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A B S T R A C T

The aim of this study was to evaluate fibrinogen (FG) coating on a nanostructured titanium surface (Ti) regarding 
its physicochemical properties and the response of pre-osteoblastic cells in vitro. Commercially pure Ti discs were 
ground and chemically treated with a 1:1 mixture of 30% hydrogen peroxide and concentrated sulfuric acid 
(Nano-Ti). FG coating was performed by simple adsorption at its plasma concentration (FG/Nano-Ti). Pre- 
osteoblastic MC3T3-E1 cells were plated on Nano-Ti and FG/Nano-Ti and cultured for up to 18 days. FG/ 
Nano-Ti resulted in the availability of 0.7 mg/cm2 of protein on FG/Nano-Ti (BCA). Nano-Ti and FG/Nano-Ti 
exhibited microscale grooves and a typical nano-topography, with a network of nanopores, which was 
partially masked for FG/Nano-Ti by the presence of granulated material of homogeneous distribution. The 
adsorbed protein layer was continuous and probably a few nanometers thick, not affecting the micro-grooves of 
Nano-Ti. The roughness parameters exhibited higher values for FG/Nano-Ti. Zeta potential titration curves 
showed an isoelectric point at pH 3.5 for Nano-Ti evidencing hydroxyl functional groups with a weak acidic 
reactivity and 5.5 for FG/Nano-Ti, which is the same as FG, in agreement with a continuous adsorbed layer. The 
presence of FG reduced the wettability of the nano-topography in contact with a drop of water or fetal bovine 
serum, but enhanced it when a blood drop was used. The biological results showed a higher expression of 
classical osteoblast markers – especially RUNX2 – on FG/Nano-Ti, which corresponded to higher values of 
alkaline phosphatase activity and mineralization of the cultures. When FG/Nano-Ti was exposed to exogenous 
thrombin, a homogeneous fibrin fibril was assembled. In conclusion, the strategy of coating FG/Nano-Ti with FG 
potentiates the capacity of Nano-Ti to promote osteogenic differentiation.

1. Introduction

Titanium (Ti) and its alloys are the gold standard alloplastic mate
rials used to produce metallic implants in the field of bone implantology 
[1]. The ability to achieve osseointegration is due to the types of mac
rogeometric design of the implants, the biomechanical cues they pro
vide, the physicochemical properties of their surfaces, and the impact 
these factors exert on the host tissue response [2]. Regarding the phys
icochemical properties, surface topography, chemistry, and energy play 

critical roles in determining biocompatibility and the success of 
osseointegration, as they directly influence endogenous protein 
adsorption and cell behavior [3].

Despite the major advances achieved with the development of 
microtopographic surfaces [4], improved biocompatibility has been 
observed with the creation of nano-topographies. Overall, nano
structured surfaces engineered to mimic the characteristics of natural 
bone have demonstrated promising results in in vitro studies, animal 
models, and clinical trials, underscoring their relevance in bone 
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formation and regeneration [5–8]. In vitro, nanoscale surface topogra
phies and other nanometric modifications are widely recognized for 
inducing significant changes in osteoblastic cell behavior, which include 
impacts on cell adhesion, spreading and focal adhesion formation, po
larization, migration, proliferation, and differentiation – factors that 
potentially affect the osseointegration process [7,9–17]. Furthermore, 
the interaction of osteoblastic and osteoclastic cells with Ti 
nano-topographies has been shown to inhibit the activity and differen
tiation of osteoclast precursors, thereby modulating osteo
blast–osteoclast crosstalk involved in bone remodeling [17].

Among the various approaches for the nanotexturing of Ti surfaces, 
the subtractive method of chemical treatment using equal volumes of 30 
% H₂O₂ and concentrated H₂SO₄ is characterized by its simplicity and 
low cost, and produces a characteristic surface nanoporous network 
[18]. This nano-topography (Nano-Ti) has been shown to promote the 
early expression/secretion of the multifunctional non-collagenous pro
teins bone sialoprotein (BSP) and osteopontin (OPN) [9,19], and to 
enhance the osteogenic differentiation by (i) an increase in the focal 
adhesions and abundance of filopodia [20], and (ii) BMP-2 [21], (iii) 
integrin-mediated [13] and (iv) Wnt/β-catenin [12] signaling pathways. 
Taken together, these events support a higher proportion of 
bone-to-implant contact and a positive effect on the outcome of implants 
[22].

