
Colloids and Surfaces B: Biointerfaces 227 (2023) 113372

Available online 25 May 2023
0927-7765/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Reconsidering the role of albumin towards amorphous calcium 
phosphate-based calciprotein particles formation and stability from a 
physico-chemical perspective 

Rita Gelli *, Francesca Ridi 
Department of Chemistry “Ugo Schiff” and CSGI, University of Florence, via della Lastruccia 3, Sesto Fiorentino, 50019 Florence, Italy   

A R T I C L E  I N F O   

Keywords: 
Calciprotein particles 
Amorphous calcium phosphate 
Hydroxyapatite 
Fetuin-A 
Albumin 
Proteins 

A B S T R A C T   

The formation of calciprotein particles (CPPs) in serum is a physiological phenomenon fundamental to prevent 
the rise of ectopic calcifications. CPPs are colloidal hybrid particles made of amorphous calcium phosphate 
stabilized by a protein, fetuin-A. Since albumin is the most abundant protein present in serum, we aimed at 
understanding if it plays a synergic action together with fetuin-A towards CPPs formation and stability. 

CPPs were prepared using a constant fetuin-A concentration (5 µM) and different concentrations of albumin 
(0–606 µM). The stability of CPPs, their crystallization and sedimentation were followed in situ by combining 
turbidimetry, precipitation analysis and dynamic light scattering. The morphology was investigated by scanning 
electron microscopy and cryo-transmission electron microscopy, while crystallinity was inspected by infrared 
spectroscopy. The effect of albumin on the amount of formed CPPs was also studied, as well as the amount of 
protein adsorbed on CPPs. 

We found that albumin is not able to prolong the lifetime of the amorphous phase, but it is very effective in 
delaying the sedimentation of CPPs after crystallization. Albumin also significantly decreases the amount and 
size of CPPs when present in their synthetic medium, likely playing a fundamental role in our organism together 
with fetuin-A towards the stabilization of CPPs.   

1. Introduction 

The formation of inorganic nanostructures in living organisms is a 
fascinating phenomenon in which proteins have a crucial role in 
modulating the functional properties of the obtained biominerals [1]. 
Among them, the liver-derived glycoprotein Fetuin-A (Fet-A), known in 
humans as α2-HS-glycoprotein, circulates in serum at a concentration of 
~ 0.8 g/L [2] and is able to bind to amorphous calcium phosphate (ACP) 
clusters which spontaneously form in plasma and inhibit their growth, 
thus preventing the surge of ectopic calcifications. The role of Fet-A and 
other mineral chaperones, such as acidic proteins, is thus fundamental to 
scavenge calcium ions and nascent calcium phosphate crystals, limiting 
the ionic supersaturation that would provoke extra-skeletal calcifica-
tions [3,4]. Fet-A/ACP complexes are referred to as CPPs (calciprotein 
particles) and consist of inorganic particles stabilized by Fet-A 

molecules, that bind calcium phosphate through their acidic residues 
present in an extended β-sheet in the D1 domain of the protein [1,5]. 
When in the amorphous state, they are called primary calciprotein 
particles (CPP1). In time, CPP1 may ripen and crystallize, forming 
hydroxyapatite-based needle-like structures called secondary CPP 
(CPP2). Both CPP1 and CPP2 may induce endothelial dysfunction, 
although primary CPPs cause less deleterious effects than secondary 
CPPs [6–11]. This biological pathway is especially important for pa-
tients affected by kidney diseases, which often suffer from imbalanced 
homeostasis of phosphate and, in some cases, calcium ions [11,12]. 
Fet-A has recently been defined as a “mineral chaperone” protecting 
tissues from calcification and inflammation-related damage [13]; in 
addition, this glycoprotein displays other biological functions such as 
the regulation of bone metabolism and the involvement in insulin 
signaling pathway, also acting as protease inhibitor and inflammatory 
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mediator [14]. 
Despite Fet-A is well recognized as the major responsible for the 

