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Calcific Aortic Valve Disease (CAVD) is a disease in which a patient's aortic valve is biomineralized to form calcified 

plaques and cause damage to valve function, thus affecting the normal flow of blood to the heart. CAVD can lead to 

stenosis or insufficient closure of heart valves, which may lead to serious complications such as abnormal blood flow to 

the heart. The main components of natural valves are collagen, elastin, and glycosaminoglycans, of which collagen can be 

used as a nucleation site for calcium deposition, and when the valve surface suffers microinjury, the exposed collagen can 

easily induce calcium deposition and lead to the disease. In this study, we constructed a porcine aortic valve surface 

damage model to simulate the calcification process of the aortic valve in vitro. We analyzed the relevant samples by 

Scanning Electron Microscopy (SEM), Energy Spectrum Analysis (EDS), X-ray Powder Diffraction (XRD), Fourier 

Transform Infrared Spectroscopy Attenuation Total Reflection (FTIR-ATR), and Thermo-Gravimetric Analysis (TGA). 

The SEM and EDS spectroscopy confirmed that calcium deposition at the damaged parts of the valves was faster and that 

the sample contained a high concentration of calcium.; XRD analysis showed that the composition of the deposits was 

mainly dicalcium phosphate dihydrate (DCPD) and hydroxyapatite (HAp); FTIR-ATR results showed that the calcium 

deposits were carbonate-containing phosphates; TGA results further demonstrated that microinjury of heart valves 

accelerated the process of calcification and facilitated calcium deposition. The in vitro surface microinjury model used in 

this study is expected to be an effective model for rapid simulation of the in vivo calcification process. 
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1. INTRODUCTION 

Calcific Aortic Valve Disease (CAVD) is a common 

heart valve disease, with clinical manifestations of valve 

fibrosis and calcification, resulting in impaired leaflet 

motion, insufficient closure, regurgitation, and other 

symptoms due to impaired valve function. The clinical 

manifestations of patients are chest pain, dyspnea, fatigue, 

and other phenomena, that seriously affect daily life and 

work. There are no effective drugs to cure CAVD, and some 

drugs can only delay the disease progression of CAVD [1]. 

Surgery and transcatheter aortic valve replacement are 

currently the most effective clinical treatment options. 

However, there are also post-treatment aortic regurgitation, 

acute kidney injury, and coronary artery occlusion [2, 3]. 

CAVD is also a degenerative disease that progresses 

with age, the patient's valve gradually develops 

degenerative connective tissue disease, followed by tissue 

fibrosis, leaflet thickening, and valve calcification. With 

increasing research, investigators have reported that CAVD 

is influenced by genetic factors, signaling pathways [4, 5], 

aging, estrogen, and hormone levels [6, 7], the systemic 

environment in vivo [8, 9], shear stress, and hemodynamic 

factors [10], resulting in a variety of factors including 

endothelial dysfunction/damage, lipid accumulation, aseptic 

inflammation, and overproduction, degradation, and 

redeposition of valve extracellular matrix, which ultimately 

leads to irreversible calcification of the leaflets. Normal 
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aortic valves have a three-layered structure of fibrous, 

spongy, and ventricular layers [11], where the fibrous layer 

consists of collagen fibers, valvular interstitial cells, 

fibroblasts, dendritic cells, and immune cells (macrophages 

and leukocytes) [12, 13]; and the ventricular layer, oriented 

towards the left ventricle, consists of elastin fibers, 

fibroblasts, and smooth muscle cells [14, 15]. Some 

autonomic nerves and lymphatic vessels are usually present 

in the ventricular layer; the spongy layer is located between 

the fibrous and ventricular layers, and the spongy layer is 

enriched in glycosaminoglycans and contains only fewer 

cells [16 – 19]. Valve mineralization occurs in two ways: 

firstly, biomineralization induced by osteoblasts 

differentiated from valvular interstitial cells, a process 

similar to bone growth in which osteoblasts secrete 

collagen, proteoglycans, glycoproteins and non-collagenous 

proteins to bind calcium ions and regulate the formation and 

growth of HAp crystals through biomineralization; and 

secondly, dystrophic calcification, which is characterized by 

the persistent and slow deposition of apatite and the 

damaged fibers, low-density lipoproteins and apoptotic 

vesicles acting as nucleating structures. It may result from 

the transition from amorphous to crystalline calcium and 

phosphate in the blood [20, 21].  

Biologically induced or controlled biomineralization is 

one of the prevalent phenomena in biological systems, and 

valvular calcification belongs to a type of biomineralization, 

and a large number of experimental studies have shown that 
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collagen fibers induce controlled mineralization [22, 23]. 

