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Abstract

Biomineralization at pathological extraosseous sites (i.e.
vasculature and soft tissues) is associated with increased
morbidity and mortality. So-called ‘nanobacteria’ have
been described as pathogenic agents causing many diseases
including calcification. Initially, their appearance, and hav-
ing a content consisting of nucleic acids plus proteins and
properties of growing structures, suggested that they were
living organisms. However, it could be demonstrated that
the so-called nanobacteria were in fact mineralizing nano-
particles that contain mineral and non-mineral compounds,
that these particles bind to charged molecules and that
supersaturation enables in vifro growth of these nanopar-
ticles. Recent data indicate that nanoparticles consisting of
protein—mineral complexes can be seen both in vitro and in
vivo as precursors of matrix calcification.

Keywords: biomineralization; nanobacteria; nanoparticles; vascular
calcification

Introduction

In living vertebrates, biomineralization is a highly regulated
cell-autonomous process, usually restricted to the skeleton
and teeth. However, biomineralization may also occur as

pathological extraosseous calcification in the vasculature or
soft tissues, leading to an increased morbidity and/or mortal-
ity. Until approximately one decade ago, extraosseous calci-
fication was mainly studied with regard to the chemical
process of precipitation due to supersaturation of calcium
and phosphate ions. Since it was discovered that tissues in-
volved in pathological calcification also expressed genes ini-
tially discovered in bone metabolism, these putative
osteogenic processes (active calcification) contrasted with
the chemical precipitation of calcium salts (passive calcifica-
tion). It is most likely that both processes contribute to extra-
osseous calcification [1, 2]. It is well-known that calcium,
phosphate and mineralizable matrix-like collagen fibres are
sufficient to induce tissue calcification in the absence of os-
teoblasts [3]. Dead cells and necrotic tissues form an excellent
mineralizable matrix, and in this case, the process is called
‘dystrophic calcification’. One and a half decades ago, so-
called ‘nanobacteria’ were described as pathogenic agents
causing calcification. However, recent results demonstrate
that this approach was merely a ‘red herring’, which put us
on the wrong track.

The discovery of nanobacteria and evidence for
their existence

Around 15 years ago, nanoscopic life forms called nanobac-
teria entered the stage [4, 5] and eventually were described as

© The Author 2011. Published by Oxford University Press on behalf of ERA-EDTA. All rights reserved.
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the causative agent of many diseases including calcification.
Initially, Folk [4] had studied rock specimens by electron
microscopy and observed tiny structures with a cell-like
appearance i.e. resembling cell walls and filamentous surface
projections. These particles were only 10-200 nm in size and
thus were much smaller than any other known bacteria.
Therefore, Folk [4] called these tiny particles nanobacteria.
A few years later, McKay et al. [5] observed similar tiny
structures within a Martian meteorite, which caused consid-
erable excitement, as these and other structures pointed to
the possibility of extraterrestrial life. In 1998, Finnish re-
searchers described similar structures (50—500 nm) with nu-
cleic acids and proteins as potential pathogens in their cell
culture (Figure 1) [6]. Interestingly, these small particles
could change from small spherical bodies to films and
clumps of mineralized material containing hydroxyapatite,
the main mineral of bone. Further research revealed that
similar structures existed in body fluids including blood
and urine. These entities were deemed ‘infectious’ because
‘inoculating’” mineral-containing fluids with these entities
caused a slow ‘reproduction’ of these entities. Ultimately,
nanobacteria were considered the causative pathogens for
many diseases from kidney stones to cancer [7, 8]. Polycys-
tic kidney disease was assumed to be caused by these agents
[9], and nanoparticles were associated with calcified blood
vessels [10] as well. These particles seemed to contain DNA,
proteins and synthesized RNA. These findings caused a ma-
jor boom for nanobacteria, to the extent of receiving tabloid
press coverage followed by the founding of highly promis-
ing start-up companies.

Nanobacteria do not exist and simply represent
nanoparticles

However, in the year 2000, Cisar et al. [11] explored the so-
called nanobacteria and determined that phospholipids
could bind and, thereby, facilitate the formation of cal-
cium—phosphate crystals which resembled these nano-sized
structures. Secondly, it was observed that the crystalline

Fig. 1. Transmission electron micrograph of so-called ‘nanobacteria’ after
a 3-month culture period (bar = 200 nm). Photograph taken with permis-
sion from [6] (copyright 1998 National Academy of Sciences, USA).
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structures were shown to grow and replicate in vitro as if
they were alive. Thirdly, it was demonstrated that the nu-
cleic acid sequences thought to be a diagnostic marker of
nanobacteria were in fact common sequences of nucleic
acid frequently contaminating laboratories [11].

In addition, Martel and Young [12] performed a series of
experiments on the origin of putative nanobacteria. Indeed,
non-mineral compounds such as proteins interfered with the
crystallization process. Surprisingly, calcium phosphate, to-
gether with non-mineral compounds, grew into nanopar-
ticles that resembled the putative nanobacteria in structure
and shape. Moreover, these nanoparticles showed a high-
binding capacity to charged molecules such as ions, carbo-
hydrates, lipids and nucleic acids. Depending on the ratio of
mineral to non-mineral compounds, either crystallization to
hydroxyapatite or to more complex forms took place
[13, 14]. Raoult et al. [15] found that the main protein of
the so-called nanobacteria was fetuin-A. Besides fetuin-A,
other proteins such as albumin or apolipoproteins could also
be identified [16]. Moreover, Young ef al. [16] determined
that polyclonal antisera raised against nanobacteria strongly
cross-reacted with fetuin-A and albumin. Consequently, the
term ‘nanobacteria’ was discarded and replaced with the
term ‘nanoparticles’ [17].