In addition to promoting molecular, cellular, and tissue effects by the 
nanoscale cueing per se, Ti nano-topographies can benefit from coating 
with bioactive organic molecules [23]. This approach combines physical 
and/or chemical surface modifications with the incorporation of organic 
molecules such as proteins, peptides, and growth factors, aiming to 
create biomimetic environments that regulate cellular functions and 
enhance interactions with the physiological milieu, thereby directing 
biological processes and improving the efficiency of tissue repair [24,
25].

Blood clot formation is the first biological event during tissue repair 
at the interface with Ti implants [26,27]. Its 3D fibrin network structure 
supports the migration of connective tissue cells and extravasated blood 
cells toward the implant surface [28,29]. Given the importance of these 
initial events for the integration of an implant into bone, attempts have 
been made to promote the occurrence of a more uniform distribution of 
blood clot throughout the Ti surface. The strategies that have been 
developed to improve clot homogeneity include changes in surface 
roughness/topography at the micro and nano-scale and in surface 
chemistry/functional groups, in addition to applying coatings using 
organic molecules [26,30–35]. For instance, on hyperhydrophilic 
sand-blasted and acid-etched (SBA) Ti surfaces produced by alkali 
treatment, blood clots assemble in an organized and layered architec
ture, with a dense fibrin fiber network providing a continuous coverage 
of the entire surface [30]. A sandblasted and double-acid etched (SLA) 
surface, with a characteristic microtopography and surface chemistry, 
also supports the formation of a more homogeneous blood clot 
compared to polished Ti [31]. Titanium oxide thin films with rutile 
structures, created by physical vapor deposition, exhibit a higher 
dielectric constant, which induces the activation of factor XII in blood 
clotting and the formation of fibrin network [32]. An anodized Ti sur
face with increased nano-roughness promotes more extension of fibrin 
clot formation compared to an acid-etched control Ti, yet both surfaces 
support a non-uniform fibrin clot distribution [33]. The Nano-Ti also 
supports the occurrence of an inhomogeneous distribution of the 3D 
blood clot structure over its surface in an in vivo model [27] despite 
exhibiting nano-topography and high hydrophilicity, which are factors 
that are known to induce pronounced blood coagulation [36,37]. Thus, 
to avoid any potential negative impact on tissue formation at the 
interfacial region that the inhomogeneity of blood clot could promote 
[38], it might be relevant to coat Nano-Ti with an exogenous molecule 
that could contribute to the formation of a more homogeneous 3D clot. 
Given that fibrinogen (FG), a major plasma protein, is the key soluble 
precursor to fibrin fibrils – in a process depending on thrombin activity – 

and that its adsorption on biomaterial surfaces triggers the intrinsic 
pathway of blood coagulation [39], it could be a good candidate 
molecule for that purpose.

Fibrinogen (FG), a 340 kDa glycoprotein with concentrations in 
human plasma ranging from 1.5 to 3.5 mg/mL [40], is composed of 
three pairs of distinct polypeptide chains: α, β, and γ [41,42]. These 
chains are symmetrically organized into a trinodular structure featuring 
a central globular domain (E-domain) and two terminal globular do
mains (D-domains), connected by helical coiled-coil regions [43,44]. 
Additionally, FG possesses intrinsically disordered regions at the C-ter
minal ends of the α chains, known as αC regions, which confer structural 
flexibility and are essential for its interactions with other molecules [45,
46]. The effects of FG on cells are mediated through integrin-based 
signaling pathways [47]. In bone, FG binding to αVβ3 integrin acti
vates the expression of key differentiation genes in osteoblasts [48]. In 
addition, when prepared as a 3D porous scaffold and implanted in a 
critical bone defect model, FG supports the control of the initial immune 
response and bone repair/regeneration, with its complete biodegrada
tion [49].

The present in vitro study aimed to investigate the effects of coating 
Nano-Ti with exogenous FG on the physicochemical properties of the 
surface and on the osteogenic differentiation of pre-osteoblastic cells. 
Our hypothesis was that the availability of FG on the nano-topographic 
Nano-Ti would enhance the osteogenic potential of cultures while also 
supporting the formation of a less inhomogeneous 3D fibrin fibril 
network when exposed to thrombin.

