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INTRODUCTION

Dr. Charles H. Mayo stated in 1922 “It is unfortunate that so few appreciate from what small
causes diseases come.” Today, with advances in technology, the burgeoning field of
nanotechnology brings new meaning to Dr. Mayo’s words. Manufactured and natural materials
of nanometer scale (Figure 1) provide the medical community with new products for
diagnostics,! drug delivery,2 and biomaterials for restorative and reconstructive surgery.3 A
key requirement for these new products is that the nanoparticle itself does not initiate
detrimental or pathogenic processes in healthy tissue. This prerequisite is an important
consideration in the field of nanotechnology, as nano-materials can have unique effects on
biological systems, depending on many factors including their original composition and size.
Indeed, materials on a nano level often have different characteristics and effects than the same
material at a macro level.4 Nano-sized lipid/protein and protein/mineral complexes are present
in the blood and come from diverse sources. For instance, activated mammalian cells as well
as bacteriarelease biologically active vesicles which are in the same size range as manufactured
nanoparticles.® These and other biologically derived nanoparticles (NPs) require further
investigation as potential participants in disease processes. This brief review will focus on the
contribution of biologically derived NPs to soft tissue calcification.

HISTORICAL ASPECTS OF CALCIFYING NANOPARTICLES AS PATHOGENS

Calcium carbonate spheres ranging from 30 nm to 300 nm in size were observed in samples
from hot springs in Viterbo, Italy by geologist Dr. Robert Folk and co-workers. Because their
structure was similar to bacteria, and because of their nanometer size, they were referred to as
“nan(n)obacteria.”® Similar structures isolated from bovine serum propagate and calcify under
cell culture conditions, further suggesting that these particles were biological and perhaps a
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new type of life form.7 Related structures were observed on a Martian meteorite shortly
thereafter.8 Similar nanobacteria-like particles, or NPs have been identified in and isolated
from diverse geologic sources, mammalian blood,7: % 10 and a variety of diseased tissues
including calcified arteries,! atherosclerotic plaques,!? calcified aortic valves,13 kidney
stones, 1415 gall stones,1® ovarian cancer, prostate stones,18 and breast implants.1?

These NPs have been grouped together not due to confirmed chemical or biological analysis,
but rather due to their common morphology (Figure 2). Indeed, a definitive lack of biochemical
criteria for identification and classification of biologically derived NPs continues to cause
confusion and debate within the field. An association between chronic infection and
cardiovascular and renal disease and contracture of breast implants20~2° provided some
support for the original description of NPs as “nan(n)obacteria.” However, the inability to
reliably and reproducibly sequence nucleic acids from NP isolates has raised controversy
regarding their classification as a life form (NCBI nucleotide gene bank, accession #X98418).
26, 27 Furthermore, evidence also supports the hypothesis that biologically derived NPs are
only protein/mineral complexes that form a chemical film in culture conditions.9: 27

CALCIFYING NANOPARTICLES AND BIOFILM

Microbial biofilms are a source of chronic infection in clinical settings,® often forming on
implanted devices and ultimately leading to a loss of device function as well as significant
patient morbidity and even mortality.2%: 29-32 |n culture, NPs derived from bovine blood and
human saliva, calcified arteries, and kidney stones can each form films in vitro that contain
hydroxyapatite and organic particles.” 11+ 26 Therefore, NP biofilms are a cause for concern,
not only for their calcifying potential, but also for their potential to serve as a nidus for crystal
formation and tissue damage. Formation of biologically-derived NP biofilm is reduced by
inhibitors of aerobic metabolism and antibiotics, suggesting that biofilm formation by these
entities requires enzymatic activity.1> 33 Recent unpublished work from our laboratory
indicates that both enzymatic and physical-chemical interactions are required for NP biofilm
formation since tetracycline, an antibiotic that acts by blocking ribosomal protein synthesis but
also has calcium chelating activity, is more effective in reducing NP biofilm than gentamicin
which also acts to block bacterial ribosomal function, but lacks significant calcium chelating
properties. These studies highlight the potential utility of this in vitro NP model system to
identify factors that mediate formation of biofilm on implantable devices.