Xue et al. [24] used a molecular dynamics simulation 

method to study the nucleation of HAp on the surface of 

collagen, in which it was found that clusters containing 

calcium and phosphate ions with different sizes and 

morphologies on the solution and collagen surfaces, 

especially near the glutamic acid-arginine, where the 

clusters were much larger than those at other locations. This 

heterogeneous distribution mentioned above suggests that 

the clusters containing calcium and phosphate ions are 

induced and controlled by the surface properties of the 

protein. Qin et al. [25] used molecular dynamics and 

metadynamics simulations to explore the adsorption of 

calcium and phosphate ions by the groove topography. By 

constructing the nanogroove model against the planar model 

respectively, it was found that the ion adsorption rate and 

probability at the grooves were higher than those at the 

planar surface. In addition, the cluster growth process on the 

groove surface was divided into two steps, the first step was 

the adsorption of negatively charged calcium-deficient 

HAp, and the second step was the adsorption of positively 

charged calcium-rich HAp. The grooves contribute to the 

uneven charge distribution of calcium phosphate (CaP) 

clusters, which accelerates ion precipitation, enhances the 

interaction between the grooves and CaP clusters, and 

accelerates the deposition of CaP clusters on the groove 

surface. 

This study investigated the potential role of 

microinjuries in promoting calcification of heart valves. We 

hypothesized that tiny injuries on the valve surface could 

expose collagen fibers, a key structural component. These 

exposed fibers might then act as nucleation sites, attracting 

calcium and phosphorus from the bloodstream and initiating 

the mineralization process. Additionally, the grooves 

created by the microinjuries could further facilitate the 

deposition of these minerals, accelerating calcification [26]. 

To test this hypothesis, we employed an in vitro model. 

Microneedles were used to simulate microinjuries on pig 

aortic valves, which were then placed in a solution 

mimicking blood composition (SBF). This allowed us to 

systematically analyze the impact of microinjuries on valve 

calcification.

2. EXPERIMENTAL 

The porcine aortic valves were dissected from fresh 

hearts (Xiaoshan Hongken Meat Processing Company Ltd), 

which were rinsed repeatedly with phosphate-buffered 

saline and processed for microinjury using microneedles. 

After a 24-hour fixation in 2.5 % glutaraldehyde, the valves 

were secured in silicone elastomers to ensure full surface 

contact with the SBF solution and prevent wobbling. The 

valves were then incubated in a 37 °C water bath for 

3 – 5 days. After removal, the valves underwent dehydration 

and drying using a graded ethanol series (10 % to 100 %). 

Finally, the prepared samples were preserved for further 

testing. Details of the entire modeling and experimental 

procedure are illustrated in Fig. 1. The morphology and 

dimensions of the microneedles (NSZ-608T, Nanjing, 

China) were observed and measured using a 

stereomicroscope. This ensured control over the penetration 

depth during the valve injury simulation. After dehydration 

and drying using a graded alcohol series, valve at plane and 

injury surface morphology was examined with a field 

emission SEM (S-4800, Hitachi, Japan). Additionally, the 

EDS component of the electron microscope was used to 

analyze the elemental composition of the microneedles. 

XRD patterns were obtained using a D/Max 2200-PC 

diffractometer (Rigaku Corporation, Tokyo, Japan) 

equipped with Cu Kα radiation and a graphite 

monochromator. The measurements were conducted at 

room temperature, scanning a 2θ range of 10° to 60°. Dry 

valve samples were analyzed using FTIR-ATR on a Fourier 

Transform Infrared Spectrometer (Nicolet™ iS50, China) 

with a wavelength range of 2000 – 500 cm-1. Background 

subtraction and baseline correction were performed before 

each sample measurement. Finally, small pieces of the valve 

samples were placed in a crucible and analyzed using a TGA 

(TGA209F1, Netzsch, Germany). The instrument was set to 

operate in an air environment with a flow rate of 40 mL/min, 

a temperature range of 25 – 900 °C, and a heating rate of 

10 °C/min. 

3. RESULTS AND DISCUSSION 

A microneedle with the dimensions shown in Fig. 2 a 

(diameter: 0.162 mm, insertion depth: 0.5 mm) was used to 

create controlled microinjuries on the valve surface.  

