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1. INTRODUCTION 

 

1.1 Calcium homeostasis in the physiology and pathology 

 

 In the human body, calcium is the most prevalent metallic element. Hydroxyapatite 

(HAP) (Ca10[PO4]6[OH]2) of the collagenous matrices of bones and teeth accounts for 

approximately 98% of 1200 g of total body calcium. The remaining amount is dispersed  

throughout tissues and extracellular fluid, with plasma levels ranging from 8.5 to 10.5 mg/dL 

[1]. Of this amount, about half is physiologically active ionized calcium, and the remainder 

is represented by the protein-bound and complexed fractions [2]. Ionized calcium is essential 

for a variety of physiological processes, including signal transduction, muscle contraction, 

blood coagulation, and others [3-7]. The average requirement (AR) for calcium is 750 mg/day 

for adults, and the population reference intake (PRI) values range from 950 mg/day for adults 

to 1000 mg/day for young adults (18-24 years), as proposed by the European Food Safety 

Authority (EFSA) Panel on Dietic Products, Nutrition and Allergies [8]. Insufficient dietary 

calcium intake contributes to the development of rickets, a skeletal disorder characterized by 

decreased bone mass and resulting deformities and fractures [9]. 

Calcium metabolism is tightly regulated by a network of hormones and regulatory 

molecules. Calcium is absorbed in the mammalian small intestine via two main mechanisms: 

a transcellular active transport that occurs mostly in the duodenum and upper jejunum, and a 

paracellular, passive diffusion that occurs across the mucosal layer [10]. ATP-dependent 

calcium transport is regulated by the active form of vitamin D, 1,25-

dihydroxycholecalciferol, which is synthesized from a precursor molecule by enzymatic 

hydroxylation [11]. Vitamin D increases calcium diffusion primarily by inducing calbindins, 

a class of Ca2+-binding molecules mediating the intestinal absorption of calcium [12]. 

Expression of the specific 1α-hydroxylase is upregulated by parathyroid hormone (PTH) and 

calcitonin secreted by parafollicular cells of the thyroid gland and downregulated by bone-

derived fibroblast growth factor 23 (FGF23) [13-15]. PTH further increases the serum 

calcium concentration by promoting bone catabolism and renal calcium reabsorption [16, 

17]. Contrary to PTH, calcitonin inhibits bone degradation and moderately increases urinary 

calcium excretion [18, 19]. 
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Once evolved as a mechanism to protect the vulnerable bodies of primitive Cambrian-

era animals, biomineralization became the cornerstone of the skeletal systems of modern 

species [20]. The essence of the biomineralization process is the intake of a mineral from the 

external environment, followed by its redistribution and incorporation into body tissues. This 

is inevitably associated with the risk of local supersaturation of inorganic salts at critical 

points such as the vasculature or excretory system. As physiological mineralization in 

humans is restricted to bones and teeth, a number of systemic and tissue-resident inhibitors 

of calcification emerged in the course of evolution to prevent extraosseous precipitation of 

calcium salts in a process known as ectopic calcification [21, 22]. Deviations in either system, 

caused by genetic defects or external factors, lead to severe dysregulation of mineral 

metabolism [23-25]. However, ectopic calcification does not always pose a health risk and 

often arises as an organism's adaptive response that delineates a pathological process (Figure 

1). Such protective reactions can be exemplified by nodal calcifications in tuberculosis, 

plaque-stabilizing macrocalcifications in atherosclerosis, and more rare phenomena such as 

lithopedion formation in vestigial miscarriages. On the other hand, certain calcification 

patterns, such as pro-inflammatory microcalcifications of atherosclerotic plaques or medial 

artery calcification (MAC) accompanying CKD and diabetes, are thought to be detrimental 

as they aggravate the course of the underlying condition [26-28]. Micrometer-sized calcium 

deposits within atherosclerotic plaques are of particular clinical importance, as they 

destabilize the fibrous cap, leading to the formation of vulnerable plaques and consequent 

cardiovascular events such as the myocardial infarction and stroke [29, 30]. Vascular 

calcification (VC) is an ancient disease, as demonstrated by a radiological examination of a 

5300-year-old mummy preserved in permafrost [31]. Calcifying atherosclerosis is a common 

feature of uremic cardiovascular disease, and patients with advanced CKD, especially those 

on dialysis or refusing therapy, develop some of the most pronounced forms of ectopic 

calcifications [32, 33]. The high susceptibility of the cardiovascular system to calcification 

may be due to the fact that the vessel wall constitutes the primary interface between calcium-

rich blood and body tissues, rendering the vasculature one of the most calcification-prone 

structures after the skeletal matrix [34]. 

Recent research suggests that VC may develop from dystrophic deposition of calcium 

salts onto dead or dying cells and remnants to a cell-autonomous process driving heterotopic 

ossification (HO), similar to bone formation [35-37]. While HO is associated with several 

late-stage degenerative pathologies including peripheral arterial disease or severe trauma, 
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most soft tissue calcifications nevertheless develop in the absence of osteogenic 

differentiation, as demonstrated in one of the most affected genetic models of ectopic 

calcification – the fetuin-A deficient DBA/2 mouse strain [23, 38]. Overall, the much-debated 

theory of vascular ossification needs to be reconsidered in the light of current views on the 

pathogenesis of ectopic calcification. 

 

 

Figure 1. Common sites of ectopic calcification. Being in direct contact with calcium-rich blood, the 

cardiovascular system is often affected by the pathological mineral deposition. Inflammatory diseases 

of joints and chronic lung infections such as tuberculosis render target organs vulnerable to soft tissue 

calcification. Nephrocalcinosis is associated with hyperparathyroidism and chronic vitamin D 

intoxication. 

 

Figure 2. Common sites of ectopic calcification. Being in direct contact with calcium-rich blood, the 

cardiovascular system is often affected by the pathological mineral deposition. Inflammatory diseases 

of joints and chronic lung infections such as tuberculosis render target organs vulnerable to soft tissue 

calcification. Nephrocalcinosis is associated with hyperparathyroidism and chronic vitamin D 

intoxication. 

 

Common sites of ectopic calcification. Being in direct contact with calcium-rich blood, the 

cardiovascular system is often affected by the pathological mineral deposition. Inflammatory diseases 

of joints and chronic lung infections such as tuberculosis render target organs vulnerable to soft tissue 

calcification. Nephrocalcinosis is associated with hyperparathyroidism and chronic vitamin D 

intoxication. 

 

Figure 3. Common sites of ectopic calcification. Being in direct contact with calcium-rich blood, the 

cardiovascular system is often affected by the pathological mineral deposition. Inflammatory diseases 

of joints and chronic lung infections such as tuberculosis render target organs vulnerable to soft tissue 
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1.2 Diagnostic approaches to ectopic calcification 

 

A multitude of various methods for diagnosing ectopic calcifications have emerged 

over the past few decades. Histopathological assessment of mineralization relies on the use 

of different staining methods aimed to highlight the calcified matter in a specimen. Numerous 

stains were tested for their ability to detect calcium phosphate deposits, and many were found 

to be unspecific and, therefore, inapplicable [39]. For instance, one of the oldest staining 

techniques for calcium described by von Kossa in 1901, did not prove to be a specific test 

for calcium or phosphate but stained a variety of salts such as carbonates and phosphates of 

calcium, strontium, barium, iron, and copper as well as calcium oxalate and oleate [40]. 

Nevertheless, this method remains widely used for histological detection of VC [41]. Another 

decades-old method for identifying calcium deposits in tissues is based on the madder plant 

pigment alizarin [39]. While believed to be effective for localizing calcium-rich minerals at 

a certain pH, this dye is not well suited for the detection of microcalcifications and also binds 

cations other than calcium [42]. Application of a polyanionic fluorescein derivative calcein 

and a fluorescent bisphosphonate probe OsteoSense™ represents a relatively new 

fluorescence-based approach that enables live imaging of mineralization [43, 44], although 

the development of toxic effects related to the chemical nature of the compounds cannot be 

excluded [45, 46]. The major drawback of most histological methods is the processing of 

samples using harsh reagents and fixatives, which virtually eliminates the possibility of in 

vivo detection of calcification. A significant step in intravital imaging of microcalcifications 

was the development of serum protein fetuin-A-based fluorescent probes that provide a good 

safety profile and high detection sensitivity [38, 47]. 

Clinical evaluation of ectopic calcification mostly relies on radiological techniques 

[32]. Coronary artery calcium (CAC) score measured using electron beam tomography 

(EBT) or more modern multidetector computed tomography (MDCT) is a guideline-endorsed 

tool for assessing risk for major cardiovascular outcomes in patients with atherosclerotic 

cardiovascular disease [48]. Screening results are normally expressed as a single number 

produced by an algorithm, with the one proposed by Agatston et al. considered to be the 

international standard [49]. Such data processing imposes certain limitations on the 

sensitivity of the method, for instance, by setting the size threshold for individual calcified 

lesions above 1 mm2 [50]. Thus, proinflammatory pathological microcalcifications are 

automatically excluded from the analysis. However, it is worth noting that CAC is used to 
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evaluate the extent of atherosclerosis and does not address ectopic calcification per se, which 

partially justifies the limitations of this approach. Multislice spiral CT represents an accurate 

method for the assessment of VC, including that affecting peripheral arteries, although it is 

associated with significant radiation exposure and is not used in routine clinical practice [51]. 

A plain X-ray is superior to a CT scan in terms of radiation dose per examination, but loses 

much in image resolution and therefore is of no interest as a means for evaluating small 

calcifications. Breast calcification imaging is another widely used, cost-effective, and fast 

radiographic method for the identification of pathological mineral deposits [52]. The 

diagnostic value of this approach arises from the possibility of detecting certain calcification 

patterns consistent with malignancy. Again, in this case, calcium deposits serve as a marker 

for the underlying disease. 

Alternative common non-invasive imaging modalities for detecting ectopic 

calcifications are magnetic resonance imaging (MRI) and transcutaneous sonography. As the 

calcific lesions are diamagnetic, standard MRI modalities are insensitive to ectopic 

calcification. To enhance the imaging capacity of this method, special high-field sequences 

are used [53]. However, the low temporal resolution inherent in MRI results in artifacts 

caused by cardiac contractions and respiration [54]. High-frequency transcutaneous 

ultrasonography is used to detect superficial ectopic microcalcifications, while lower 

frequencies allow deeper tissue penetration but provide poor resolution [55, 56]. On the other 

hand, intravascular ultrasound (IVUS) can be used to directly image the vessel wall, enabling 

the identification of hyperechoic calcific plaques [54]. Low axial resolution due to the 

physical properties of calcified matter is a common limitation of both transcutaneous and 

intravascular sonography [57]. Optical coherence tomography (OCT) is a method that utilizes 

the principle of low-coherence interferometry for cross-sectional tissue imaging [58]. 

Invasive OCT was reported to be an effective tool for assessing atherosclerotic calcification 

that surpasses IVUS in terms of tissue penetration [59]. However, differentiating between 

lipid and calcified plaques remains challenging when using this imaging modality [54]. 

Integrated positron emission tomography and X-ray computed tomography (PET/CT) 

imaging using 18F-NaF tracer is a highly sensitive method for detecting calcified 

atherosclerotic plaques that allows distinguishing between macro- and microcalcifications 

[60, 61]. Accumulation of the radiotracer indicates an active calcification process, whereas 

heavily calcified stable plaques show low uptake [62]. NaF PET/CT-derived values were 

reported to be more sensitive and have more prognostic value than traditional tools such as 
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the Framingham risk score [63]. Importantly, the application of the method is not restricted 

to assessing cardiovascular calcification as it can be used for detecting bone metastases or 

areas of ectopic bone formation in pseudoxanthoma elasticum [64-66]. Drawbacks of the 

technique include radiation exposure and modest spatial resolution of PET scans. 

Several candidate biomarkers of VC have been identified, but none of them possesses 

enough specificity to allow an unambiguous diagnosis of the disease [67]. However, the study 

of specific molecules involved in the pathogenesis of ectopic calcification may shed light on 

the molecular pathways orchestrating VC and potentially lead to the discovery of novel 

therapeutic options. 

To summarize, current imaging approaches lack sensitivity toward 

microcalcifications reflecting the early stages of a pathological process [41]. More research 

is required to generate sensitive probes suitable for in vivo imaging of VC. 

 

1.3 Therapeutic approaches to ectopic calcification 

 

Despite the known causative relationship between atherosclerotic calcification and 

cardiovascular complications, virtually no conservative treatment options for vascular 

calcification in the context of atherosclerosis are discussed in current clinical guidelines. 

However, recent advances in calcification pathophysiology have enabled the identification 

of several promising pharmacological approaches aimed to reduce the ectopic calcification 

burden. Reagents regulating the chemical milieu, which determines calcification propensity, 

have in fact been most successful in reducing calcification.  

CKD-associated hyperphosphatemia is a major risk factor for VC [68]. Several 

groups of phosphate binders were developed to address this issue. Calcium-containing 

phosphate binders such as calcium carbonate are the most commonly prescribed drugs in this 

class. At first glance, calcium-based binders appear to be a good choice because they not only 

reduce phosphate levels but also correct hypocalcemia, which develops due to diminished 

renal production of 1,25-dihydroxycholecalciferol in CKD patients. However, there is a risk 

of hypercalcemia and accelerated vascular calcification upon administration of such drugs, 

especially when used in combination with vitamin D [69-71]. This risk has been reduced with 

the advent of Mg2+-based phosphate binders [72]. Aluminium hydroxide is a highly effective 

phosphate binder. Although this drug does not disturb the calcium balance, recent KDIGO 

clinical practice guideline recommends avoiding the long-term use of aluminum-containing 
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phosphate binders to prevent aluminum intoxication [73]. Finally, some newer drugs, such 

as the polymer sevelamer and lanthanum carbonate, have been reported to attenuate HC and 

improve outcomes in patients with CKD [70, 74], while causing less pronounced side effects 

than traditionally used medications. 

Unlike metastatic calcification, which is partly reversible [33], most progressed soft 

tissue calcifications are not. Atherosclerosis and diabetes associated peripheral arterial 

disease historically progressed until limb amputations became inevitable [75]. Meanwhile 

atherosclerosis prevention and treatment have undoubtedly much improved [76], but 

advanced stage extracranial and intracranial carotid disease, as well as coronary disease still 

ultimately require surgical intervention or stenting to remove live-threatening occlusive 

lesions in vessels or valves [77]. Chelation therapy is a conservative approach to treat 

peripheral arterial occlusive disease and arterial stiffness [78, 79]  

Chelation therapy aims at reducing soft tissue calcifications with chelating agents 

ethylenediaminetetraacetic acid (EDTA) or diethylenetriamine-pentaacetic acid (DTPA). 

These compounds were reported to remove calcium from the calcified human aorta [80]. 

Although intravenous administration of EDTA can cause kidney damage and bone loss [81, 

82], the generation of a slow-release drug product based on nanoparticle-EDTA conjugates 

was shown to retain calcium-chelating properties without triggering systemic side effects 

[83]. Furthermore, EDTA-loaded nanoparticles were reported to reverse arterial calcification 

in an animal model [84]. Although EDTA-based chelation therapy has been used for decades, 

there is still no agreement on its effectiveness in treating cardiovascular disease [85-87].  

