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Abstract 

Osteoblast cell adhesion to the extracellular matrix is established through two main pathways: one 

is mediated by the binding between integrin and a minimal adhesion sequence (RGD) on the 

extracellular protein, the other is based on the interactions between transmembrane proteoglycans 

and heparin-binding sequences found in many matrix proteins. 

The aim of this study is the evaluation in an in vivo endosseous implant model of the early 

osteogenic response of the peri-implant bone to a biomimetic titanium surface functionalized with 

the retro-inverso 2DHVP peptide, an analogue of Vitronectin heparin binding site. The 

experimental plan is based on a bilateral study design of Control and 2DHVP implants inserted 

respectively in the right and left femur distal metaphysis of adult male Wistar rats (n=16) weighing 

about 300 gr and evaluated after 15 days.  

Fluorochromic bone vital markers, were given at specific time frame, in order to monitor the 

dynamic of new bone deposition. The effect inducted by the peptidomimetic coating on the 

surrounding bone were qualitatively and quantitatively evaluated by means of static and dynamic 

histomorphometric analyses performed within three concentric and subsequent circular Regions of 

Interest (ROI) of equivalent thickness (220 µm), ROI1 adjacent to the interface, ROI2, the middle, 

and ROI3 the farthest. The data indicated that these functionalized implants stimulated a higher 

bone apposition rate (p<0,01) and larger and rapid osteoblast activation in terms of mineralising 

surface within ROI1 compared to the Control (p<0,01). These higher osteoblast recruitment and 

activation leads to a greater bone to implant contact reached for DHVP samples (p<0,5). This 

represents an initial stimulus of the osteogenic activity that might results in a faster and better 

osteointegration process. 
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1. Introduction  

Osteoblasts are anchorage-dependent cells: several functions, such as proliferation, migration, 

differentiation, bone matrix deposition and mineralization, strictly depend on the adhesion process. 

This process is mediated and activated by the extracellular proteins; in case of foreign materials, 

cells do not adhere directly to it, but via the protein adsorbed on the material surface (Brunette, 

D.M.; Tengvall, P.; Textor, Marcus; Thomsen, 2001). For this reason, extracellular matrix (ECM) 

composition may be useful in tailoring biomaterials to stimulate tissue-specific cellular responses. 

In fact, each ECM protein may regulate several different behaviors of the cells including adhesion, 

migration, proliferation and differentiation by interacting with specific cell receptors. Re-creating 

the biological signals derived from the ECM by attaching bone ECM-specific protein domain onto 

the titanium surface, could be a powerful strategy to design new peptidomimetic surfaces (Shekaran 

and García, 2011). Bone cells adhere to a wide variety of extracellular matrix proteins and this 

process is a key point in bone development, repair, and disease (Brighton and Albelda, 1992). 

Considered the important regulatory role that ECM molecules play on cellular responses in vivo, 

several full-length ECM proteins have been studied for coating bone implants in the bone defect 

healing approach. Attempts were made with collagen (Morra et al., 2005; Rammelt et al., 2006; 

Schliephake et al., 2005; Svehla et al., 2005), fibrin (Ben-Ari et al., 2009; Karp et al., 2004; Kim et 

al., 2007), hyaluronic acid (Barros et al., 2009; Paderni et al., 2009; Solchaga et al., 1999), 

decellularized matrix (Kurkalli et al., 2010; Suckow et al., 1999) as well as bone sialoprotein (Graf 

et al., 2008). The existing limitations in using full-length ECM molecules have spurred the use of 

peptide mimicry approach; peptides or recombinant fragments derived from their parent ECM 

protein by incorporating the minimal functional sequence able to maintain the bioactivity of the 

original protein. In fact, all of the extracellular molecules disclose in their primary structure one or 

more consensus sequences, long few peptides, that can be recognized by specific cell receptor. 

When these receptors recognize and bind the numerous ECM components they are able to discern, 

they cluster together on the cell membrane and form a macromolecular structure, called focal 

adhesion. 

In particular, the majority of the interaction between bone cells and extracellular matrix proteins is 

mediated by integrins, a widely expressed family of transmembrane receptors, formed by a non-

covalent association of an α and a β subunit (Robey, PG; John, PB; Lawrence, GR; Gideon, 2002). 

Osteoblasts and osteoprogenitors cells express different types of integrins, like α1β1, α2β1, α3β1, 

α4β1, α5β1, α6β1, α8β1 or αvβ34. The L-arginine, glycine, and L-aspartic acid (Arg-Gly-Asp or 

RGD) is the minimal adhesion sequence recognized by integrin receptors and it has been found in 

many ECM proteins. For the biomimetic functionalization of biomaterials, several peptides 
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containing the RGD sequence have been developed and studied. However, the integrin-mediated 

adhesion process was demonstrated to be not selective for osteoblasts, but widely used by other cell 

types. 