 

Fig. 1. Construction of aortic valve microinjury model and schematic diagram of the experimental procedure 
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Fig. 2. a – microneedle images; b, c – SEM images of the valve surface before microneedle handling; d, e – after microneedle handling 

 

As seen in Fig. 2 b and c, the untreated valve surface 

appeared smooth and flat. Following microneedle 

application (Fig. 2 d), the valve surface exhibited well-

defined elliptical holes with deformed fibrous tissue visible 

between them. Due to the inherent elasticity and toughness 

of the valve tissue, dehydration, and drying using graded 

ethanol resulted in some pore deformation (Fig. 2 e). 

Nevertheless, this process successfully established a 

mechanical microinjury model on the valve surface. This 

model was then employed for immersion in simulated body 

fluids to investigate the impact of exposed valve tissue 

structure on calcification behavior. 

Further analysis was performed using SEM to examine 

the valve surface morphology after immersion in the 

simulated body fluid. Fig. 3 a shows the valve surface after 

3 days. Higher magnification images (Fig. 3 b) revealed the 

presence of particulate matter aggregates on the surface 

fibers. Notably, the undamaged valve flap surface remained 

smooth, with minimal deposits visible at this magnification 

(Fig. 3 c). Further magnification (Fig. 3 d) showed the 

growth and aggregation of submicron-sized, grape-like 

particles along the exposed fibers near the pores. A smaller 

number of scattered particles were also observed on the 

surface (Fig. 3 e). EDS analysis (Fig. 3 f and g) indicated a 

higher concentration of calcite near the holes compared to 

the flat surfaces of the valve. 

 

 

  

 

Fig. 3. SEM images and EDS energy spectra of valves in SBF with 3 days of calcification: a – overall surface morphology; 

b, c, d, e – enlarged image of the corresponding area; f, g – corresponding EDS energy spectrum 
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The surface morphology of the flap after 4 days of 

immersion is shown in Fig. 4 a. Compared to the 3-day 

sample, the overall surface appears rougher, with deposits 

visible at both the holes and flat areas. Higher magnification 

(Fig. 4 b) reveals elongated, strip-like deposits 

accumulating and growing around the valve opening, likely 

due to increased granular deposition. Smaller, nodular 

deposits are also evident on the surface (Fig. 4 c). With 

further immersion (Fig. 4 d and e), the fibrous tissue 

becomes obscured by a complete layer of sediment. 

Notably, the general morphology of the surface deposits 

remained similar. However, EDS analysis (Fig. 4 f and g) 

confirms a higher concentration of calcium near the holes 

compared to the flat regions of the valve. 

The surface morphology of the flap after 5 days of 

immersion is shown in Fig. 5 a. As seen in Fig. 5 b, 

elongated, dense deposits accumulate near the valve 

openings. In contrast, deposits on the flat surfaces appear 

shorter and more dispersed (Fig. 5 c). Higher magnification 

(Fig. 5 d and e) reveals interconnected, spherical granular 

deposits growing along the valve surface. EDS analysis 

(Fig. 5 f and g) confirms the continuing trend of higher 

calcium concentration near the holes compared to the flat 

regions of the valve. 

Analysis of the SEM images (Fig. 3, Fig. 4, and Fig. 5) 

and corresponding EDS data consistently revealed higher 

calcium deposition around the microinjury pores compared 

to the flat valve surfaces. This suggests that under identical 

immersion conditions, the microneedle-injured valve areas 

exhibited a greater tendency to capture calcium from the 

SBF solution. This enhanced capture likely facilitates 

calcium nucleation and subsequent growth near the pores, 

potentially due to exposed fibers and altered surface 

morphology. 

XRD analyses of the flaps immersed for 3 – 5 days were 

performed separately to determine the physical phase 

composition of the calcium deposits on the flap surface. As 

shown in Fig. 6, the main positions of the diffraction peaks 

of the three groups of samples were at 21.3°, 23.7°, and 

26.6°, respectively, and the half-peak widths were smaller, 

which indicated that the deposits were more crystalline. 

Overall, the main phase at 3 and 4 days of immersion was 

DCPD, with diffraction peaks at 21.3° (121) and 23.7° 

(040), but it also contained a small amount of HAp, with a 

diffraction peak at 26.6° (002). As soaking time increased, 

the HAp diffraction peaks became sharper in the XRD 

spectra of the valves soaked for 5 days. It indicates that 

apatite in the DCPD phase first forms on the valve surface 

when the valve is immersed in simulated body fluids, 

followed by a continuous conversion to the HAp phase. 

Most of the crystalline phases of cardiovascular deposits 

detected in vivo are more stable HAp [27], which may be 

due to the gradual transformation between the different 

crystalline phases of apatite and the eventual formation of 

stable HAp. 

