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F. Muñoz d,e, M. Mata f,g, J.J. Martín de Llano f,g, J. Suay b, M. Gurruchaga a, I. Goñi a 
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A B S T R A C T   

Poor correlation between the results of in vitro testing and the subsequent in vivo experiments hinders the design 
of biomaterials. Thus, new characterisation methods are needed. This study used proteomic and histological 
techniques to analyse the effects of Ca-doped biomaterials in vitro and in vivo and verify the correlation between 
the two systems. The sol-gel route was employed to synthesise coatings functionalised with 0.5 and 5 wt% of 
CaCl2. Morphology of the coatings was examined using SEM; the Ca2+ ion release from the materials was ana
lysed by means of ICP-AES spectroscopy. The osteogenic and inflammatory responses were inspected in vitro in 
human osteoblasts (HOb) and TPH-1 monocytes. The in vivo experiments used a rabbit model. The nLC-MS/MS- 
based proteomic methods were utilised to analyse the proteins adhering to the material samples incubated with 
human serum or examine protein expression in the tissues close to the implants. Ca-doped biomaterials caused a 
remarkable increase in the adsorption of coagulation-related proteins, both in vitro (PLMN, THRB, FIBA and 
VTNC) and in vivo (FBLN1, G1U978). Enhanced affinity to these materials was also observed for proteins 
involved in inflammation (CO5, C4BPA, IGHM and KV302 in vitro; CARD6, DDOST and CD14 in vivo) and 
osteogenic functions (TETN, PEDF in vitro; FBN1, AHSG, MYOC in vivo). The results obtained using different 
techniques were well matched, with a good correlation between the in vitro and in vivo experiments. Thus, the 
proteomic analysis of biological responses to biomaterials in vitro is a useful tool for predicting their impact in 
vivo.   

1. Introduction 

The development of new biomaterials is a complex process. The 
biological evaluation of these materials is conducted using in vitro and in 
vivo tests and clinical studies. Unfortunately, a material with excellent in 
vitro properties can precipitate a disastrous in vivo outcome; the data 
obtained from these two experimental systems are often poorly corre
lated [1]. This can result in considerable economic losses and a waste of 

resources. Thus, new methods for characterising biomaterials [2] are 
needed to predict their effects reliably after implantation [3]. 

Using in vitro and in vivo proteomic methods could overcome the 
limitations of traditional testing. The response to biomaterials is 
strongly affected by the initial adsorption of proteins. Improved un
derstanding of the interactions between these proteins and the material 
would allow predicting the biological responses to implantation and 
help in biomaterial design [4,5]. 
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Calcium is an element commonly used in the development of bio
materials due to its involvement in bone metabolism and coagulation. 
The Ca2+ ions condition the tissue–material interface, affecting protein 
deposition on the biomaterial and the cellular responses [6]. 

The Ca2+ ions promote and accelerate blood coagulation. The blood 
clot around the implant serves as an initial scaffold for tissue repair, 
bone mineralisation and subsequent remodelling [7,8]. These ions act at 
various stages of the intrinsic and extrinsic pathways of the coagulation 
cascade, leading to the formation of the prothrombinase complex. The 
complex converts prothrombin into thrombin, crucial for stimulating 
osteoblast differentiation and increasing osteogenesis [9]. Gessmann 
et al. state that calcium plays an important role in the formation of clots, 
which affects tissue regeneration [10]. Thus, the chemical modification 
of dental implant surfaces with calcium ions results in a strong pro
coagulant effect, providing instant stability. The proteomic analysis of 
protein adsorption on a Ca-biomimetic surface, carried out by our group, 
has shown a remarkably increased affinity of factor X protein, involved 
in the common pathway of the coagulation cascade [11]. In another 
study of protein adsorption and desorption dynamics on Ca-enriched 
titanium surfaces, we have observed that the calcium-doping enhances 
the affinity for proteins related to coagulation (FA10, THRB, ANT3), 
suggesting an increase in the coagulatory potential of these materials 
[12]. We have also found that the incorporation of CaCl2 into a 3-(gly
cidoxypropyl)-trimethoxysilane-based sol-gel coating increases the 
adsorption of serum proteins associated with the coagulation pathway 
(such as THRB, ANT3, PROS, PROC, A2AP and A2MG)[6]. This prefer
ential adsorption of coagulation-related proteins on surfaces doped with 
calcium ions could promote the pro-coagulation cascade response. Thus, 
the fibrin production would be accelerated and implant stability expe
dited [11,13]. 

The complement system is activated during blood coagulation, 
increasing the thrombogenic properties of blood through the inhibition 
of anticoagulation mechanisms. Multiple regulatory loops linking the 
two systems are activated simultaneously to synchronise effective re
sponses [14]. In our previous reports, we have observed that the addi
tion of calcium affects inflammatory processes in a dose-dependent 
manner [6]. The expression of an immune-response gene TNF-α is 
augmented by the Ca-supplemented materials. The increased adhesion 
of C1QC protein might be related to the enhanced inflammatory 
response observed in the in vitro experiments. Furthermore, the 
adsorption of three proteins involved in immune response (LYSC, PIP 
and SAMP) significantly increases on the Ca-doped surfaces [11]. Be
sides, the initial inflammation is associated with increased adsorption of 
complement proteins to these materials. However, as this 
pro-inflammatory effect disappears once the calcium is released, the 
Ca-containing surfaces should not cause a chronic inflammatory reac
tion [12]. 