Another important adhesion process in bone cells is established through interactions between 

transmembrane proteoglycans, like heparan sulfate proteoglycan (HSPG), and heparin-binding 

sequences found in many ECM proteins (Dalton et al., 1995). These types of interactions might also 

be considerable to control the behaviour of osteoprogenitor cells (Dee et al., 1998). A great number 

of evidence support the significant involvement of HSPGs in osteoblast adhesion. For example, 

heparan sulfate was detected immunohistochemically on the membrane of osteoblasts attached to 

the bone matrix (Nakamura and Ozawa, 1994). Furthermore, blocking the heparin-binding sites of 

fibronectin with Platelet Factor IV, inhibited approximately 45% of the subsequent osteoblast 

adhesion (Puleo and Bizios, 1992). Moreover, heparan sulfate added in the culture medium 

completely inhibited human bone-derived cell attachment to the heparin-binding region of 

fibronectin (Dalton et al., 1995) and the adhesion of osteoblasts to osteoactivin coated matrix was 

significantly inhibited by heparin, whereas the same concentration of heparin had no effect on cell 

attachment to fibronectin (Moussa et al., 2014). Studies focusing on the identification of bioactive 

peptides able to promote the osteoblast adhesion via the heparan sulfate pattern are much more 

recent and less studied. Dettin et al. found and developed the peptide reproducing the 351-359 

sequence of human vitronectin, called HVP (Dettin et al., 2002; Vacatello et al., 2005) and 

demonstrated its specificity for bone cells and its ability in promoting in-vitro the osteoblast 

adhesion on surfaces functionalized with it (Dettin et al., 2005). Subsequent studies focused on the 

optimisation of the functionalisation method for creating biomimetic implantable devices. Two 

different methods were tested, the first was a silica gel as resorbable peptide carrier (Dettin et al., 

2006), the second was the peptide covalent bond on titanium substrates (Bagno et al., 2007b). The 

covalent coating method resulted the best performing one, considering the physical-chemical 

properties and the cell in vitro behaviour, morphology and the gene expression analysis (Brun et al., 

2013). The (351-359)HVP covalently functionalized titanium cylinders were in-vivo studied in 

rabbits to evaluate the effect of functionalisation on the osteogenic activity. The results 

demonstrated that the peptide enhanced the osteogenic activity accelerating the bone neodeposition 

in a short time frame after implantation (Cacchioli et al., 2009). Numerous experimental reads out 

supporting the biological activity of the (351-359) peptide were achieved, however in solution the 

peptide sequence resulted degraded by the trypsin (Zamuner et al., 2017). For this reason, the 

biomimetic peptide was fine-tuned; the new approach was based on the design of a dimeric form, in 

order to increase the peptide ionic interactions with cellular GAGs, and its retro-inverted analogue 
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consisting in the reversed amino acids sequence composed of D-amino acids (Zamuner et al., 2017). 

In-vitro studies demonstrated that the dimeric form of this peptide, called 2DHVP, maintained an 

optimal adhesive ability and matrix mineralization induction (Giovine, M, Dettin, M, Castagliuolo, 

2016). The aim of this study is the evaluation, in an in vivo endosseous implant model, of the early 

osteogenic response of the peri-implant bone to the biomimetic titanium surface functionalized with 

the dimeric form of the adhesive, retro-inverso 2DHVP peptide.   
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2. Materials and Methods 

2.1 Materials 

Sieber Amide resin and all Fmoc- protected amino acids were from Novabiochem (Merck KGaA, 

Darmstadt, Darmstadt, Germany). The coupling reagents 2-(1H-Benzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate (HBTU) and 1-Hydroxybenzotriazole (HOBt) were from 

Advanced Biotech (Seveso, MI, Italy). N,N-diisopropylethylamine (DIPEA) and piperidine were 

from Biosolve (Leenderweg, Valkenswaard, The Netherlands). Triethoxysilane (TES) was from 

Sigma-Aldrich (Steinheim, Germany). Solvents such as N,N-dimethylformamide (DMF), 

trifluoroacetic acid (TFA), N-methyl-2- pyrrolidone (NMP), dichloromethane (DCM), and 

acetonitrile were from Biosolve. 

2.2 Synthesis of side chain-protected 2DHVP 

The synthetic peptide 2DHVP (sequence: H–D-Tyr–Gly–D-Lys–D-Arg–D-Asn–D-Arg–D-His–D-

Arg–D-Phe–D-Tyr–Gly–D-Lys–D-Arg–D-Asn–D-Arg–D-His–D-Arg–D-Phe –NH2) is the retro-

inverted form of HVP dimer (sequence of HVP dimer: H-Phe-Arg-His-Arg-Asn-Arg-Lys-Gly-Tyr-

Phe-Arg-His-Arg-Asn-Arg-Lys-Gly-Tyr-NH2). 