Research on the calcium receptor (CaR) function paved the way for the development 

of new drugs that correct elevated serum calcium levels. The CaR is expressed mainly in 

organs that regulate calcium metabolism and also in the vasculature, where its loss of function 

was reported to promote calcification [88]. In parathyroid cells, CaR activation results in the 

inhibition of PTH secretion, while in the thyroid C cells it increases calcitonin production, 

cumulatively leading to a decrease in serum calcium concentration. Positive allosteric CaR 

modulators named calcimimetics were designed to interact with the receptor either by 

mimicking the action of extracellular calcium or by increasing the sensitivity of CaR toward 

calcium ions [89]. Although such compounds were shown to inhibit the progression of 

vascular calcification [90], it remains unclear whether calcimimetics are a better alternative 

to the standard of care. 
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Magnesium, a biologically active bivalent ion present in all body fluids, was shown 

to inhibit the initial stages of VSMC calcification in vitro [91] and in animal trials [23]. 

Several mechanisms explaining the protective role of magnesium were discussed. First, the 

administration of Mg2+-based phosphate binders was shown to decrease serum phosphate 

levels by disrupting the intestinal phosphorus absorption while assuring a better safety profile 

than other metal salt-based absorption inhibitors [92]. Another pathway underlying Mg2+-

mediated calcification inhibition is its direct interaction with amorphous calcium phosphate 

(ACP), resulting in decreased conversion of ACP towards hydroxyapatite [93], which is the 

main crystalline structure of a calcified matter. This was further supported by the observation 

that magnesium-enriched serum had lower calcification propensity, measured by changes in 

the maturation rate of primary calciprotein particles, colloidal nanoparticles formed in serum 

upon supersaturation with calcium and phosphate [94]. In the clinical setting, oral magnesium 

oxide administration was reported to slow down carotid artery calcification progression 

compared to oral carbon adsorbent [95]. However, due caution should be taken when 

prescribing magnesium salts as they are effective osmotic laxatives that can potentially cause 

electrolyte imbalance [96]. All calcification treatment options relying on Mg2+-based 

substances are predominantly of physicochemical nature, and therefore a continuous intake 

of a drug is required to maintain a beneficial effect. Further attempts to develop a safe HAP 

crystals growth inhibitor resulted in the production of SNF472, a fully phosphorylated myo-

inositol that was shown to effectively bind HAP crystals [97]. Administration of SNF472 

was reported to attenuate cardiovascular calcification in a phase 2b trial. However, more data 

is required to estimate its effects on cardiovascular events [98]. 

Bisphosphonates, or pyrophosphates, are commonly prescribed antiresorptive drugs 

that affect osteoclast resorptive function [99]. Some authors reported the application of 

bisphosphonates for the treatment of soft tissue calcification, including VC in pre- and 

dialysis CKD patients [100-102]. This approach largely relies on maintaining hypocalcemia 

upon reduced bone degradation. However, the insufficient safety profile and severe side 

effects such as osteomalacia often lead to discontinuation of bisphosphonates [103]. Overall, 

bisphosphonates can be considered a more aggressive intervention aimed at alleviating 

vascular calcium burden in dialysis patients.  

Bone morphogenetic protein antagonists inhibiting the widely proposed osteogenic 

origin of vascular calcification largely failed to inhibit vascular calcification. This casts 

serious doubt on the hypothesis that calcification is caused by osteogenic differentiation of 
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vascular cells. The induction of Runx2 transcription factor, long believed to be bone-specific, 

was recently shown to be part of a DNA damage response triggered by cellular damage [104], 

which further detracts from the osteogenic origin of calcification and returns to the front 

aging, cell damage and death and the ensuing dystrophic calcification of cell debris [105]. 

Another promising approach to the management of vascular calcification alludes the 

induction of naturally occurring calcification inhibitors. Matrix Gla protein (MGP) is an 

active tissue-bound calcification inhibitor that depends on vitamin K-mediated carboxylation 

to exert its function [25, 106, 107]. Notably, vitamin K antagonists such as warfarin are 

widely prescribed due to their potent anticoagulant action, with a common side effect being 

vascular calcification as a result of compromised MGP activity [108-110], and dietary 

vitamin K was shown to counteract the progression of calcification [107]. Being a natural 

nutritional compound, vitamin K displays a good safety profile, and its intake can be 

effortlessly adjusted. Combined with the absence of pronounced side effects, this ensures 

high compliance in patients receiving vitamin K supplementation. Patients with advanced 

CKD, who are already at high risk for vascular calcification, follow dietary restrictions that 

unintentionally reduce vitamin K intake, causing vitamin K deficiency and associated 

unfavorable effects [111-113]; therefore, vitamin K should be considered as a prophylactic 

of ectopic calcification in this group of patients. 

Direct inhibition of osteoclast maturation represents another strategy for reducing 

serum calcium levels. Anti-osteoporotic monoclonal antibody denosumab targeting the 

nuclear factor κB ligand (RANKL), the key driver of osteoclastogenesis, was shown to 

reverse aortic arch calcification in CKD patients [114]. However, other groups reported no 

direct evidence of denosumab-related effects on VC progression [115-117]. It is uncertain 

whether this was related to insufficient treatment duration, given the effect of denosumab on 

VC was shown to be evident 30 months following therapy initiation [114].  

Enhancing osteoclastic activity strictly at calcified lesions should theoretically reduce 

calcification without unduly increasing serum calcium. Thus, local stimulation of osteoclasts 

was studied here as a novel cellular calcification therapy addressing the lack of effective 

pharmacological methods for the treatment of ectopic calcification. 
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1.4 Bone resorption 

 

 Bone-producing osteoblasts and bone-degrading osteoclasts represent the cell forces 

that interact intimately to maintain bone mass [118, 119]. The osteoclast is a giant 

multinucleated cell of a monocyte/macrophage lineage that exerts the unique function of 

breaking down biological hydroxyapatite in a process known as bone resorption. Osteoclasts 

act by attaching to the bone matrix and creating an acidic resorptive microenvironment upon 

recognizing the specific Arg-Gly-Asp integrin-binding motifs of bone proteins [120, 121]. A 

circumferential actin-rich sealing zone, the marker of ongoing bone resorption, is formed due 

to various cytoskeleton rearrangements that the resorbing cell goes through to create an 

isolated microenvironment [122, 123]. The portion of the plasma membrane directly opposed 

to the bone surface extends into a highly convoluted ruffled border that serves to deliver 

acidified vesicles, the product of vacuolar proton pumps, and cathepsin K, a protease [124, 

125]. Thus, after hydroxyapatite mobilization, the enzyme degrades the matrix proteins 

constituting the organic component of bone. The resorption products are then endocytosed 

by the osteoclast and released into the extracellular environment through the functional 

secretory domain [126].  

Osteoclast activity is precisely regulated in order to prevent uncontrolled bone 

resorption. Several hormones and cytokines orchestrate the differentiation and activation of 

osteoclasts. Two molecules, macrophage colony-stimulating factor (M-CSF), produced by 

stromal cells, and RANKL, a cytokine primarily expressed by osteoblasts, were shown to be 

critically important for osteoclastogenesis [127, 128]. M-CSF binds to the colony-stimulating 

factor-1 receptor (CSF-1R) exposed on the membranes of mononuclear osteoclast precursors 

and renders them sensitive toward stimulation with RANKL by inducing the expression of 

receptor activator of NF-κB (RANK), the tumor necrosis factor superfamily receptor 

(TNFSFR) 11A [129]. In turn, RANK-RANKL binding launches downstream signaling 

pathways resulting in the metabolic reprogramming and induction of the nuclear factor of 

activated T cells c1 (NFATc1), a major regulator of the osteoclast differentiation program 

[130]. RANKL is initially expressed as a type II transmembrane protein that is susceptible to 

cleavage by certain shedding enzymes [131, 132]. The product of this reaction, termed 

soluble RANKL (sRANKL), possesses full biological activity [133]. Similar to other 

members of TNF family cytokines, sRANKL forms a homotrimer with each monomer 
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recognizing a single RANK molecule [134, 135]. Figure 2 illustrates a schematic 

representation of the bone resorption process.  

The activating effect of the RANK-RANKL interaction is effectively 

counterbalanced by osteoblast-derived osteoprotegerin (OPG), a soluble decoy receptor for 

RANKL [136]. Thus, the RANKL/RANK/OPG axis constitutes the major effector system 

that governs osteoclastogenesis. Upstream signaling involves calcium-regulating hormones 

that either directly affect osteoclasts through specific receptors, as in the case of osteoclast-

inhibiting calcitonin, or modulate the expression of RANKL/RANK/OPG as exemplified by 

the pro-resorptive action of PTH [137, 138]. The impact of vitamin D on bone resorption is 

controversial, as the vitamin was shown to have completely opposite effects on osteoclast 

function when tested in vivo and in vitro [139]. 

The osteoclast, being the sole cell type capable of breaking down otherwise insoluble 

hydroxyapatite, identical to that constituting ectopic calcifications, is thus a promising 

pharmacological target for the treatment of vascular calcification. 

  

Figure 13. Bone resorption by osteoclasts. Mononuclear cells are rendered sensitive toward RANKL 

upon stimulation with M-CSF. RANKL produced by bone cells binds to RANK on the surface of 

precursor cells and thus triggers their metabolic reprogramming and differentiation to mature 

multinucleated osteoclasts capable of resorbing bone. 
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1.5 Fetuin-A, a systemic inhibitor of calcification 

 

 Fetuin-A, also referred to as 𝛼2-Heremans-Schmid glycoprotein, is a liver-derived 

mineral chaperone that effectively prevents the spontaneous precipitation of calcium salts in 

soft tissues [140]. The 55-kDa protein consists of two cystatin-like domains, CY1 and CY2, 

and a C-terminal region (CTR). The monomeric form of the protein binds nascent clusters of 

calcium and phosphate, resulting in the formation of calciprotein monomers (CPM) that 

further consolidate into larger and more crystalline mineral-protein complexes termed 

calciprotein particles (CPP). DBA/2 mice lacking the functional fetuin-A gene develop 

severe soft-tissue mineralization associated with multiple organ dysfunction and increased 

mortality [141]. The potent inhibitory effect of fetuin-A on ectopic calcification is explained 

by its structural features. Extended beta-sheet of the domain CY1 of fetuin-A bears a negative 

charge due to the high content of aspartic acid (Asp) and glutamic acid (Glu) residues and 

therefore shows high affinity for positively charged calcium-phosphate mineral precursors 

[142]. Furthermore, the CTR consists of a flexible, intrinsically disordered amino acid 

sequence, which is believed to be an important structural characteristic of mineral-binding 

proteins [143-145]. The CTR also contains several phosphorylation sites, a feature long 

considered important for proteins involved in calcium binding [146]. Fetuin-A, chemically 

labeled with fluorescent tags, was shown to effectively detect early-stage microcalcifications 

ex vivo and in vivo [38, 47]. A bioengineering approach can further expand the theranostic 

potential of fetuin-A. For instance, the incorporation of a polyhistidine tag into the original 

amino acid sequence to aid protein purification concomitantly creates a structural 

prerequisite for site-specific radiolabeling, which, in turn, enables in vivo imaging of 

calcification using emission tomography techniques. 

Taken together, the unique property of fetuin-A to preferentially bind to freshly 

formed mineral can be utilized to generate novel molecular agents that address imaging and 

treatment of ectopic calcification. 

 

1.6 Alternative molecules with theranostic potential in ectopic calcification 

 

 Although significant progress has been made in understanding calcium biology, there 

are still large gaps in knowledge regarding the specific molecular mechanisms involved in 

calcium binding and mobilization. Proteins involved in mineral binding and stabilization 
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have collectively been addressed as mineral chaperones [147], a concept well known in milk 

components [148], which was recently extended to cell and tissue chaperoning [145]. I 

selected several mineral chaperones active in calcium-rich tissues and body fluids for 

screening as candidate agents for imaging and therapy of ectopic calcification. 

 Albumin is the most abundant serum protein that acts as a key modulator of plasma 

oncotic pressure and one of the main transport proteins. It is known for its ability to 

sequestrate calcium in a pH-dependent manner, with the ion binding being controlled by the 

pK of imidazole and amino groups [149]. However, it is unclear whether albumin binds to 

mature calcium deposits. Binding to established hydroxyapatite crystals is generally believed 

to be dependent upon the protein’s ability to assume multiple conformational states, a feature 

common to many intrinsically disordered proteins such as osteopontin (OPN). Osteopontin, 

also known as bone sialoprotein I, is a highly phosphorylated multifunctional glycoprotein 

found in mineralized tissues and ectopic calcifications. Apart from its involvement in 

inflammation pathways, cell survival, and wound healing, this protein is considered a 

modulator of hydroxyapatite formation [150, 151]. Therefore, it is of particular interest 

whether labeled OPN can be used to detect calcified lesions. 

Like blood, milk is a physiological fluid rich in calcium. As milk is the primary source 

of nutrition for mammalian young, it is naturally formulated to contain all macro- and 

micronutrients required for the development of the neonate. Certain molecular mechanisms 

have emerged to stabilize the complex mixture of proteins, carbohydrates, fats, and 

microelements. To avoid the precipitation of excess calcium phosphate, mammals secrete a 

group of milk phosphoproteins termed caseins that can bind and thereby solubilize calcium 

salts [152]. The milk fat globule membrane (MFGM) is a complex tri-layer membrane that 

stabilizes fat globules emulsified in the aqueous phase of milk [153]. Although this structure 

was described decades ago, the full range of its functions has yet to be revealed. The MFGM 

contains numerous bioactive components, including glycosylated proteins, which justifies a 

more detailed study of the structure for its potential calcium-binding properties.  

Casein, the major micelle forming carrier protein in milk, may be considered the most 

potent mineral chaperone of all [154]. As casein has its function outside the blood in milk, it 

was not considered here. Nevertheless, important lessons regarding mineral stabilization and 

macromolecular assembly of supramolecular complexes can be gleaned from casein [155]. 
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2. AIM AND OBJECTIVES 
 

Certain patterns of ectopic calcification, including microcalcification of 

atherosclerotic plaques, pose serious health risks. Most current imaging approaches lack 

sensitivity toward nascent mineral deposits reflecting early stages of ectopic calcification, 

and those capable of resolving micrometer-sized lesions are costly and labor-intensive, which 

limits their use in clinical practice. Moreover, there are no effective conservative methods 

for the treatment of soft tissue calcification to date. Thus, there is an urgent need to 

fundamentally reconsider the management of ectopic calcifications. 

An ideal diagnostic and therapeutic tool should be non-toxic, sensitive toward 

microcalcifications and capable of reversing ectopic calcification by clearing the established 

mineral deposits. I hypothesized that an intrinsically fluorescent protein probe targeting 

nascent mineral deposits would provide new prospects in intravital and reporter-based 

imaging of both physiological and pathological calcification. I further conjectured that 

natural bone-resorbing osteoclasts may be used in the management of ectopic calcification if 

their directed activation at the sites of pathological mineral deposition can be achieved, 

considering the significant similarity of the pathways involved in the processes of 

physiological bone mineralization and pathological calcification of soft tissues. Figure 3 

shows a cartoon demonstrating the theranostic potential of fetuin-A-based fusion proteins in 

vascular calcification. 

To address the study’s objectives, I attempted to design and produce a set of fusion 

proteins with the desired parameters. Fetuin-A, a plasma-derived calcium phosphate-binding 

glycoprotein, was the main structural unit of all fusion proteins due to its unique ability to 

target the freshly formed mineral. To generate imaging probes, the fetuin-A molecule was 

intended to be coupled to either a green or red fluorescent protein variant with a flexible 

linker, and to produce a targetable osteoclast activator, the mineral chaperone was meant to 

be fused to the extracellular domain of the osteoclast-inducing cytokine RANKL. Further 

objectives included the amplification of plasmid DNAs in E. coli cultures and their 

introduction into suspension-adapted Chinese hamster ovary (CHO) cells by lipofection. 

Finally, the expressed fusion proteins were intended to be evaluated in a series of 

experiments. 
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Figure 3. Application of the fetuin-A-based fusion proteins in vascular calcification. 