The aim of this study was to improve bone regeneration, improving 
coagulation. Furthermore, we used proteomic techniques to analyse the 
effects of Ca-doped biomaterials in the in vitro and in vivo experimental 
systems and to examine the level of correlation between the results 
obtained for the two systems. To achieve that, a sol-gel coating, previ
ously designed by our group [15], was doped with increasing amounts of 
Ca (0 %, 0.5 % and 5 %). The network contained 70 % of MTMOS and 30 
% of TEOS (molar percentages) because it showed good osteointegration 
and osteogenic activity both in vitro and in vivo [16]. The behaviour of 
these new Ca-enriched materials was examined in cell cultures and in 
vivo experiments. The in vitro adsorption of serum proteins onto the 
biomaterial surfaces and the protein profiles of tissues surrounding the 
implant (in vivo) were analysed using MS-based proteomics. The cellular 
responses in vitro, the in vivo histological analysis and proteomic eval
uations for both systems showed correlations between the results for the 
inflammatory, coagulation and bone regeneration processes. 

2. Materials and methods 

2.1. Material synthesis and sample preparation 

The silica precursors selected to obtain the sol-gel coatings were 
methyltrimethoxysilane (MTMOS [M]; Merck, St. Louis, MO, USA) and 
tetraethyl orthosilicate (TEOS [T]; Merck) in a molar ratio of 7:3, 
respectively, following the methods described in the previous studies 
[15]. The solvent used in the synthesis was 2-propanol (50 % v/v). The 
hydrolysis was conducted by adding the stoichiometric amount of 
acidified water with HNO3 (0.1 M). The resulting material was func
tionalised with 0.5 and 5 wt% of CaCl2, as reported in Romero-Gavilán 
et al. [6]. The sol-gel mixtures were kept for 1 h under stirring and then 
1 h at rest. Grade-4 commercially pure Ti discs (10-mm and 12-mm 
diameter and 1.2-mm thickness; GMI Dental Implantology SL, Lleida, 
Spain) and custom-made implants (3-mm diameter at the top and 2-mm 
diameter at the bottom, 4-mm long; GMI Dental Implantology SL) were 
sandblasted, acid-etched and then coated with prepared materials by 
dip-coating, following the procedures described previously [16]. To 
obtain the samples for the Ca2+ release studies, glass slides were coated 
by casting. 

2.2. Morphological characterisation and Ca2+ release 

The morphology of the surfaces was characterised by scanning 
electron microscopy (SEM), using the Leica-Zeiss LEO 440 microscope 
(Leica, Wetzlar, Germany). The materials were submitted to platinum 
sputtering to increase their conductivity for the SEM observations. The 
amount of released Ca2+ was evaluated (in triplicate) using inductively 
coupled plasma atomic emission spectroscopy (ICP-AES) (Activa, Horiba 
Jobin Yvon IBH Ltd., Glasgow, UK). The wavelengths are 396.847 nm 
(to quantify) and 317.933 nm (to confirm). LOQ is 0.01 mg/L and 
Perade-09 is used as Certified Reference Material. The coatings were 
immersed in 50 mL of ultrapure water at 37 ◦C. After 2, 4, 8, 24, 72, 168, 
336, 504 and 672 h of immersion, a 0.5-mL sample was removed, and 
the Ca2+ concentration was determined. 

2.3. In vitro assays 

2.3.1. Cell culture 
Human osteoblasts (HOb) derived from healthy bone (Cell Applica

tions Inc., San Diego, CA, USA) were suspended in a proliferation me
dium consisting of low-glucose Dulbecco′s Modified Eagle′s Medium 
enriched with 4 mM L-glutamine (DMEM; Merck), with 1 % penicillin/ 
streptomycin (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) and 
10 % foetal bovine serum (FBS; Gibco). After 24 h, the cells were seeded 
on the coated discs at 2.5 × 104 cells/cm2 in an osteogenic medium of 
DMEM, 1 % penicillin/streptomycin, 10 % FBS, 1 % ascorbic acid (5 µg/ 
mL) and 100 mM β-glycerol phosphate. The cells were cultured for 7 and 
14 days at 37 ◦C in a humidified (95 %), 5 %-CO2 atmosphere. The cell 
culture medium was changed every 48 h. 

TPH-1 cell line was seeded on the materials at of 30 × 104 cells/cm2 

for 1 day and 15 × 104 cells/cm2 for 3 days in RPMI-1640, supplemented 
with 1 % penicillin/streptomycin and 10 % FBS, in a cell incubator (90 
% humidity, 37 ◦C, 5 % CO2). Their differentiation into macrophages 
was induced by phorbol 12-myristate 13-acetate. 

2.3.2. Proliferation 
For measuring HOb cell proliferation, the alamarBlue™ cell viability 

assay (Invitrogen-Thermo Fisher Scientific, Waltham, MA, USA) was 
used following the manufacturer’s protocol. The assay is based on the 
redox reaction with resazurin. The cells were cultured with the discs 
(three replicates per material) and examined after 1, 3 and 7 days. The 
results (percentage of reduced resazurin) were used to assess cell 
proliferation. 
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2.3.3. Quantitative real-time PCR 
Quantitative real-time PCR (qRT-PCR) was employed to examine the 

effect of the Ca-doped materials on gene expression. Total RNA was 
isolated using the TRIzol method described by Cerqueira et al. [17]. 
Table S1 shows the targets studied. A total of 6 replicates were done for 
PCR experiments. The data was normalized following the 2-ΔΔCt method. 
PCR reactions were carried out under the conditions described in Cer
queira et al. [18]. 