stabilization of CPPs in serum, it has to be considered that hundreds of 
different types of proteins are present in our blood [15] and among them 
Albumin (Alb) is by far the most abundant one. Alb circulates in serum at 
a concentration of 35–50 g/L [16], which is about 50 times higher than 
that of Fet-A. This protein plays a multifunctional role in blood, as it 
binds to various endogenous and exogenous molecules and ions, being 
involved in their transport and homeostasis [17]. Among the ions, Alb is 
able to bind Ca2+ by means of its acidic residues, lowering the concen-
tration of free ions and contributing to the serum calcification inhibition 
[18]. The efficacy of Alb in preventing serum calcifications is tough 
controversial: studies from the nineties on the inhibitory capacity of 
human serum attributed two-thirds of the inhibitory potential to pro-
teins and other macromolecules, Alb accounting for half of the inhibi-
tory effect of the serum proteins [19]. More recent investigations 
estimated that the contributory fraction of Alb could be as low as ~10% 
[1]. A series of studies also compared the calcification inhibition po-
tential of Fet-A and Alb: while in 1994 it was shown that, in bovine fetal 
serum, Alb displays a lower Ca-binding activity than Fet-A [20], Schinke 
et al. described the calcification propensity of several proteins (Fet-A 
from different sources, Alb, ovalbumin, calmodulin, lysozyme), and 
concluded that Fet-A accounts for about half of the serum ability to 
inhibit mineral precipitation, while Alb had no remarkable effect even at 
higher concentrations [21]. In terms of CPPs, some works demonstrated 
that both endogenous and synthetic CPPs contain a substantial fraction 
of Alb [2,22–24], suggesting that this protein might play a role in their 
formation and stability. Heiss et al. prepared CPP-like nanoparticles at 
different Fet-A/Alb concentrations and found that the conversion from 
CPP1 to CPP2 is driven by Fet-A, whereas Alb only affects the sedi-
mentation process of CPP2, which was monitored for 2 days [2]. They 
concluded that Fet-A is mainly involved in the stabilization of CPP1 
while Alb (and other acidic proteins) stabilize CPP2. A successive paper 
by Wu et al. studied the effect of Fet-A and Alb towards calcium phos-
phate mineralization, focusing on the turbidity of cell culture media 
supplemented with Fet-A/Alb in different conditions, and concluded 
that both proteins, but in particular Fet-A, exert a strong inhibitory in-
fluence on mineral growth and precipitation [25]. Out of note, in their 
experiment they observed similar results using either human or bovine 
Fet-A and Alb. A few years later Pasch et al., while developing a 
nephelometric test to study the calcification propensity of serum [24], 
observed that Alb has no intrinsic inhibitory effect, but in combination 
with Fet-A a synergistic inhibitory effect could be observed. In the same 
work, they conclude that "proteins largely define primary CPP assembly 
and shape, whereas small molecules largely define primary CPP stability 
and timing of primary to secondary CPP conversion". The literature 
presented so far showcases the importance of Alb in the framework of 
CPPs. Nonetheless, most of the works address the topic from a clinical 
perspective, without focusing on the colloidal stability and on the 
nanoscale structure of these inorganic-organic hybrid particles. In 
particular, the effects of different Alb concentrations on the shape, size, 
and amount of formed CPPs are of interest, as well as their long-term 
colloidal stability. 

In this work, we investigated the role of Alb on synthetic CPPs for-
mation and stability at constant Fet-A concentration, using 5 µM of Fet-A 
(1/3 of the physiological one); this concentration was selected in order 
to evaluate if in a potential pathological situation of low Fet-A levels 
(associated with an increased risk of mortality in patients suffering from 
kidney diseases [26,27]), Alb would compensate such deficiency by 
contributing to CPPs stabilization. Different concentrations of Alb were 
investigated, from 0 to 606 µM, and the system was analyzed in situ at 
37 ◦C by means of turbidimetry, sedimentation and dynamic light 
scattering, to study the ripening process. The features of the CPP1 
formed at different Alb concentrations were thoroughly investigated by 
combining different analytical approaches including scanning and 
transmission electron microscopy, infrared spectroscopy and elemental 

analysis. The obtained results demonstrate that Alb controls both the 
size and morphology of CPP1 and the stability towards sedimentation of 
CPP2 dispersions. 

2. Materials and methods 

2.1. Materials 

CaCl2 (purity > 93.0%), NaCl (purity > 99.5%), Na2HPO4⋅12 H2O 
(purity > 99.0%), Fetuin from fetal bovine serum (Type III, n◦ F3385, 
Mw 48,400 g/mol) and Bovine Serum Albumin (n◦ A9418, Mw 66,000 g/ 
mol) were purchased from Sigma Aldrich. Tris(hydroxymethyl)amino-
methane (TRIS, purity > 99.7%) was obtained from Fluka while HCl 
37% from Carlo Erba Reagents. Milli-Q water (resistivity 18.2 MΩ⋅cm) 
was used in all the experiments. 

2.2. CPPs preparation 

CPPs were prepared upon mixing of aqueous solutions containing 
dissolved salts and proteins. TRIS-HCl buffer 50 mM was prepared by 
dissolving 0.303 g of TRIS in 50 mL of Milli-Q water. The pH (pH meter 
7 + with DHS electrode, XS instruments) was lowered from the initial 
value of ~10 to 7.40 by dropwise addition of HCl 1 M. Two precursors’ 
solutions, A and B, were prepared: solution A was made by dissolving 
CaCl2 (0.022 g, 20 mM) and NaCl (0.164 g, 280 mM) in 10 mL of the 
TRIS-HCl 50 mM solution, while solution B was obtained by dissolving 
0.043 g of Na2HPO4⋅12 H2O (12 mM) in 10 mL of TRIS-HCl 50 mM. Fet- 
A (2.91 mg) was dissolved in 3 mL of solution B, yielding to solution C 
([Fet-A]= 20 µM), whereas Alb (160 mg) was dissolved in 1 mL of so-
lution B, resulting in solution D ([Alb]= 2424 µM). All solutions were 
heated at 37 ◦C, and samples were obtained upon mixing them ac-
cording to the volumes reported in Table 1. Solutions B, C and D were 
mixed and added to solution A. The final concentrations in the 2 mL 
volume samples were [Ca2+]= 10 mM, [Na+]= 140 mM, [phosphate]: 6 
mM, [Fet-A]= 5 µM and [Alb] from 0 to 606 µM. The obtained disper-
sions were incubated at 37 ◦C and, when needed, 1 mL aliquots were 
collected at selected times and centrifuged (Neya 16 R, REMI, A6–50 
rotor) at 12,000 rpm for 5 min, then washed with 1 mL of water and 
centrifuged again in the same conditions. The supernatant was dis-
carded, and the precipitate was frozen in liquid nitrogen and lyophilized 
at − 55 ◦C and 30 mTorr for 24 h (VirTis benchtop freeze-dryer). 