Microcalcifications occurring in an atherosclerotic plaque are targeted by fetuin-A coupled to a 

fluorescent protein (fetuin-A-FP) or the osteoclastogenic cytokine RANKL (fetuin-A-RANKL). 

Fetuin-A-FP decorates nascent calcifications enabling their detection. Fetuin-A-RANKL also binds 

microcalcifications yet triggers local differentiation of myeloid cells toward osteoclasts capable of 

dissolving the calcified matter. 
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3. MATERIALS AND METHODS 

 

3.1 Cell cultures 

 

All human cells were isolated in accordance with local, state, and federal laws and 

regulations. Human tissue banking was approved by ethical review boards for research and 

diagnostic procedures at UKA (EK 300/13) or MUMC. Collection, storage, and use of tissue 

and patient data were performed in agreement with the Dutch Code for Proper Secondary 

Use of Human Tissue (https://www.federa.org/codes-conduct accessed on July 30, 2021). 

All parts of this study complied with the Declaration of Helsinki. 

 

3.1.1 ExpiCHO-S cells 

 

The ExpiCHO-S™ cell line represents a subclone of the suspension-adapted CHO-S 

cell line [156] optimized for a high-yield protein production that is supplied as a part of the 

ExpiCHO™ Expression System Kit (Life Technologies Corporation, Carlsbad, USA, Cat. # 

A29133). Following thawing, the cells were maintained in ExpiCHO™ Expression Medium 

in a humidified atmosphere of 8% CO2 at 37 °C upon constant agitation. Subculturing was 

performed when the cell density was reaching 5 × 106 viable cells/ml, typically every 3 days. 

The seeding density was 0.2 × 106 viable cells/ml. Cells were counted using FastRead 102 

disposable cell counting slides (3H Biomedical AB, Uppsala, Sweden, Cat. # 3HBVS100), 

and the cell viability was estimated by trypan blue exclusion assay. 

 

3.1.2 Mesenchymal stromal cells 

 

Primary human mesenchymal stromal cells (MSC) were obtained with written 

consent from patients undergoing total hip arthroplasty in the Clinic of Orthopedics, Trauma 

and Reconstructive Surgery of University Hospital Aachen. MSC harvesting was performed 

according to the published protocols [157, 158]. Following isolation, MSC were maintained 

in Mesenpan medium containing 2% fetal bovine serum (FBS), 1% ITS-plus (insulin, 

transferrin, selenic and linoleic acids, bovine serum albumin), 1 nM dexamethasone (DEX), 

100 µM L-ascorbic-acid-2-phosphate (LAA2P), 10 ng/ml epidermal growth factor (all from 
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Pan-Biotech, Germany), 80 U/ml penicillin, 80 µg/ml streptomycin, and 1.6 mM L-

glutamine (all from Gibco, Germany). The culture medium was exchanged every 3-4 days. 

Following expansion and characterization by flow cytometry, the cells were seeded on 8-

well Ibidi µslides (Ibidi GmbH, Germany) at a density of 1x104 cells/cm2 and cultured for 72 

h in low-glucose Dulbecco’s Modified Eagle’s Medium (DMEM, glucose content 1 g/L) 

(Thermo Scientific, Germany) supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 2 mM L-glutamine.  

 

3.1.3 Immortalized vascular smooth muscle cells 

 

Immortalized vascular smooth muscle cells (iVSMC) were derived from primary 

commercial cell lines. iVSMC were immortalized by transduction using the SV40LT and 

HTERT systems. Clone IM1 was isolated and maintained at 37 °C and 5% CO2 in a M199 

medium (Thermo Scientific), 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 

mM L-glutamine. Prior to experiments, iVSMC were seeded on 8-well Ibidi µslides (Ibidi 

GmbH, Gräfelfing, Germany, Cat. # 80826) at a density of 2x104 cells/cm2 and left to attach 

for 24 hours. 

 

3.1.4 Primary human vascular smooth muscle cells 

 

Primary human vascular smooth muscle cells (VSMC) were isolated from healthy 

aortic tissue biopsies at Maastricht University Medical Center [47]. VSMC were cultured in 

DMEM supplemented with 20% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 

mM L-glutamine at 37 °C and 5% CO2. For calcification experiments, the cells between 

passages 5 and 9 were seeded into a 48-well plate at a density of 1x104 cells/cm2. 

 

3.1.5 Human atherosclerotic cells 

 

 Human atherosclerotic smooth muscle cells HASMC66 were cultured in a M199 

medium (Thermo Scientific) supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml 

streptomycin, and 2 mM L-glutamine. The cells were maintained at 37 °C and 5% CO2. Prior 

to experiments, iVSMC were seeded on 8-well Ibidi µslides (Ibidi GmbH, Gräfelfing, 

Germany, Cat. # 80826) at a density of 1.5x104 cells/cm2. 
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3.1.6 Human embryonic kidney cells 

 

 Human embryonic kidney 293 cells (HEK293) (CRL-1573, ATCC, Manassas, USA) 

were cultured in DMEM containing 100 U/ml penicillin, 100 µg/ml streptomycin, and 2 mM 

L-glutamine at 37 °C in a humidified atmosphere of 5% CO2. The cells were maintained in 

base medium for three passages prior to transfection and induction of calcification. 

 

3.1.7 RAW 264.7 cells 

 

 The murine macrophage/monocyte-like Abelson leukemia virus-transformed cell line 

RAW 264.7 was obtained from ATCC. Unlike other osteoclast precursor cells, RAW 264.7 

monocytes readily differentiate to osteoclasts upon stimulation with RANKL regardless of 

added M-CSF. Following thawing, the cells were cultured in antibiotic-free DMEM 

supplemented with 10% FBS. Cell splitting was performed every 3-4 days by scraping off 

the adherent culture using a cell scraper. 

 

3.2 Animal experiments 

 

 All experiments involving animals were conducted in agreement with the 

recommendations of the Federation for Laboratory Animal Science Associations FELASA 

and were approved by the animal welfare committee of the Landesamt für Natur-, Umwelt- 

und Verbraucherschutz (LANUV) of the state of North Rhine-Westphalia. All mice were 

maintained on a 12:12 light-dark cycle. Animals received food and water ad libitum. Tissue 

samples were taken from 24-25 week old DBA/2-Ahsg-/- mice. Animals were euthanized by 

an overdose of isoflurane and exsanguinated prior to organ harvesting. 

  

3.3. Production of proteins 

 

Bioengineering of chimeric proteins is a complex task that requires careful analysis 

of the amino acid sequences of the proteins selected for fusion. Furthermore, the secondary 

and tertiary structures of the proteins should be taken into account, as combining proteins 

may result in impaired folding or the inability of the protein to be secreted. The intended 

application of the protein, as well as the preferred expression system and purification method, 
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should also be considered during the protein design. Finally, the development of appropriate 

assays is often required in order to evaluate the function of the engineered proteins. 

 

3.3.1 Protein design 

 

Fusion fluorescent proteins consisted of the N-terminal full-size murine fetuin-A 

(mFA, accession number P29699 of UniProtKB) with its native signal peptide coupled to 

either a green or red fluorescent protein variant, mEmerald (fluorescent protein database ID 

AD4BK) or mRuby3 (fluorescent protein database ID MZMFB), with a flexible (GGGGS)3 

linker. Additionally, the C-terminal mRuby3 was coupled to a hydroxyapatite-binding 

protein bovine osteopontin (bOPN, accession number P31096 of UniProtKB). To facilitate 

protein purification using immobilized metal affinity chromatography (IMAC), a C-terminal 

polyhistidine tag (6xHis) preceded by a factor Xa preferred cleavage site (IEGR) was 

included in all sequences. Figure 4A contains data on the fetuin-A-based fluorescent fusion 

protein sequences and their 3D structures generated using the neural-network-based 

algorithm for protein structure prediction AlphaFold [159]. 

Three variants of the fetuin-A-RANKL fusion protein were designed. All three 

proteins had the same signal peptide of mFA, flexible (GGSG)5 linker connecting the N-

terminal fetuin-A and C-terminal RANKL subunits, and a C-terminal factor Xa cleavage site 

followed by a 6xHis purification tag. mFA-sRANKL contained the full-size mFA coupled to 

sRANKL (amino acid residues 162-316, accession number O35235 of UniProtKB), mFA-

scRANKL comprised the full-size mFA coupled to a single-chain RANKL (three sRANKL 

sequences connected with a (GGSG)3 linker [135]), and CY1_mFA-sRANKL consisted of 

domain CY1 of mFA (C32S) fused to sRANKL. Point mutation C32S was introduced to 

eliminate the unpaired cysteine of the mFA domain CY1. Figure 4B shows amino acid 

sequences and ribbon diagrams of the fetuin-A-RANKL variants. 

 

3.3.2 Plasmid vector design 

 

Vectors encoding the fusion proteins were designed using GeneArt Gene Synthesis 

Portal. The Kozak consensus sequence and the HindIII restriction site were introduced 5’-

terminally in each case, followed by the codon optimization to enhance protein expression 
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Figure 4. AlphaFold-generated 3D models of fusion proteins and corresponding amino acid 

sequences. The rainbow depiction mode (blue-to-red) of ribbon diagrams indicates the N- to C-

terminal arrangement of amino acid residues. (A) Structures and peptide chains of fluorescent 

fusion proteins mFA-mEmerald and mFA-mRuby3. (B) Structures and peptide chains of fetuin-

A-RANKL fusion proteins mFA-sRANKL, mFA-scRANKL and CY1_mFA-sRANKL. 
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in the target cell line ExpiCHO-S™ (Cricetulus griseus). The constructs were cloned into the 

pcDNA™ 3.4 TOPO mammalian expression vectors by Life Technologies GmbH 

(Darmstadt, Germany). 

 

3.3.3 Plasmid preparation 

 

Eukaryotic cell transfection relies crucially on the quality and amount of the genetic 

material intended to be introduced into host cells. In order to obtain the transfection-grade 

plasmid DNA, small amounts of plasmids were propagated in a chemically competent 

endonuclease I-deficient NEB Turbo E. coli strain. Purification of the amplified plasmids 

was carried out using the PureYield™ Plasmid Midiprep System (Promega, Madison, USA) 

according to instructions of the manufacturer. The purified plasmid DNA concentration was 

measured at 260 nm using NanoDrop 1000 Spectrophotometer (Thermo Scientific, Waltham, 

USA) and its purity was assessed by the A260/A280 ratio. Plasmid DNA was snap-frozen in 

liquid nitrogen and stored at -20°C until required for further experiments.  

 

3.3.4 Protein expression 

 

The biological activity of many proteins depends on post-translational modifications 

(PTMs). Murine fetuin-A is known to undergo several PTMs, including N-linked 

glycosylation and phosphorylation, and the latter was shown to be associated with the 

formation of mineral complexes, the major function of fetuin-A [160]. Mammalian 

expression platforms are believed to possess the necessary molecular machinery to provide 

a broad spectrum of PTMs that ensure structural and functional similarity of the expressed 

proteins to their natural counterparts [161]. For the recombinant fusion protein expression, a 

commercially available eukaryotic ExpiCHO-S™ cell line (Section 3.1.1) was selected as a 

suitable expression system.  

The transfection-grade plasmid DNA was introduced into the CHO cells by 

lipofection using the ExpiFectamine™ transfection reagent. On the next day, ExpiCHO™ 

Feed and ExpiCHO™ Enhancer were added to the transfected cell cultures, and the flasks 

were transferred to the 32°C incubator with a humidified atmosphere of 5% CO2. Cultivating 

CHO cells at lower temperatures was reported to increase the overall protein yield and induce 

phosphorylation of the expressed proteins [162]. 
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Culture sampling was performed daily to assess cell viability. To this end, 10 µl of 

cell suspension was gently mixed with 10 µl 0.4% trypan blue solution (Gibco, Grand Island, 

USA) on Parafilm M™ film (Bemis, Oshkosh, USA, Cat. # P0201), and the cells were 

counted using FastRead 102™ cell counting chamber at ×100 magnification. In the case of 

fluorescent protein-expressing cultures, sampled cells were additionally imaged using 

fluorescence microscopy to detect the fusion proteins.  

Protein harvesting was carried out on days 8–12 post-transfection when cell viability 

decreased to 80%. The expressed proteins were purified using HisTrap™ HP column (GE 

Healthcare, Boston, USA, Cat. # 17-5248), and the elution fractions were analyzed by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The chemicals used for 

SDS-PAGE are listed in table 1.  

Elution fractions containing target proteins, as revealed by gel electrophoresis, were 

rebuffered into an imidazole-free 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) buffer using Zeba™ spin desalting columns (Thermo Scientific, Rockford, USA, 

Cat. # 89894) with a molecular weight cut-off of 7 kDa. 

Immunodetection of expressed proteins was performed by western blotting (Owl™ 

HEP-1 semi-dry electroblotter) using either rabbit anti-mouse fetuin-A antiserum from 

institute stocks or the HisProbe™-HRP nickel-activated conjugate (Thermo Scientific, 

Waltham, USA, Cat. # 15165) following the manufacturer’s instructions. Additionally, the 

primary anti-RANKL antibody (R&D Systems, Minneapolis, USA, Cat. # AF462) was used 

for detecting mFA-sRANKL fusion proteins. 

 

3.3.5 Phosphomimetic fetuin-A proteins 

 

 Serine or threonine residues at positions 135, 138, 305, 309, 312, and 314 of mFA 

were replaced with glutamic acid in order to mimic constitutive phosphorylation of residues 

listed in UniProt P29699 as putative phosphorylation sites. Phosphomimetic versions of the 

recombinant (fusion) proteins are denoted with the prefix "pm-", i.e., pm-mFA, pm-mFA-

mEmerald, and pm-mFA-mRuby3. Modified proteins were expressed as described above. 
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3.4 Mass spectrometry 

 

 The presence of contaminants in protein preparations purified using affinity 

purification methods such as IMAC depends on the target protein yield. A low amount of the 

tagged protein in the supernatant subjected to affinity chromatography leaves many binding 

sites of a purification column unoccupied, creating a prerequisite for the binding of unspecific 

contaminants. Given that cytokines are generally expressed in smaller amounts than other 

secreted proteins, matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF) 

mass spectrometry was applied to confirm the purity of the expressed fetuin-A-sRANKL 

fusion protein variant. The elution fraction containing the protein of interest was subjected 

to SDS-PAGE, and a square fragment at the position corresponding to the fusion protein band 

was cut out of the gel. The protein was recovered from the gel and subjected to MALDI-TOF 

mass spectrometry. 

 

Table 1. Reagents for gel electrophoresis. 

Buffer Chemical Final concentration 

1x Laemmli buffer Tris base 

Glycine 

SDS 

25 mM 

192 mM 

3.5 mM 

2x SDS sample buffer Tris-HCl, pH 6.8 

Glycerol 

SDS 

Bromophenol blue 

0.125 M 

20% (v/v) 

4% (w/v) 

0.01% 

4x stacking gel buffer Tris-HCl, pH 6.8 

SDS 

0.5 M 

0.4% (w/v) 

4x resolving gel buffer Tris-HCl, pH 8.8 

SDS 

1.5 M 

0.4% (w/v) 

 

3.5 Purification and chemical labeling of fetuin-A 

 

Serum-derived bovine fetuin (Sigma, Taufkirchen, Germany, Cat. # F2379) was 

subjected to gel filtration, and the monomeric protein was collected as described [163]. The 

purity of the obtained fractions was confirmed by SDS-PAGE. Bovine fetuin-A was labeled 
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with Alexa Fluor™ 488 NHS ester fluorescent dye (Life Technologies Corporation, 

Carlsbad, USA, Cat. # A20000) according to the manufacturer’s protocol and aliquoted into 

screw cap vials. The labeled protein was frozen in liquid nitrogen and stored at -20°C. 