2.3.4. Cytokine quantification using ELISA 
The levels of tumour necrosis factor-alpha (TNF-α) and transforming 

growth factor-beta (TGF-β) were measured in the culture medium of 
TPH-1 cells incubated on the discs for 1 and 3 days. The concentration 
was determined using an ELISA assay kit (Thermo Fisher Scientific) 
following the manufacturer’s instructions. 

2.4. Proteomic evaluation 

2.4.1. In vitro experiment 
Each titanium disk was incubated in a well of a 24-well NUNC plate 

(Thermo Fisher Scientific, Waltham, MA, USA) with 1 mL of human 
serum obtained from male AB plasma (Merck) for 180 min at 37 ◦C and 5 
% CO2. 

Then, the serum was removed, and the samples were subjected to 5 
consecutive washes with 200 µL of milli-Q water. To remove non- 
adsorbed proteins, the discs were rinsed with 200 µL of a 100 mM 
NaCl solution in 50 mM Tris-HCl at pH 7. The adsorbed proteins were 
eluted with a solution of 4 % sodium dodecyl sulphate (SDS), 100 mM 
dithiothreitol (DTT) and 0.5 M triethylammonium bicarbonate buffer 
(TEAB; Merck). 

Four independent replicates were processed for each surface type; 
each replicate was prepared by pooling the eluates from 4 discs. 

2.4.2. In vivo experiment 
The in vivo experiment was performed using 16 adult (26–28 weeks 

old, mean weight of 4.5 kg) healthy New Zealand White male rabbits 
(Granja San Bernardo, Navarra, Spain). The animals were hosted in in
dividual cages in a research facility (Animalario experimental del 
campus de Lugo) after obtaining the ethical agreement (Code of pro
cedure: 06/18/LU-002) and under strict conditions of humidity, tem
perature and light cycles. The rabbits were fed sterile pellets, had free 
access to water and were monitored daily throughout the experiment. 

The animals were randomly allocated to each treatment group using 
closed envelopes that were opened just before the procedures. On the 
day of the surgery, each rabbit was assigned a number, which was 
marked on the inner sides of both ears. Each cage was identified with the 
same number; it accompanied the animal during the cage changes. 

Bone implantation sites were selected following the guidelines in 
International Standard ISO 10993 "Biological Evaluation of Medical 
Devices" Part 6:2016 in Annex C, "Tests for bone tissue effect after im
plantation". Seven implants of each material type were used in a rabbit 
femoral condyle model. The different materials to be tested were 
randomly assigned to the left or right side, according to a computer- 
generated randomisation list, until the same number in each of the po
sitions (anterior and posterior, right and left) was reached. 

All surgical procedures were performed in an operating room after a 
quarantine period under sterile conditions. The animals were first pre- 
medicated with a combination of medetomidine (Sededorm, 50 μg/ 
kg/i.m.; Vetpharma Animal Health SL, Barcelona, Spain), ketamine 
(Ketamidor, 25 mg/kg/i.m.; Richter Pharma AG, Wels, Austria) and a 
single dose of enrofloxacin (Syvaquinol, 5 mg/kg/s.c.; Laboratorios 
Syva, León, Spain). The general inhalational anaesthesia was induced 
and maintained using 2.5–4 % isoflurane (Vetflurane, Virbac SA, Carros, 
France). Once the surgery was finished, atipamezole (Nosedorm, 150 
μg/kg/i.m.; Vetpharma Animal Health SL) was administered to reverse 
the effects of medetomidine. 

After aseptic preparation of the skin, a lateral approach to the lateral 
femur was performed, sectioning the skin and subcutaneous tissue, 
dissecting the musculature and exposing the surface of the lateral 
condyle with a periosteal elevator. Two implants per femur were placed 
using a surgical motor (INTRAsurg 300, KaVo Dental Excellence, 
Biberach an der Riss, Germany). The muscle, subcutaneous tissue and 
skin were closed with continuous absorbable sutures (Vicryl 4–0, Ethi
con, Raritan, NJ, USA). 

Each animal received the peri- and post-operative analgesia using 
buprenorphine (Bupaq, 0.3 mg/kg/i.m.; Richter Pharma AG) and 
enrofloxacin in drinking water (1 mL/L, Syvaquinol) as antibiotic pro
phylaxis (for 21 days). Meloxicam was used as pain control for three 
days (Loxicom, first day, 0.2 mg/kg/s.c., the next two days, 0.1 mg/kg 
orally; Norbrook Laboratories Limited, Monaghan, Ireland). 

Rabbits were euthanised 5 days after implantation by an intravenous 
overdose of sodium pentobarbital (100 mg/kg IV, Dolethal, Vétoquinol 
Especialidades Veterinarias SA, Madrid, Spain) after sedation with a 
combination of medetomidine (Sededorm, 50 µg/kg/i.m.; Vetpharma 
Animal Health SL) and ketamine (Ketamidor, 25 mg/kg/i.m.; Richter 
Pharma AG). 

The distal femurs were dissected to examine the macroscopic 
appearance of the implanted materials. For proteomics, the implants 
were recovered individually using a trephine with a 3.9-mm internal 
diameter, 5-mm external diameter and a biopsy length of 8 mm (Komet). 
Subsequently, the specimens were placed in 0.5-mL tared Eppendorf 
tubes (weighed empty), and the tubes were weighed again and kept 
frozen at − 80 ◦C. The implants and surrounding bone for histology ex
amination were immersed in a 10 % buffered formalin solution. 

