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What Do We Know about Biomineralization/
Calcification?

Including humans, many multicellular organisms
produce similar hard tissues, such as bones, teeth, shells,
skeletal units, and spicules. These hard tissues are
biocomposites and incorporate both structural macro-
molecules (lipids, proteins, and polysaccharides) and
inorganic minerals." We do not fully understand the
control mechanism of biomineralization in primitive or
in developed organisms. The mineral phase of hard tissue
is sometimes called biologic apatite, that is, a non-
stoichiometric hydroxylapatite. Pure hydroxyapatite
has the formula Ca;o(PO,4)s(OH),. In contrast, a
biologic apatite (like in bone) is nonstoichiometric and
contains several other ions, mainly carbonate and other
elements in traces such as Mg2+, Na*, Fez+, HPO42_,
F~, and ClI'. Consequently, a more appropriate
structural formula for the composition of bone is
(Ca,X)10(PO4,CO45,Y)s(OH,Z),, with X substituting
cations and Y and Z substituting anions (with the indices
10, 6, and 2 changing according to stoichiometry).>

There is a paradox in medicine. Whereas some
researchers have been discussing the cytotoxic effect of
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apatite in Vitro,3’4 others have been announcing the
safety of in vivo apatite applications.”™® Although these
disagreements have not been completely resolved, both
biogenic and nonbiogenic apatite materials have been
continuously used in drug delivery and transplanta-
tion.”” We know that when apatite is found in soft
tissue, it is considered to be pathologic calcification. '’
The causes of apatite-deposit formations in soft tissue
have been discussed for decades but still remain
speculative. For example, calcification in the coronary
arteries has been widely regarded as an uncommon,
end-stage, insignificant, passive, degenerative process
of aging—a notion that has paralyzed research in this
area for decades.'" Interestingly, these same terms were

. 11
once used to describe atherosclerosis.

Today, we
know that coronary artery calcification occurs, almost
exclusively, at sites of atherosclerotic lesions.'?
Calcification in the development of these plaques is a
complicated, actively regulated process of mineraliza-
tion that is similar to bone formation and remodel-
ing.">"* Mineralogists explain that all that is needed for
crystal formation/biomineralization to start is nidi
(nucleus) and an environment of available dissolved
components at or near saturation concentrations, along
with the absence of inhibitors for crystal formation."”
Bacteria or other agents producing such nidi, if present
in blood and in urine, are very likely candidates to
launch and accelerate pathologic calcification in
vivo.'®!"” This is clinically important because blood

contains phosphate near its saturation level.'®

“Nanobacteria”: Potential Nidi for Calcification, a
Good Model for Studying Calcification Mechanism

‘What is known about microbial infections is based
on the study of well-known microbes. A poorly
known bloodborne agent (discovered and tentatively
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termed “nanobacteria” [NB] by our team)'” exists that
behaves as a microbe and appears to show a correlation
with such diverse calcification-related health problems
as arterial heart disease,ZO_22 Alzheimer’s disease,23
kidney stone formation,>**® polycystic kidney disease
(PKD),?*" gallstones and gallbladder inflammation,”'
prostatitis,”*>> calciphylaxis,>**> and cancer.’*?” NB
are also called Calcifying Nano Particles or CNP. This
agent has unique properties, including an extremely
small size (0.1-0.5 pm), as seen in Figure 1. Although
the biologic characterization of NB is yet to be fully
understood, the precipitation and growth of calcium
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Figure 1 Scanning electron microscopic (A), and trans-
mission electron microscopic (B) images of cultured
nanobacteria (NB). Arrows on (B) show an apatite envelope
of apparently multiplying NB. Bars = 100 nm left, 50 nm
right.

phosphate readily occur in systems containing trace
amounts of NB but not in identical control systems
lacking NB." The exact mechanism(s) by which
apatite is nucleated and formed around NB is
unknown. When the serum concentration in the
medium is reduced (= 5%) in the NB culture
conditions, NB start to mineralize and grow larger in
size owing to calcium and phosphate deposition on
their surface (Figure 2). Differential interference
contrast microscopy revealed several micrometer—thick
age ring-like mineral layers forming around NB in

Figure 2 Scanning electron microscopic (A) and differential
interference contrast microscopic (B) images of apatite
clusters formed by nanobacteria under serum-free culture
conditions. Arrows on (B) show age ring—like apatite layers
surrounding the nanobacteria “colonies.” Bars = 5 um.
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these cultures (see Figure 2B). Chemical analysis using
energy-dispersive x-ray (EDX) microanalysis of these
mineral layers shows Ca and P peaks.'” The effective-
ness of NB biomineralization is remarkable: apatite
formation in vitro stopped only when the calcium level
decreased by 50% from 1.8 to 0.9 mM and the
phosphate levels fell to near zero.?* Our results indicate
that the NB calcium phosphate phase can be formed at
pH 7.4, consistent with human physiologic phosphate
19:243839 This can also be
monitored by *Sr incorporation and provides a unique
NB-