For SPECT imaging, recombinant mFA bearing an N-terminal hexahistidine tag was 

concentrated to 13 mg/ml and labeled with 99mTc radionuclide using the tricarbonyl moiety 

[99mTc(CO)3(H2O)3]
+. 

 

3.6 Toxicity testing of fluorescent fetuin-A proteins 

 

As the fluorescent proteins were intended to be applied for live imaging, it was 

important to verify their lack of toxicity. To assess toxicity, MSC were exposed to 12 µM 

fluorescent fetuin-A probes, corresponding to twice the amount used for short live cell 

staining and 50-fold the amount used for one-week extended live staining. The cells were 

seeded in 24-well plates at 5x103 cells/cm2 density and cultured in low-glucose DMEM 

supplemented with 10% FBS. After 1 week of culture, the medium was exchanged, and 12 

µM fluorescent fetuin-A protein was added for two hours. MSC were washed and cultured 

for further three days. Cells were detached by trypsinization, and their viability was assessed 

by trypan blue dye exclusion as described above. 

 

3.7 Calcium phosphate precipitation inhibition assay 

 

Protein fusion can lead to serious structural rearrangements of its constituent domains, 

which can adversely affect the functionality of such chimeric proteins. The activity of the 

produced fetuin-A fusion proteins was tested employing the calcium phosphate precipitation 

inhibition assay. The assay investigates the capacity of fetuin-A to prevent the growth of 

calcium phosphate crystallization nuclei in a supersaturated solution by forming colloidal 

mineral-protein complexes. Test proteins were added in concentrations from 0 to 8 μM in 1 

μM increments to the assay buffer (50 mM Tris, 140 mM NaCl, pH 7.4 at 37 °C). All stock 

salt solutions were sterile-filtered (pore size 0.2 µm). Phosphate and calcium were added to 

3 mM Na2HPO4/NaH2PO4 and 5 mM CaCl2, respectively, in a total volume of 200 µl assay 

buffer. After each addition, the solution was thoroughly mixed to avoid local supersaturation, 

and until incubation, all mixtures were stored on ice. Following 1 h of incubation at 37 °C, 

the precipitate was obtained by centrifugation (10 min, 20000 × g, 4°C). Next, 50 µl of 0.6 
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M HCl and then 50 µl of a basic ammonium buffer (45 mM NH4Cl pH 10.5, 5% v/v NH4OH) 

were stepwise added to half of the supernatant (100 µl) and mixed thoroughly. Similarly, 50 

µl 0.6 M HCl and 50µl ammonium buffer (45 mM NH4Cl pH 10.5, 5% v/v NH4OH) were 

successively added to the remaining 100 µl supernatant with pellet. The resulting solution 

was mixed thoroughly to dissolve the pellet. Calcium content in the supernatant and the 

corresponding precipitate was determined photometrically using Randox Calcium Reagent™ 

(Randox Laboratories, Crumlin, UK, Cat. # CA590) according to the manual. 

 

3.8 Induction of mineralization and calcification in cell cultures 

 

To mimic physiological mineralization, the osteoblastic differentiation of MSC 

(Section 3.1.2) was induced by switching base medium to osteogenic medium (OM), 

consisting of the low-glucose DMEM supplemented with 10% FBS, 100 U/ml penicillin, 100 

µg/ml streptomycin, 2 mM L-glutamine, 100 nM DEX, 10 mM β-glycerophosphate (β-GP), 

and 50 µM L-ascorbic acid-2-phosphate (LAA2P) (all from Sigma Aldrich, Germany). The 

OM was exchanged twice a week. 

To imitate pathological calcification, iVSMC (Section 3.1.3) or HASMC66 (Section 

3.1.5) were maintained in calcification medium (CM) comprising M199 base medium 

adjusted to 4.3 mM total calcium and 3.0 mM total phosphate. The cells were cultured in CM 

for five days, with one medium exchange performed on day three. 

For extended live staining experiments, VSMC (Section 3.1.4) calcification was 

triggered by switching the base medium to a serum-depleted calcification medium (S-DCM) 

comprising DMEM (0.5% FBS) with a total calcium content of 3.6 mM. The decreased serum 

content served to enhance cell calcification, as serum contains proteins and other molecules 

with an inhibitory effect on calcification. Culture medium was not exchanged during the 

experiment. 

To mimic kidney calcification, the HEK293 medium (Section 3.1.6) was switched to 

a kidney calcification medium (KCM) consisting of a base culture medium adjusted to 4.3 

mM total calcium and 3.0 mM total phosphate. To generate a calcification-reporting system, 

HEK293 cells were transiently transfected with a TOPO3.4 vector encoding mFA-mRuby3 

gene 4 h prior to triggering calcification. TransIT-293™ (Mirus Bio, Madison, USA, Cat. # 

2700) transfection reagent was used according to the manufacturer’s instructions to deliver 

plasmid DNA into cells. To support protein expression, the culture medium was 
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supplemented with 1% non-essential amino acids solution (NEAA) (Life Technologies, 

Grand Island, USA, Cat. # 11140050). 

Formulations of media used in these experiments are summarized in Table 2. 

 

Table 2. Media formulations. 

Medium Base  Cells Additives Mineralization 

OM DMEM 

(low-gluc.) 

MSC FBS       10% 

penicillin      100 U/ml 

streptomycin      100 µg/ml 

L-glutamine      2 mM 

DEX       100 nM 

β-GP       10 mM 

LAA2P      50 µM 

physiological 

CM M199 HASMC66 

iVSMC 

FBS       10% 

penicillin      100 U/ml 

streptomycin      100 µg/ml 

L-glutamine      2 mM 

CaCl2       2.5 mM 

H2NaPO4      0.38 mM 

HNa2PO4      1.62 mM 

pathological 

S-DCM DMEM VSMC FBS       0.5% 

penicillin      100 U/ml 

streptomycin      100 µg/ml 

L-glutamine      2 mM 

CaCl2       1.8 mM 

pathological 

KCM DMEM HEK293 FBS       2% 

penicillin      100 U/ml 

streptomycin      100 µg/ml 

L-glutamine      2 mM  

NEAA       1% 

CaCl2       2.5 mM 

H2NaPO4      0.38 mM 

HNa2PO4      1.62 mM 

pathological 
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3.9 Assessment of osteoclast differentiation and function 

 

 Osteoclasts are classically defined as tartrate-resistant acid phosphatase-positive 

(TRAP+) giant multinucleated cells of monocyte/macrophage origin capable of resorbing 

bone. However, this definition is not fully accurate due to several reasons. Although TRAP 

is historically considered a histochemical marker of osteoclasts, its expression is not unique 

to these cells [164]. Next, the occurrence of mononucleated osteoclasts was reported [165]. 

Whether such cells can resorb bone remains debatable [166]. Finally, osteoclast size is highly 

variable and depends on their maturation state, motility, surface parameters etc. Thus, the 

only defining feature of osteoclasts is the ability to resorb bone. The assessment of bone 

resorption requires special materials such as bone slices or precoated culture vessels. As 

neither the size nor the count of osteoclasts can be considered sufficient to evaluate osteoclast 

formation on plastic, I propose the osteoclast differentiation index (ODI) as a more accurate 

method to assess osteoclast induction. 

 

3.9.1 Osteoclast differentiation assay 

 

 To generate osteoclasts, RAW 264.7 cells were plated in a 24-well plate at a density 

of 0.5 × 104 cells/cm2. Osteoclast induction was triggered on day 3 upon the addition of a 

fetuin-A-RANKL fusion protein. Precursors stimulated with the recombinant sRANKL from 

institute stocks served as the positive control [167]. On day 14, cells were stained with a 

cytosolic tracer CellTracker™ Green CMFDA (Thermo Scientific, Eugene, USA, Cat. # 

C7025) and a nuclear counterstain Hoechst 33342 (Thermo Scientific, Rockford, USA, Cat. 

# 62249), and ODI was calculated according to the formula below: 

 

𝑂𝐷𝐼 =
NMuC

(NMuC+MoC)
 , 

 

where NMuC is the total number of nuclei in multinucleated (n3) cells, and MoC is the 

number of mononucleated cells per field of view. Only the nuclei of the cells that were 

completely within the field of view were counted. As can be seen from the formula, 

binucleate cells are excluded from the calculations as they may represent dividing cells. Thus, 

ODI is more practical for evaluating osteoclast induction compared to mere cell counting. 
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Both cytoplasmatic tracer and nuclear stain used in this method can be replaced with the more 

cost-effective dyes fluorescein diacetate (FDA) and 4′,6-diamidino-2-phenylindole (DAPI). 

 

3.9.2 Resorption assay 

 

 Osteoclastic resorption was studied using Corning® Osteo Assay Surface 24-well 

plates (Corning, New York, USA, Cat. # 1611746). The bottoms of such plates represent a 

uniform inorganic bone biomimetic surface that can be degraded upon osteoclast activation. 

Prior to cell plating, some wells were preincubated with DMEM containing varying 

concentrations of the fetuin-A-sRANKL fusion protein or sRANKL. The plate was then 

washed with plain DMEM, and RAW 264.7 cells were seeded in wells at a density of 1 × 104 

cells/cm. All cells were cultured in DMEM containing 10% FBS until day 3. Starting from 

day 3, culture medium in wells that were not initially preincubated with cytokines was 

supplemented with varying concentrations of the fetuin-A-sRANKL fusion protein upon 

medium exchange which took place every 3-4 days. The experiment was terminated on day 

10, and the cells were removed by incubation with cell lysis buffer (0.1 M NaOH, 1% SDS) 

for 1 h at room temperature upon constant agitation. The wells were then stained according 

to the method of von Kossa. Briefly, the wells were washed with PBS and incubated with 

5% aqueous silver nitrate for 30 min under direct light from a desk lamp. Next, the wells 

were washed twice with ddH2O and incubated with 2.5% aqueous sodium thiosulfate for 5 

min. The wells were again washed with ddH2O and immediately imaged using Canon EOS 

1000D digital camera. Figure 5 provides a schematic of the experiment. 

 To evaluate osteoclastogenesis on a natural surface, RAW 264.7 cells were plated on 

bovine bone discs (Boneslices.com, Jelling, Denmark) placed in the wells of a 96-well plate 

filled with 100 µl DMEM as above at a density of 5 × 104 cells/well. After 2 h of incubation 

at 37 °C and 5% CO2, the non-adherent cells were removed by washing the discs with plain 

DMEM. The bone slices with cells facing upward were then transferred to a 24-well plate, 3 

discs per well, and maintained in DMEM containing 10% FBS. Starting from day 3, 

osteoclast precursors were additionally treated with either 100 ng/ml sRANKL or an 

equimolar amount of fetuin-A-sRANKL fusion protein variant. Medium was exchanged 

every 3-4 days. The experiment was terminated on days 7 and 14, and the bone discs were 

processed for subsequent electron microscopy. 
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3.9.3 Quantification of bone biomimetic surface resorption 

 

 The area of bone-mimetic surface resorption was quantified using Adobe® 

Photoshop® software. The RAW photographs of individual wells were converted to grayscale 

images. The bottom part of each well was selected and copied to a new layer. The Threshold 

filter was applied to the image so that the intact areas appeared black, and the resorptions pits 

turned white. All non-transparent areas of the layer were selected, and the percentage of white 

pixels (intensity level 255), representing the area of resorption, was taken from the histogram 

panel. 

 

3.10 Cell staining and microscopy 

 

 Several staining techniques and imaging modalities were used to examine cell 

calcification and osteoclast formation. Unless otherwise stated, staining was performed on 

Figure 5. Schematic representation of the resorption assay. Wells in columns marked with an asterisk 

were preincubated with cytokines prior to cell seeding. Cells in these columns received no additional 

cytokine supplementation during the experiment. Wells in the column marked with a dagger were 

preincubated with cytokine-free medium before the cell seeding was performed. In this column, 

precursors were treated with the cytokine upon medium exchange starting from day 3. Concentrations 

of the corresponding cytokines are given inside the wells.5 
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living cells. During live imaging, cells were maintained at 37 °C in a humidified atmosphere 

of 5% CO2. 

 

3.10.1 Imaging of calcifying cultures 

 

To visualize calcifications in MSC and iVSMC cultures by short-term live staining, 

fetuin-A-based fluorescent probes, or fluorescein derivative calcein (Sigma Aldrich, 

Germany, Cat # C0875-5G) were added to the cells at a final concentration of 6 µM or 0.2 

mM, respectively. Following staining for 1.5 h at 37 °C and 5% CO2, the cells were rinsed 

with PBS to remove unbound probes. Counterstaining was performed with 1 µg/mL Hoechst 

33342 (Thermo Scientific, Rockford, USA, Cat. # 62249) and either 5 µg/mL CellTracker™ 

Green CMFDA (Thermo Scientific, Eugene, USA, Cat. # C7025) or 10µg/mL CellTracker™ 

CM-DiI (Thermo Scientific, Eugene, USA, Cat. # C7000). Following 15 min incubation at 

37 °C, the medium was exchanged, and cells were visualized using a Zeiss LSM 710 confocal 

laser scanning microscope. After fluorescence imaging, cells were rinsed with PBS, fixed 

with 4% paraformaldehyde (PFA) and post-stained with Alizarin Red S. Identification of 

calcified areas in Alizarin-stained cultures was performed using a Leica DMRX microscope 

(Leica Microsystems GmbH, Wetzlar, Germany).  

For extended live staining of VSMC, culture medium (S-DCM) was supplemented 

with 0.24 µM (corresponding to 20 µg/mL) mFA-mRuby3 as described [47]. Imaging was 

performed on days 1, 3, and 7 using a Cytation 3 automated cell imaging system (BioSPX, 

Abcoude, The Netherlands). 

To access calcification in a HEK293 culture, fluorescence imaging using a Leica 

DMI6000 B microscope was performed on day 3 after the cells were transfected with a 

plasmid encoding fetuin-A-mRuby3 fusion protein. The culture medium was exchanged 

shortly before microscopy to reduce the background signal caused by the release of a 

fluorescent protein. 

For intracellular vesicle tracking, MSC cultured in basal low-glucose DMEM 

supplemented with 10% FBS were stained with mFA-mRuby3 at a final concentration of 6 

µM for 1.5 h at 37 °C and 5% CO2. Next, the culture medium was exchanged, and the cells 

were visualized using a Corrsight spinning disk microscope (FEI, Eindhoven NL) spinning 

disc microscope. Microphotographs were taken at 0.3 s intervals for 100 s and exported as a 

time-lapse video file. 
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3.10.2 Imaging of osteoclasts 

 

 Nuclear stain Hoechst 33342 (Thermo Scientific, Rockford, USA, Cat. # 62249) and 

cytoplasmatic dye CellTracker™ Green CMFDA (Thermo Scientific, Eugene, USA, Cat. # 

C7025) were used to stain mature osteoclasts and their precursors. To stain osteoclastic actin 

rings, cells were fixed with 4% PFA for 15 min at room temperature, and cell membrane 

permeabilization was performed by treating cells with 0.1% Triton X-100 solution (Sigma, 

Taufkirchen, Germany, Cat. # 93443) for additional 15 min at room temperature. Next, cells 

were washed with PBS and incubated with TRITC-conjugated phalloidin (Sigma, 

Taufkirchen, Germany, Cat. # P1951) for 2 h at room temperature following the 

manufacturer’s instructions. Cell nuclei were counterstained using Hoechst 33342. 

Fluorescence imaging of osteoclasts was performed using a Leica DMI6000 B microscope. 