The frozen tissue was mechanically broken to separate the bone from 
implants. Bone pieces were incubated with cell lysis buffer (7 M urea, 2 
M thiourea, 4 % CHAPS and 10 mM DTT) and homogenised in a Pre
cellys homogeniser (Bertin Instruments, Montigny-le-Bretonneux, 
France). Extracted proteins were digested following the filter-aided 
sample preparation (FASP) protocol described by Wísniewski et al. 
[19], with minor modifications. Trypsin was added to trypsin:protein 
ratio of 1:20, and the mixture was incubated for 2 h at 37 ◦C. After re
covery, the peptides were dried in an RVC2 25 speedvac concentrator 
(Christ, Osterode am Harz, Germany) and resuspended in 0.1 % formic 
acid (FA). The peptides were desalted and resuspended in 0.1 % FA using 
C18 stage tips (Agilent, Santa Clara, CA, USA). 

2.4.3. Protein identification and bioinformatic data analysis 
For proteomic analysis of in vitro samples, the protocol described by 

Romero-Gavilan et al. [1] was followed. Liquid chromatography-tandem 
mass spectrometry (LC-MS/MS) approach was used, employing a 
nanoACQUITY UPLC system (Waters, Milford, MA, USA) coupled with 
an Orbitrap XL spectrometer (Thermo Electron, Bremen, Germany). 
Progenesis QI software (Nonlinear Dynamics, Newcastle, UK) was used 
for the differential analysis of the proteins identified on the studied 
surfaces. 

In vivo samples were analysed in a hybrid trapped ion-mobi
lity–quadrupole time-of-flight mass spectrometer (timsTOF Pro with 
PASEF, Bruker Daltonics, Bremen, Germany) coupled online to an 
EvoSep ONE liquid chromatograph (EvoSep, Odense C, Denmark). The 
digested bone proteins (200 ng) were directly loaded onto an EvoSep 
ONE chromatograph and the profiles were acquired using the 30 SPD 
protocol. 

Protein identification and quantification were carried out using the 
MaxQuant software [20] with default settings (except for the LFQ 
minimum ratio count of 1). The searches were performed against the 
UniProt/Swiss-Prot database of human proteins with precursor and 
fragment tolerances of 20 mg/L and 0.05 Da, respectively. Only the 
proteins with at least two peptides at FDR < 1 % were considered for 
further analysis. The data (LFQ intensities) were loaded onto the Perseus 
platform [21] and further processed (log2 transformation, imputation). 
The detected proteins were classified by function using PANTHER 
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(Protein ANalysis THrough Evolutionary Relationships, www.pan
therdb.org), DAVID (the Database for Annotation, Visualization and 
Integrated Discovery, david.ncifcrf.gov) and UniProt tools [22]. 

2.5. Histological preparation 

The blocks containing the lateral femoral condyle were prepared 
following the guidelines described by Donath & Breuner [23]. Briefly, 
the femoral condyles were dehydrated using graded ethanol series 
(70–100 %) and infiltrated with different graded mixtures of ethanol 
and glycol methacrylate (Technovit 7200 VLC, Heraeus Kulzer, Wehr
heim, Germany). The samples were then polymerised and processed to 
obtain a central section of the implant of approximately 200 µm. This 
section was micro-ground employing the Exakt grinding system (Exakt 
Apparatebau, Norderstedt, Germany) using 1200 to 4000 Grit silicon 
carbide papers (Struers, Copenhagen, Denmark). Sections of approxi
mately 40 µm were stained using the Levai–Laczkó method [24]. 

Digital images of tissues surrounding the implant threads were 
recorded with a bright-field Leica DM4000 B microscope and a DFC420 
digital camera using 1.6× and 20× objectives. 

2.6. Statistical analysis 

Cell culture results were subjected to a one-way analysis of variance 
(ANOVA) and the Newman-Keuls multiple comparison post-hoc test. 
Differences between control (MT) and the Ca-doped coatings were 
considered statistically significant at p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤
0.001 (***). In proteomic evaluations, the Student’s t-test was applied to 
identify statistically significant differences. Proteins were considered 
differentially adsorbed when their abundance ratio (for two different 

conditions) was larger than 1.5 in either direction, and the differences 
were statistically significant (p ≤ 0.05). 

3. Results 

3.1. Morphological characterisation and Ca2+ release 

The Ca-doped sol-gel compositions were successfully synthesised and 
applied as coatings on titanium, resulting in homogeneous coatings 
without cracks or pores, as seen in the SEM microphotographs 
(Fig. 1A–C). 

Fig. 1D shows the kinetic liberation of Ca2+ from coatings with 0.5 % 
and 5 % of Ca. Increasing the CaCl2 content in the network boosts the Ca 
release. The fastest Ca release happens during the first two hours. 

3.2. Cell culture experiments 

3.2.1. Effects on macrophages (inflammatory responses) 
The liberation of TNF-α, a marker of inflammation, increased 

significantly after 1 and 3 days of culture with the material containing 5 
% Ca compared to MT. The level of this protein seems to be dependent 
on calcium content, indicating that Ca might enhance the pro- 
inflammatory effect (Fig. 2A). The same trend is also observed for the 
expression of the IL-1b gene, which increases in a Ca dose-dependent 
manner, suggesting an increase in the inflammatory potential with 
growing calcium content (Fig. 2B). 

In contrast, the secretion of the TGF-β, an anti-inflammatory marker, 
does not change in the cells grown on any of the tested coatings 
(Fig. 2C). The IL-10 gene expression (one of the main anti-inflammatory 
markers) only increases after 3 days of culture for the material doped 

Fig. 1. SEM microphotographs of MT (A), MT0.5Ca (B) and MT5Ca (C); × 300. Scale bars, 10 µm. Ca2+ release from the sol-gel coatings (D). 3 replicates were 
applied. Results are shown as means ± SD. 
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with 0.5 % Ca; its expression on this material is the lowest of all after the 
first 24 h (Fig. 2D). 