induced apatitic biofilm formation is dependent on the
19,40

and calcium concentrations.
model for in vitro studies on calcification.*
presence of oxygen and can be prevented with
several antibiotics and antimetabolites and by high
gamma irradiation at sterilizing doses.””*' The apatite
produced by NB is biogenic because it is formed in a
carbon-containing biomatrix, forms small spherical
units of apatite in nanoscale crystal size (that are very
resistant to acid hydrolysis), and can be formed at
nonsaturating concentrations of calcium and phos-
phate.'” Such spherical units were identified in most of
the human kidney stones examined (Figure 3).>***%
Nonbiogenic apatite has larger crystals that are easily
dissolved in acidic solution. Fourier transform infrared
spectroscopy (FTIR) of NB revealed the mineral as
almost identical to bone mineral (Figure 4). Models for
bone formation, which use metastable concentrations
of calcium and phosphate, involve gels that include
nidi, such as matrix vesicles, apoptotic vesicles, or

Figure 3 Scanning electron microscopic image of spherical
apatite formations in an apatite kidney stone. Bar = 10 um.
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collagen, but exclude the known proteinaceous
inhibitors for crystal formation.** Such systems have
not been tested with NB. Vali and colleagues showed
that nanoforms contain apatite-protein complexes and
immunoelectron microscopy reveals protein antigens
in proximity to apatite, suggesting a novel form of
protein-associated mineralization.*®

In our earlier studies, we examined NB cultures in
high-aspect rotating vessels (HARVs) designed at
NASA’s Johnson Space Center, which are designed
to simulate some aspects of microgravity.”> NB
cultured in HARVs multiplied 4.6 times faster than
under stationary conditions and 3.2 times faster than in
shaker flask
demonstrated that the degree of apatite crystal forma-

incubation. Interestingly, the results
tion on NB (biomineralization) and the properties of
the apatite are strongly affected by the gravity and
other specific culture conditions used.”® Although
some researchers believe that microgravity does not
affect crystal formation and biomineralization,*® it has
been shown that long periods in a microgravity
environment do cause loss of bone and enhance
kidney stone formation—like biomineralization disor-
ders in astronauts.*’~*’

In summary, NB is a perfect model for studying
biogenic mineralization/calcification because NB (1)
are self-replicating particles and have less complicated
metabolic pathways, (2) accumulate calcium and
phosphate under physiologic conditions, (3) produce
a calcium phosphate mineral similar to bone, and (4)
exist in physical conditions (eg, pH, gravity, tempera-
ture) that are easy to manipulate and that can be
replicated for the physiologic model.

Controversy

The first debate about NB revolved around
whether these minute particles are alive. To date,
critics argue that a particle just 50 to 200 nm in
diameter cannot possibly harbor the components
necessary to sustain life. Maniloff’s work suggests that
to contain the deoxyribonucleic acid (DNA) and
proteins needed to function, a cell must be at least 140
nm across.>® However, recently, it has been shown that
a genome constructed to encode 387 protein-coding
and 43 structural ribonucleic acid (RNA) genes could
sustain a viable synthetic cell, a Mycoplasma laboratorium
that can shrink its size below that limitation.”’ NB are
also incredibly resistant to heat and other methods that
would normally kill bacteria, which makes some
scientists wonder if they might be an unusual form of
crystal rather than organisms. Cisar and colleagues
presented an alternative theory for the experimental
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Figure 4 Fourier transform infrared spectroscopy showing
1,200 cm ™' seen in all four spectra, with inorganic apatite, bon

findings of NB scientists. They stated that biominer-
alization previously attributed to NB may be initiated
by nonliving macromolecules and transferred on
“subculture” by self-propagating microcrystalline
apatite.52

Detection Methods for NB

Methods to diagnose NB in biologics, cells,
tissues, blood, and urine include immunodetection
with NB-specific monoclonal antibodies, electron
microscopy, and culture techniques.””>* Because NB
pass through 0.22 pm-—pore size filters, which exclude
most common microbes, filtration is often used to
clean up fluid specimens before culture for NB.>
Replication can be measured by particle counting and
optical density at 650 nm.*" It has also been shown that
the growth of the NB could be detected by specific
methods, such as enzyme-linked immunosorbent assay,

the distinct phosphate absorption signature at 1,000 to
e, kidney stones, and nanobacteria (NB).

turbidity, sodium dodecyl sulfate—polyacrylamide gel
electrophoresis  (SDS-PAGE), or
uridine incorporation.'”*” Susceptibility tests can be
used to test the effects and other
chemotherapeutics.'” Growth can be prevented with
tetracycline, high doses of aminoglycoside antibiotics,
ethylenediaminetetraacetic (EDTA), cytosine
arabinoside, 5-fluorouracil, and gamma irradiation.'”

methionine and

of antibiotics

acid

Are NB a Living Entity?

Isolation of any kind of nucleic acid from NB has
been difficult, in part because of the mineral surface
that they produced during their culture period. They
could not be lysed with lysozyme, proteinase K, several
other proteinases, lipases, amylases, alkali, ultrasono-
graphy, X-press, detergents, or solvents.*’ We needed
to use acid or EDTA-like chelators before the analysis,
which were the factors for structural change in nucleic