 

  

 

Fig. 4. SEM images and EDS energy spectra of valves in SBF with 4 days of calcification: a – overall surface morphology; 

b, c, d, e – enlarged image of the corresponding area; f, g – corresponding EDS energy spectrum 
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Fig. 5. SEM images and EDS energy spectra of valves in SBF with 5 days of calcification: a – overall surface morphology; 

b, c, d, e – enlarged image of the corresponding area; f, g – corresponding EDS energy spectrum 

 

 

Fig. 6. XRD pattern of valves with different days of calcification 

The FTIR-ATR spectra of the control (CAV) and 

experimental (EAV) valves measured are shown in Fig. 7. 

The weak band at 520 cm-1 in the range of 2000 – 500 cm-1 

may be from HAp. The presence of weak splitting peaks at 

560 cm-1 and 600 cm-1 follows the characteristic peaks of 

PO4
3- in apatite [28]. The characteristic absorption peak of 

the calcium phosphate P-O bond appears at 1026 cm-1 [27]. 

A weak characteristic peak of CO3
2- vibration was shown at 

1450 cm-1 [27]. Peaks at 1640 cm-1 and 1540 cm-1 

correspond to amide I and II bonds in organic valve 

components [29]. The FTIR-ATR data confirmed the 

presence of CO3
2- in the deposits on the valve surface into 

the interior of the apatite crystals replacing some of the 

phosphate groups. 

 

Fig. 7. FTIR-ATR pattern of valves with different days of 

calcification 

TGA was used to quantify calcium deposition 

differences between CAV and EAV samples (Fig. 8 a). The 

TGA curves show two main weight loss stages. The first 

stage (0 – 220 °C) involves water loss from the valve tissue 
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and partial decomposition of organic matter as DCPD 

converts to calcium diphosphate [30, 31]; the second stage 

(240 – 630 °C) shows the highest weight loss, corresponding 

to the decomposition of extracellular matrix components 

like collagen, elastin, and glycosaminoglycans, as well as 

further DCPD decomposition to calcium pyrophosphate; At 

temperatures greater than 630 °C, the remaining material in 

the crucible was calcium deposits with higher 

decomposition temperatures [32, 33]. The percentage of 

calcium deposits remaining in each sample after 630 °C was 

obtained from the analysis of TGA data as follows: 

CAV1 1.9 %, CAV2 2.4 %, CAV3 3.5 %; EAV1 13 %, 

EAV2 17%, EAV3 20%. From the DTG curves in Fig. 8 b, 

it can be obtained that the onset temperature of thermal 

decomposition and the temperature of the maximum weight 

loss rate were approximately the same for the six samples. 

The first peak was sharper compared to the second peak, 

indicating a faster rate of initial water loss and a slower rate 

of organic matter decomposition. 

 

a 

 

b 

Fig. 8. Patterns of valves with different days of calcification: 

a – TGA; b –  DTG 

It can be found from the data that CAV and EAV have 

significantly more calcium deposits than CAV under the 

same number of days of immersion, and the difference in 

the calcium deposit content of CAV is not very obvious 

under the same conditions, whereas the content in EAV can 

be seen as a significant difference in the diagram. It proves 

that under the simulated conditions of microneedle 

microinjury of the valve, microinjury on the valve surface 

can accelerate the capture of calcium ions in SBF and their 

surface nucleation and growth. 

4. CONCLUSIONS 

The study investigated the potential role of 

microinjuries in promoting calcification of heart valves. 

Microneedles were used to simulate microinjuries on 

porcine aortic valves, which were then placed in SBF. The 

results showed that the microneedle-injured valve areas 

exhibited a greater tendency to capture calcium from the 

SBF solution compared to the native valve surfaces. This 

enhanced calcium capture, facilitating calcium nucleation 

and subsequent growth near the injured area, potentially due 

to damaged collagen and altered surface morphology. XRD 

analysis revealed that the main crystalline phase of the 

calcium deposits was initially DCPD, which then gradually 

transformed into the HAp phase over time. These results 

indicated that microinjuries on the valve surface could 

accelerate the capture of calcium ions from the surrounding 

fluid and promote the nucleation and growth of calcium 

deposits, potentially contributing to calcific aortic valve 

disease progression. Furthermore, accidental injury, 

bacterial infection, or hypertension may cause valve damage, 

and there is also the phenomenon of valve breakage 

calcification in the clinic, but there is still an absence of 

simulated valve defect calcification ex vivo. In this study, 

microneedle-based construction of defective valves was 

used to mimic the simulation of the early phenomenon of 

valve calcification, further providing a mimetic model for 

initiating the calcification of injured valves. 
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