3.2.2. Effects on osteoblasts (osteogenic responses) 
In the human osteoblasts (HOb) cultured with the sol-gel materials, 

gene expression of osteogenic markers RUNX2 and OCN did not vary 
significantly. For COL1, it tended to decrease for all Ca concentrations 

Fig. 2. Evaluation of inflammatory markers: TNF-α cytokine (A) and TGF-β cytokine (C) release measurement using ELISA; and relative gene expression of IL-1b (B) 
and IL-10 (D) measured by qRT-PCR in the THP1 cells cultured on the different Ca-containing coatings for 24 and 72 h. A total of 3 replicates for ELISA measurements 
and 6 replicates for PCR were applied. The results are shown as means ± SD. The asterisks (p ≤ 0.01 (**) and p ≤ 0.001 (***)) indicate the statistical significance of 
differences between the MT and Ca-doped MT. 

Fig. 3. Relative gene expression levels of the osteogenic markers RUNX2 (A), OCN (B), COL1 (C) and ALP (D) in the HOb cells cultured on different Ca-containing 
coatings for 7 and 14 days. (E) HOb cell proliferation after 1, 3 and 7 days. A total of 3 replicates for proliferation measurements and 6 replicates for PCR were 
applied. Results are shown as means ± SD. The asterisks (p ≤ 0.05 (*), p ≤ 0.01 (**)) indicate the statistical significance of differences between MT and Ca-doped MT. 
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(0.5 % and 5 %) in comparison with MT (Fig. 3). In contrast, an increase 
in ALP expression was observed on MT5Ca coating after 7 days. 
Furthermore, the analysis of cell proliferation showed a peak in cell 
growth after 7 days of incubation with MT5Ca. 

3.3. Proteomic analysis 

3.3.1. In vitro experiment 
The eluates of proteins adsorbed to the sol-gel coatings were ana

lysed using the LC-MS/MS technique, identifying 107 different proteins. 
The Progenesis QI software was employed for statistical comparisons of 
relative quantities of the proteins adhering to the Ca-coatings and those 
bound to the reference sol-gel material (MT). The DAVID and PANTHER 
databases and UniProt tools were used to classify these proteins ac
cording to their functions. 

The results of the comparative analysis (Progenesis QI) are shown in  
Table 1. Nineteen proteins increased their adsorption levels on Ca-doped 

sol-gels compared to the reference samples. 
Some of the 19 proteins with increased affinity for Ca-containing 

materials have functional links to the immune and complement sys
tem. The analysis revealed proteins associated with the activation of the 
complement system (CO5) and its inhibition (CLUS, C4BPA, CFAH, IC1 
and VTNC) and the immunoglobulins IGHM and KV302. Some other 
proteins preferentially binding to Ca-doped materials were related to the 
processes of blood coagulation and fibrinolysis (HRG, FIBA, THRB, 
PROS, PLF4 and PLMN). Similarly, we observed increased adsorption of 
proteins (such as PEDF) linked to the development of new bone. 
Enhanced binding of TETN, involved in implant integration processes 
such as the cell adhesion, extracellular matrix and bone mineralisation, 
was also detected. 

Fig. 4 illustrates the Ca dose-dependent changes in the normalised 
abundance of proteins linked to the processes triggered by implantation. 
Thus, the proteins related to inflammation (blue), coagulation (red), 
fibrinolysis (black) and bone regeneration (green) are shown. 

Table 1 
The Progenesis analysis of proteins differentially adsorbed onto Ca-enriched coatings in comparison with the base material. The detected proteins with ANOVA 
p < 0.05 (yellow) and a ratio higher than 1.5 (green) were considered significantly different (bold). Proteins are shown using their UniProt ID (without the "_HUMAN" 
suffix).  
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Fig. 4. The normalised abundance of 12 differentially adsorbed proteins with key functions in regeneration: inflammation (blue), coagulation (red), fibrinolysis 
(black) and bone regeneration (green). Results are shown as means ± SD. The asterisks (p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***)) indicate the statistical 
significance of differences between MT and Ca-doped MT. 
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The PANTHER programme classifies proteins according to their links 
to the signalling pathways and their biological processes. Fig. 5 shows 
that coagulation is the main pathway associated with the proteins 
differentially adsorbed to the materials doped with CaCl2 (especially to 
MT5Ca). Associations with other pathways were also detected, in 
varying proportions, depending on the percentage of Ca incorporated 
into the coating. Thus, the activation of B cells, related to the comple
ment system [25], appeared for the coatings with 0.5 % Ca. CCKR sig
nalling, with an effect on angiogenesis [26], was associated with 
proteins found on materials with 5 % Ca. Functions related to the acti
vation of the plasminogen cascade, which affects fibrinolysis [27] were 
also identified for the proteins with increased affinity to Ca-surfaces. 
Among the various biological functions detected, the immune system, 
cellular process, metabolic process, response to stimulus, biological 
adhesion and localisation were associated with the proteins differen
tially adsorbed on Ca-materials. For MT0.5Ca, the proteins linked to 
biogenesis, multicellular organismal process and biological regulation 
functions also appeared. 