2.2.1. Addition of albumin after CPP formation 
As a comparison, CPPs were also prepared by adding Alb after 2 min 

from the mixing of precursors’ solutions. In this case, 1.45 mg of Fet-A 
were dissolved in 3 mL of solution B, and heated at 37 ◦C. This solu-
tion was mixed with 3 mL of solution A. After 2 min, 1 mL of the reacting 
solution was added to 0.99 mg, 7.52 mg and 29.99 mg of Alb in order to 

Table 1 
Amounts of solutions used for samples preparation (total volume: 2 mL) and 
final concentrations of proteins in each sample. Solution A: CaCl2 20 mM and 
NaCl 280 mM in TRIS-HCl 50 mM; Solution B: Na2HPO4⸱12 H2O 12 mM in TRIS- 
HCl 50 mM; Solution C: Fet-A 20 µM in solution B; Solution D: Alb 2424 µM in 
solution B.  

Sample Solution 
A 

Solution 
B 

Solution 
C 

Solution 
D 

[Fet- 
A] 

[Alb] 

F5_A0 1 mL 500 µL 0.5 mL - 5 µM 0 µM 
F5_A2.5 1 mL 498 µL 0.5 mL 2 µL 5 µM 2.5 

µM 
F5_A10 1 mL 492 µL 0.5 mL 8 µL 5 µM 10 µM 
F5_A20 1 mL 483 µL 0.5 mL 17 µL 5 µM 20 µM 
F5_A76 1 mL 437 µL 0.5 mL 63 µL 5 µM 76 µM 
F5_A303 1 mL 250 µL 0.5 mL 250 µL 5 µM 303 

µM 
F5_A606 1 mL - 0.5 mL 500 µL 5 µM 606 

µM  
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obtain samples F5_A10_post, F5_A76_post, F5_A303_post. After 3 min 
from Alb addition, the dispersions were centrifuged at 12,000 rpm for 5 
min, washed with 1 mL of water, centrifuged again and eventually 
freeze-dried. 

2.2.2. Synthesis of CPPs at lower calcium concentration 
As a reference, F5_A0 was prepared using a lower amount of Ca2+

with respect to the synthesis described in Section 2.2. 21.53 mg of 
Na2HPO4⋅12 H2O were dissolved in 5 mL of 50 mM TRIS-HCl buffer at 
pH 7.4, together with 2.45 mg of Fet-A (solution B). 164 mg of NaCl 
were dissolved in 10 mL of 50 mM TRIS-HCl buffer (solution A): this 
solution was divided in two 5 mL aliquots, in which 8.88 mg and 6.66 
mg of CaCl2 were dissolved, leading to a [Ca2+]= 16 mM and 12 mM, 
respectively. CPPs were obtained by mixing at 37 ◦C 1 mL of both so-
lutions A with 1 mL of solution B, obtaining a final calcium concentra-
tion in the reacting medium of 8 mM and 6 mM. Both samples were 
collected by means of centrifugation after 5 min of reaction and treated 
as described in Section 2.2. 

2.3. Characterization techniques 

2.3.1. Turbidimetry 
Turbidimetry measurements were performed with a Cary 3500 

spectrophotometer (Agilent). Samples were prepared as described in 
Section 2.2, and immediately after mixing the dispersions were quickly 
placed in PMMA cuvettes and loaded in the spectrophotometer. The 
measurement was carried out at 37 ◦C for 16 h by recording the 
absorbance at 400 nm every 2 min. An integration time of 0.020 s and a 
bandwidth of 1 nm were used to collect the absorbance data. 50 mM 
solution of TRIS-HCl was used for baseline subtraction. 

2.3.2. Sedimentation 
The sedimentation process of CPP dispersions was monitored visu-

ally, by collecting photos of the samples in time. Samples were prepared 
as described in Section 2.2, placed in PMMA cuvettes and stored in an 
oven at 37 ◦C. Photos were analyzed with the software ImageJ, con-
verting them in 8 bit and performing auto-contrast operation to make 
the darkest spot (photos background) as pixel value= 0 and the whitest 
as 255. The grey value, i.e., pixel value, from the top to the bottom of the 
cuvette was measured, in order to monitor the sedimentation of CPPs 
(see a sketch in Fig. S1 in the Supplementary Material). 

2.3.3. Dynamic Light Scattering (DLS) 
DLS measurements were performed at 37 ◦C with a Particle Size 

Analyzer 90 Plus (Brookhaven Instruments) equipped with a 635 nm 
laser. Immediately after the preparation, samples were placed in a 
cuvette and the autocorrelation functions were acquired by averaging 
10 runs of 10 s each. Measurements were carried out after 5 min, 15 min, 
30 min, 45 min, 60 min, 75 min, 90 min, 105 min, 120 min and 180 min 
from the beginning of the reaction. The autocorrelation functions were 
processed with the Contin algorithm developed by Provencher [28,29] 
with the 9kpsdw software package from Brookhaven Instruments. The 
obtained size distribution curves for the hydrodynamic diameters (Dh) 
were fitted with the software IgorPro, using a gaussian function (see Eq. 
1): 

y = y0 +Aexp
[

−
(x − x0

width

)2
]

(1)  

where x0 represents the Dh and width is SD
̅̅̅
2

√
(SD=standard deviation). 