Taken together, the putative living nanobacteria have
been shown to be non-living nanoparticles containing both
mineral and non-mineral compounds (Table 1) such as the
calciprotein particles (CPPs) shown in Figure 2, which rep-
resent a possible multitude of calcifying nanoparticles in a
very idealized form regarding both shape and composition.
Nevertheless, the interaction of minerals with calcium-
binding proteins suggests that these nanoparticles are part
of the body’s defence mechanisms against unwanted calci-
fication. Thus, mineral-protein complexes seem to be part of
the normal mineral homeostasis. If the mineral supersatura-
tion, and thus the balance of mineral versus mineral-binding
proteins (i.e. calcification inhibitor proteins), is tilted towards
the mineral component, crystallization can take place. In
stages of disease i.e. kidney stones or vascular calcification,
this imbalance, and consequentially calcification, can take
place [21].

Nanoparticles and their role in extraosseous
calcification

Crystal formation starts with nucleation and subsequently
proceeds to growth (Figure 3). Nucleation starts with small

Table 1. Nanoparticles as putative living organisms turned out to be a
biochemical phenomenon

Nanoparticles as
putative living organisms

Nanoparticles as
biochemical phenomenon

Form and shape similar —
but much smaller than bacteria
Content: nucleic acid and proteins  —

Nanoparticles of mineral
and non-mineral compounds
In vitro high binding to
charged molecules

Growing structures —  Saturated solution
enables in vitro growth
Antibodies against nanobacteria —  Antibodies against

albumin and fetuin-A
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Calciprotein monomer CPM

Lipoprotein particle LDL

Fig. 2. Illustration of a CPP, calciprotein monomer (modified after [18, 19]) and a low-density lipoprotein (LDL) particle. The LDL particle is ~22 nm in
diameter and contains many esterified cholesterol molecules in the hydrophobic core, cholesterol, phospholipids and a few apolipoprotein B-100

molecules in the hydrophilic coat (modified after [20]).

Fig. 3. Electron microscopic picture of synthetic CCPs [22]. The CCPs
initially have a diameter of 30—150 nm (2 h, 37°C) and are amorphous as
shown by diffraction analysis. Nextly, the CPPs are transformed, depend-
ent on temperature, mineral ion supersaturation and fetuin-A concentra-
tion, into larger and crystalline mineral particles [23]. These particles are
still soluble until ~24 h at 37°C. Similar particles have been detected in
ascites of patients with sclerosing calcifying peritonitis [24]. Scale bars
represents 100 nm. This research was originally published in [22] © the
American Society for Biochemistry and Molecular Biology.

mineral ion clusters forming in supersaturated solutions of
constitutive mineral ions. Coordination of calcium ions by
proteins and phospholipids may regulate these events [25].
A critical size is required for stable nuclei, otherwise re-
dissolution may occur. In the presence of preformed nu-
clei, crystal growth proceeds at a fast pace even in the
absence of supersaturation. Fetuin-A has been shown in
vitro to inhibit mineralization on the level of crystal growth
by the transient formation of soluble protein—mineral com-
plexes containing fetuin-A, calcium and phosphate [22,
26]. These CCPs start out as nanoscopic (50-150 nm di-
ameter) colloidal spheres. Initially, they are amorphous
and soluble but become progressively more crystalline
and insoluble in a time- and temperature-dependent fash-
ion [22]. Amorphous mineral phases admixed with protein
are now widely recognized as the earliest manifestations of
biomineralization, both in the mollusc shell and in the

vertebrate skeleton [27, 28]. The mineral part itself has
also been shown to contain spherical mineral particles with
nanocrystalline needles of ~10 X 100 nm [29]. Self-
assembly of nano-sized apatite particles seems to consti-
tute a mechanism for the generation of larger biological
mineral crystals [30]. Ultra high-resolution electron
microscopy revealed that microcalcifications of 20-500
nm contained nanocrystals 2—10 nm in size [31]. Similar
nanocrystals 20-25 nm in size were demonstrated in
vascular calcifications [29, 32]. In addition, phosphate
may induce calcification by enhancing nanocrystal forma-
tion [33]. These findings collectively suggest that early
mineralization products are nanocrystalline and contain
protein in the form of protein—mineral complexes. Further-
more protein—mineral complexes play an early and essential
role in both physiological and pathological calcification.
Not surprisingly, protein—mineral complexes have been
described in experimental animal models of calcification
[34] and, most recently, also in dialysis patients who are
known to be at high risk of calcification [35]. Protein—
mineral complexes/CPPs/calcifying nanoparticles should,
however, not be confused with larger cell-derived and
membrane-delineated vesicles including matrix vesicles
or calcifying apoptotic vesicles that originate from actively
mineralizing cells like osteoblasts or calcifying chondro-
cytes or from calcifying apoptotic or necrotic cells. Calci-
fying vesicles may nevertheless harbour protein—mineral
complexes like the fetuin-A-rich vesicles associated with
calcifying smooth muscle cells [36].

Taken together, nanoparticles consisting of protein—
mineral complexes can be seen both in vitro and in vivo
as precursors of matrix calcification. The interaction of
mineral with mineral-binding proteins and low-molecular
weight inhibitors thus constitute important facets of min-
eral transport and homeostasis. Fetuin-A, as well as other
proteins, contained in soluble protein—mineral particles
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may be viewed as mineral chaperones [37] fulfilling a role

in

the stabilization, transport and recycling of water-

insoluble mineral, similar to the role of lipoproteins in
the metabolism of lipoprotein particles that contain water-
insoluble lipids [20].
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