3.3.2. In vivo experiment 
The proteomic profiles of tissues surrounding the non-doped and Ca- 

doped coated implants were analysed by nLC-MS/MS, identifying 2258 
different proteins. The Progenesis QI analysis revealed that the levels of 
76 of these proteins were different in tissues in contact with MT0.5Ca 
and MT5Ca implants in comparison with MT (Table S2). Of these, 33 
were found in smaller amounts in the tissue surrounding the Ca-doped 
implant surfaces than in the reference sample (MT). The levels of the 
remaining 43 proteins tended to increase in the tissues in contact with 
Ca-enriched coatings. 

Fig. 6 shows the Ca content-dependent changes in the normalised 
abundance of the main proteins related to inflammation processes 
(CARD6, CD14, SERPING1 and DDOST; blue), coagulation (FBLN1 and 
G1U978; red) and bone regeneration (FBN1, AHSG and MYOC; green). 

3.4. In vivo experiments. Histology 

As shown in Fig. 7A–C, there were some bone particles and debris in 
the medullary bone cavity, close to the titanium implants. These parti
cles of damaged bone tissue contained empty osteocyte lacunae. The 
implant grooves were lined with the sol-gel coating. There was a 
tenuous, faint matrix filling the space of the grooves and near the crests 
of the implants. These were probably the remnants of the fibrin-rich 
matrix from the initial peri-implant blood clot formed after surgery. 
Some sparse erythrocyte clumps from the initial blood clot were 
observed in this matrix in the MT and MT0.5Ca implants (Fig. 7A1 and 
B1, respectively). The erythrocyte clumps were larger and found more 
often on the MT5Ca than on other implant types (Fig. 7C1). Another 
difference between the implants was the number of mesenchymal cells 
with a fibroblastic morphology found near the implant surface. Few 
fibroblast-like cells were observed in the proximity of the MT implant 
(Fig. 7A2), while they were abundant in the apical portion of MT0.5Ca 
and MT5Ca calcium-doped implants (Fig. 7B2 and C2). 

4. Discussion 

The biological evaluation of biomaterials is achieved by performing 
in vitro, in vivo and clinical studies. The in vitro studies should predict the 
biological response; the osteoblast maturation leading to bone formation 

Fig. 5. PANTHER diagram with the pathway functions and biological processes linked to the proteins with increased adherence to Ca-enriched sol-gel coatings in 
comparison with the reference sample (MT). 
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has received much attention. This process, among others, can be tested 
in an in vivo model, and the response to biomaterials should be observed 
in real-life situations. Unfortunately, there is a surprisingly poor corre
lation between the results obtained in vitro and in vivo [2]. This unex
pectedly low correlation could be due to the fact that cell cultures are 
relatively simple systems compared to the complexity of living tissues. 
Moreover, the principal focus of the studies in this field has been oste
oblast maturation, and other key aspects like the immune and coagu
lation systems have been neglected. 

Despite the weaknesses of the widely used traditional in vitro meth
odology, it is important to emphasise the importance of such assays in 
biomaterial testing. However, the current inadequacies of these tests call 
for further development of reliable in vitro characterisation techniques 
that might predict the success or failure in vivo [2]. 

Here, we modified a coating previously developed by our group [15] 

by adding calcium (0.5 % and 5 %), the element whose effects we have 
previously studied [6,11,12] using the in vitro and in vivo models. The 
results of such studies, using different techniques (including prote
omics), should further characterise the behaviour of the biomaterials 
and help assess the correlations between the data from in vitro and in vivo 
experiments. We found that coagulation and inflammation were the 
principal biological processes affected by calcium-doping. 

The known benefits of Ca have made this element the focus of many 
investigations; it has been widely employed in developing new bio
materials [28,29]. Moreover, it is used, in the CaCl2 form, as an adjuvant 
in various medical treatments [30,31]. 

The Ca-doped coatings developed here adhered well to the metallic 
substrate without cracking or large porosities. 

The analysis of Ca release showed that the formulation with a higher 
concentration of Ca released a greater amount of Ca2+ into the medium 

Fig. 6. The normalised abundance of 9 proteins differentially expressed in vivo, with key functions in regeneration: inflammation (blue), coagulation (red) and bone 
regeneration (green). Results are shown as means ± SD. The asterisks (p ≤ 0.05 (*), p ≤ 0.01 (**) and p ≤ 0.001 (***)) indicate the statistical significance of dif
ferences between MT and Ca-doped MT. 
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than its low Ca-content counterpart (3.43 mg for MT5Ca vs 0.17 mg for 
MT0.5Ca). The release profiles for the two doped coatings were similar, 
with a very fast initial release of the ions in the first hours, stabilising 
throughout the rest of the test. Thus, the Ca2+ ions can strongly impact 
the initial post-implantation period, when coagulation takes place in the 
wound produced during surgery. Later, in the subsequent stages of tissue 
regeneration, the effect of these ions would continue at a much lower 
level. 

The effect of Ca-doped coatings on the inflammatory response is 
reflected by changes in the expression of different inflammation markers 
expressed by macrophages exposed to these materials in vitro. We 
observed increased expression of IL-1b in the cultures with MT5Ca. The 
expression of TNF-α rose with increasing calcium content, indicating a 
possible boost in M1 phenotype activation and, therefore, strengthening 
the immune response [32,33]. 