2.3.4. Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP- 
OES) 

The amount of unreacted calcium during CPP formation was 
measured by means of an Inductively Coupled Plasma Atomic Emission 
Spectrometer (ICP-OES). CPPs were prepared as described in Section 

2.2. After 5 min of reaction at 37 ◦C, the dispersions were centrifuged at 
12,000 rpm for 5 min and the supernatant was collected. Calcium con-
centration was determined in triplicate by means of an Agilent 720-ES 
ICP-OES equipped with a pneumatic nebulizer and a cyclonic spray 
chamber. 1.0 ppm of Ge was used as an internal standard to correct any 
matrix effect. The calibration lines were obtained by preparing the 
standard solutions starting from commercial standards certified at 
1000 ppm. The line used for Ca determination was 422.673 nm whereas 
the one used for Ge was at 209.426 nm. After each measurement, the 
system was washed with a 2% HNO3 solution. The obtained amount of 
Ca was compared with that initially present in the reacting solution, and 
results were expressed as % of Ca left in the supernatant after the 
reaction. 

2.3.5. Field Emission - Scanning Electron Microscopy (FE-SEM) coupled 
with Energy Dispersive X-Ray Spectroscopy (EDX) 

FE-SEM micrographs were collected using a Zeiss ΣIGMA FE-SEM 
(Carl Zeiss Microscopy GmbH). The freeze-dried samples were placed 
on aluminum stubs using conductive tape. The accelerating voltage was 
2 kV, the sample-detector distance ~2 mm and the aperture 10 µm. 
Images were acquired with an In-Lens detector. The size distributions 
were obtained measuring the diameter of ~200 particles per sample, 
using the software ImageJ. The obtained histograms were fitted with the 
software IgorPro, using a gaussian function (see Eq. 1). EDX analysis was 
carried out using an accelerating voltage of 10 kV, a sample-detector 
distance ~8 mm and an aperture of 60 µm. The Ca/P ratios were ob-
tained as average ± standard deviation of three different sites per 
sample. 

2.3.6. Cryo-Transmission Electron Microscopy (Cryo-TEM) 
Cryo-TEM images were collected using a Glacios™ microscope 

(Thermo Fisher Scientific) operating at 200 kV and equipped with a FEI 
Falcon 3 detector operating in counting mode. A volume of 3 µL of 
particles dispersions reacted for 5 min was deposited on glow dis-
charged (PELCO easiGlow™ Glow Discharge Cleaning System) Quanti-
foil R2/2 holey carbon films on 300 Cu Mesh + 2 nm C grids and 
plunged frozen into liquid ethane using an FEI VitRobot Mark IV 
(Thermo Fisher Scientific). Excess liquid was removed by blotting for 2 s 
(blot force 0) using filter paper under 100% humidity and 10 ◦C. 

2.3.7. Fourier Transform - Infrared Spectroscopy (FT-IR) 
FT-IR spectra were collected in transmission mode using an Agilent 

Cary 670 spectrometer. KBr pellets were prepared by mixing 1 mg of 
freeze-dried sample and 100 mg of KBr (FT-IR grade, Sigma Aldrich). 
Spectra were collected in the 4000–400 cm− 1 range, using a resolution 
of 2 cm− 1 and 128 scans. A KBr pellet was used for the background 
subtraction. 

2.3.8. Elemental analysis CHNS 
The amount of C in the freeze-dried samples collected after 5 min of 

reaction was determined by means of a FlashSmart Elemental Analyzer 
CHNS/O (Thermoscientific) operating with a dynamic flash combustion 
of the sample and a Thermal Conductivity Detector (TCD). 

3. Results and discussion 

The effect of Alb towards CPPs formation and stability was initially 
studied in situ at 37 ◦C by means of turbidimetry, which is a well-suited 
technique to monitor the formation and ripening of CPPs [30]. The 
obtained curves up to 2 h are shown in Fig. 1A, while the process 
monitored up to 16 h is shown in Fig. S2. In samples F5_A0 and F5_A2.5 
we observe that the absorbance rises very slowly for about 30 min, then 
it abruptly increases reaching a plateau, and eventually drops to ~ 0. 
These stages are compatible with the initial formation of CPP1, followed 
by their ripening with the formation of CPP2 and finally their precipi-
tation (see a sketch of the different stages in Fig. S3A). In the presence of 
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intermediate Alb concentrations (from sample F5_A10 to F5_A76), the 
ripening occurs on similar timescales than without Alb, but no precipi-
tation is observed up to 16 h. The onset times of the ripening transition, 
calculated as the intersection point between the tangents to the curves in 
the stage I and II (see Fig. S3B), are reported in Table 2, and confirm that 
the conversion process from CPP1 to CPP2 occurs on similar time scales 
irrespectively of Alb concentration, at least up to [Alb]= 76 µM. Sample 
F5_A303, in fact, ripens faster than samples at lower Alb concentration, 
while for F5_A606 the process is remarkably slower (see Fig. 1A and 
Table 2). Interestingly, all samples but F5_A606 show an initial absor-
bance value which is inversely proportional to Alb concentration (see 
Table 2 and Fig. S4). Since the amount of scattering and absorption 
depends on the size of the particles and their concentration in the sus-
pension [31], we can infer that the presence of Alb leads to the forma-
tion of CPPs which are either smaller or less concentrated (or both). 