2. Material and methods

2.1. Preparation and functionalization of Nano-Ti surfaces

2.1.1. Preparation of Nano-Ti surfaces
To obtain the nano-topographic surface (Nano-Ti), commercially 

pure grade 2 Ti discs (Realum, São Paulo, SP, BR), with dimensions of 13 
mm in width by 2 mm in thickness, were machined, sanded using silicon 
carbide papers of grits 150, 320, 600, and 1200, cleaned by sonication, 
and immersed in a solution consisting of equal volumes of 30 % H₂O₂ 
(107,210, Merck Millipore, Burlington, MA, USA) and concentrated 
H₂SO₄ (95–97 %, 100,731, Merck Millipore) for 2 h (10 mL/disc) at 
room temperature (≈ 25 ◦C) under constant agitation [18,19]. A sig
nificant exothermic reaction occurred during the initial phase of this 
process. At the end of the period, the discs were rinsed in distilled water, 
air-dried, and gamma-irradiated for sterilization with a dose of 25 kGy, 
corresponding to 2.5 Mrad of delivered energy (CETER – Radiation 
Technology Center at IPEN/CNEN/SP, São Paulo, SP, Brazil).

2.1.2. Coating of Nano-Ti surfaces with FG
On the same day as the cell culture experiments, FG coating (FG/ 

Nano-Ti) – through simple adsorption – was performed on the surfaces 
of the Nano-Ti discs using bovine plasma FG protein (F8630, Sigma- 
Aldrich, St. Louis, MO, USA) in saline solution at 3 mg/mL. Briefly, 
the required amount of powder was weighed and diluted in 0.9 % NaCl 
solution under gentle agitation. The solution was then filtered through a 
30 mm hydrophilic polyethersulfone (PES) membrane with 0.22 µm 
pores (Jet Biofil, Guangzhou, GD, China). The Nano-Ti discs were 
immersed in 1 mL of the solution and incubated for 2 h at 37 ◦C in a 
humidified atmosphere with 5 % CO₂ and 95 % atmospheric air [50].

2.2. Physicochemical characterization of Nano-Ti surfaces

2.2.1. BCA method for quantifying adsorbed FG
To quantify FG adsorbed by FG/Nano-Ti, the Pierce™ BCA Protein 

Assay Kit (Thermo Scientific - Thermo Fisher Scientific, Waltham, MA, 
USA) was used. The BCA (BiCinchoninic acid) protein quantification 
assay is based on the reduction of copper ions (Cu²⁺ to Cu⁺) in an alkaline 
medium, followed by the formation of a purple complex between Cu⁺ 
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and BCA. After the coating process, the discs were scraped using 1000 µL 
pipette tips — using the fitting end — and the proteins were lysed with 
RIPA Lysis and Extraction Buffer (Thermo Scientific) and sonicated 
using an ultrasonic device (Misonix, Farmingdale, NY, USA). Nano-Ti 
was used as a negative control. For the colorimetric assay, following 
the manufacturer’s instructions, the working solution was prepared by 
mixing Reagent A and Reagent B in a 50:1 ratio. Subsequently, 25 µL/ 
well of each sample was deposited into 96-well plates (Corning Life 
Sciences, Tewksbury, MA, USA). Next, 200 µL/well of the working so
lution was added and incubated for 30 min at 37 ◦C. After the incubation 
period, the resulting solution was measured by colorimetric analysis in a 
spectrophotometer (562 nm, Epoch 2, BioTek Instruments Inc., 
Winooski, VT, USA). A standard curve, built with known concentrations 
of Bovine Serum Albumin (BSA - A7030, Sigma Aldrich), was used to 
calculate the protein concentration in the samples, ensuring high ac
curacy and sensitivity (20–2000 µg/mL).

2.2.2. Field emission scanning electron microscopy (FESEM)
The surface topography of the Nano-Ti and FG/Nano-Ti discs was 

observed using Field Emission Scanning Electron Microscopy (FESEM) 
with a GeminiSEM microscope (Carl Zeiss, Oberkochen, BW, Germany). 
Images were acquired at four different magnifications (10,000x, 
50,000x, 100,000x, and 250,000x) with an electron acceleration voltage 
(EHT) set at 5 kV.

2.2.3. Kelvin probe force microscopy (KPFM)
The Kelvin Probe Force Microscopy (KPFM) technique measures the 

surface electric potential using a Bruker Innova KPFM microscope 
(Bruker, Billerica, MA, USA) equipped with a surface electric potential 
measurement tool. The equipment operated in lift mode: the forward 
scan captured topographic images in tapping mode, while the reverse 
scan acquired potential images in lift mode. To minimize artifacts, both 
the sample and the probe were grounded during the forward scan. In the 
reverse scan, the sample remained grounded while the probe was 
polarized. Nano-Ti samples were prepared with FG adsorbed only on 
part of the surface, allowing imaging (100 × 100 µm) at the interface 
between regions with and without FG to visualize the protein layer. All 
scans were conducted at a rate of 0.1 Hz (larger region) or 1 Hz (smaller 
region), with lift heights between 300 and 500 nm and an AC bias 
voltage of 3 V. Samples were measured under atmospheric air (humidity 
35 ± 5 %). Images were processed using Gwyddion software [51].

