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We investigated the earliest stages of formation of CPPs with 
time resolved small angle X-ray scattering methods (TR-
SAXS) and stopped-flow analysis. It was determined that fe-
tuin-A has no influence on the formation of mineral nuclei. 
However fetuin-A effectively prevented within milliseconds 
the aggregation of mineral nuclei and thus mineral precipi-
tation. The shield formed by fetuin-A leads to stable CPPs 
in the first phase of mineralization. Fetuin-A is therefore in-
dispensable during the earliest stage of formation of pro-
tein-mineral complexes in order to prevent uncontrolled 
mineralization (figure 1).

The electron microscopic analysis of ascites fluid of a pa-
tient with sclerosing calcifying peritonitis revealed for the 
first time secondary CPPs in humans. Unlike in vitro gener-
ated CPPs, ascites CPPs contained relatively low amounts 
of fetuin-A, but large quantities of serum albumin (figure 2). 
This prompted us to investigate the combined role of fetuin-
A and other serum proteins in the formation and stabilization 
of CPPs. Fetuin-A was necessary and sufficient for primary 
CPP stabilization.

Serum albumin and other acidic proteins facilitated the fetuin-
A-mediated formation of secondary CPPs. Albumin was able 
to replace considerable quantities of fetuin-A without loss of 
inhibition of calcium-phosphate precipitation (figure 3). This 

Introduction

The Biointerface Laboratory continues work on the struc-
ture and function of secreted (type 3) cystatin protein family 
members, the fetuins (fetuin-A and fetuin-B) and histidine-
rich glycoprotein (HRG). These proteins occur in all verte-
brates. They are next neighbours in the human and mouse 
genomes. Fetuins and HRG are plasma proteins predomi-
nantly made in the liver. We study their biological function 
by gene knockout in mice. We have generated gene knock-
outs for all three proteins and we maintain the genetical-
ly modified mice on various genetic backgrounds and in 
combination with related gene knockouts. Thus we have 
published first results obtained with a double knockout of 
fetuin-A and apolipoprotein E. 

Calciprotein particles and mineral 
chaperones 

In all vertebrates, the extracellular fluids are supersatu-
rated with respect to the mineral ions calcium and phos-
phate. Local supersaturation can even be much higher 
than the ion concentrations in the blood, for example in 
bone remodeling in the bone marrow or during transport 
and concentration of primary urine in the renal epitheli-
um. Therefore, potent inhibitors of spontaneous mineral 
precipitation must exist to counterbalance this thermo-
dynamic driving force. Otherwise ectopic calcification in 
blood or in the soft tissues may occur. As our previous 
studies have shown, the serum protein fetuin-A is a par-
ticularly potent systemic inhibitor of soft tissue calcifi-
cation. Fetuin-A is highly effective in the formation and 
stabilization of protein-mineral colloids, so-called calci-
protein particles, CPPs. Recently we showed, that CPPs 
mature in a two-stage process by a morphological trans-
formation from spherical particles to larger ellipsoids. 
Employing a combination of light scattering spectrosco-
py and electron microscopy we could demonstrate that 
the secondary particles emerged by strongly anisotropic 
growth of the primary particles. 
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Figure 1: The role of fetuin-A in the early stages of min-
eralization: calcium phosphate particles spontaneously 
form when the ion concentrations exceed the solubility 
product. In this early phase of mineralization, fetuin-A has 
virtually no influence. The primary particles are stabilized, 
first by fetuin-A only, then by further acidic serum pro-
teins. Without protein inhibitors or mineral chaperones, 
mineral nuclei grow into large aggregates, which ulti-
mately precipitate.

Figure 2: Morphology and composition of calciprotein par-
ticles isolated from human ascites. A) Strongly mineralized 
ascites fluid of a patient with sclerosing calcifying peritoni-
tis contained large quantities of CPPs. B) Morphologically 
these CPPs were identical with the laboratory-produced 
fetuin-A-mineral complexes (inset). C), D) Unlike laboratory 
derived CPPs the patient CPPs contained large amounts of 
serum albumin, which could replace a large proportion of 
fetuin-A in long-term stabilization of CPPs.
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observation may help to explain why pathological deposition 
of minerals in the body is unlikely, even if low fetuin-A serum 
levels prevail, as long as sufficient albumin is available. Thus 
fetuin-A can be substituted with acidic plasma proteins me-
diating the stabilization, transport and removal of insoluble 
calcium phosphate as colloidal complexes. Therefore we call 
these transport proteins mineral chaperones.

Regression of pathological 
Mineralization

Ectopic soft tissue mineralization resembles physiological 
bone mineralization in many ways. Markers of mineraliz-
ing bone also are present during soft tissue mineralization. 
We postulate that it may be possible to reverse soft tis-
sue mineralization by applying selected principles of bone 

catabolism, namely mineral dissolution and phagocytosis. 
We consider putative strategies for therapeutic interven-
tion to maximize the clearing of calcified debris particles. In 
particular, we study the roles of the plasma protein fetuin-
A/alpha2HS-glycoprotein and the mineral-binding protein 
osteopontin (OPN) in the prevention and possible regres-
sion of mineralization in disease.

