteria was
successfully dissolved at pH 6.0.
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Table 7. Mineral Within the Calcified Live S. aureus is Dissolved at pH 6.0. Approximately 1x108
cells/ml were incubated in the calcifying and noncalcifying solution for 24 hours at room temperature.
Both solutions consisted of a pH 7.4 buffer. The A600 of the bacterial solutions were determined at the
beginning and end of a 24 hour incubation period. After each baseline measurement was taken, EDTA,
a calcium chelator, was immediately added to the aliquot. In the presence of EDTA, the A600 of the
calcified bacteria dropped to a value similar to the uncalcified bacteria. A separate aliquot of the
calcified and uncalcified bacterial solution directly received acetic acid, which lowered the pH to 6.0.
The A600 of the acid treated bacterial solutions were measured. The A600 of acid treated calcified
bacteria dropped to a value similar to the uncalcified bacteria and to a value similar to the calcified
bacteria treated with EDTA. Therefore, at pH 6.0 the mineral in the calcified bacterial sample is
dissolved.

A600
pH 7.4
pH 7.4 + EDTA
pH 6.0

Uncalcified
0.119
0.106
0.129

Calcified
0.517
0.12
0.149

We then determined whether calcified bacterial viability changed after the mineral
was dissolved. To do this, we first inoculated the calcified and uncalcified bacteria from the
pH 7.4 solutions onto LB agar. The CFU/ml from both samples were counted and the percent
viability was determined to be 7%. When we performed the same procedure on the calcified
and uncalcified bacteria from the pH 6.0 solutions, the percent viability was 9% (Table 8).
This indicates that when the mineral within the calcified bacteria is dissolved and the bacteria
are thereby freed from their mineral shell, their viability is unchanged. Therefore, we can
conclude that the inhibited growth rate and division of calcified bacteria is attributed to
bacterial death rather than bacterial encapsulation in mineral.
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Table 8. Viability of Calcified S. aureus after its Mineral is Dissolved. To investigate whether
calcification kills the bacteria or merely encapsulates them in a mineral shell, we dissolved the mineral
in the calcified bacteria by lowering the pH from 7.4 to 6.0. We made dilutions of each sample into LB
broth. 100 ul of the desired dilution was immediately plated onto the LB agar and incubated at 37
degrees for 20 hours. For each time point, the CFU/ml for the calcified and uncalcified bacteria were
counted. The percent viability was calculated by dividing the CFU/ml of calcified by the uncalcified
bacteria. We performed the same procedure of the calcified and uncalcified bacteria at pH 7.4 to
compare the percent viability of the calcified bacteria before and after treatment with acid.

Calcified

Uncalcified

% Viability

pH 7.4 CFU/ml ( x 105 )

21

290

7

pH 6.0 CFU/ml ( x 105 )