The nLC-MS/MS characterisation of the protein layer adsorbed in 
vitro on the different Ca-enriched coatings revealed many proteins 
related to the processes associated with the inflammatory response. 
Among them, a group of proteins belonging to the complement system 
[34] stands out. Some of these proteins, such as CO5, are involved in 
activating this cascade [35]. CO5 initiates the spontaneous assembly of 
the late complement components, C5–C9, into the membrane attack 
complex [36]. The proteins initiating the cascade of the complement 
system are found at increased levels on the surfaces enriched in Ca. As 
the classical pathway of complement activation is dependent on Ca in its 
early stages, it was not unexpected that the Ca-doped coatings would 
activate this cascade [37]. The CD5L protein, an inhibitor of apoptosis in 
macrophages [38], increases its adsorption to surfaces with high cal
cium content and might augment the inflammatory response. Similarly, 
the addition of Ca enhanced adsorption of immunoglobulins such as 
IGHM and KV302, related to the processes of the acute inflammatory 
response of the immune system [1]. Moreover, increased adsorption of 
proteins regulating the complement system activation was observed; the 
CLUS, C4BPA, VTNC and CFAH proteins inhibit and regulate this 
cascade in its different phases [39]. 

Two differentially adsorbed apolipoproteins (APOC4 and APOC3) 
were also detected; these proteins can prevent the activation of the 
innate immune response and play an anti-inflammatory role [40]. This 
observation is worth highlighting since the immunomodulatory role of 
apolipoproteins could be associated with the polarisation of 

macrophages towards their anti-inflammatory phenotype [41,42]. 
In this study, the in vivo proteomic techniques were used for the first 

time to analyse the response of a biological system to Ca-doped materials 
and correlate the results with the in vitro protein adsorption data for 
these materials. 

Several proteins found in the in vivo proteomic study, CARD6, CD14, 
SERPING1 and DDOST, confirmed the inflammatory character of the Ca- 
doped coatings. 

CARD6 is involved in complement activation via the classical 
pathway (by activating the NF-κB pathway [43]). Want et al. have 
verified that targeting CARD6 attenuates spinal cord injury in mice 
through inhibiting apoptosis, inflammation and oxidative stress [44]. 
Similarly, the DDOST protein promotes T cell activation associated with 
inflammatory effects [45]. 

Some proteins stand out because of their regulatory roles in the 
complement system. CD14, related to the innate immune responses, acts 
via MyD88, TIRAP and TRAF6, leading to NF-κB activation, cytokine 
secretion and the inflammatory response [46]. Martin et al. claim that 
targeting CD14 provides an opportunity to inhibit multiple inflamma
tory responses [47]. Similarly, the SERPING1 protein is involved in the 
negative regulation of complement activation by the lectin pathway 
[48]. 

The in vivo results showed more mesenchymal cells with fibroblastic 
morphology in the apical portion of the calcium-doped implants than in 
the non-doped implants. This observation suggests that the proteins 
related to the immune response, adsorbed on Ca-doped coatings, trigger 
the inflammatory cascade, leading to the formation of the immune 
structures [49] (at least during the initial post-implantation period). 
This behaviour may be normal after such a short time (5 days) and does 
not imply osseointegration problems at the end of the process; if the 
reaction is regulated, the fibrous tissue will be reabsorbed. It has been 
reported that the silicone coatings give rise to a stronger initial in
flammatory reaction than Ti materials, which does not diminish their 
final regenerative potential in vivo [50]. 

Proteins associated with coagulation, key for bone regeneration 
[51], were also more abundant on the Ca-doped sol-gel surfaces than on 
un-doped coating in the in vitro proteomic study. Ca participates in the 
formation of the platelet plug, that is, in platelet aggregation and in the 
polymerisation of fibrin that gives rise to coagulation [52]. In the 
presence of Ca ions released from the coating, the platelet activation 

Fig. 7. Microphotographs of control and Ca-doped implant samples processed 5 days after surgery. Panoramic image of MT, MT0.5Ca and MT5Ca samples (A–C). 
The insets show a higher magnification image of the regions delineated in the corresponding panoramic view. Many large erythrocyte clumps were observed in the 
MT5Ca sample (C1; red arrows), while fewer and smaller clumps were seen in the MT and MT0.5Ca samples (A1 and B1, respectively; red arrows). Cells of 
fibroblastic morphology close to the apical implant surface were more abundant in the MT0.5Ca and MT5Ca samples (B2 and C2, respectively; red arrows) than in the 
MT sample (A2). These fibroblasts tended to be arranged in parallel to the implant surface. Scale bars, 100 µm. 
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and, therefore, coagulation are to be expected. THRB, also known as 
coagulation factor II, belongs to the common pathway of the coagulation 
cascade. It can trigger blood coagulation through its conversion to the 
protease thrombin, activating platelet formation [53]. Platelet factor 4 
(PLF4) is a small cytokine released from alpha-granules of activated 
platelets during platelet aggregation. It promotes blood coagulation by 
moderating the effects of heparin-like molecules and is involved in 
wound repair and inflammation [54]. The PLMN protein plays an 
important role in activating the plasminogen system, the key step in the 
fibrinolysis process. The coagulation system is one of the main initiators 
of blood clotting after a trauma. After this stage, the plasminogen system 
acts during the degradation of the extracellular matrix and the conse
quent tissue remodelling and angiogenesis, which leads to correct tissue 
healing [55]. The FIBA protein is associated with different biological 
functions, such as blood clotting and fibrinolysis [56]. The PROS protein 
participates in the regulation of the blood coagulation pathway [57]. 
This plasma protein helps prevent coagulation and stimulates fibrino
lysis. The VTNC, in addition to its role as an inhibitor of complement 
cascade activation, could interact with the coagulation cascade, 
contributing to thrombus formation, wound repair, vascular homeo
stasis, and tissue regeneration [58]. The HRG protein is also involved in 
these stages of regeneration [59]. It could function as an antifibrinolytic 
and anticoagulant modulator and regulate platelet function in vivo [60]. 
In PANTHER analysis, coagulation was the most important function, and 
the only one common to all coatings supplemented with Ca. 