The results obtained from turbidimetry were compared with the vi-
sual observation of the samples in time, shown in Fig. 1B. Immediately 
after mixing, the optical density of the dispersions decreases with the 
increase of Alb concentration, consistently with data reported Fig. S4. 
The abrupt increase in absorbance first occurs in sample F5_A303, as 
already pointed out from the analysis of the onset times in Table 2. While 
turbidimetry allows for the monitoring of the systems for a limited 
amount of time, from samples observation we can monitor the sedi-
mentation process up to weeks. Interestingly, while samples F5_A0 and 
F5_A2.5 begin their precipitation after about one hour, samples at higher 
Alb concentration are stable up to 1 day and complete the precipitation 
process in several days. Alb is thus very effective in slowing down the 
sedimentation process of the colloidal dispersion, as the precipitation 

Fig. 1. A) Turbidimetry curves at 37 ◦C of the samples under investigation (see the profile up to 16 h in Fig. S1). B) Photos of the different samples as a function of 
time incubated at 37 ◦C. C) Gray values profiles as a function of distance from the interphase of photos in B, at different incubation times (see Fig. S5 for an 
explanation of the process). 

Table 2 
Parameters obtained from turbidimetry, DLS and FE-SEM/EDX. The latter two 
techniques refer to samples collected after 5 min. For DLS, the SD associated to 
Dh is obtained from the width of the gaussian fit of the size distribution curves 
obtained by the Contin analysis of the autocorrelation functions. For FE-SEM, 
the errors associated to the diameter and SD result from the Gaussian fit of 
the size distribution curves (see Section 2.3.6). For EDX, results are average 
± SD of three sites per sample.   

Turbidimetry DLS FE-SEM/EDX 

Sample Onset 
time 
(min) 

Absorbance 
at t = 0 

Dh 

± SD 
(nm) 

Diameter 
(nm) 

SD 
(nm) 

Ca/P 

F5_A0 29 min 0.46 166 
± 41 

69.7 
± 2.0 

17.9 
± 3.5 

1.20 
± 0.01 

F5_A2.5 28 min 0.36 156 
± 16 

57.1 
± 1.3 

20.0 
± 1.8 

1.22 
± 0.03 

F5_A10 27 min 0.26 133 
± 44 

43.5 
± 0.3 

8.1 
± 0.4 

1.26 
± 0.02 

F5_A20 25 min 0.20 125 
± 44 

42.5 
± 0.5 

10.1 
± 0.7 

1.24 
± 0.05 

F5_A76 25 min 0.14 180 
± 35 

43.3 
± 0.6 

10.7 
± 0.8 

1.22 
± 0.03 

F5_A303 19 min 0.07 6 ± 2, 
39 

± 12, 
136 
± 28 

21.7 
± 0.7 

4.6 
± 1.1 

1.26 
± 0.05 

F5_A606 47 min 0.10 8 ± 1, 
356 
± 97 

- - -  
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process is inversely proportional to Alb concentration. Sample F5_A606 
shows a different behavior with respect to the other samples, as the 
solution is transparent up to ~45 min, then it turns slightly turbid and 
maintains a constant turbidity up to about 7 days, when the precipita-
tion process slowly begins. 

The evolution of the sedimentation process was followed by devel-
oping a method for the images analysis, described in Section 2.3.2, 
which takes advantage of the evaluation of the gray value of the image 
along the sample volume. As depicted in Fig. S5, when the dispersion is 
stable (i.e., the sample color is homogeneous), the gray values profile 
consists of a flat line. When the precipitation begins, the gray values of 
the portion of sample that does not any longer contain particles are 
lower (meaning closer to black), while the portion that contains the 
precipitate is characterized by higher gray values. The less abrupt is the 
rise along the sample profile from low to high gray value, the more 
gradual is the precipitation. When the precipitation is complete, the 
transition from low to high gray values has a sigmoidal profile. Photos at 
different times were analyzed, and the gray values as a function of the 
distance from the interphase of representative samples are reported in 
Fig. 1C (the plots for all samples are given in Fig. S6 in the Supple-
mentary Material). For sample F5_A0 we can clearly see that the pre-
cipitation process occurs quite abruptly within few hours. In the 
presence of Alb, the precipitation process occurs more slowly, and it is 
more gradual, in particular for F5_A303. 

To sum up, we observed that Alb does not markedly affect the onset 
time of the transition from CPP1 to CPP2, but it noticeably increases the 
colloidal stability of CPP2 against sedimentation; moreover, the initial 
turbidity of the dispersions is inversely proportional to Alb concentra-
tion, suggesting the formation of smaller or less concentrated particles in 
the medium. These results confirm some previously reported findings on 
the ability of Alb to delay CPP2 sedimentation [2], although at different 
concentrations and sedimentation times. 