23

250

9

Evidence that the Mineralization by Inhibitor Exclusion Mechanism Targets the Bacterial Cell
Wall in Live Bacteria
The cell wall contains size exclusion characteristics that allow molecules smaller than
a 14 kDa protein to freely penetrate the cell wall, but prevents molecules larger than a 50 kDa
protein from entering. Fetuin is a 48 kDa inhibitor of apatite growth and due to its large size,
fetuin may not be able to penetrate the cell wall. Since fetuin can only trap those nuclei that it
can access, the nuclei within the bacteria should grow far more rapidly than those nuclei
trapped by fetuin outside of the bacteria. The bacteria should therefore selectively calcify.
Conversely, BGP is a 6 kDa inhibitor of apatite growth that is able to rapidly penetrate the
bacterial cell wall. Therefore, BGP should prevent mineral formation from occurring in the
aqueous solution on the interior and exterior of the cell wall.
We have shown that in the presence of BGP, calcification of dead bacteria is inhibited
even in the presence of fetuin. Consequently, the dead bacterial studies allowed us to conclude
that the bacterial cell wall may contain the necessary size exclusion properties to be a target of
the MIE mechanism. Our next goal was to confirm this discovery using live S. aureus
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bacteria. Since the live bacteria retain the same cell wall as the dead bacteria, we hypothesize
that similar results should be seen.
To test this hypothesis, we incubated live bacteria in four different conditions: 1)
Fetuin with 5 mM phosphate. 2) Fetuin with 5 mM calcium. 3) Fetuin with 5 mM calcium and
5 mM phosphate. 4 ) Fetuin with 5 mM calcium, 5 mM phosphate, and BGP. An aliquot of
each sample was taken after 24 hours of incubation and the A600 was determined with and
without EDTA. Additionally, an aliquot of all four conditions were plated on LB agar and the
CFU/ml was counted. The average CFU/ml of the uncalcified bacteria incubated in fetuin with
phosphate or calcium was determined. The percent viability was calculated by dividing the
CFU/ml from each condition by the average CFU/ml of the uncalcified bacteria (Table 9).
The A600 data illustrates that there is only an increase in A600 (and therefore
calcification) in the solution containing fetuin and a high ion product of calcium and
phosphate. When the same solution lacked calcium or phosphate, subsequent calcification did
not occur. Finally, when BGP was added to a solution containing fetuin and a high ion product
of calcium and phosphate subsequent calcification was inhibited. Since BGP can penetrate the
cell wall, it can prevent bacterial calcification from occurring even in the presence of fetuin.
This result is similar to what we saw when dead bacteria was incubated in the same solution.
Furthermore, when the bacteria from all four conditions were plated onto LB agar,
only the viability of bacteria from the solution containing fetuin and a high ion product of
calcium and phosphate dropped to 1% (Table 9). The viability of bacteria from the remaining
solutions was unaffected. Therefore, the addition of BGP inhibited bacterial calcification and
subsequently preserved bacterial viability (Figure 11). Together, these results indicate that the
bacterial cell wall of live S. aureus is in fact the target of the MIE mechanism.
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Table 9. The Mineral by Inhibitor Exclusion Mechanism Targets the Cell Wall of Live S. aureus
Bacteria. Approximately 1x108 cells/ml were incubated in various solutions for 24 hours at room
temperature. At the end of the 24 hour incubation period, we made dilutions of each sample into LB
broth. 100 ul of the desired dilution was immediately plated onto the LB agar and incubated
incubate at 37
degrees for 20 hours. For each time point, the CFU/ml for the calcified and uncalcified bacteria were
counted. The percent viability was calculated by dividing the CFU/ml of calcified by the uncalcified
bacteria. Additionally, after 24 hours the A6
A600
00 of each bacterial solution were determined. EDTA, a
calcium chelator, was added and the A600 remeasured. In the presence of EDTA, the A600 of the
calcified bacteria dropped to a value similar to the uncalcified bacteria. The A600 data highlights the
factt that changes in viability is associated to bacterial calcification.
24 hour Incubation
Conditions

% Increase in A600
due to Calcification

CFU/ml ( x 105 )

% Viability

Fetuin + Pi

8

209

93

Fetuin + Ca

2

239

107

Fetuin + Ca + Pi

420

2.9

1.3

Fetuin + Ca + Pi + BGP

6

259

116

Figure 11. Evidence Showing that the Mineralization by Inhibitor Exclusion Mechanism Targets
the Bacterial Cell Wall. Approximately 1x108 cells/ml were incubated in various solutions indicated in
the photographs for 24 hours at room temperature. At the end of the 24 hour incubation period, we
made dilutions of each sample into LB broth. 100 ul of the desired dilution was immediately plated onto
the LB agar and incubated at 37 degrees for 20 hours. BGP is a small molecular inhibitor of crystal
growth. Calcification is inhibited with the addition of BGP even in the presence of fetuin. Therefore, in
a solution containing BGP calcification is pr
prevented
evented and bacterial viability is preserved.