The peptide 2DHVP was produced by solid-phase peptide synthesis approach (synthesizer Syro I, 

MultisynTech, Witten, Germany), using Fmoc chemistry. Super acid labile Sieber Amide resin 

(1748 mg, 0.125 mmol, substitution 0.72 mmol/g) was loaded in the reactor. The following side 

chain protections were used: Trt, His and Asn; Boc, Lys; But, Tyr; Pmc, Arg. After the synthesis, 

the peptide was cleaved from the solid support without the deprotection of side chains by 5 

treatments with a 1% TFA/DCM solution for 5 min. The side-chain protected peptide (sequence:H–

D-Tyr(But)–Gly–D-Lys(Boc)–D-Arg(Pmc)–D-Asn(Trt)–D-Arg(Pmc)–D-His(Trt)–D-Arg(Pmc)–D-

Phe–D-Tyr(But)–Gly–D-Lys(Boc)–D-Arg(Pmc)–D-Asn(Trt)–D-Arg(Pmc)–D-His(Trt)–D-

Arg(Pmc)–D-Phe–NH2) was precipitated with cold water. 

 

2.3 Titanium implants preparation 

Commercially pure titanium (Ti grade 2) implants (diameter, 2 mm; height, 2.3 mm;) were obtained 

from cylindrical bars by turning. First, they were smoothed with grit paper, then sand-blasted 

(corundum 450 mm for 10 s), and finally attacked with acidic solution: hydrogen chloride (HCl) 

(36%v/v)/sulphuric acid (98%v/v)/water (H2O) (1/1/3) for 6 min at mixture boiling point (Bagno et 

al., 2007a). Afterwards, sand-blasted and acid-attacked (SLA) cylinders were thoroughly degreased, 

washed, and sonicated in a sequence of solvents: water, acetone and toluene. 
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2.4 Titanium implants functionalization 

Oxidized samples were treated at 25° C for 2 h with a solution consisting of equal volumes of 

concentrated H2SO4 and 30 % aqueous H2O2 under magnetic stirring. The cylinders were then 

cleaned with water and acetone and dried under vacuum. 

Silanization of oxidized samples was performed by heating them for 4 h in refluxing toluene 

containing 10 % (3-aminopropyl)triethoxysilane (Nanci et al., 1998). Silanized samples were used 

as controls. After washing with toluene and drying under vacuum, the implants were immersed in a 

solution of 10 mg glutaric anhydride and 5 ml DIPEA in 40 mL of NMP over 4 h. The implants 

were washed with NMP (3 times, 1 min each) and acetone (3 times, 1 min each), then dried under 

vacuum for 1 h.  

The side-chain-protected peptide was anchored by immersion of the implants in a solution prepared 

with 40 mg side chains –protected peptide, 5 mg HBTU, 2 mg HOBt, 7.5 µL DIPEA in 15 mL 

NMP for 21 h (Dettin et al., 2009). The implants were washed with NMP (3 times, 1 min each) and 

ethanol (3 times, 1 min each), then dried under vacuum for 15 min. 

The side chain deprotection of the peptides anchored to the implant surface was carried out by 

treatment with 0.25 mL EDT, 0.1 mL TES, 0.23 mL H2O in 10 mL TFA for 1 h. The following 

washes were performed: TFA (1 time, 1 min); acetone (2 times, 1 min each); MilliQ water (3 times, 

1 min each); acetone (2 times, 1 min each) (Figure 1). Finally, the implants were dried under 

vacuum for 15 min. Sterilization of 2DHVP and control samples were carried out with 70% 

alcoholic solution treatment for 5 min, followed by 20 min under UV lamp. 

2.5 Surgical procedure  

The experimental plan consisted of 16 adult male outbred rats (Rattus Norvegicus, Wistar strain - 

Charles River Laboratories, Wilmongton, MA), weighing about 300 gr. European and Italian 

regulations on animal experimentation were strictly followed during the entire study, according to 

the European Commission rules (European Union 86/609 CEE–Health Ministry Authorisation N. 

274/2016 of 16/03/2016). 

Rats were stabulated at a 22-24°C, with light-dark cycle of 12/12 h, feeding with pellets food and 

water ad libitum were acclimated for 7 days, prior to start the experiment.   

Surgical procedure was performed under general anaesthesia; the antibiotic coverage was 

performed with sub-cutaneous administration of Enrofloxacin (Baytryl, 10-20 mg/kg) and the 

analgesia was carried out with Carprofen (Rymadil, 5 mg/Kg). Once the animal was anaesthetized 

(Zoletil 100, Virbac, 30 mg/Kg), the skin and subcutaneous tissues were incised exposing the lateral 

portion of the femur’s distal metaphysis. In each femur the implantation site was created proximally 

to the lateral non articular elevation on condyles lateralis by means of a trephine burr of 2.0 mm 
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external diameter, under abundant irrigation with sterile saline. The implants were press-fitted into 

the implant site following the bilateral study design; the peptide-grafted implant (2DHVP) in the 

left femur, while oxidized and silanized implant (CTRL) in the right one, as internal control. Soft 

tissues were then repositioned and then animals were sutured (Vycril Ethicon 5.0, 

Johnson&Johnson, Amersfoort, Netherlands) (Figure 2 A-F). 

To evaluate the osteogenic activity, two vital bone markers (Pautke et al., 2005; Rahn and Perren, 

1971) were administered intraperitoneally at sequential time frame: Calcein Green (CG, 5 mg/kg; 

Sigma, St. Louis, MO) at the 7th and 8th day after the surgery, and Xylenol Orange (XO, 90 mg/kg; 

Sigma) at the 12th and 13th day (Figure 2G). At the end of the experimental period, at the 15th day 

after surgery, animals were sacrificed by an anaesthetic overdose (Pentothal Sodium, 5 mg/kg).  