The size of the particles formed in the reacting medium was analyzed 
in situ by means of DLS. The obtained autocorrelation functions were 
fitted with the Contin method, and the obtained size distribution curves 
are given in Fig. S7. The Dh after 5 min reported in Table 2 was obtained 
as the center of the gaussian curve that fits the size distribution histo-
grams in Fig. S7. Taking into account the SD associated to the Dh values, 
samples from F5_A0 to F5_A76 show a similar hydrodynamic diameter 
and are characterized by a single size distribution curve, as shown in 
Fig. S7. Samples F5_A303, in contrast, shows three size distribution 
curves: the first one, centered at 6 nm, is compatible with the presence of 
free albumin molecules in solution [32,33], while the other two are 
centered at 39 nm and 136 nm, respectively. Sample F5_A606 shows 
two size distribution curves, the first one is again compatible with free 
albumin in solution and the second one suggests the presence of very 
large and polydisperse objects. DLS experiment was carried out for 3 h, 
and it was possible to observe that for samples from F5_A0 and F5_A76 
the average size of the particles in solution increases in the timeframe 
from 30 to 45 min, in agreement with turbidimetry onset times. For 
F5_A303, the size increases in the 15–30 min range, whereas for 
F5_A606, this occurs after about 1 h, again in agreement with turbi-
dimetry. By combining turbidimetry and DLS results it is possible to 
conclude that the increase in turbidity observed in time is related to an 
increase in the size of the particles in solution, reasonably due to the 
CPP1 to CPP2 transition. Alb affects the ripening time only when at high 
concentrations. 

The effect of Alb towards the structure of CPP1 was characterized by 
analyzing samples aged for 5 min. The amount of CPPs which initially 
form in the medium is also important to unravel Alb effect. In fact, even 
if this protein appears ineffective in delaying the conversion from CPP1 
to CPP2, it might have an effect in diminishing the amount of CPPs 
formed in serum. As already stated, the initial turbidity of the disper-
sions (see Fig. 1B and Fig. S4) appears inversely proportional to Alb 
content in the medium. The amount of formed particles after 5 min of 
reaction was assessed with two different approaches. On the one hand, 

the amount of particles collected after centrifugation, washing and 
freeze-drying was weighted and the calculated mg/mL were plotted as a 
function of Alb concentration in Fig. 2A (green dots, left y axis). For this 
test, samples were prepared as described in Section 2.2, but the total 
volume was scaled-up to 10 mL, in order to obtain an amount of solid 
that could be reliably weighted with an analytical balance. In F5_A606, 
no precipitate is formed within the first 5 min, so this sample was not 
accounted for in the analysis. We observe that the amount of particles 
that can be recovered after centrifugation is inversely proportional to 
Alb content in the medium. This was confirmed by assessing the amount 
of Ca2+ left in the supernatant after centrifugation by means of ICP-OES 
(see Section 2.3.4), which increases with the increase of Alb in the 
system (see Fig. 2A, light blue triangles, right y axis). Out of note, the % 
of residual Ca2+ in the solution for sample F5_A0 (56%) well agrees with 
previous investigations from the literature [34]. These two separate 
experiments demonstrate that Alb diminishes the number of CPPs that 
initially form in the system. 

The morphology of the particles collected after 5 min of reaction was 
analyzed by means of FE-SEM, and the micrographs are reported in  
Fig. 3, along with the size distribution curves in Fig. S8. Also in this case, 
sample F5_A606 could not be analyzed due to the lack of particles pre-
cipitation upon centrifugation after 5 min of reaction. All samples 
consist of spherical nanoparticles; their average size is reported in 
Table 2, while the diameter as a function of Alb concentration is shown 
in Fig. 2B. Notably, the presence of Alb significantly decreases the size of 
the CPPs in a concentration-dependent fashion. It is worth mentioning 
that DLS did not show a significant difference in sample’s Dh: this could 

Fig. 2. A) On the left, concentration of CPPs (mg/mL) as a function of Alb 
concentration, obtained from the weight of the precipitate (green dots). On the 
right, % of Ca left in the supernatant after centrifugation, obtained by ICP-OES 
(light blue triangles). B) Plot of the CPPs diameter as obtained by FE-SEM 
micrographs (see Table 2) as a function of Alb concentration. Error bars 
represent the SD obtained from the Gaussian fittings of the size distribution 
curves given in Fig. S8. 
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be related to the fact that the Dh reflects the size of the inorganic core 
together with its hydration shell, which may comprise protein molecules 
and their hydration water. Moreover, during the freeze-drying proced-
ure carried out before SEM, the protein shell might collapse. Thus, it is 
possible that by increasing Alb concentration in solution the size of the 
inorganic core diminishes and, at the same time, the amount of protein 
adsorbed on its surface increases. 

The Ca/P ratio of the particles, measured by means of EDX analysis 
coupled with SEM experiments, is compatible with amorphous calcium 
phosphate [35] and is not affected by the concentration of Alb in the 
reacting medium (see Table 2 and Fig. S9). 

In order to understand if Alb effect towards CPPs size is restricted to 
its presence during the initial stages of particles formation, we carried 
out an additional experiment by preparing CPPs only in the presence of 
Fet-A 5 µM, and we added different amounts of Alb (10, 76 and 303 µM) 
after 2 min from the beginning of the reaction (see further details on this 
procedure in Section 2.2.1). The micrographs of the obtained CPPs 
together with the size distribution curves are given in Fig. S10 in the 
Supplementary Material. The comparison of the particle’s diameters 
prepared with the two synthetic protocols at a given Alb concentration 
reported in Fig. S11 shows that when Alb is added after the initial CPPs 
formation, no significant variation in CPP size is observed, suggesting 
that Alb has to be present during the initial nucleation of the particles in 
order to display an effect on their size. 