DISCUSSION
The Mineralization by Inhibitor Exclusion Mechanism and How it May Calcify S. aureus
bacteria
The goal of our studies was to investigate whether the Mineral by Inhibitor Exclusion
Mechanism is able to drive the mineralization of S. aureus bacteria. The MIE mechanism
requires only three key components: 1) A solution that spontaneously forms calcium
phosphate crystals. 2) A macromolecular inhibitor of calcium phosphate crystal growth. 3) A
semi-permeable barrier that excludes the inhibitor but allows calcium and phosphate to enter.
In previous studies, the MIE mechanism has been shown to mineralize type I collagen [10].
Since the cell wall of S. aureus bacteria has similar size exclusion properties to those of
collagen, we hypothesize that S. aureus bacteria can become mineralized by the same MIE
mechanism.
Other studies have already determined that molecules smaller than a 14 kDa protein
can freely penetrate the S. aureus cell wall while molecules larger than a 50 kDa protein
cannot [12-14]. Thus, small ions such as calcium and phosphate can diffuse through the cell
wall while larger inhibitors of crystal growth should be excluded. The 48 kDa glycoprotein
fetuin is an example of a large macromolecular inhibitor of crystal growth that should not
penetrate the cell wall and should therefore only inhibit crystal growth outside of the bacteria.
The calcium and phosphate ions that penetrate the cell wall are able to form crystals that
escape inhibition by fetuin and rapidly grow. It is therefore possible that S. aureus bacteria can
become calcified by the MIE mechanism.
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Evidence for the Calcification of Live and Dead S. aureus Bacteria by the Mineralization by
Inhibitor Exclusion Mechanism
Our studies are the first to demonstrate that dead and live S. aureus bacteria can
become mineralized by the MIE mechanism. We used scanning electron microscopy to
visualize dead and live S. aureus bacteria incubated for 24 hours in a calcifying solution
(Figure 1, 5). These bacteria gained a rough exterior and a diameter almost twice as large as
the bacteria incubated in the noncalcifying solution. The morphological differences between
the bacteria incubated in the calcifying and noncalcifying solution may be attributed to
calcification. This observation is supported by the elemental analysis, which detected the
presence of calcium and phosphate in the calcified dead and live bacteria at a molar ratio of
1.66 and 1.77, respectively (Table 1, 5). These measured molar ratios of calcium to phosphate
are similar to ratio found in biological apatite, suggesting that both dead and live S. aureus
bacteria had in fact become mineralized in the calcifying solution [15-18]. We also directly
examined the mineral content within the bacteria after incubation in the calcifying solution.
Roughly the same amount of calcium that left the solution was recovered in the pellets of the
calcified dead and live bacteria (Table 2, 6). This provides direct proof that mineralization of
the bacteria in the calcifying solution had occurred.

Calcification Kills Live S. aureus Bacteria
We next investigated the impact of calcification on bacterial viability. Multiple studies
were performed to determine the viability of calcified bacteria compared to the noncalcified
bacteria using standard plating techniques on LB agar. In all of our studies, more than 90% of
the bacteria were killed after a 24 hour incubation period in the calcifying solution. In our
most recent studies where we had more time to perfect our calcification techniques, about 99%
of the bacteria were killed (Table 9).
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The calcified bacteria were later transferred to LB broth and their growth rate was
monitored. We discovered that the calcified bacteria have a three times longer lag period than
the uncalcified bacteria (Figure 10). Since the majority of viable bacteria are killed after a 24
hour incubation in the calcifying solution, a longer period of time is needed for the remaining
bacterial population to divide into a detectable amount. This result provides additional support
for our observation that calcification kills the majority of bacteria.
In order to examine whether calcification directly influences bacterial viability and
growth rate, we first evaluated the frequency of bacterial calcification over the course of the
incubation period using calcein staining. We discovered that the frequency of bacterial
calcification is tightly correlated to the percentage of non-viable bacteria (Figure 8). As
calcification progresses, there is roughly the same number of calcified bacteria as there are
dead bacteria. This provides strong evidence directly linking calcification to bacterial death.
We later considered the possibility that calcification may be entombing the bacteria in
a mineral shell rather than killing the bacteria. Entombment in mineral could potentially
inhibit bacterial division, which may explain the decreased viability and growth rate of
calcified bacteria. We disproved this possibility by dissolving the mineral in the calcified
bacteria by lowering the pH from 7.4 to 6.0. After the mineral was dissolved and the bacteria
were consequently freed from their entombment, there was still the same percentage of nonviable cells, suggesting that calcification had in fact killed the bacteria (Table 7, 8). Taken
together, these studies provide the first significant evidence suggesting that calcification kills
almost 100% of live S. aureus bacteria.

The Mineralization by Inhibitor Exclusion Mechanism Targets the Bacterial Cell wall
We previously established that S. aureus bacteria can become calcified and that
calcification kills the live S. aureus bacteria. Our next goal was to examine whether the
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bacterial cell wall is the target of calcification by the MIE mechanism. In these studies, BGP
was added to a calcifying solution containing fetuin, a high ion product of calcium phosphate,
and bacteria. BGP is a 6 kDa inhibitor of crystal growth that is small enough to enter the
bacterial cell wall and inhibit calcification within the bacteria. Our experiments show that the
addition of BGP to the calcifying solution prevents calcification of the cell wall (Table 2, 3)
and also prevents bacterial death (Table 9). These results suggest that BGP was able to prevent
bacterial calcification by entering the cell wall and consequently preserve bacterial viability by
inhibiting crystal growth within the bacteria. The results therefore suggest that the bacterial
cell wall of S. aureus bacteria is in fact the target of the MIE mechanism.