2.2.4. Contact profilometer and confocal microscopy
To assess the surface roughness of Nano-Ti and FG/Nano-Ti, a con

tact profilometer (Intra Touch, Taylor Hobson Ltd., Leicester, LE, UK) 
and a laser scanning confocal microscope (LSM 900, Carl Zeiss) were 
employed. The confocal microscope provides greater precision at the 
nanometric scale, while the profilometer is more precise at the micro
metric scale, making these techniques complementary [52]. Areas of 5 ×
5 mm² were acquired with the contact profilometer, while 250 × 250 
µm² areas were obtained with the confocal microscope. The images were 
tilt-corrected and filtered by applying a high-pass filter with a cutoff 
wavelength of 8 µm to remove waviness and a low-pass filter with a 
cutoff wavelength of 250 µm to capture roughness. Parameters of in
terest, such as arithmetic mean height (Sa), root mean square height 
(Sq), skewness (Ssk), and kurtosis (Sku) of the explored area, were 
extracted and expressed in µm in accordance with ISO 21,920–2021 and 
25,178.

2.2.5. Zeta potential and dynamic light scattering (DLS)
Zeta potential titration curves of the FG solution were obtained using 

a Dynamic Light Scattering (DLS) instrument (Litesizer 500, Anton Paar, 
Graz, Styria, Austria). FG was dissolved in an electrolyte (1 mM KCl) to 
obtain a 3 mg/mL solution, as used for sample coating. The electrolyte 
was then buffered with HCl and NaOH solutions – both at 0.05 M – 
covering the pH range of 2.5 to 9. The Nano-Ti and FG/Nano-Ti discs 

were measured using an electrokinetic analyzer (SurPASS, Anton Paar). 
Using the adjustable-gap cell for discs, two samples of the same type 
were positioned parallel to each other, approximately 100 µm apart, and 
inserted into the instrument. The zeta potential was measured as a 
function of pH, while the electrolyte (1 mM KCl), buffered by an auto
matic titration unit with HCl and NaOH solutions – both at 0.05 M – 
circulated between the samples. Two different pairs of samples were 
used to evaluate the acidic (pH 2–5.5) and basic (pH 5.5–9) ranges, with 
the instrument being cleaned between measurements. The titration 
started at pH 5.5 for both pH ranges, with the automatic titration unit 
adding buffer solutions for 15 titration steps. For each pH value, three 
zeta potential measurements were taken, and the average was 
calculated.

2.2.6. Wettability
The Nano-Ti and FG/Nano-Ti surfaces were subjected to static 

wettability tests at room temperature (≈ 25 ◦C) by measuring the static 
contact angle using the sessile drop method [53]. Drops of 5 µL of 
distilled water, fetal bovine serum (FBS, Gibco), and blood, with γ 
ranging from 53 to 72 mN/m, were deposited on each surface, and their 
shapes were recorded using the DSA100E shape analyzer (KRÜSS, 
Hamburg, HH, Germany). The blood was collected at a clinical analysis 
laboratory and subsequently stored in the original sterile tube (BD 
Vacutainer K3E, 3S Healthcare, Devon, UK) containing 5.4 mg of eth
ylenediaminetetraacetic acid (EDTA), at a temperature between 2 ◦C 
and 6 ◦C (cooling bag with ice packs during transport/laboratory 
refrigerator). Contact angle measurements were performed in the same 
morning (and in any case within 5 days) after collection to minimize 
potential degradation. Before the experiment, the tube was gently 
agitated to homogenize the solution and allowed to reach room tem
perature. Contact angle measurements were then determined using the 
Drop Shape Analysis (DSA, KRÜSS) software, with three measurements 
performed on each sample, positioning the drops in different regions of 
the disc surface.