Bearing in mind that Alb is believed to interact with calcium ions at 
pH 7.4 [36], we speculated that its effect might be related to a decrease 
of the active Ca2+ concentration in the reacting medium. To assess this 
hypothesis, we replicated the synthetic protocol for sample F5_A0, using 
a total Ca2+ concentration of 8 mM and 6 mM instead of 10 mM (see 
Section 2.2.2). The obtained micrographs and the size distribution 
curves are reported in Fig. S12 and show a slight decrease in the 
diameter of the particles when the concentration of calcium is lowered 
(57 ± 6 nm for the sample prepared with [Ca2+]=6 mM and 62 
± 13 nm for [Ca2+]=8 mM with respect to 70 ± 18 nm for F5_A0). 
Nevertheless, considering the width of the size distributions, this effect 
is not significant. We can thus speculate that Alb effect in decreasing the 
size of CPPs is reasonably not related to a Ca2+-sequestration effect but 

rather to an adsorption on CPPs surface that limits the growth of the 
nanoparticle. 

The morphology of CPP1 at different Alb concentrations was further 
investigated by means of Cryo-TEM measurements. With respect to 
conventional TEM, here samples preparation does not involve a slow 
drying step of the dispersion on the sample grid which might cause the 
unwanted crystallization of the unstable CPP1. Representative micro-
graphs are given in Fig. 4. In all samples we observe spherical nano-
particles compatible with CPPs morphology [37]. In the presence of Alb, 
CPPs appear more separated one from the other, and their size is on 
average smaller than sample F5_A0. Moreover, in samples containing 
Alb, it is also possible to observe very small objects (few nm) in the 
background, compatible with free protein molecules deposited on the 
sample grid. It is worth commenting on the surface of CPPs, which is 
rough and wrinkled in all samples, especially in those containing Alb. 
We hypothesized that this morphology might be due to the adsorption of 
proteins on the surface of ACP. As a comparison, we imaged a sample 
prepared in the absence of proteins and vitrified immediately after 
mixing calcium and phosphate precursors’ solutions (see Fig. S13). The 
obtained nanoparticles also display a rough surface, suggesting that the 
amorphous nature of calcium phosphate is responsible for the rough 
morphology. Nonetheless, on this length scale particles obtained 
without proteins are more similar to sample F5_A0 rather than to those 
containing Alb, suggesting that this protein influences the morphology 
of the single CPP particles. 

FT-IR spectroscopy was used to acquire information on the nature of 
the inorganic phases constituting the samples. The spectra of the parti-
cles collected after 5 min are shown in Fig. 5, while the spectra of the 
pristine proteins are given in Fig. S14. All samples show the main peaks 
characteristic of amorphous calcium phosphate, namely the broad band 
at 3700–2700 cm− 1 due to O-H stretching, the peak at ~1650 cm− 1 

corresponding to water O-H bending, the strong peak in the 
1200–920 cm− 1 region related to P-O antisymmetric stretching (ν3) and 
the peak at 565 cm− 1 due to P-O antisymmetric bending (ν4) [38]. The 
broad and featureless nature of those peaks testifies the amorphous 
nature of the samples [39]. In addition, signals diagnostic of the proteins 
can also be distinguished in all spectra, in particular the C-H stretching 

Fig. 3. FE-SEM micrographs of CPPs collected after 5 min. The scale bar for all images is 200 nm.  
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signal below 3000 cm− 1 and amide II peaks at ~1540 cm− 1, mainly 
evident in sample F5_A303. Fet-A and Alb, as expected, do not show any 
significant difference in their spectrum, preventing the identification of 
one or the other component in the hybrid CPPs. Moreover, the overlap 
between Amide I peak (commonly used for deconvolutions to determine 
proteins’ secondary structure [40]) and water bending of amorphous 
calcium phosphate prevents a deeper analysis of the structure of the 
proteins adsorbed on the nanoparticles. 

The amount of proteins adsorbed on CPPs was quantified by means of 
CHNS analysis (see Section 2.3.8). The results for our samples and for 
the pure proteins are reported in Table S1 in the Supplementary Mate-
rial. Knowing the amount of C in Fet-A and Alb is essential to relate the 
amount of C in the samples to the amount of proteins in CPPs. As ex-
pected, both proteins show a similar elemental composition in terms of 
N, C and H %. Alb has a higher % of S with respect to Fet-A, reasonably 
due to the higher amount of cysteine and methionine in its sequence [41, 
42]. We estimated the total amount of proteins present in CPP samples 
considering an average C content for both proteins as 45%, and the re-
sults are given in Fig. 6A and Table S1. Interestingly, the amount of 
proteins in CPP samples is constant (about 15% wt) up to sample 

F5_A10, and significantly increases when Alb concentration is above 
20 µM. This might suggest that at low Alb concentrations its amount 
adsorbed on CPPs is negligible, despite displaying an effect on the 
nanoparticles size (see Fig. 2B). This is supported by the observation of S 
% in the samples, which is the same for samples F5_A0, F5_A2.5 and 
F5_A10 (see Table S1). Samples F5_A20, F5_A76 and F5_A303, on the 
contrary, show a slightly larger amount of S, confirming that in such 
samples also Alb is present in CPPs. One can also calculate the % of 
proteins incorporated in CPPs with respect to those initially present in 
solution during the synthesis. The results, shown in Fig. 6B and Table S1, 
reveal that in Sample F5_A0 only about 18% of the Fet-A initially present 
in the reacting medium is adsorbed on CPPs, while as the total amount of 
proteins in the reacting media increases, the % is significantly reduced. 