Bone discs with osteoclasts were fixed using a 2% glutaraldehyde solution, critical-

point dried and coated with gold/palladium. Scanning electron microscopy (SEM) was 

performed to visualize osteoclastic bone resorption, and energy-dispersive X-

ray spectroscopy (EDX) was carried out to analyze the elemental composition of the samples 

using a FEI/Philips XL30 ESEM FEG system. 

 

3.10.3 Image analysis 

 

Analysis of micrographs obtained during extended live imaging of VSMC was 

performed using ImageJ software (v. 1.53a) [168]. Quantification of calcified areas in 

HEK293 cells and co-localization analysis of signals generated by calcein and a fluorescent 

protein in MSC and iVSMC cultures were carried out using Fiji software (v. 2.1.0/1.53c) 

[169]. Particle tracking analysis in MSC was performed using the TrackMate plugin of the 

Fiji image processing package [170]. 

 

3.11 Histology 

 

The hearts, livers, and kidneys of euthanized mice were harvested through a midline 

laparotomy and rinsed with PBS. Hearts were additionally perfused with ice-cold PBS to 

remove blood. The samples were then frozen in the Tissue-Tek™ O.C.T. compound (Sakura 
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Finetek, Torrance, USA, Cat. # 4583), and 5-µm cryosections were made. Tissue sections 

were placed on glass slides and circled with a paraffin pen. Sections were incubated with 

1µM fluorescent protein solution (~50 µg/mL bFA-AF488, ~97 µg/mL bOPN-mRuby3, ~85 

µg/mL pm-mFA-mEmerald or mFA-mRuby3) for 4 h at 37 °C and rinsed with PBS three 

times afterwards. Fluorescence images were recorded using a Leica DMI 6000 microscope. 

The fluorescent probe was removed by rinsing the slides in phosphate-buffered saline 

supplemented with 0.05% Tween 20™. Post-staining was carried out using Alizarin Red S 

(5% in water adjusted to pH 4.2 with HCl). 

 

3.12 Statistics and illustrations 

 

 Statistical analysis was performed using GraphPad Prism 9. Protein toxicity was 

analyzed on triplicates using one-way ANOVA. Fluorescence of calcifying VSMC was 

analyzed on five replicates each using one-way ANOVA with Tukey correction for multiple 

comparisons. Osteoclast differentiation was assessed using the Mann-Whitney U test. 

Figures 1, 2, 3, 5 were created with BioRender.com. 
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4. RESULTS 
 

4.1 Production of recombinant proteins 

 

Fetuin-A-based recombinant fusion proteins were expressed in transiently transfected 

ExpiCHO-S™ cells. Although each protein expression run was carried out following the 

same protocol, the final protein yield depended largely on the nature of the protein. Figure 

6A demonstrates a light chartreuse appearance of the mFA-mEmerald-producing cell culture 

(left) and a saturated red color of the mFA-mRuby3-expressing cell culture (right) on day 8 

post-transfection. Simultaneous brightfield (not shown) and fluorescence imaging (Figures 

6B, C) of samples retrieved from the protein-expressing cultures revealed that on day 3 after 

transfection, 19% of cells transfected with the mFA-mEmerald-encoding plasmid (Figure 

6B) and 31% of the cells into which the mFA-mruby3 gene was introduced (Figure 6C), 

produced a fluorescent signal. Dot blotting of culture supernatant samples obtained starting 

from day 1 post-transfection shows a gradual increase in the signals derived from 

polyhistidine-tagged proteins mFA-mEmerald (Figure 6D, left) and mFA-mRuby3 (Figure 

6D, right). Fusion fluorescent proteins purified by IMAC on day 8 were subjected to SDS-

PAGE. Coomassie blue staining of the gel revealed bands at about 85 kDa corresponding to 

mFA-mEmerald (Figure 6E, left) and mFA-mRuby3 (Figure 6E, right). The apparent 

molecular weight of the proteins was higher than the theoretical (64 kDa) calculated using 

the ExPASy ProtParam tool [171], indicating the presence of post-translational 

modifications. 

Of the three fetuin-A-sRANKL fusion variants, only CY1_mFA-sRANKL could be 

expressed, as evidenced by western blot analysis of the samples taken on days 10-12 post-

transfection (Figure 6F). Protein harvesting took place on day 12 post-transfection. The first 

expression attempt yielded an impure product, as indicated by multiple minor bands detected 

upon SDS-PAGE (Figure 6G, *), which was likely caused by a low amount of the target 

protein in the medium. To improve the product quality, I increased the culture volume from 

25 ml to 100 ml and performed another expression run that resulted in a product with a higher 

content of the target fusion protein, distinguishable as a prominent band at about 40 kDa 

(Figure 6G, **). However, the product still contained a significant amount of impurities.  
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Figure 6. Expression of fetuin-A-based fusion proteins. (A) Erlenmeyer flasks with ExpiCHO-S cells 

expressing mFA-mEmerald (left) and mFA-mRuby3 (right). (B, C) Fluorescence imaging of cells 

expressing mFA-mEmerald (B) and mFA-mRuby3 (C). Scale bar 75 µm. (D) Dot blot analysis of 

mFA-mEmerald (left column) and mFA-mRuby3 (right column) expression. Numbers indicate days 

post-transfection. Fusion proteins were detected with a HisProbe™-HRP conjugate. (E) Coomassie 

blue-stained gel with protein bands corresponding to mFA-mEmerald (left lane) and mFA-mRuby3 

(right lane) after IMAC. (F) Western blot analysis of samples from cultures transfected with plasmids 

encoding mFA-sRANKL, mFA-scRANKL, and CY1_mFA-sRANKL. Numbers in the second row 

indicate days post-transfection. (G) SDS-PAGE and western blot of the purified fusion protein 

CY1_mFA-sRANKL. (I) Mass-spectrometric analysis of the protein band shown in G. 
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To eliminate these impurities, I performed the third expression run that was terminated on 

day 8 post-transfection. This resulted in a single-band product (Figure 6G, ***) migrating at 

40 kDa, with a small divergence from the theoretical molecular weight of 34.2 kDa. Western 

blotting of the protein performed using the HisProbe™-HRP conjugate, polyclonal anti-

mouse fetuin-A antiserum, and anti-RANKL antibody detected, in each case, the target 

protein of an expected molecular weight (Figure 6H). The rather weak signal revealed by 

anti-mFA antiserum can be explained by the absence of certain epitopes, as the CY1_mFA-

sRANKL variant contained only a portion of the full-size mFA used to generate the 

antibodies. To further confirm the purity of the product, the protein band was cut out from 

the gel and subjected to MALDI-TOF mass spectrometry (Figure 6I). 

The final protein yield was 4.5 mg mFA-mEmerald and 5 mg mFA-mRuby3 from 

25-ml cultures and 0.66 mg CY1_mFA-sRANKL from a 100-ml culture, as measured 

spectrophotometrically at 280 nm. The modest yield of the CY1_mFA-sRANKL was 

predictable, for the physiological plasma concentrations of hormones and cytokines are many 

orders of magnitude lower than those of liver-derived serum proteins. 

 

4.2 Precipitation inhibition assay 

 

 Fetuin-A was shown to effectively inhibit the growth of crystals, thus stabilizing 

nascent mineral and preventing its precipitation. To test whether the recombinant (chimeric) 

proteins remained functionally intact in terms of calcium phosphate binding, the calcification 

precipitation assay was employed. To this end, increasing amounts of proteins to be tested 

were added to a supersaturated calcium phosphate solution and calcium content in the 

supernatant, and the precipitate was analyzed in each case. Recombinant mFA bearing a C-

terminal polyhistidine tag starts to inhibit calcium phosphate precipitation at 10 µM (Figure 

7A). To mimic the physiological post-translational phosphorylation of mFA, threonine and 

serine residues at positions 135, 138, 305, 309, 312, and 314 were replaced with glutamic 

acid, resulting in improved inhibition of calcium phosphate precipitation with an IC50 value 

of 0.5 µM (Figure 7B). Figures 7C and D demonstrate that both the chimeric protein mFA-

mRuby3 and its phosphomimetic modification pm-mFA-mRuby3 were effectively inhibiting 

calcium phosphate precipitation with IC50 values of 1 µM and 0.7 µM, respectively. On the 

contrary, mFA-mEmerald failed to inhibit precipitation at concentrations up to 10 µM 

(Figure 7E), whereas its phosphomimetic counterpart pm-mFA-mEmerald appeared to have 
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 an enhanced inhibiting capacity with an IC50 value of 1.3 µM (Figure 7F). Taken together, 

these results indicate that the phosphorylation of murine fetuin-A regulates mineral binding. 

 

Figure 7. Calcium phosphate precipitation inhibition assay. Red squares show calcium in the 

precipitate, blue dots show calcium in the supernatant. (A) Recombinant mFA with a C-terminal 

polyhistidine tag did not affect calcium phosphate precipitation at concentrations below 10 µM. (B) 

Replacement of native phosphorylation sites with glutamic acid in pm-mFA increased the inhibitory 

potential of the protein to IC50 0.5 µM. (C) Unmodified mFA-mRuby3 inhibited calcium phosphate 

precipitation with IC50 1 µM. (D) Phosphomimetic substitutions decreased the IC50 value of pm-mFA-

mRuby3 to 0.7 µM. (E) mFA-mEmerald was ineffective in inhibiting calcium phosphate 

precipitation. (F) pm-mFA-mEmerald had a strong inhibitory action on calcium phosphate 

precipitation with IC50 1.3 µM. Individual data points represent mean ± SD. 
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4.3 Assessment of toxicity 

 

As fluorescent fetuin-A-based fusion proteins were envisioned as probes to visualize 

calcification in living cells, checking their toxicity was an important step for the method 

validation.  

With a physiological plasma concentration of about 0.6 mg/ml, fetuin-A is one of the 

major serum proteins and, therefore, nontoxic. Less is known about the toxicity of fluorescent 

proteins. Although various fluorescent proteins originate from the endogenous proteins of 

aquatic invertebrates, they are not native to mammals, which does not allow direct 

conclusions regarding their non-toxicity for the cell cultures in question. 

Figure 8 demonstrates the results of the MSC viability assessment performed 72 h 

post-incubation with chemically or genetically labeled fluorescent probes. No significant 

differences were observed between the control and experimental groups, indicating the 

absence of toxicity in each case. Furthermore, large amounts of recombinant mFA-based 

fluorescent fusion proteins were expressed in CHO cells, indirectly confirming the non-

toxicity of the genetically labeled probes. 

CY1_mFA-sRANKL was excluded from the toxicity assessment, as the intended 

working concentrations of the novel cytokine were within the nanomolar range, and it was 

unlikely that the protein would exhibit toxicity. 

 

Figure 8. Toxicity assessment of fetuin-A-based fluorescent proteins. MSC viability was evaluated 

by Trypan Blue exclusion assay 72 h after a 2-hour incubation with the indicated fluorescent probes. 

Experiments were carried out in triplicates, with a minimum of 400 cells counted in each case. Values 

represent mean ± SE, n=3. 
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Detection of calcification 
 

4.4 Identification of candidate probes for calcification imaging 

 

 Several candidate molecules were tested for their ability to detect calcium deposits in 

living cells and body tissues. Along with proteins with known mineral-binding function such 

as bovine fetuin-A (bFA) and osteopontin (bOPN), as well as the milk fat globule membrane 

protein (MFGM) and serum albumin (BSA) were studied. HASMC66 cells cultured in CM 

(Table 2) represented a model of vascular calcification, and myocardial sections from DBA/2 

fetuin-A-knockout mice served as a model of heart calcification. Of the substances studied, 

only chemically labeled bovine fetuin-A and osteopontin were found effective in detecting 

calcifications both in cell cultures (Figure 9, panel A) and heart tissue (Figure 9, panel B). 

Differential interference contrast (DIC) microscopy confirmed myocardial calcified lesions 

(Figure 9, panel C). Staining with fluorescent MFGM-AF488 resulted in dim fluorescence, 

which, however, was insufficient to delineate areas of calcification (Figure 9, panels A and 

B). Similarly, no specific fluorescence was detected in calcified cells and tissue sections 

stained with fluorescent BSA-AF488. Given the imaging results, only chemically or 

genetically labeled fetuin-A and OPN along with established histological calcification stains 

agents were used in subsequent experiments. 

 

4.5 Live imaging of cell-mediated mineralization 

 

 Osteogenic differentiation of human MSC (Section 3.8) was selected as a model of 

physiological bone mineralization. Alizarin Red S staining of MSC cultured in OM (Table 

2) for two weeks revealed significant matrix mineralization (Figure 10A), whereas MSC 

cultured in basal DMEM remained alizarin-negative (Figure 10B). MSC-derived osteoblasts 

were stained with either bFA-AF488 or one of the fetuin-A-based fusion fluorescent probes 

pm-mFA-mEmerald or mFA-mRuby3 and imaged using high-resolution confocal laser 

scanning microscopy. In each case, osteoblastic mineralization was observed as sub-

micrometer-sized cell contour-associated mineralization foci (Figures 10C, E, G). The high 

specificity of fetuin-A-based fluorescent probes was verified by the absence of fetuin-A-

derived signal in non-mineralizing MSC cultured in basal medium (Figures 10D, F, H). The 

observed features of MSC mineralization were further confirmed using the fusion fluorescent 
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protein bOPN-mRuby3 (Figure 11A, white arrowheads). Similar to fetuin-A-based probes, 

bOPN-mRuby3 produced no unspecific signal as showed by the absence of fluorescence in 

undifferentiated MSC (Figure 11B). 

 

4.5 Live imaging of cell-mediated calcification 

 

The vasculature is commonly affected by ectopic calcification. To investigate the 

potential of the designed fluorescent probes to detect pathological mineral deposits, calcified 

iVSMC (Section 3.8) representing a model of vascular calcification were subjected to live 

staining and imaging. Alizarin Red S staining of iVSMC maintained in CM showed irregular 

 

Figure 9. Detection of calcification in cell culture and myocardium. (Panel A) Fluorescence 

microscopy of calcifying HASMC66 cultures. Large coalescing calcification foci can be identified 

with bFA-AF546 and bOPN-AF488 but not with MFGM-AF488 or BSA-AF488. Cell nuclei were 

counterstained using Hoechst 33342. (Panel B) Fluorescence microscopy of myocardium retrieved 

from a fetuin-A-knockout mouse. Tissue staining with bFA-AF546 or bOPN-AF488 enables the 

detection of calcified lesions, whereas the application of Alexa Fluor®- 488-labeled MFGM or 

bovine serum albumin does not. (Panel C) DIC microscopy of calcified lesions shown in panel B. 

Intact tissue is light gray, while calcified lesions appear dark gray to black. Scale bars 100 µm. 
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Figure 10. Mineralization of MSC. (A, B) Brightfield microscopy, Alizarin Red S staining. (C-H) 

Confocal laser scanning microscopy of MSC stained with bFA-AF488 (C, D, green), pm-mFA-

mEmerald (E, F, green) or mFA-mRuby3 (G, H, red). (A, C, E, G) MSC maintained in OM. (B, D, 

F, H) MSC cultured in basal medium. MSC maintained in OM develop sub-micrometer 

mineralization outlining cell contours (white arrowheads), whereas cells cultured in basal medium 

show no signs of mineralization as indicated by staining with fluorescent fetuin-A probes. Cytoplasms 

were stained with CellTracker™ CM-DiI (C-F, red) or CellTracker™ CMFDA (G-H, green), and 

cell nuclei were counterstained with Hoechst 33342. Scale bars 50 µm. 
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patches of calcification (Figure 12A), and iVSMC cultured in basal medium lacked staining 

(Figure 12B). Similar to Alizarin Red staining, live fluorescence staining of calcifying 

iVSMC using bFA-AF488 (Figure 12C), pm-mFA-mEmerald (Figure 12E) or mFA-mRuby3 

(Figure 12G) revealed areas of dystrophic calcification. 