 

2.6 Histology 

Immediately after the sacrifice, the distal portion of each femur containing the implant was 

harvested and fixed in 10% neutral buffered formalin solution (Histo-Line Laboratories, Pantigliate, 

Italy) for 48 hours. Specimens were then dehydrated in three ascending alcoholic solutions (70%, 

95%, 100%) (Histo-Line Laboratories) and infiltrated in methyl methacrylate resin, Osteo-Bed 

(Polysciences, Warrington, PA). To activate the radicalic polymerization the benzoyl peroxide was 

added as catalyst and samples maintained at 34°C for 48/72 hours. Serial sections, 60-90 µm thick, 

perpendicular to the major axis of the implants were obtained with rotative microtome (Leica 1600, 

Leica Biosystems, Nussloch, DE) equipped with a diamond blade. Skeletal landmarks have been 

maintained during the bone sectioning. 

To evaluate the morphology of periimplant bone, corresponding sections for each sample, was 

stained with Goldner’s trichrome and Villanueva staining (Polysciences). Sections were analysed 

with bright field and polarized light microscopy for histological and static histomorphometry and 

with fluorescence microscopy for dynamic histomorphometry. Analysis were performed by means 

of a motorized microscope (Nikon Eclipse 90i), equipped with a digital camera (Nikon model 5 M) 

connected to an image analysis software (NIS—Elements AR 3.10; Nikon, Japan). The acquisition 

of the images was carried out under previously standardized exposition, gain and magnifications.  

 

2.7 Static and dynamic histomorphometry  

To quantitatively evaluate the newly formed bone at the bone-to-implant interface and to compare 

the data between CTRL and 2DHVP functionalized implants both static and dynamic 

histomorphometric analysis were performed. 
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By means of the binary tool of the image analysis software, we created three concentric and 

subsequent circular Regions Of Interest (ROI) of equivalent thickness (220 µm), realized starting 

from the end of the implant profile. ROI1 was the closest region to the device surface, ROI2, was 

the middle, and ROI3 was the farthest (Figure 6A). 

The following parameters have been considered (Giavaresi et al., 2003; Overgaard et al., 2000; 

Parfitt, 1988; Recker, 1983; Schnitzler and Mesquita, 2006): 

- Bone-to-implant contact (%) [BIC]: measured in bright field as the ratio between the length 

of the bone segments in direct contact with the surface of the implant and the length of the implant 

perimeter. It was also measured in fluorescent microscopy [Osteogenic BIC], as the ratio between 

the length of the active osteogenic front in direct contact with the implant surface for both Calcein 

Green and Xylenol Orange and the length of the implant perimeter. 

- Mineral apposition rate for single label (µm/day) [MAR-SL]: evaluated for both Calcein 

Green and Xylenol Orange, it was calculated within the ROI1 as the ratio between the average 

thickness of the marked osteogenic fronts and the period of the administration of the respective 

bone vital marker. 

- Mineralizing surface versus bone surface (%) [MS/BS]: evaluated for both vital bone 

markers as the ratio between the surface marked with the relative marker, assessed in fluorescence 

microscopy, and the total bone surface in the region of interest, assessed in bright field microscopy.  

An Intensity Surface Plot transformation based on the computational evaluation, by the microscope 

software, of the single pixel intensity values were applied to the fluorescence images. The BIC and 

MAR-SL parameters were manually measured within only the first ROI, while the MS/BS was 

semi-automatically calculated in all the three ROIs as means of a customized computerized macro, 

specifically designed for the ROIs.	The ROIs were further divided in quadrants according to the 

reference direction Distal-Caudal, Distal-Cranial, Proximal-Caudal and Proximal-Cranial (Figure 

6C) to evaluate whether the bone neodeposition had a preferential direction. 

 

2.8 Statistical analysis 

The number of experimental animals was calculated by A-Priori Power Analysis (G*Power Version 

3.1.2; Franz Faul, University of Kiel, DE) and authorised by the Minister with the Ministry 

Authorisation N. 274/2016 of 16/03/2016. 

Static and dynamic histomorphometric data were analysed by means of one-way analysis of 

variance (ANOVA) and Tukey’s multiple comparison test, with the statistical tool SPSS v.24.0 

(SPSS, Chicago, IL) prior angular transformation of the values (because all the data were expressed 

as quotients and not as natural numbers).  
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Data are reported as means ± standard error and plotted as histograms, with significance p<0.05.  

3.  Results 

3.1 Post surgery recovery and Gross Anatomy 

All the animals showed a good recovery after the surgery: the weight, the response to nutrition and 

hydration, as well as the deambulation resumed quickly to the physiological levels. From the gross 

morphology inspection only one rat displayed a muscular hematoma, but not affecting the bone 

periosteum. In all the animals, the implants appeared correctly located in the lateral portion of the 

femur’s distal metaphysis, the periosteum was intact and the surrounding tissue appeared 

unaffected. 