We focus on novel strategies of direct and active reversal of 
pathological calcification. Anecdotal clinical evidence dem-
onstrates that removal of even excessive metastatic/tu-
morous calcification may be possible without medication 
using existing, intrinsic physiological mechanisms. While 
clearly not understood at this time, a better elucidation of 
“mineral clearing” would potentially enable the harnessing 
of these processes for future anti-calcification therapies. 
Physiological “demineralization” that occurs during bone 
turnover involves osteoclast activities that lower extracellu-
lar pH to levels that dissolve apatitic mineral. Thus, it would 
seem reasonable that similar processes might be activated 
intracellularly (and possibly also extracellularly) at patholog-
ical calcification sites by osteoclasts or their lineage-relat-
ed macrophages. Electron micrographs depicted in figure 5 
show that macrophages are present at extracellular calcified 
lesions in fetuin-A-deficient mice. In all these cases, the resi-
dent macrophages secrete large amounts of osteopontin, an 
inhibitor of vascular calcification with an RGD cell adhesion 
sequence, and an autostimulatory cytokine promoting re-
cruitment and retention of macrophages and T-cells to sites 
of inflammation. OPN, in turn, regulates the production of 
inflammatory cytokines and nitric oxide in macrophages. 
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Figure 4: The mineral chaperones osteopontin and fetuin-
A are present in high amounts in naturally mineralized 
bone matrix (shown here are osteons of mouse tibia corti-
cal bone). Macrophages may be used to treat pathological 
calcification.

Figure 5: Transmission electron microscopy of macrophage 
interactions with ectopic calcification. A), B) Black dots in 
the lamina limitans (LL) show OPN localization with immu-
nogold. Mineral deposits in the lungs of fetuin-A-deficient 
(Ahsg-/-) mice are surrounded by macrophages (MP). B) 
The macrophages have typical lamellipodiae cell processes 
(white arrows).

Figure 3: Calciprotein particles, CPPs are colloidal complexes 
of fetuin-A, calcium and phosphate that form spontaneous-
ly from supersaturated solutions given sufficient amounts 
of fetuin-A are also present. In the absence of fetuin-A pre-
cipitation occurs immediately. The formation of stable pri-
mary CPPs requires relatively low fetuin-A concentrations. 
Stable secondary CPPs form when fetuin-A concentrations 
exceed 7 μM (top panel). In the presence of high concentra-
tions of serum albumin much lower fetuin-A levels suffice 
to form long-term stable CPPs. Shown here is an example of 
a mixture of 1.5 μM fetuin-A and > 75 μM albumin effect-
ing long term inhibition (LTI, bottom panel).
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A substantial percentage of the secreted OPN from mac-
rophages adsorbs directly onto mineral at pathological cal-
cification sites in fetuin-A-deficient mice, presumably there 
acting as a calcification inhibitor and/or opsonin. This im-
mobilization of OPN onto the mineral phase simultaneous-
ly provides an anchor for the protein to then present its cell 
adhesion sequences (such as RGD) to macrophages and 
other cells. In terms of the opsonization abilities of OPN, 
mineralized bone and tooth debris particles at a surgical site 
are coated with macrophage-derived OPN, and then inter-
nalized into macrophages by phagocytosis.

Clearing of CPPs

To investigate the clearing process of CPPs in vivo we gen-
erated fluorescence-labeled CPPs in vitro and injected them 
into mice to study the clearance rate and the target tissues. 
For comparison of the clearing process and to identify po-
tential target cells, fluorescent polystyrene beads of about 
the same size as CPPs (diameter: 170 nm and 50-150nm, 
respectively) were also injected and the colocalization with 
cell type specific markers was analyzed by fluorescence mi-
croscopy (see cover figures). The major organs of the retic-
uloendothelial system involved in clearing are the liver (No. 
8 in the top image) and the spleen (No. 9). The nanoparti-
cles (green fluorescence) were found mainly in Kupffer cells 
(center panel) and in the marginal zone of the spleen (bot-
tom panel). Macrophages in the red pulp are stained red.

In vivo imaging

The exact localization of the initiation points of the micro-
calcifications in fetuin-A-deficient mice and the processes 
involved in further progression of the mineralization are 

under investiga-
tion. In cooperation 
with the group of 
Professor Kiessling 
we investigate the 
distribution of min-
eral precipitates or 

microcalcifications in fetuin-A-deficient mice using fluores-
cence mediated tomography (FMT) and highly sensitive 
molecular probes for hydroxyapatite and inflammation-as-
sociated protease activity (figure 6). This method allows 
the investigation of the progression of soft tissue calcifica-
tion and associated inflammatory processes in the same an-
imal for long periods of time. 