Live S. aureus Bacteria Become Extensively Calcified after Death.
As the bacteria are increasingly mineralized, the solution becomes more optically
dense. We therefore used the absorbance at 600 nm to monitor the extent of calcification
occurring in the bacterial solution. The addition of EDTA, a calcium chelator, to the calcifying
bacterial solution was used to confirm that the increase in A600 is due to bacterial
mineralization. When we compared the extent of calcification to the percentage of non-viable
cells, we discovered that a wave of calcification occurs in the second half of incubation when
more than half of the bacteria are already killed (Figure 9). This suggests that as a bacterium
dies, it may have a greater capacity to become mineralized.
A possible strategy illustrating how the MIE mechanism kills bacteria can be
described as follows. Calcium and phosphate ions can penetrate the cell wall while fetuin, a
macromolecular inhibitor of crystal growth, cannot. Only crystals formed from the calcium
and phosphate ions within the aqueous compartment in a bacterium are able to escape
inhibition by fetuin and grow. Crystal growth first occurs in the cell wall and periplasmic
space. As growth continues, the crystals develop into needlelike daggers [18-21]. The crystals
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will eventually puncture the plasma membrane of the bacterium, killing the bacterium and
releasing the cytosolic contents within the bacteria into the surrounding solution. There is
consequently more space within the dead bacterium for further, extensive calcification to take
place.

Physiological Relevance of the Calcification of Bacteria by the Mineralization by Inhibitor
Exclusion Mechanism
The goal of our studies was to investigate the ability of the MIE mechanism to calcify
S. aureus bacteria. The MIE mechanism shares many factors in common with the serum
driven calcification mechanism previously shown mineralize dead S. aureus bacteria [22]. The
results from these studies can help us gain a better understanding of how bacteria become
mineralized the serum driven calcification mechanism, which may be important in an
vertebrate’s immunological response to bacterial infections.
Studies have shown that fetuin promotes bacterial phagocytosis by neutrophils
through opsonization. Fetuin is thus an important regulator of the innate immune response [23,
24]. This idea is supported by the fact that serum fetuin levels are typically higher in early
fetal life than in the adult. These developmental differences in serum fetuin maybe a reflection
of the immune system’s lack of development during fetal life and it’s possible need to rely on
other mechanism to combat bacterial infections [25, 26]. Our study provides further insight
into the potential role of fetuin in the innate immunity by demonstrating that fetuin is
necessary for bacterial mineralization. If bacterial mineralization is an important mechanism
of innate immunity then it would be another reason why fetuin is significant in the immune
system.
Finally, previous studies have demonstrated that hydroxyapatite particles can mediate
the release of inflammatory cytokines and promote the recruitment of various immune cells
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types, such as polymorphonuclear neutrophils and leukocytes [27, 28]. It is possible that these
same cell types can be recruited to sites of bacterial mineralization. These studies have shown
that hydroxyapatite can mineralize bacteria and therefore, it is reasonable to believe that
immune cells are recruited to destroy the calcified bacteria.

Potential Applications of the Mineralization by Inhibitor Exclusion Mechanism in Medicine
Our studies are the first to show that the MIE mechanism previously discovered to
drive the mineralization type I collagen can also drive the mineralization of live S. aureus
bacteria. The MIE mechanism exploits the unique size exclusion characteristics of the
bacterial cell wall for calcification. Preliminary experiments have already shown that other
bacteria such as, gram-negative E.coli can become mineralized by the same mechanism.
Therefore, the MIE mechanism can potentially target all bacteria containing an accessible
bacterial cell wall.
Since we have shown that calcification kills almost 100% of the bacteria, the MIE
mechanism can potentially be used as a broad spectrum antibiotic to combat bacterial
infections and could be used alone or in conjunction with other existing antibiotics. Therefore,
the MIE mechanism can potentially treat antibiotic resistant bacterial strains that have become
an increasing problem in hospitals worldwide [3-9]. Currently, we believe that the mechanism
is ideal for combating bacterial infections in accidental and surgical wounds because the
mechanism functions at physiological pH and room temperature.
Furthermore, the MIE mechanism simply uses calcium, phosphate, and a
macromolecular inhibitor of crystal growth to function. Although fetuin was used in these
studies, other synthetic macromolecular inhibitors such as, poly-L-glutamic acid has been
shown to have a similar role as fetuin in the MIE mechanism and could therefore be used
instead [10, 11]. In theory then, MIE mechanism can selectively calcify and kill bacteria
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without harming mammalian cells. Of course, future animals studies will be necessary to
directly confirm the costs and benefits of using the MIE mechanism to treat bacterial
infections. However, these studies demonstrate that the MIE mechanism has a promising
application in medicine, as it is nearly 100% effective at killing live bacteria such as S. auerus.
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