The linear distance from the articular face of the lateral condyle to the implant resulted uniform 

indicating that the devices were all well positioned in the anatomical site.  

 

3.2 Histology  

The analysis with bright field microscopy allow to assess the histological features of the periimplant 

bone in term of quality of the bone and the extracellular matrix, bone to implant interface 

maintenance, presence of inflammatory infiltrates and connective fibrotic tissue around the implant.  

In both functionalized (2DHVP) and control (CTRL) groups at the end of the experimental time, 

bone neo-formation was observed: as shown in Figure 3 thin spicules originated from the pre-

existing bone surfaces headed toward the implant-bone interface, forming a thin layer of new bone 

that allowed the implant primary stabilisation. From a morphologic point of view, the newly formed 

bone had the typical morphology of a primary woven bone tissue, with large and roundish lacunae 

and osteocytes and weaved collagen fibers organization (Figure 3 A,B,E,F). The presence of 

inflammatory infiltrate and the deposition of fibrous tissue at the interface was excluded for both 

2DHVP and CTRL groups. The polarized light microscopy showed bright and dark areas indicating 

the irregular collagen fibers organization and mineralisation of the matrix (Figure 3 C,G). From a 

qualitative point of view, the osteogenic induction seemed to be greater in the functionalized group 

compared to the control group. Villanueva Bone Staining, assessing the quality and the cellularity 

of the new deposed bone, also confirmed the histological outcomes. The tissue in close proximity to 

the implant resulted to be a low-density bone, stained in red, or a moderately permeable bone, 

stained in orange-brown, meaning that it was recently synthetized and not yet remodeled. Several 

osteoid seams front, stained in green and located on the edge of the newly synthetized bone, were 

detected in the proximity of bone-implant interface (Figure 3 D,H).  
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The analysis in fluorescence microscopy allowed to investigate the osteogenic effect induced by the 

surface treatments at the interface during the administration period. The Calcein Green (CG) 

labelling, administered on the 7th and 8th day after surgery, appeared linear and continuous on 

several osteogenic fronts in both the groups. The Xylenol Orange (XO) labelling, administered on 

the 12th and 13th day from the surgery, exhibited a lower spread signal with a pattern less elongated 

on the fronts and more punctiform. Figure 4 shows a representative merged fluorescence images of 

the two bone markers for CTRLs and 2DHVPs; from a qualitative approach the Calcein Green 

signal from the 2DHVP group seemed to be more intense in the closest region to the implant 

compared to that from CTRLs, meanwhile the signals originated from Xylenol Orange seemed to be 

equal among the surfaces. These observations become even more evident applying to those images 

an Intensity Surface Plot transformation, based on the plotting of each single pixel intensity values 

(Figure 4C,D). 

3.3 Static and Dynamic histomorphometry 

The histomoprhometric results were grouped, summarised in Table 1 and graphed in figures as 

average value ± the standard error. 

 

3.3.1 Bone to Implant Contact (BIC) 

The histomorphometric static parameter Bone to Implant Contact (BIC) quantified the bone amount 

and deposition at the bone-implant interface and represents an index of the osteointegrative ability 

of a biomaterial.  

We measured this parameter at the end of the experimental time and in the two fluorescent bone 

markers time frame. Comparing the obtained results from the two different surfaces, higher values 

emerged from the 2DHVP groups compared to those from the CTRLs group. 

At the end of the experimental time, 15 days after surgery, the BIC of 2DHVP surface exhibited a 

significantly higher (p = 0.11) bone-implant contact compared to the CTRL group (Figure 5A).  

In addition, the osteogenic BIC, evaluated in fluorescence microscopy, calculated for the 

functionalized surfaces showed higher values in the Calcein Green time frame compared to the 

CTRL ones, and this difference was statistically significant (p=0,002). On the contrary, in the 

Xylenol Orange time frame, no statistical difference was found between 2DHVP and CTRL groups 

(p=0,566) (Figure 5 B). 

3.3.2 Mineral Apposition Rate for Single Label (MAR-SL) 

This dynamic histomorphometric parameter measured in the periimplant bone revealed for CG 

marker a statistically lower rate of deposition (p = 0,002) in the CTRL group as compared to the 
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2DHVP group; for the XO marker, again statistically higher values (p = 0,016) were revealed for 

the 2DHVP samples compared to those of the CTRL samples (p=0,016), even if their difference 

resulted smaller (Figure 5 C).  

Comparing the trend of the MAR in the two markers time frame, it was possible to note that the 

MAR-CG values were the highest in both the groups. Overall, the mineral apposition rate reached 

its maximum at the 8th day after the surgery and then decreased tending to be aligned with the 

CTRL value in the second experimental time. Even if the treated value remained significantly 

higher, it experimented a greater decrease compared to that experimented by the controls (Figure 

5C). 

3.3.3 Mineralizing surface versus bone surface (%) [MS/BS]: 

The parameter Mineralizing surface versus bone surface measured within the ROI1 indicated 

significantly higher values (p = 0,012) reached by 2DHVP as compared to CTRL for the CG 

marker, but this difference was not revealed for the XO marker. The readout at the CG time frame 

were higher compared to those of the XO time frame, and the maximum value was reached, 

consistent with the other parameters, by the treated group (Figure 6B). 