 

 

Unlike physiological mineralization of MSC demarcating cell membranes (Figures 10C, E, 

G, white arrowheads), mineral deposition was also observed in zones free of viable cells 

(Figures 12C, E, G, white arrowheads), indicating calcification of cell debris. The high 

selectivity of mineral staining was confirmed by the absence of calcification-related 

fluorescence in iVSMC kept in basal medium (Figures 12D, F, H). 

 

4.6 Co-localization analysis 

 

Application of fetuin-A-based fluorescent probes revealed clear differences in 

staining patterns of mineralizing MSC and calcifying iVSMC. To test whether the observed 

distinctive features can be detected using an established staining method, MSC-derived 

osteoblasts and iVSMC cultured in CM were simultaneously stained with commercially 

available fluorescein derivative calcein and mFA-mRuby3. Co-localization analysis of 

 

Figure 11. Detection of MSC mineralization using bOPN-mRuby3. (A) The fluorescent protein 

stains membranes of MSC-derived osteoblasts (white arrowheads). (B) No bOPN-mRuby3-derived 

signal is observed in MSC cultured in basal medium. Scale bars 50 µm.  
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Figure 12. Calcification of iVSMC. (A, B) Brightfield microscopy, Alizarin Red S staining. (C-H) 

Confocal laser scanning microscopy of cells stained with bFA-AF488 (C, D, green), pm-mFA-

mEmerald (E, F, green) or mFA-mRuby3 (G, H, red). (A, C, E, G) Calcifying iVSMC. (B, D, F, 

H) iVSMC cultured in basal medium. Multiple patchy areas of enhanced fetuin-A-derived signal 

reflecting the irregular pattern of dystrophic calcification (white arrowheads) were detected in 

iVSMC maintained in CM. No fetuin-A-derived fluorescence was observed in cells cultured in basal 

medium. Cytoplasms were stained with CellTracker™ CM-DiI (C-F, red) or CellTracker™ CMFDA 

(G-H, green), and cell nuclei were contrasted with Hoechst 33342. Scale bars 50 µm. 
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fluorescent signals performed using the Pearson correlation coefficient revealed a partial 

overlap in mineralized MSC (Figure 13A, r = 0.42) and a strong correlation in calcifying 

iVSMC (Figure 13B, r = 0.9). This finding indicates that fetuin-A-based fluorescent proteins 

are more sensitive probes than the conventionally used calcein, which failed to detect fine 

features of matrix mineralization in MSC. 

 

 

Figure 13. Co-localization analysis of calcein- and mFA-mRuby3-derived signals. (A) Composite 

image of mineralizing MSC and a corresponding scatter plot indicating a partial overlap between 

channels. (B) Composite image of calcifying iVSMC and a corresponding scatter plot demonstrating 

a strong overlap between channels. The intensity of pixel fluorescence increase is shown using a 

heatmap. r-value: the Pearson correlation coefficient. 
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4.7 Continuous live imaging of calcification 

 

 As fetuin-A-based probes were shown to be non-toxic and effective in detecting 

mineralized matter in cell cultures down to the micrometer scale, I asked whether they can 

be used to study temporal development of calcification in cell culture. To this end, VSMC 

were maintained in S-DCM (Table 2) supplemented with 0.24 µM mFA-mRuby3, and image 

acquisition was performed on days 1, 3, and 7. Culture medium was specifically formulated 

to stunt cell proliferation and promote calcification. Fluorescence imaging showed a constant 

increase in the number of cells stained with mFA-mRuby3, indicating the progression of 

calcification (Figure 14A). This observation was in line with a quantitative assessment of 

fluorescence signal normalized to the number of cells (Figure 14B). Measurements were 

performed in five fields of view on each day. 

 

 

4.8 Cell-based system for calcification screening 

 

 Routine methods for detecting calcifications in cell cultures or tissue samples rely on 

the use of dyes that are either extracted from natural sources or produced by means of 

chemical synthesis. In contrast, fetuin-A-based fusion proteins mFA-mEmerald and mFA-

Figure 14. Continuous live imaging of calcifying VSMC. Cells were maintained in S-DCM 

containing 20 µg/mL mFA-mRuby3. (A) Fluorescence (upper panel) and brightfield micrographs 

(lower panel) of calcifying cells. Scale bars 200 µm. (B) Quantification of fluorescent signal in 

calcifying VSMC culture. Data represent the ratio of fluorescence area (%) to the number of cells (ns, 

not significant; * – P value <0.05, ** – P value < 0.01). Mean ± SD, n = 5. 
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mRuby3 (along with their phosphomimetic variants) are inherently fluorescent, i.e., once 

secreted by a cell, they require no further processing to become functionally active. To test 

whether the fusion fluorescent protein can be employed to generate calcification-reporting 

cell culture, HEK293 cells were transiently transfected with a plasmid encoding mFA-

mRuby3 and maintained in KCM (Table 2). No specific signal could be detected in 

untransfected calcifying cells stained for 24 h using supernatant from transfected cells 

collected on day 3 (Figure 15A), and protein-expressing cells cultured in basal medium were 

visible as bright red spots on day 3 post-transfection (Figure 15B, white arrowheads). Culture 

supernatant of mFA-mRuby3-expressing cells contained sufficient fluorescent protein to 

stain untransfected calcifying cells upon 24-h incubation (Figure 15C). Figure 15D shows 

transfected cells cultured under procalcifying conditions. In addition to mFA-mRuby3-

expressing cells (white arrowheads), multiple coalescing areas of the fluorescent signal 

representing calcified lesions were detectable (white arrows). To quantify fluorescent 

imaging, micrographs shown in Figures 15B, D were subjected to grayscale conversion, and 

particle analysis was performed to measure fluorescent areas (Figures 15E, F). The total area 

of fluorescence increased from 2.5% in non-calcifying cells to 20.3% in cells cultured in 

calcification medium, and the number of fluorescent areas representing protein-expressing 

cells or coalesced calcified lesions increased from 151 to 377, respectively (Figure 15G). 

Furthermore, maintaining cells under procalcifying conditions increased the average size of 

the fluorescent areas from 78 µm2 to 142 µm2, respectively. Collectively, these findings 

indicate that endogenous expression of mFA-mRuby3 in calcifying HEK293 cells enabled 

the detection of calcification in real time with high specificity and sensitivity. Thus, fetuin-

A-based fusion fluorescent proteins can be used to generate calcification-reporting cell lines 

for ex vivo continuous screening of calcification. 

 

4.9 Intracellular particle tracking analysis 

 

 Application of the novel fusion fluorescent proteins pm-mFA-mEmerald and mFA-

mRuby3 for imaging mineralization and calcification in living cells revealed very little to no 

protein-derived fluorescent signal in cells cultured in basal medium, confirming high 

specificity and sensitivity of the probes. However, immediately after staining, isolated spots 

of fluorescence, resolvable at the highest magnification of the confocal microscope, were 
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Figure 15. Calcification-reporting cell culture. (A) Absence of fluorescence in untransfected 

HEK293 cells cultured in DMEM and post-stained for 1 day using culture supernatant from mFA-

mRuby3-expressing cells. (B) mFA-mRuby3-expressing HEK293 cells cultured in basal DMEM 

present as bright red dots (arrowheads) on day 3 post-transfection. (C) Untransfected HEK293 cells 

cultured in calcification medium show dim fluorescence after post-staining with culture supernatant 

from mFA-mRuby3-transfected cells. (D) Calcifying HEK293 cells transfected with mFA-mRuby3-

encoding plasmid are visible as bright red dots (arrowheads) on day 3 post-transfection. Large 

coalescing fluorescent areas indicate calcified cells (arrows). (E, F) Particle analysis of micrographs 

shown in B, D. (G) Accumulate frequency distribution of fluorescent areas identified in micrographs 

shown in B, D. Scale bars 150 µm. 
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 detectable inside the cells. These intracellular signals were temporary and quickly faded in 

contrast to the extracellular fluorescence highlighting mineralized matrix or calcified cells. 

To identify the source of the intracellular signal, MSC cultured in basal medium were stained 

with mFA-mRuby3 as described (Section 3.10.1) and subjected to spinning disc time-lapse 

 

 

Figure 16. Visualization and movement analysis of intracellular vesicles. (A) Spinning disc confocal 

microscopy. Multiple mFA-mRuby3-laden vesicles (red) are observed in a perinuclear zone of MSC 

counterstained with CellTracker™ CMFDA (green). White arrowheads indicate the position of an 

individual vesicle in the course of imaging. Timestamp format mm:ss. Scale bar 10 µm. (B) Single-

particle tracking in the time-lapse shown in panel A using the TrackMate plugin. Individual tracks 

are color coded on a rainbow scale, with blue indicating the shortest and red the longest tracks. (C) 

Particle tracking analysis shows the distribution of vesicles by track displacement over time, revealing 

a larger fraction of slow-moving vesicles (blue, cyan) and a smaller fraction of fast-moving vesicles 

(orange, red). 
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microscopy, which revealed that the observed bright dots represented fluorescent fetuin-

loaded vesicles involved in intracellular transport (Figure 16A). Visualization of individual 

 particle tracks color coded by track lengths (Figure 16B) showed that a significant fraction 

of the particles was mobile, with a maximum track displacement of approximately 10 μm 

(Figure 16C). This observation indicated that a certain amount of fluorescent protein was 

endocytosed by live unfixed cells. However, the transient signal generated by the 

endocytosed probe was much weaker than the ECM-associated signal and did not distort the 

imaging results shown in Figures 10 and 12. The rapid fading of the intracellular fluorescence 

was apparently due to enzymatic degradation of the protein probe. In contrast, the ECM-

associated extracellular mFA-mRuby3-derived fluorescence persisted for at least one week 

after the live staining of mineralized/calcified cells. 

 

4.10 Histology 

 

 Having confirmed that fetuin-A-based fusion fluorescent proteins can be used for live 

detection of mineralization and calcification in cell cultures, I asked if the same probes stain 

calcified lesions in tissue sections. Freshly harvested hearts, livers, and kidneys of DBA/2 

fetuin-A-knockout mice were embedded in the Tissue-Tek™ O.C.T. compound, and 5-µm 

cryosections were made. Tissue sections were then placed on glass slides and stained using 

one of the fluorescent fetuin-A probes. Fluorescence microscopy revealed that both 

chemically and genetically labeled fluorescent fetuin-A proteins effectively detected 

microcalcifications in the myocardium (Figure 17, panel A), liver (Figure 17, panel B), and 

kidney (Figure 17, panel C). Moreover, fetuin-A-based probes detected more calcified 

lesions (Figure 17C, white arrowheads) than traditional staining with Alizarin Red S (Figure 

17D, black arrowheads), as indicated by confirmatory staining of kidney sections shown in 

Figure 17C (Figure 17, panel D). The application of a fetuin-A-based probe enabled the 

identification of calcified matter in the renal tubules (Figure 17C, boxed area) consistent with 

intraluminal nephrocalcinosis, whereas upon staining with Alizarin Red S, these tubules 

appeared completely intact (Figure 17D, boxed area). Likewise, simultaneous staining of 

renal calcifications with mFA-mRuby3 and calcein showed the inability of the latter to detect 

smaller lesions, while mature calcifications were clearly distinguishable (Figure 18). These 

findings agreed with the previous observations that Alizarin Red S and calcein had not been 

sufficiently sensitive toward incipient calcified lesions. 
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Figure 17. Detection of calcifications in tissue sections. (A-B) Small calcified lesions in the 

myocardium and liver. (C) Large and small renal calcifications (white arrowheads) stained with bFA-

AF488, pm-mFA-mEmerald, and mRuby3, and an area of tubular calcification (white box) stained 

with bFA-AF488. (D) Post-staining of the sections shown in panel C (Alizarin Red S). Black 

arrowheads copy the positions of white arrowheads in panel C. Scale bars 200 µm (left and central 

images in panels C, D), 100 µm (panel A, right images in panels C, D), and 70 µm (images in panel 

B). 
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Staining of the myocardium with hydroxyapatite-binding protein bovine osteopontin 

coupled to mRuby3 (bOPN-mRuby3) also revealed areas of calcification similar to those 

detected using the fetuin-A probes (Figure 19). 

 

 

4.11 Application of radiolabeled fetuin-A for intravital imaging 

 

 Fetuin-A-knockout mice on a DBA/2 genetic background represent a robust model of 

ectopic calcification, as they develop spontaneous soft-tissue calcifications as seen on a CT 

scan (Figure 20A, upper image). The presence of at least one functional fetuin-A allele, on 

the other hand, completely corrects the calcification phenotype, which is demonstrated by 

the lack of extraosseous calcification in heterozygous animals (Figure 20A, lower image). In 

order to perform intravital detection of ectopic mineral deposits using radiolabeled fetuin-A, 

a mouse was placed under anesthesia and injected with 99mTc-labeled recombinant mFA via 

the tail vein. Two hours after injection, the anesthetized animal was placed in a SPECT 

imager and the scan was performed with correction for the total acquisition time. Maximum 

signal intensity was observed in the livers and bladders of both animals, indicating active 

hepatic uptake and renal clearance of the tracer (Figure 20B). Furthermore, radioactive mFA 

accumulated in the skeleton of the knockout but not the heterozygous animal. In fact, the 

 

Figure 18. Simultaneous staining of kidney calcifications with mFA-mRuby3 and calcein. 

(Upper panel) mFA-mRuby3 (red) enabled the detection of small and large calcified lesions. 

(Lower panel) Calcein (green) stained larger mineral deposits but failed to detect 

microcalcifications. Scale bars 100 µm. 
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tracer outlined the animal's bones in such detail that it was possible to visualize the finest 

anatomical structures down to individual vertebrae. However, it was not possible to 

distinguish between signals derived from bone or calcification-bound 99mTc-mFA. 

  

Figure 19. Detection of calcifications in the myocardium using bOPN-mRuby3. (Upper panel) Tile 

scan micrograph of a stained heart cross-section. (Lower panel) Enlarged images of the boxed 

regions marked with the dagger, double dagger, and paragraph sign in the upper panel. Scale bars 

100 µm. 
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Figure 20. Intravital imaging. (A) CT scan of a fetuin-A-deficient animal (upper image) reveals the 

presence of pronounced soft tissue calcification, while a heterozygous mouse has a normal phenotype 

(lower image). (B) SPECT imaging performed 2 h after radiotracer injection shows an accumulation 

of 99mTc-mFA in the liver and bladder as well as in the skeleton of a knockout mouse (left image), 

whereas no bone-associated areas of signal enhancement were registered in the heterozygous 

littermate. 
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Development of cell-based treatment for ectopic calcification 

 

4.10 Osteoclast differentiation assay 

 

Osteoclasts are highly specialized multinucleate cells that are capable of resorbing 

bone. Induction and maturation of osteoclasts are complex processes regulated by the 

RANK/RANKL/OPG axis. Osteoclast differentiation was induced in a RAW 264.7 cell line 

using either recombinant sRANKL or CY1_sRANKL fusion protein, both produced in 

ExpiCHO-S cells. For a more accurate assessment of osteoclast differentiation, I introduced 

a new value, the osteoclast differentiation index (ODI), which is described in detail in Section 

3.9. Figures 21A, B show typical micrographs of osteoclasts taken on day 14 after inducing 

osteoclast differentiation, and Figure 21C demonstrates the results of the Mann-Whitney U 

test used to analyze differences in ODI values between the two groups. According to the 

statistical analysis, both cytokines showed similar activity, indicating that coupling sRANKL 

to CY1_mFA did not interfere with sRANKL-RANK interaction. In contrast, the mere 

counting of giant multinucleated cells in the same set of micrographs gives the false 

impression that one cytokine is superior to another in its ability to induce osteoclast 

differentiation (Figure 21D), and should therefore be avoided.  