This behaviour was confirmed by the in vivo proteomic study. FBLN1, 
G1U978 and SERPING1 proteins, involved in blood coagulation, also 
showed preferential binding to the Ca-doped material surfaces. FBLN1 
may be involved in haemostasis and thrombosis as it can bind fibrinogen 
and incorporate itself into clots [61]. SERPING1 is a plasma protease 
involved in the intrinsic coagulation and fibrinolytic pathways. In the 
coagulation cascade, this protease inactivates plasma kallikrein, factor 
XIIa and factor XIIf [62]. 

The histological study showed that the implant threads contained the 
remnants of the fibrin-rich matrix from the blood clot formed after 
surgery. The number and size of the erythrocyte clusters were greater 
around the MT5Ca coating than those observed for MT and MT0.5Ca. 
This suggests that the addition of Ca results in increased coagulation. 

The in vitro proteomic study demonstrated enhanced adsorption of 
three proteins related to bone regeneration, VTNC, PEDF and TETN, on 
the 0.5 % Ca-doped coatings. The VTNC could also favour osteoblastic 
differentiation [63]. The surfaces that adsorb more VTNC increase the 
adhesion and proliferation of osteoblasts and, therefore, improve 
osteoconduction [64]. The study of Feng et al. has shown that PEDF 
improves osteoblastic differentiation and increases mineralisation of the 
bone matrix [65]. Other reports, such as studies by Venturi et al., have 
confirmed that the lack of PEDF leads to bone defects and frequent 
fractures [66]. Gattu et al. [67] and Li et al. [68] have reported that 
PEDF improves osteoblastic differentiation of human and mouse 
mesenchymal stem cells and increases osteoblastic mineralisation in 
vitro. The TETN protein has been linked to the correct development of 
bone tissue. This protein is involved in new tissue formation and matrix 
remodelling in the cutaneous wound healing processes [69], similar to 
the healing processes of bone fractures [70]. Furthermore, using an in 
vitro bovine mineralizing system, Wewer et al. examined osteoblastic 
cells at different times during their growth and differentiation. This in 
vitro study has shown that TETN is expressed during bone formation 
[71]. 

Among the proteins differentially expressed in the tissues sur
rounding the different implants in vivo, FBN1 and AHSG were found in 
increased amounts close to the Ca-doped coatings and the MYOC protein 
in the tissue in contact with the MT. The FBN1 protein is linked to 
negative regulation of osteoclast development [72]. The highest 
expression of this protein was observed close to the MT0.5Ca implants; it 
can lead to inhibition of osteoclastogenesis, which would favour the 
process of bone regeneration. The AHSG, whose expression increased in 

the vicinity of MT5Ca, is related to the negative regulation of bone 
mineralisation [73]. MYOC is involved in bone formation and promotes 
osteoblast differentiation in a dose-dependent manner through 
mitogen-activated protein kinase signalling [74]. The abundance of this 
protein was reduced in the tissue near the Ca-doped coatings; it 
decreased drastically for the MT5Ca implants. 

Thus, we can conclude that there is a correlation between in vitro and 
in vivo proteomic results. Moreover, there is an optimal formulation for 
bone regeneration, i.e., MT0.5Ca. For coatings with 5 % Ca, the regen
eration was diminished, and a negative effect was observed using 
different proteomic techniques. A more detailed histological study with 
longer-lasting experiments will be needed to confirm these trends. 

In the light of the results presented here, we can conclude that adding 
Ca to the biomaterials causes an increase in the initial inflammation and 
strengthens coagulation. Furthermore, the proteomic results correlate 
with histological observations made after in vivo experiment. 

Although further research is needed in this area, it is clear that 
proteomics offers a powerful toolset for predicting in vivo responses and 
characterising biomaterials. It allowed us to evaluate the regenerative 
potential of new Ca-doped sol-gel surfaces in short experiments. At the 
same time, we obtained valuable data on several processes important in 
the healing of bone tissue. 

5. Conclusion 

The new Ca-doped sol-gel materials, capable of releasing Ca2+ ions, 
were characterised by performing in vitro and in vivo tests, which sup
plied valuable data after an in vivo proteomic analysis. The Ca-doping 
affected the in vitro responses of human osteoblasts and TPH-1 mono
cytes, and protein adsorption onto the coatings. The changes in TNF-α, 
IL-1b, TGF-β and IL-10 levels showed that the inflammatory responses 
depend on the amount of Ca incorporated into the materials. Moreover, 
the in vitro and in vivo proteomics revealed increased adhesion of a 
cluster of proteins related to the immune, coagulation and regenerative 
processes. Adding calcium to the coatings increased the adsorption of 
proteins involved in the immune response, such as VTNC, CO5, C4BPA 
and KV302 in vitro, and the levels of CARD6, DDOST and CD14 in vivo. It 
similarly affected the coagulation activity, for instance, the abundance 
of FIBA, THRB or PLMN in vitro and FBLN1and G1U978 in vivo. More
over, changes in the levels of proteins such as TETN or PEDF (in vitro) 
and FBN1, AHSG or MYOC (in vivo) indicate that MT0.5Ca formulation is 
the most likely to have good osteogenic properties. The proteomic re
sults were consistent with the biological responses observed using the 
histological examination. The proteomic analysis showed a good cor
relation between the in vitro and in vivo tests (for short experimental 
periods). Consequently, we can conclude that these methods can be 
useful in developing new biomaterials. 
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