Concerning the effect of Alb towards CPP2, we characterized by 
means of FE-SEM the particles after 6 h of reaction, so after the ripening 
process and before precipitation (except for F5_A0 and F5_A2.5, which 
precipitate after about 1 h). The obtained micrographs, reported in 
Fig. S15, show that Alb does not affect the morphology of CPP2, as all 
samples display the features typical of poorly-crystalline hydroxyapatite 
[30]. Given that also by means of DLS no significant difference in the 
CPP2 size was detected after the ripening (see Fig. S7), we concluded 
that the only effect of Alb on CPP2 is to slow down their sedimentation 
(as already discussed), not affecting their morphology, size, and 
crystallinity. 

Sample F5_A606 behaves differently from the other samples. We 
already mentioned that it was not possible to collect any precipitate 
upon centrifugation after 5 min, suggesting that CPP1 formation did not 
occur in these conditions. The dispersion remains transparent for 
~45 min (see Fig. 1), resulting then in a poorly turbid suspension, which 
very slowly precipitates. We collected the product formed after 1 h and 
6 h, and FE-SEM investigation did not reveal any difference in terms of 
sample morphology (see Fig. S16). We can therefore conclude that in 
these conditions CPP1 formation and transition to CPP2 does not occur, 
as after an initial induction period poorly crystalline hydroxyapatite 
directly forms, not being mediated by an amorphous transient precursor. 
It is interesting to point out that [Alb]= 606 µM (i.e., ~40 g/L) is a value 
within the physiological range [2] and, despite that, the results show 
that in this case we do not obtain the physiological CPP1 to CPP2 
pathway. It is though important to recall Alb multi-functional role in our 
blood, where it binds endogenous and exogenous molecules, transports 
ions in the circulation, acts as a toxic waste carrier, as an anti-oxidant 
and as scavenger for reactive oxygen and nitrogen species [16]. Keep-
ing that in mind, we can hypothesize that the amount of Alb free to 
interact with CPPs would be way lower than the one resulting from the 
nominal concentration. 

4. Conclusions 

The aim of this work was to unravel the effect of Alb towards the 
formation and stability of endogenous-like CPPs from a physico- 

Fig. 4. Cryo-TEM micrographs of samples A) F5_A0, B) F5_A10, C) F5_A76, D) F5_A303 vitrified after 5 min from the beginning of the synthesis.  

Fig. 5. FT-IR spectra of the samples at different Alb concentration collected 
after 5 min. The curves have been offset along the y axis for display purposes. 
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chemical perspective. CPPs formation in blood is a physiological phe-
nomenon relevant to the preservation of ionic homeostasis and to pre-
vent the surge of ectopic calcifications [11]. The excessive formation of 
CPP1 and especially their ripening to CPP2 might though result in 
pathological situations [5]. Understanding how these processes occur in 
our body and which are the factors involved in their formation and 
stability is thus of paramount importance to better understand their role 
and find strategies to preserve their functioning. Since Alb is the most 
abundant protein in serum [16], here we report on its impact towards 
CPPs formation and stability. CPP samples were prepared at constant 
Fet-A concentration (5 µM) and with different amounts of Alb, up to the 
physiological concentration. The ripening process was studied in situ by 
means of turbidimetry and DLS. We observed that up to [Alb]= 76 µM, 
the ripening time from CPP1 to CPP2 is independent on Alb concen-
tration, suggesting that the protein is not able to slow down the 
amorphous-to-crystalline transition. With 303 µM of protein the process 
is accelerated, while when [Alb]= 606 µM it is delayed. Interestingly, 
the observation of the sedimentation process carried out for several days 
revealed a remarkable colloidal stability of the CPP2 system when 
increasing Alb concentration. This is in agreement with a previous 
report in the literature that showed that, even at different concentrations 
from those used in our work, the presence of Alb slows down the sedi-
mentation process [2]. DLS showed that no significant difference in the 
hydrodynamic diameter of the objects present in solution was observed 
at different Alb concentrations, also due to the polydispersity of the 
samples. We focused our attention on the features of the CPP1 at 
different Alb concentration, finding that the amount of particles that 
forms in the reacting medium is inversely proportional to Alb concen-
tration. Therefore, even if Alb is not able to stabilize the amorphous 
phase of CPP1, it is able to diminish the number of particles that form, 
which would also be important in the context of preventing unwanted 
accumulations of calcium phosphates in the body. Out of note, Alb is 
also able to reduce the size of CPP1, as we observed from both scanning 
and transmission electron microscopy investigations. The amount of 
proteins present in CPPs was also determined, showing that Alb is 
included in the CPPs only when high concentrations are present in the 
reacting medium. 

In conclusion, it is evident that Alb is not able to compensate for an 
eventual lack of Fet-A, as the action mechanism of the two proteins 

towards CPPs is different: while increasing Fet-A concentration results in 
a delay of the ripening time from CPP1 to CPP2 and of the CPP2 sedi-
mentation [30], Alb leads to smaller CPP1 and decreases their amount in 
solution, also stabilizing CPP2 against sedimentation. Even if the 
importance of Fet-A in the formation and stability of CPPs is unques-
tionable, our work corroborates the idea that Alb takes place in this 
biologically relevant phenomenon. As a step forward, biomimetic media 
more closely resembling the in vivo environment could be envisaged, 
either using proteins extracted from human serum or studying CPPs 
formation in systems including other biorelevant proteins and 
molecules. 
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