Polymerization of actin filaments is known to be essential for bone resorption by 

osteoclasts. Extended stimulation of cells with CY1_mFA-sRANKL resulted in the 

formation of typical actin rings in osteoclasts, as showed by phalloidin staining performed 

on day 21 after culture initiation (Figure 21E). As the culture matured, the osteoсlasts 

increased in size and became more rounded, and their nuclei moved from the center to the 

periphery. Concomitantly, the ODI doubled in mature cultures, reaching values of 0.8-0.9, 

mainly due to the extensive fusion of RANKL-sensitive precursors and perishing 

mononuclear cells that were not responsive to stimulation with the cytokine (Figure 21F).  

Although ODI is a sensitive measure of osteoclast differentiation, this parameter does 

not reflect the functional activity of osteoclasts, which can only be evaluated by osteoclast 

resorption assays. 



4. Results 

 

 

54 

4 

 

  

Figure 21. Osteoclast differentiation. (A, B) Multiple giant multinucleated can be observed in cultures 

treated for 14 days with recombinant murine sRANKL (A) or CY1_mFA-sRANKL (B). (C) Statistical 

analysis revealed no significant differences between the two groups with regard to the ODI value (P 

value 0.69) on day 14. (D) The mere counting of giant multinucleated cells leads to a false conclusion 

that recombinant sRANKL is a stronger activator of osteoclastogenesis than CY1_mFA-sRANKL. * 

– P value < 0.05. (E) Phalloidin staining detects ring-like organization of actin filaments in mature 

osteoclasts on day 21. (F) ODI value increases in osteoclast cultures treated with CY1_mFA-sRANKL 

on day 21, whereas the number of giant multinucleated cells changes insignificantly. Scale bars 150 

µm (A, B) and 250 µm (E). Data presented as median with range. 
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4.11 Resorption assay 

 

 The ability to resorb bone tissue is a characteristic feature of mature osteoclasts. 

Biological materials, such as dentin or cortical bone slices, are most frequently used to study 

bone resorption. Typical bone resorption assays are based on visualization and measurement 

of resorption pits and lacunae on the surface of the biomaterial (Figure 22A, asterisks) created 

by osteoclasts (Figure 22A, arrowheads), in this case stimulated with CY1_mFA-sRANKL 

equimolar to 100 ng/ml sRANKL for 21 days. Figure 22B demonstrates a high-magnification 

SEM micrograph of an early osteoclast (treated with CY1_mFA-sRANKL for 3 days) on 

cortical bone. Although no resorption pits were present on the bone surface, EDX analysis 

of the sample revealed peaks of calcium, phosphorus, and oxygen in dense vesicle-like 

Figure 22. Bone resorption by osteoclasts. (A) SEM micrograph of bone-resorbing osteoclasts on day 

21 after culture initiation. Red arrowheads indicate osteoclasts, and red asterisks mark resorption 

lacunae. (B) False-colored SEM image of an early osteoclast (orange) attached to the bone surface 

(blue). The dagger, double dagger and section sign mark areas where EDX spectra were taken. (C) 

EDX spectra recorded at the positions marked in B. Vesicles on the cell surface (dagger) are abundant 

in hydroxyapatite, indicating active bone resorption. Analysis of bone surface (double dagger) reveals 

high calcium, phosphorus and oxygen content. The cell surface (section sign) contains trace amounts 

of the mineral. Scale bars 50 µm (A) and 15 µm (B). 
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structures on the cell surface (Figure 22C, left plot). Similar but more prominent peaks were 

detected on the bone surface (Figure 22C, central plot) but not outside of the vesicles on the 

cell surface (Figure 22C, right plot), suggesting that vesicles contained hydroxyapatite-rich 

products of bone resorption. This finding is consistent with the current understanding of 

transcellular trafficking in actively resorbing osteoclasts. 

Although both dentin and bone are physiological targets for osteoclasts, these 

materials are naturally occurring and, therefore, not perfectly homogeneous, which 

negatively affects the reproducibility of measurements. To address this issue, I induced 

osteoclast differentiation in a 24-well plate precoated with an inorganic material mimicking 

Figure 23. Resorption assay. (A) Precoated culture plate stained according to the method of von Kossa 

on day 10 after culture initiation. The dark areas represent the intact biomimetic surface, and the white 

areas indicate zones of resorption. (B) Processed images of individual wells arranged according to 

their original positions in the plate. (C) Quantification of the resorption area. The mineral surface 

remains intact in the wells preincubated with vehicle or sRANKL. Moderate resorption is observed in 

the wells preincubated with CY1_mFA-sRANKL. Vigorous dose-dependent resorption is evident in 

the wells where cells were continuously supplied with the cytokine. Asterisks indicate columns in 

which the corresponding cytokine was added prior to cell seeding and washing step. Dagger indicates 

the column in which the cytokine was added upon each medium exchange. 
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the bone surface (Section 3.9.2). On day 10, the cultures were terminated, and the wells were 

stained according to the procedure described by von Kossa. Figure 23A shows a macroscopic 

view of the plate after staining, and Figure 23B demonstrates processed images of stained 

wells arranged according to their original positions in the plate. The intact material was 

stained black, and the resorption pits appeared white as they contained no hydroxyapatite. 

Image analysis reveals that no resorption took place in wells preincubated with vehicle or 

sRANKL (Figure 23C), indicating that the cytokine did not bind to the calcium-rich surface 

and was washed away. On the contrary, considerable resorption of about 10% of total surface 

area was observed in wells preincubated with varying amounts of CY1_mFA-sRANKL. 

Interestingly, the extent of resorption did not depend upon the amount of fusion protein with 

which the wells were preincubated prior to cell seeding, suggesting that the plate surface was 

saturated with the bound CY1_mFA-sRANKL. This assumption is indirectly supported by 

the observation that cell cultures treated with increasing amounts of the osteoclastogenic 

fusion protein exhibit exuberant dose-dependent resorption approaching 60% of total surface 

area in the high-dose groups. Collectively, these findings indicate that CY1_mFA-sRANKL 

retained the properties of its constituent proteins both in terms of binding to calcium-rich 

materials and in terms of its ability to trigger osteoclast differentiation.
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5. DISCUSSION 
 

Ectopic calcification is a common disturbance of mineral metabolism that can 

aggravate underlying conditions and cause lethal complications. The vasculature is 

constantly exposed to high serum calcium concentrations and is therefore prone to 

calcification. Pathological mineralization of blood vessels can cause various complications, 

including plaque instability due to atherosclerotic intimal microcalcification. The small size 

and lack of a defined crystalline structure hinder the diagnosis of the disorder. Moreover, 

regardless of the size of the developed lesions, soft tissue calcification is irreversible, and 

there are currently no pharmacological approaches to its treatment. Fluorescence molecular 

tomography and similar imaging techniques based on the use of specific fluorescent probes 

were reported to be advantageous in detecting early stages of ectopic calcification. 

Extraosseous precipitation of calcium salts is actively prevented by a number of local 

and circulating inhibitors of calcification. Hepatic glycoprotein fetuin-A is one of the 

principal serum components that stabilizes excess calcium phosphate. Negatively charged 

amino acids incorporated in the protein’s backbone, alongside its unique spatial organization, 

determine the ability of fetuin-A to prevent the growth of crystallization nuclei by forming 

colloidal complexes termed calciprotein particles. Chemically labeled fluorescent fetuin-A 

was established as a sensitive probe for the detection of calcifications. To further increase 

the diagnostic value of the probe, I sought to design and produce a set of chimeric proteins 

consisting of murine fetuin-A coupled to either a green or red fluorescent protein variant, 

mEmerald or mRuby3, respectively. All recombinant proteins were expressed in a 

suspension-adapted ExpiCHO-S mammalian cell line optimized for high-yield protein 

production. 

Major modifications of the protein structure caused by protein fusion can negatively 

affect nearly all stages of protein biosynthesis, including protein folding, its intra- and 

extracellular trafficking, and post-translational modifications. Consequently, such changes 

can arrest protein expression or result in nonfunctional proteins. Although both fusion 

proteins retained strong fluorescence (Figure 6A), one of them, mFA-mEmerald, had an 

impaired ability to inhibit calcium phosphate precipitation (Figure 7E). To address this 

problem, natural phosphorylation sites of mFA, represented by threonine and serine residues 

at positions 135, 138, 305, 309, 312, and 314, were replaced with glutamic acid, 
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reconstituting the negative charge of phosphorylated residues. This phosphomimetic 

modification fully restored the function of the protein (Figure 7F). After the fetuin-A-based 

fusion fluorescent probes were confirmed to be non-toxic (Figure 8), they were successfully 

used to image the physiological mineralization of MSC-derived osteoblasts (Figure 10) and 

pathological calcification of iVSMC (Figure 12). To further expand the palette of 

calcification probes, hydroxyapatite-binding protein osteopontin was fused to mRuby3 and 

successfully used for imaging of MSC mineralization, with sensitivity comparable to that of 

fluorescent fetuin-A (Figure 11). Overall, application of fluorescent probes based on mFA or 

bOPN allowed the identification of micrometer-sized features, confirming the high 

selectivity of these probes to incipient mineral deposits. Importantly, despite their protein 

nature, the fusion fluorescent probes produced only minor uptake-associated intracellular 

fluorescence in cultures maintained in a basal medium (Figure 16), which was, however, 

temporary and by no means impaired the quality of imaging (the negative controls in Figures 

10-12). On the other hand, the use of standard staining methods had significant drawbacks, 

related both to the requirement for cell fixation and to the quality of detection. Although 

routine Alizarin Red S staining allowed the distinction between non-mineralizing MSC and 

osteoblasts and also revealed larger calcified lesions in iVSMC, it failed to identify the typical 

grain-like mineralization delineating the contours of osteoblasts. The above was also true for 

the commercially available fluorescent dye calcein. Co-localization analysis of mFA-

mRuby3- and calcein-derived signals in double-stained mineralizing MSC and calcifying 

iVSMC revealed a moderate overlap in the case of MSC, which were sparsely stained with 

calcein, and a strong correlation in the case of iVSMC, which developed larger lesions 

detected by both probes (Figure 13). Thus, standard probes can detect mature crystalline 

material but lack sensitivity toward micrometer-sized calcifications. The observation that the 

smallest calcifications are recognized as pro-inflammatory and deleterious fundamentally 

justifies the use of microcalcification-sensitive fluorescent probes in the clinical setting. 

Collectively, these findings indicate that the designed fusion fluorescent proteins can detect 

both physiological and pathological patterns of calcium deposition in living cells with high 

specificity and sensitivity. 

High cell compatibility due to lack of toxicity is another major advantage of protein 

probes over chemical dyes used to detect minerals. To test whether fetuin-A-based fusion 

fluorescent proteins can be used for extended live staining of calcifying cells, patient-isolated 

VSMC were maintained for one week in serum-depleted calcification medium supplemented 
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with mFA-mRuby3. Fluorescence imaging revealed a gradual increase in the number of cells 

stained with the probe over the course of the experiment, indicating continuous calcification 

of VSMC (Figure 14). Starting from day 1, the high signal-to-noise ratio enabled precise 

automated quantification of calcification at individual time points. Remarkably, the amount 

of added mFA-mRuby3 was insufficient to suppress calcification, thus altering the 

experiment, as shown by the calcium phosphate precipitation inhibition assay (Figure 7C). 

The stability and high cytocompatibility of fetuin-A-based fusion fluorescent probes create 

a prerequisite for their inclusion in calcification media for continuous monitoring of 

calcification in cell cultures. In addition, low susceptibility to bleaching makes the 

engineered probes ideal candidates for use in long-term experiments employing automated 

cell imaging systems. Reflecting on the clinical significance of such assays, it should be kept 

in mind that ectopic calcification has long been established as an actively regulated process 

[35], and the predisposition to pathological mineralization is embedded at the cellular and 

tissue levels. Thus, the assessment of calcification propensity in the cells isolated from 

patients seems to be a promising diagnostic and prognostic method for conditions associated 

with the development of ectopic calcification. In addition, testing of anti-calcification 

therapeutic candidates in the patient-derived material might soon become an essential part of 

personalized medicine in the field of mineral metabolism disorders, so that the development 

of sensitive and non-toxic probes for imaging of early stages of calcification is more than 

justified. 

In contrast to conventional probes, fetuin-A-based fusion proteins are inherently 

fluorescent and fully functional upon secretion. Their ability to emit light upon excitation 

relies primarily on the proper folding of the corresponding fluorescent β-barrels, which, in 

turn, depends on the presence of the required molecular machinery. Fortunately, mammalian 

cells possess a wide range of chaperones and other folding-assisting molecules. To test 

whether functional fluorescent fusion proteins can be expressed in a calcifying cell line, thus 

constituting a calcification screening system, epithelial kidney cells HEK293 were 

transfected with a plasmid encoding mFA-mRuby3, and calcification was triggered shortly 

thereafter. Given that both transfection and induction of calcification can launch cellular 

stress response mechanisms, the main concern was whether these treatments performed 

simultaneously would negatively affect cell viability. Calcifying and non-calcifying 

transfected HEK293 cells assumed a spherical shape (Figures 15B, D) but remained viable 

for at least 4 days post-transfection. The amount of fluorescent protein released in culture 
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medium by transfected cells was sufficient to stain calcified untransfected cells (Figure 15C), 

indicating the expression of a functional fusion protein. HEK293 cells subjected to both 

transfection and calcification stained the irregular calcified areas, and the protein-expressing 

cells appeared as bright red dots, like their counterparts cultured in basal medium. Explicit 

morphological differences between calcified lesions and protein-producing cells allowed 

their clear distinction and quantitative analysis. Modern techniques for introducing genetic 

material into cells enable further development of such cell-based reporter systems. For 

instance, stable transfection of a cell line with a fluorescent probe would reduce the cost of 

live calcification screening many times over. Furthermore, a fusion fluorescent protein 

sequence cloned into an inducible expression vector would grant spatial and temporal control 

of probe production, providing new insights into calcification dynamics in living cells. 

Finally, the expression of fluorescent proteins with different emission wavelengths in 

response to various external stimuli seems to be a potent tool for multichannel imaging, 

enabling the study of the intricate relationship between calcification, inflammation, and cell 

death. 

Although fetuin-A-based fusion fluorescent proteins were shown to have strong 

potential as novel probes for the live imaging of ectopic calcification due to their high 

sensitivity and good safety profile, in the clinical setting, the final diagnosis of ectopic 

calcification depends largely on the histopathological examination to date. To study the 

application of fusion fluorescent probes as histological calcification dyes, hearts, livers, and 

kidneys harvested from calcification-prone mice were subjected to cryosectioning and 

stained using pm-mFA-mEmerald or pm-mFA-mRuby3 alongside their chemically labelled 

counterpart bFA-AF488, and conventional Alizarin Red S staining was used as a positive 

control. All fetuin-A-based probes were able to detect micrometer-sized calcifications in 

tissue samples (Figure 17). Additionally, these probes produced dim fluorescence in intact 

areas that accurately highlighted the morphology of examined tissues and thus obviated the 

need to use counterstain. The most striking observations were made upon examination of the 

kidney sections. Not only did routine Alizarin Red S staining fail to detect a significant 

number of microcalcifications, but it also failed to identify quite large, apparently fresh 

lesions measuring about 500 µm. Furthermore, multiple foci of intratubular calcification 

consistent with nephrocalcinosis, which were clearly detectable with fetuin-A, appeared 

intact when stained with Alizarin Red S (boxed areas in Figures 17C, D). Tissue staining 

with calcein could only detect mature large, calcified lesions, providing even less sensitivity 
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than Alizarin Red S (Figure 18). Given that renal pathology is one of the few clinical areas 

that does require the use of electron microscopy, e.g., to diagnose minimal change disease, 

the development of sensitive probes can be a valid option to provide novel, cost-effective 

solutions in the field. The concept of a calcium-detecting molecule fused to a fluorescent 

protein was further extended to generate OPN-based probes. Like fetuin-A fusion fluorescent 

proteins, bOPN-mRuby3 was found to be a sensitive tool for staining microcalcifications in 

the myocardium (Figure 19). It is known that extensive phosphorylation and intrinsically 

disordered structure of both mFA and bOPN allow these proteins to bind calcium-rich 

minerals [148]. Here, I showed that the binding is preserved in chimeric forms of the proteins. 