The data obtained within the ROI2, showed a different trend: no statistically significant difference 

at the Calcein Green (CG) time frame between 2DHVP and CTRLs was observed. Furthermore, the 

MS/BS values of both CTRL and 2DHVP groups decreased tending to align themselves, although 

the treated samples experimented the greater decrease, while maintaining higher value. The data 

from the XO remained clearly smaller and almost equal between the two surfaces. The trend of the 

ROI3 (Figure 6B) remained substantially the same of that from ROI2. No statistical difference 

resulted between the 2DHVP and CTRL groups and all the values decreased for both the markers. 

The data from this region tended mainly to match themselves toward minimal values. The 

comparison of the values obtained from both the markers within the three ROIs exhibited an 

activation gradient starting from the implant surface only in the treated group for the Calcein Green 

marker. As it is shown in Figure 6, the percentage of the active mineralizing bone in those samples 

was maximum in the first ROI and then decreased regularly in direct relation to the increase of the 

distance from the implant surface. The	 statistical analysis confirmed this gradient demonstrating 

that it was a peculiar feature of the 2DHVP group. In fact, the 2DHVP values for the CG marker 

resulted significantly different in the three ROIs; the first ROI was significantly different compared 

to that from the second (p=0,032) and from the third (p=0,003) ROI. Instead, the difference between 

ROI2 and ROI3 for 2DHVP samples at the CG time frame did not have statistical relevance 
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(p=0,653). On the contrary, for the CTRL groups considering the same marker time frame, the 

values among the three ROIs was not supported by any significant difference.  

The analysis of MS/BS subdivided according to the reference direction Distal-Caudal, Distal-

Cranial, Proximal-Caudal and Proximal-Cranial showed a higher bone deposition for the treated 

group and no one preferential neodeposition direction of the periimplant bone (Figure 6D).   

 

4. Discussion 

In the recent years the research of the biomaterials field was primarily focused on the micro and 

nanostructure control of surfaces and on the biofunctionalization with bioactive molecules capable 

of establish a tight communication with the cells, influencing their phenotype, adhesion or growth. 

In the last decade a new biologically active peptide reproducing the 351-359 sequence of human 

vitronectin, called HVP, was developed (Dettin et al., 2002; Vacatello et al., 2005) and 

demonstrated to be able and specific only for bone cells to promote in-vitro the osteoblast adhesion 

on functionalized surfaces (Dettin et al., 2005). Successive studies focused on the research of the 

most efficient functionalisation method for creating biomimetic implantable devices; the peptide 

covalent bond on titanium substrates (Bagno et al., 2007a) resulted the best performing one, 

considering the physico-chemical properties, the cell morphologic studies and the gene expression 

analysis (Brun et al., 2013). Once the covalently functionalized method had been chosen, the (351-

359)HVP covalently functionalized titanium cylinders were created for an in-vivo study in rabbits 

(Cacchioli et al., 2009). Results demonstrated that the implant surface functionalized with HVP 

peptide enhanced in vivo the osteogenic activity immediately after the implantation, accelerating the 

bone growth at the interface.  

As a drawback, the peptide sequence resulted in-vitro partially degraded in the presence of serum, 

in particular by the trypsin (Giovine, M, Dettin, M, Castagliuolo, 2016). For this reason, the same 

biomimetic peptide, with a chemistry implemented for degradation resistance was developed. The 

new approach was based on the use of D-amino acids in the synthesis of a retro-inverso peptide 

reproducing the same sequence of the (351-359)HVP. In-vitro studies demonstrated that the dimeric 

form of this peptide, called 2DHVP, maintained the same adhesive ability and the same degree of 

matrix mineralization and significantly improved the expression of three bone marker 

proteins(Giovine, M, Dettin, M, Castagliuolo, 2016). The present work aimed to evaluate in an in-

vivo bone model the osteogenic properties of the peptidomimetic approach based on the titanium 

functionalization with the 2DHVP retro-inverso peptide. 

A short experimental time of 15 days was selected for the study based on previous data indicating 

that the implants coated with HVP peptide reached the maximum osteogenic activity shortly after 
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the surgery (Cacchioli et al., 2009; Dettin et al., 2005) in particular after 9 days in a rabbit model. 

The histologic outcome revealed newly deposed primary woven bone characterised by weave 

collagen fibres organization and big and numerous osteocytes with a round shape and irregular 

arborisation of their canalicular network at the bone to implant interface.   

The fluorescent microscopy confirms the osteogenic activity at the interface and on the bone spicule 

edges. The quantitative histomoprhometric analysis has revealed higher values in the 2DHVP 

samples compared to the CTRL ones for all the parameters.  

The BIC parameter is significantly improved in the 2DHVP group compared to that of the CTRLs, 

meaning that there is more bone tissue in direct contact with the 2DHVP implant surface then in the 

CTRLs one, confirming the in vivo effect of the biomimetic peptide (Cacchioli et al., 2009; Novaes 

et al., 2010) . The BIC readout resulted in accordance with previous studies, presenting slightly 

higher values, due to the different animal model used, rat instead of rabbit, and due to implantation 

site used, femur condyles lateralis instead of distal femur epiphysis. 