Acute and chronic (sub-clinical) infection have each been associated with soft tissue
calcification.23-25+ 34+ 35 When activated, certain bacteria and mammalian cells release
membrane vesicles which can range in size from 100nm - 700nm (Figure 1).3¢ In mammalian
systems, these microvesicles (also called microparticles) attach to and activate other cells,
transfer material from cell to cell, and may be thrombogenic and markers of early disease
processes in asymptomatic patients.> 37 It is possible that bacterial-derived nano/
microvesicles might be the source of the short length DNA sequences that have been amplified
or isolated from calcifications including atherosclerotic plaques, renal stones, and breast
implants. This would explain why complete, genome-length sequences have not yet been
isolated from NP isolates propagated in vitro.28: 27 The hypothesis that bacterial microvesicles
can contribute to the development of calcified biofilms, and could represent an unappreciated
source of surgical infection and potential post operative complication, remains to be tested.
Indeed, recent evidence points to an even greater variety of commensal microbes on human
skin than previously thought.38

DO CALCIFYING NANOPARTICLES CAUSE DISEASE?

Although nano-sized particles can be identified within soft tissue calcifications, the question
remains whether or not they are the result or cause of disease processes, or perhaps both.
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Following Koch’s postulates to determine the causative nature of pathogens,3? investigators
have taken cultured NPs and injected them into naive animals. When NPs derived from gall
stones and kidney stones are injected directly into the organ of interest in healthy animals,
calcifications resembling the original pathology developed in the target organ.16: 40 In
addition, arterial occlusions with calcification were observed in endothelium-denuded carotid
arteries of rabbits inoculated intravenously with arterial-derived or kidney stone-derived NPs.
41-42 These occlusions and intimal hyperplasia differed from that observed in animals that had
been inoculated with either saline, lipopolysaccharide (LPS) used to simulate bacterial induced
inflammation, or hydroxyapatite (HA) crystals, as a control for the calcific shell of the NPs.
Avrterial remodeling in rabbits inoculated with HA crystals exposed to cell culture conditions
resembled that of rabbits inoculated with bovine-derived NPs. In these groups, the injured
arteries exhibited increased hyperplasia and discontinuity of the media and internal elastic
lamina.*2 These experiments demonstrate three important points: 1) biologically derived NPs
precipitated disease processes in healthy tissue; 2) the nature of the pathology varies with the
origin/chemical composition of the NPs and the target tissue; and 3) biologically derived NPs
circulate and may exacerbate pathological processes in tissue at sites distant from their point
of origin.

CONCLUSIONS AND FUTURE DIRECTIONS

Technological advances have provided means to identify the presence and composition of
nano- and micro-sized particles and vesicles in human blood and tissue. Emerging experimental
evidence suggests that these particles can contribute to pathological processes. However,
validating causation may require an alternative set of criteria than those originally outlined by
Koch for bacterial causes of disease, since biologic NPs may not be a life form, yet still cause
disease. An alternative set of criteria, described by Hill for environmental factors,*3 may be
useful in identifying associations of NPs with pathologies. An ongoing challenge for
investigators is to identify the heterogenous biochemical properties of nano- and micro-
particles in the blood of humans in health and disease and to rigorously test their acute and
chronic pathogenic properties, as well as those of NPs being developed for diagnostic and
therapeutic purposes.
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Figure 1.
Comparisons of sizes of elemental and biological material considered as nanoparticles,
microparticles and microvesicles with classical bacteria and blood elements.
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Figure 2.

Scanning electron micrographs (SEMS) of a calcification from a carotid arterial plaque (upper
panels) and a calcified capsule removed from a silicon breast implant (lower panels). Left
panels are SEMs of the tissue prior to isolation of the NPs. Right panels are SEMs of NPs
cultured from the respective tissue homogenates. X-ray microanalysis of the bright areas in the
upper left panel indicates the presence of calcium and phosphate. Bar indicates scale.
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