Intravital imaging is another promising application of calcification probes. 

Incorporating a short hexahistidine tag into the amino acid sequences of the recombinant 

proteins for purification purposes made it possible to further exploit the chemical properties 

of this tag for its rapid and site-specific labeling with gamma-emitting radionuclide 99mTc. 

Upon injection, radiolabeled murine fetuin-A demonstrated significant hepatic uptake in both 

fetuin-A-deficient and heterozygous mice, most likely due to its glycosylation profile not 

fully corresponding to the physiological (Figure 20B). Another reason for such 

biodistribution could be the histidine label itself, as some other authors have already observed 

increased accumulation of hexahistidine-labeled proteins in the liver [172]. This challenge 

can be addressed by replacing the hexahistidine tag with similar sequences that result in 

reduced hepatic uptake of the labeled proteins. Interestingly, fetuin-A-based radiotracer 

precisely outlined the skeleton of the fetuin-A-knockout but not the heterozygous animal. 

Given that fetuin-A accounts for a quarter of noncollagenous bone proteins [173], this 

observation can be explained by the complete occupancy of the fetuin-A-binding sites in the 

bones of the heterozygous animal and their availability in the skeleton of the knockout 

littermate. In fact, the high bone uptake of 99mTc-mFA did not allow extraction of the signal 

produced by the probe bound to microcalcifications. Overall, more research is required to 

establish reliable fetuin-A-based intravital radiotracers for the imaging of 

microcalcifications. 

Having established that fluorescent fetuin-A probes are potent tools for calcification 

imaging suitable for histological verification of diagnosis, I asked whether a bioengineering 

approach can be further employed to design and produce fusion proteins with therapeutic 

potential in ectopic calcification, as there is no conservative treatment for the condition to 

date. Although dissolving calcium phosphate is not challenging per se, it requires lowering 
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the pH well below the physiological range (7.35-7.45), which is impossible in a living 

organism. However, degradation of biological hydroxyapatite constantly occurs in bones and 

teeth in a process known as bone resorption. This process is inherently targeted and precisely 

regulated, as it can only take place when a highly specialized cell, the osteoclast, attaches to 

the bone surface and creates a sealed acidifying microenvironment under the portion of its 

membrane opposed to the bone surface. Such a microenvironment mobilizes the mineral 

while not disturbing the overall acid-base homeostasis. As skeletal hydroxyapatite and the 

mineral found in soft tissue calcium deposits are substantially the same matter, I hypothesized 

that bone-resorbing osteoclasts can be generated locally at the sites of ectopic calcification 

in order to dissolve the pathological foci. To test this hypothesis, a set of fusion proteins 

consisting of N-terminal murine fetuin-A (or parts thereof) coupled to the osteoclast-

activating cytokine RANKL was designed. The idea was to create RANKL-saturated 

interfaces in calcified lesions that would induce osteoclast differentiation from precursors 

upon contact. RANKL is functional in its membrane and soluble forms so that contact 

induction of osteoclasts represents one of its physiological mechanisms of action. Two of the 

three initially designed fusion proteins, mFA-sRANKL and mFA-scRANKL, could not be 

expressed in ExpiCHO-S cells, most likely due to folding issues. CY1_mFA-sRANKL, 

consisting of the first cystatin-like domain CY1 of fetuin-A and soluble RANKL, was 

successfully expressed, although several process optimization steps were required to obtain 

a pure product. The comparatively low final yield of the fusion protein is explained by the 

fact that cytokines act at nano- and picomolar concentrations, which distinguishes them from 

serum and structural proteins, which are physiologically produced in large amounts. 

To test the activity of the osteoclastogenic fusion protein, osteoclast precursor cells (RAW 

264.7) were treated with the engineered protein, and the cells stimulated with recombinant 

sRANKL served as the positive control. Multiple giant multinucleated cells were apparent in 

both cultures on day 14 of the experiment (Figures 21 A, B). However, the exact assessment 

of osteoclastogenesis was challenging, as conventional counting of multinucleated cells 

alone does not characterize osteoclast differentiation. For instance, a cell culture with ten 

osteoclasts, each containing three nuclei, would be considered to have a higher degree of 

differentiation than a culture with two larger osteoclasts, each having fifty nuclei. In an 

attempt to eliminate this obvious inconsistency, I introduced a new measure of osteoclast 

differentiation, the osteoclast differentiation index. This new approach to evaluating 

osteoclast development takes into account the number of nuclei in multinucleated (n3) cells, 
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providing more accurate data on osteoclast fate commitment. Indeed, mere cell counting 

showed that more osteoclasts developed in a culture treated with recombinant sRANKL 

compared to the study group (Figure 21D, P value < 0.05), but the comparison of ODI values 

of the two cultures revealed no statistically significant difference between the groups (Figure 

21C), indicating that both cytokines were similarly active regarding their ability to induce 

osteoclastogenesis. While useful for the quick assessment of osteoclast differentiation, the 

ODI value, however, does not provide information on the functional activity of developed 

osteoclasts. 

Osteoclast-mediated resorption was studied using bone biomimetic plates. To test 

whether the osteoclastogenic fusion protein retained the fetuin’s characteristic ability to bind 

calcium-rich minerals, the culture plate wells were preincubated with CY1_mFA-sRANKL 

and washed with plain culture medium prior to cell seeding. As expected, the fusion protein 

but not the recombinant sRANKL was able to drive osteoclastogenesis, as indicated by the 

considerable surface resorption observed on day 10 after culture initiation (Figures 23B, C). 

This observation suggests that the cystatin-like domain CY1 of fetuin-A is sufficient to 

provide mineral binding, but further research is required for a more accurate assessment. 

Interestingly, maintaining osteoclast precursors in the wells precoated with varying 

concentrations of CY1_mFA-sRANKL (12.5 – 50 µg/ml) resulted in a similar resorption 

response of about 10% of total surface area in each case, whereas the continuous 

supplementation of progenitor cells with much lower amounts of the cytokine (0.5 – 4 µg/ml) 

occasioned extensive dose-dependent resorption. This finding indicates that preincubation 

with the cytokine fully saturated the surface with the fusion protein, which triggered 

homogenous osteoclast development in the study groups. In contrast, constant exposure to 

the cytokine in the groups where it was added to the cells each time alongside medium 

exchange resulted in a sustained stimulation of osteoclasts that were able to resorb up to 60% 

of total surface area in high-dose groups. 

Taken together, the findings of this study intimate that the bioengineering of fusion 

proteins with desired properties might provide the basis for novel approaches to the 

management of ectopic calcification. The hepatic glycoprotein fetuin-A was shown to be an 

efficient mineral-binding protein capable of directing fluorescent molecules or effector 

agents to sites of ectopic calcification. In a set of experiments, fetuin-A-based fusion 

fluorescent proteins were demonstrated to be specific and sensitive probes that enable the 

imaging of calcification in living cells. The introduction of the inherently fluorescent fusion 
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proteins into calcifying cells provided a cell-based platform for the real-time screening of 

calcification. Furthermore, the novel fluorescent probes used for histological evaluation of 

ectopic calcification were able to resolve micrometer-sized lesions that appeared intact when 

stained using conventional techniques. The attempt to use physiological mechanisms to treat 

ectopic calcification led to the concept of a fetuin-A-based osteoclastogenic fusion protein. 

The therapeutic potential of the designed protein was validated in resorption assays.  
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6. ZUSAMMENFASSUNG 
 

Kalzium ist ein wesentlicher Bestandteil des menschlichen Körpers, der etwa 2 % des 

Körpergewichts ausmacht. Aufgrund seiner direkten Beteiligung an einer Vielzahl von 

physiologischen Prozessen ist sein Stoffwechsel genau geregelt. Die Biomineralisierung ist 

der Prozess, bei dem Kalzium in die Körpergewebe eingebaut wird, um sie zu härten und 

ihre physiologischen Funktionen zu gewährleisten. Beim Menschen ist die 

Biomineralisierung auf Knochen und Zähne beschränkt und wird in anderen Geweben aktiv 

durch ein Netz von zirkulierenden und lokalen Kalzifizierungshemmern verhindert. 

Endokrine Störungen, entzündliche und altersbedingte Erkrankungen können dieses 

Netzwerk stören, was zur Ablagerung von Kalziumphosphat in Weichteilgeweben führt, die 

man als ektopische Kalzifizierung bezeichnet. Solche abnormen Ablagerungen von 

Kalziumsalzen können die Blutgefäße versteifen oder den Verlauf der Atherosklerose 

verschlimmern und zu schweren und sogar tödlichen Komplikationen wie Herzinfarkt oder 

Schlaganfall führen. Während es möglich ist, große verkalkte Läsionen zu visualisieren, sind 

entzündungsfördernde mikrometergroße Kalziumablagerungen mit herkömmlichen 

bildgebenden Verfahren nur schwer zu erkennen. Unabhängig von der Größe der 

Verkalkungen gibt es derzeit keine konservativen Behandlungen zur Beseitigung 

bestehender Kalksalzablagerungen. Ziel der aktuellen Arbeit war es, Ansätze zur Bildgebung 

und Behandlung von ektopischen Verkalkungen zu entwickeln. 

Fetuin-A ist ein aus der Leber stammender, zirkulierender Verkalkungshemmer, der 

die Ausfällung von Kalziumphosphat verhindert. Seine hohe Affinität zu kalziumreichen 

Mineralien erklärt sich durch seine einzigartigen strukturellen Eigenschaften sowie durch 

seine molekulare Ladungsverteilung. Durch Anhängen von fluoreszierenden Proteinen an ein 

Molekül des murinen Fetuin-A wurde eine Reihe von fluoreszierenden 

Kalzifizierungssonden hergestellt. Die neuartigen Sonden erwiesen sich als ungiftig und 

geeignet für die Visualisierung von Verkalkungen an lebenden Zellen und übertrafen die 

herkömmlichen Färbetechniken. Darüber hinaus erwiesen sich die auf Fetuin-A basierenden 

Sonden als viel empfindlicher gegenüber Mikroverkalkungen als die chemischen Farbstoffe, 

die oft die kleinsten verkalkten Läsionen ungefärbt ließen. Schließlich wurden die neuen, mit 

einem Radionuklid markierten Sonden für die intravitale Bildgebung verwendet. 
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Die Knochenresorption durch Osteoklasten ist der einzige natürliche Prozess, bei dem 

ansonsten unlösliches Kalziumsalz abgebaut wird. Die Differenzierung und Aktivierung der 

knochenresorbierenden Osteoklasten hängt im Wesentlichen von einem Zytokin namens 

RANKL ab. Durch die Fusion von RANKL mit Fetuin-A habe ich ein wirksames Instrument 

zur gezielten Aktivierung von Osteoklasten an Verkalkungsstellen erhalten. Insgesamt 

zeigen Fetuin-A-basierte Fusionsproteine ein vielversprechendes theranostisches Potenzial 

für ektopische Verkalkung. 
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7. SOCIETAL IMPACT 
 

Ectopic calcification is defined as a pathological deposition of calcium salts in soft 

tissues. It accompanies a multitude of systemic diseases, with cardiovascular calcification in 

atherosclerosis and CKD being the most salient examples of the detrimental effects 

associated with this condition. Vascular calcification is strongly associated with all-cause 

mortality and long recognized as an independent risk factor for acute cardiovascular events, 

as it directly contributes to plaque instability in case of intimal calcification and arterial 

stiffness with subsequent left ventricular hypertrophy, MI and heart failure in medial 

calcification linked to end-stage renal disease [29, 174]. In fact, distinct forms of 

cardiovascular calcification are observed in 60-70% of individuals aged 41 to 80 years [175], 

and the prevalence increases up to 81% in patients with T2DM [176] and to a striking 100% 

in end-stage renal disease patients on hemodialysis [177]. As ectopic calcification is a feature 

of numerous diseases, it is difficult to assess its real burden. However, the very fact that 

conditions traditionally linked to extraosseous mineralization, such as IHD, stroke, diabetes, 

and CKD, are among the leading causes of global disability-adjusted life-years [178], clearly 

indicates the great impact of this health problem. Despite decades of research, there are no 

pharmacological treatments to completely stop progression of ectopic calcification, and the 

reversal of the process is considered the holy grail in the field of mineral pathophysiology. 

Moreover, the lack of sensitive and non-toxic imaging agents capable of detecting 

micrometer-sized calcified lesions creates additional obstacles in the management of the 

disease. 

 In this dissertation, I sought to develop a new approach to imaging and potential 

treatment of vascular calcification by establishing a novel theranostic platform based on 

mineral-binding protein fetuin-A. Firstly, I demonstrated that the chimeric proteins created 

upon fusion of fetuin-A and fluorescent protein variants were fully functional and could be 

used to detect mineralization and calcification in living cell cultures. Next, it was shown that 

fetuin-A-based probes surpass existing methods for detecting calcifications in both 

sensitivity and specificity. Application of novel imaging agents enabled identification of 

microcalcifications in seemingly intact tissues, significantly enhancing the diagnostic 

potential of optical microscopy in histological confirmation of soft tissue calcification, while 

eliminating the need for high-cost electron microscopy for early diagnosis of this pathology. 
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Further, radiolabeled fetuin-A was successfully used to visualize mineralized tissues in mice, 

demonstrating the potential of the molecule as a tomographic imaging agent. Finally, I 

proposed a new cell-based approach to the treatment of ectopic calcification based on the use 

of a chimeric cytokine that provides targeted activation of osteoclasts capable of resolving 

calcium salt deposits. 

Taken together, the findings of this dissertation shed light on the application of 

bioengineered proteins to diagnose and treat mineral metabolism disorders. While some of 

the developed agents, such as fusion fluorescent proteins, do not require substantial 

optimization and can find immediate application in pathology departments, contributing to 

improved diagnosis of the condition, others might need further validation to advance the 

current management of ectopic calcification. 
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Studienüberwachung    10 10        80 100 

Studiendesign 70    15        15 100 

Mikroskopie 50  10   10 10 20      100 

Konzeption der 

nuklearmedizinischen 

Untersuchungen 

50   25         25 100 

Datenauswertung 100             100 

Durchführung des 

Präzipitationstests 

10 90            100 

Produktion der rekombinanten 

Proteine 

100             100 

SDS-PAGE, Western Blot 100             100 

Zytotoxizitätstest 100             100 

Statistische Auswertung 100             100 

Chemische Proteinlabeling           100   100 

Radiomarkierung         100     100 

Injektion von radiomarkiertem 

Protein 

         100    100 

Massenspektrometrie            100  100 

Osteoklasten-Assays 100             100 

Histologische Untersuchung 100             100 

DNA-Aufreinigung 70 30            100 

Interpretation der 

Datenauswertung  

60    20        20 100 
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