We have previously shown that fetuin-A deficiency in 
combination with the calcification sensitive strain DBA/2 
(D2), but not in combination with the C57BL/6 (B6) ge-
netic background results in widespread soft tissue cal-
cification (figure 7). Thus B6 mice are better protected 
against pathological calcification even in the absence of 
fetuin-A. 

To gain further insight into the molecular mechanisms gov-
erning pathological mineralization and to reveal addition-
al anti-calcification mechanisms we performed comparative 
microarray analysis of B6 and D2 wildtype and KO mice. 
Soft tissue calcifiation in D2 fetuin-A-deficient mice oc-
cured in several  organs including the kidney. The kidney 
plays an outstanding role in mineral homeostasis therefore 
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Figure 6: Fluores-
cence mediated 
tomography of a 
fetuin-A-deficient 
mouse showing 
calcification in blue 
color and protease 
activity and thus 
inflammation in red 
color.

Figure 7: B6 mice are resistant to soft tissue calcification in 
the absence of fetuin-A: X-ray examination reveals wide-
spread and systemic ectopic calcification in fetuin-A-defi-
cient mice on D2 but not on B6 genetic background.

Figure 8: Comparative gene expression analysis of kidney 
tissue from D2 and B6 wildtype mice. The volcano plot re-
veals strain specific differences in the gene expression pro-
file, e.g  some histocompatibility antigens as marked out. 

Some live more dangerous than others: Whole genome ex-
pression studies may reveal novel calcification inhibitors.
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kidney tissue was chosen to detect candidates for calcifi-
cation inhibition in B6 mice respectively modulators of the 
calcification phenotype in D2 mice. Genes with strain spe-
cific differences in expression values were excluded by a 
comparison between B6 and D2 wildtype mice (figure 8). A 
heatmap representation of the candidate genes is shown in 
figure 9, genes with low expression values are drawn blue, 
red color encodes “hot” candidates with high expression 
values. Putative inhibitors of calcification should differ in 
their expression levels between B6 fetuin-A-deficient 
(B6 KO) and all other mouse groups as is indicated by 
a different color distribution. A large group of potential 
modulators of the calcification phenotype in D2 mice is 
shown by an aberrant expression profile in D2 fetuin-A-
deficient (D2 KO) mice.

The Lost Treasure – 
Gold Nanoparticles too small 
to see

Gold endocytosis can also be quantified by measuring the 
decreasing gold content in the supernatant using atomic ab-
sorption spectroscopy. This technique demonstrates sub-
stantial binding and endocytosis of the particles within half 
an hour and subsequent release, probably by necrotic cells 

from 3 hours onward (figure 10).
We study the cytotoxicity of gold nanoparticles (AuNP). 
Endocytosis is a prerequisite of cellular toxicity, but is not 
easily studied in ultrasmall AuNP, because they defy most 
routine analytical methods. We have previously shown that 
Au1.4MS (gold nanoparticles of 1.4 nm diameter) are cyto-
toxic. Here we studied cellular uptake and trajectories of 
these particles and of larger particles (15 nm) by transmis-
sion electron microscope (TEM), silver enhancement, cell 
fractionation combined with neutron activation analysis, 
and atomic absorption spectrometry (AAS) measurement 
of gold atom concentration in cell culture supernatant. 

Regular TEM employing contrast agents is well suited to de-
termine the uptake 
and intracellular lo-
calization of 15 nm 
AuNPs, but not of 
1.4 nm gold nanopar-
ticles (figure 11). To 
detect intracellular 
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Figure 9: Heatmap representation of selected candidate 
genes: Differences in the expression profile indicated by the 
color distribution reveal putative compensatory upregulated 
genes in B6 fetuin-A-deficient (B6 KO) or modulators of the 
calcification phenotype in D2 fetuin-A-deficient (D2 KO) 
mice.

Figure 10: Indirect quantification of gold nanoparticle up-
take by HeLa cells by measuring the remaining gold content 
in the supernatant.

Figure 11. A) Endocy-
tosis of Au15MS by 
HeLa cells is readily 
detected by routine 
TEM using conven-
tional contrasting 
technique. B) Ultras-
mall Nanoparticles 
of 1.4 nm diameter 
(Au1.4MS) remain 
invisible using this 
routine. To visualize 
these small particles 
inside cells non-con-
trasted sections (C) 
have to be viewed at 
high magnification 
(D) using a high-con-
trast camera.
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Au1.4MS we had to employ TEM without contrast enhance-
ment, rendering cellular organelles barely visible. Silver en-
hancement may be used to monitor the uptake of 15 nm 

gold nanoparticles using light microscopy (figure 12). 
Thus a combination of chemical analysis, special electron 
and light microscopy and cell biology enable the study of 
nanoparticles even though they may not be visualized using 
conventional techniques.
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Figure 12: Endocytosis of Au15MS by HeLa cells. A) un-
treated HeLa; B-D) HeLa cells incubated with Au15MS for 
1, 6, 12 hours respectively. Gold nanoparticles that are nor-
mally invisible in light microscopy can be visualized using 
silver enhancement as black precipitate inside the endo-
cytic compartment.
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