Considering the osteogenic BIC, for Calcein Green time frame the 2DHVP surfaces shows 

significantly higher values compared to the CTRL ones, whilst on the contrary, for Xylenol Orange 

time frame, no statistical difference was found between the two surfaces. Probably, this difference 

emerges because the induction effect of the peptide revealed at the CG time frame was going down 

with the advancement of experimental time. Overall, the results for this parameter demonstrated a 

greater new bone amount and deposition at the bone-implant interface, meaning a higher early 

osteointegrative ability for the 2DHVP functionalized implants.				 

Also the MAR-SL analysis confirmed an higher deposition rate reached at the CG time frame by the 

2DHVP group, resulting significantly greater compared to those of the CTRLs group. Moving from 

the CG to the XO time frame, a clear decrease of MAR is noticeable, even if the 2DHVP values 

remain significantly higher than the others. These results comply with previous results (Cacchioli et 

al., 2009), in which it was demonstrated that the MAR-SL reached their peak 9 days after the 

surgery in the functionalized implant, decreasing at the 16th day. The parameter mineralizing 

surface versus bone surface for Calcein Green bone marker showed a statistically significant 

difference between 2DHVP and CTRLs only within ROI1. Within the other two ROIs, further from 

the surface, no significant difference between the two groups is observed, demonstrating the 

localized action of the peptide on osteogenic activity.  The bioactivity of the (351-359)HVP 

sequence, on which the 2DHVP sequence is based, has already been associated with an increased 

osteogenic activity in the closest region to the implant immediately after the surgery (Cacchioli et 

al., 2009; Lüthen et al., 2005).  
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 Additional evidence of the pro-osteogenic role of the peptidomimetic functionalisation is that no 

significant difference is found in any ROIs of the CTRLs samples excluding any significant 

osteogenic effect induced by the implant surgery itself. The implant insertion provoked a damage in 

the tissue, with the consequent activation of the physiologically healing process in both the groups; 

in the 2DHVP group the decreasing trend of MS/BS moving from ROI1 to ROI3 resulted greater, as 

compared to that observed for CTRLs group, due to the effect on osteogenic activity induced by 

peptide.  

The same parameter analysed for Xylenol Orange resulted significantly lower as compared to those 

calculated for Calcein Green, at CG time frame and no difference emerged among ROIs 

demonstrating that the peptide had a short-time frame activation effect.  

Even if a direct comparison with previous study is not possible due to experimental differences, the 

here reported results confirms the previous findings, strengthened by the detection of significant 

difference between the two surfaces.  

As a consequence of the European and national restriction of the regulations on animal 

experimentation and in order to increase the sample size for statistical reasons we changed the 

animal model from rabbit to rat. Regarding the anatomical site, a previous work (Omar et al., 2011) 

demonstrated  that once that the steady-state is reached after the surgery, the expression of bone 

formation markers (Alkaline Phosphatase and Osteocalcin) and bone resorption markers (tartrate-

resistant acid phosphatase and cathepsin K) is significantly higher in the femur distal portion 

compared with the proximal and distal tibia. On the contrary, the expression of pro-inflammatory 

markers (Tumor Necrosis Factor alpha and Interleukin 1 beta) resulted significantly lower in the 

femur compared to both proximal and distal tibia. As anatomical location the distal epiphysis was 

used as in the previous studies, but the implant site was adapted to the rat as selected animal model 

based on the fact that rat femurs are smaller, and the lateral portion of the distal metaphysis resulted 

more suitable for biomechanical and bone microarchitecture reasons.  

	

5. Conclusions 

The peptidomimetic surface functionalisation of titanium implant or endosseous biomaterials 

represents a recent strategy to control and modulate the bone to implant-interface.  The optimisation 

of the (351–359)HVP peptide to avoid partial peptide degradation by serum trypsin has been 

reached developing the dimeric retro-inverso form of this peptide sequence, named 2DHVP. The 

present study demonstrated the in vivo orthotopic pro-osteogenic effect of 2DHVP functionalization 

of titanium implant. reported The histological and histomorphometrical outcomes indicated that the 
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functionalized implants have a significantly higher bone apposition rate (MAR-SL) and a 

significantly larger and rapid osteoblast activation in terms of MS/BS within ROI1 compared to the 

CTRLs, that reaches its peak 8 days after the surgery.   

These elements together led to a higher osteogenic BIC values for 2DHVP samples than for CTRLs 

already from the CG time frame (8 days after surgery) and then confirmed at the end of 

experimental time (15 days). The titanium implants functionalized with the 2DHVP peptide, 

stimulating the osteoblast adhesion at the interface, enhanced the osteogenic activity immediately 

after implantation and accelerated the deposition of newly formed periimplant bone.   

Considering the promising results here reported, in the near future it will investigated both the 

peptide activity in ectopic site and the orthotopic osteogenic activity on more advanced preclinical 

models. Due to its mechanism of action, the application of this peptidic biomimetic 

functionalization is extremely interesting as coating for endosseous implants while it finds little 

applicability in case of bone defects.  
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Table 1. Results of the histomorphometric analysis for 2DHVP and CTRLs groups. The dynamic 

parameters were analysed in their proper time frame, corresponding to that of marker 

administration: 7-8 days (Calcein Green), 12-13 days (Xylenol Orange). The static parameters were 

analysed at 15 days that is the end of the experimental time. The measured parameters were: Bone 

to Implant Contact (BIC), measured both in bright field and in fluorescence microscopy; Mineral 

Apposition Rate for Single Label (MAR-SL) in CG and XO;  Mineral Surface versus Bone Surface 

(MS/BS), measured in the three ROIs both in CG and XO. 

 

 

 

 

 

 

 

 

 

  

Time-point Parameter 2DHVP CTRLs

15	days BIC	[%] 72,14	±	2,36 62,19	±	2,81

7-8	days BIC	fluo	CG	[%] 19,69	±	2,85 8,54	±	0,90

7-8	days MAR-SL	CG	[µm/day] 8,49	±	0,65 6,11	±	0,54

7-8	days MS/BS-CG	ROI1	[%] 23,71	±	2,34 15,75	±	2,31

7-8	days MS/BS-CG	ROI2	[%] 15,30	±	1,92 11,60	±	1,42

7-8	days MS/BS-CG	ROI3	[%] 13,44	±	1,95 10,68	±	1,13

12-13	days BIC	fluo	XO	[%] 2,75	±	0,42 3,48	±	0,85

12-13	days MAR-SL	XO	[µm/day] 4,60	±	0,25 4,09	±	0,19

12-13	days MS/BS-XO	ROI1	[%] 2,23	±	0,44 4,36	±	1,34

12-13	days MS/BS-XO	ROI2	[%] 2,19	±	0,30 2,77	±	0,77

12-13	days MS/BS-XO	ROI3	[%] 1,43	±	0,39 1,98	±	0,65
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Figure 1: Schematic representation of implant functionalization. A: sand-blasted and acid-attacked 

cylinders , B: silanized surface, C: side-chain protected peptide anchored to the surface (red points 

represent the side-chain protecting groups; the blue trait represents glutaric anhydride spacer), D: 

peptide 2DHVP anchored to the surface. Letters refers to D-amino acids. 

Figure 2: Rat skeleton (A) and enlargement of the left stifle in a lateral view (B) with the implant 

site (blue) in femur distal metaphysis. Sequence of intra-operative steps: incision of the skin (C), 

implant site preparation by the use of a trephine burr (D) and press fit implant insertion (E) and 

finally the implant located in the lateral portion of the femur’ distal metaphysis (F). Schematic 

representation of the time course of bone markers administration.  

Figure 3: Representative histological microphotograph of 2DHVP and CTRL implants stained with 

Goldner’s trichrome  at the end of the experimental time. Histological mirophotograph of the bone 

to implant interface: CTRL group (A,B,C,D) with a thin layer of bone in contact with the surface, 

stained with Goldner’s trichrome (A,B), analysed under polarized light (C) and stained with 

Villanueva (D); 2DHVP group (E,F,G,H) with a newly formed bone at the implant interface stained 

with Goldner’s trichrome (E,F), analysed under polarized light (G) and stained with Villanueva (H). 

Asterisks indicate newly formed bone; arrows indicate osteocytes lacunae. Scale bar 200 µm. 

Figure 4: Representative fluorescent merge of bone markers Calcein Green (Green; 7-8 days) and 

Xylenol Orange (Red; 12-13 days) represent the osteogenic fronts of newly formed bone during 

each marker frame around the implant. CTRL (A) and 2DHVP (B) samples. Intensity Surface Plot 

of a 2DHVP (C) and a CTRL (D) samples derived from the measurement of the intensity of each 

pixel under fluorescence microscopy. Magnification of the originals images was 2X. 

Figure 5: Histogram representing the BIC values of 2DHVP  and CTRL groups at 15 days after the 

surgery (A). Histogram representing the osteogenic BIC (B) and MAR-SL (C) values of 2DHVP 

and CTRL group at both CG and XO time frame. Statistical significance: * p<0,05 ; **p<0,001.  

Figure 6.  (A) Schematic representation of the regions of interest (ROIs) of equivalent thickness 

(220 µm), used to measure the histomorphometrical parameters MS/BS. Region 1 (ROI1) is the 

circular area closest to cylinder surface; region 2 (ROI2) is the subsequent one; region 3 (R3) is the 

farthest from cylinder (*) implant. (B) Histogram of the MS/BS at the CG and XO time frame 

within the different ROIs. Statistical significance: * p<0,05 ; **p<0,001. 

(C) Schematic representation of the regions used to evaluate the orientation of neodeposition. (D) 

Radar graph representing the distribution of the newly formed bone within the ROIs quadrant: 

Distal-Caudal, Distal-Cranial, Proximal-Caudal and Proximal-Cranial. ▲ indicate the ROI1, � 

represent ROI2 and ● the ROI3. 
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