2.3. In vitro osteogenic differentiation

2.3.1. Culture of pre-osteoblastic cells
Pre-osteoblastic MC3T3-E1 cells, subclone 14 (ATCC CRL-2594, 

American Type Culture Collection, Manassas, VA, USA), were used. 
These cells were preserved in 2 mL cryogenic tubes in liquid nitrogen 
tanks, thawed, and cultured in 75 cm2 flasks (Corning Life Sciences) 
containing 15 mL of α-MEM culture medium (Gibco, Thermo Fisher 
Scientific, Waltham, MA, USA) supplemented with 10 % FBS (Gibco) 
and streptomycin/penicillin at concentrations of 100 µg/mL and 100 
IU/mL, respectively (Gibco). Throughout the culture period, cells were 
maintained at 37 ◦C in a humidified atmosphere containing 5 % CO₂ and 
95 % atmospheric air, with media changes every two days. At subcon
fluence, cells were detached using 1 mM EDTA (Gibco) and 0.25 % 
trypsin (Gibco), then counted using an automated cell counter 
(Countess™ Automated Cell Counter, Invitrogen, Thermo Fisher Scien
tific, Carlsbad, CA, USA). Cells in suspension were plated directly onto 
Nano-Ti surfaces at densities of 2000 cells/disc for cellular morphology 
assays and 10,000 cells/disc for all other experiments. For cell culture, 
α-MEM medium supplemented with 10 % FBS, 100 µg/mL streptomycin, 
and 100 IU/mL penicillin was further enriched with 50 µg/mL ascorbic 
acid (50–81–7, Sigma-Aldrich) for the first 7 days. From day 8 to 18, 5 
mM β-glycerophosphate (154,804–51–0, Sigma-Aldrich) was added. 
Cells were cultured under the atmospheric conditions described above 
throughout the entire period.

2.3.2. Cell morphology via epifluorescence
At 24 and 48 h, MC3T3-E1 cells were fixed with 4 % para

formaldehyde in 0.1 M phosphate buffer (PB, Sigma-Aldrich) for 10 min 
and washed three times in PB for 5 min each. Following washing, cul
tures were processed for direct fluorescence labeling [19] to visualize 
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the actin cytoskeleton and cell nuclei. Cells were permeabilized with 0.5 
% Triton X-100 (Sigma-Aldrich) for 10 min. After washing in PB (3 ×, 5 
min each), cells were incubated with Alexa Fluor 488-conjugated 
phalloidin (Molecular Probes, Thermo Fisher Scientific, Eugene, OR, 
USA) for 50 min, followed by additional PB washes. Nuclei were stained 
with 300 nM 4′,6-diamidino-2-phenylindole (DAPI, Molecular Probes) 
for 5 min, washed in distilled water, and mounted with glass coverslips 
using Fluoromount aqueous mounting medium (Sigma-Aldrich, Merck, 
St. Louis, MO, USA). Preparations were observed, and images were ac
quired using a Leica DM 4000 B fluorescence microscope equipped with 
a Leica DFC310 FX camera and Leica LAS X software.

2.3.3. Cell viability via live/dead assay
At 24 and 48 h, the viability of MC3T3-E1 cultures was qualitatively 

assessed using the LIVE/DEAD® Viability/Cytotoxicity Kit for 
mammalian cells (Molecular Probes), following the manufacturer’s 
protocol. Live cells were stained green by intracellular esterase activity 
reacting with calcein (C30H26N2O13), while dead cells were stained 
red due to ethidium homodimer-1 (EthD-1) binding to nucleic acids. 
Images were captured using a Leica DM 4000 B fluorescence microscope 
equipped with a Leica DFC310 FX camera and Leica LAS X software.

2.3.4. Cell proliferation/viability via resazurin assay
On days 1, 3, and 5, cell proliferation/viability of MC3T3-E1 cultures 

was assessed via the resazurin reduction assay. This method measures 
the conversion of resazurin into a colorimetric end product (resorufin) 
by metabolically active cells. Non-viable cells lack this metabolic ac
tivity and do not produce a detectable signal [54]. Briefly, 10 µL of 
alamarBlue™ Cell Viability Reagent (Invitrogen) was diluted in 90 µL of 
supplemented culture medium, and 100 µL of this solution was added 
per well, followed by incubation at 37 ◦C for 4 h. Supernatants were then 
collected and transferred to 96-well plates for colorimetric measurement 
at 570 nm and 600 nm using a spectrophotometer (Epoch 2, BioTek 
Instruments Inc.).

2.3.5. Analysis of cellular differentiation via real-time polymerase chain 
reaction (Real-Time PCR)

At 7 days, the expression of genes related to osteogenic differentia
tion – transcription factor Runx2, alkaline phosphatase (Alp), osteo
pontin (Opn), bone sialoprotein (Bsp), osteoprotegerin (Opg), and 
osteocalcin (Oc) – was quantitatively assessed using the real-time PCR 
method. The sequences of the respective primers are presented in Table 
S1. Culture medium was removed from the wells, and Trizol LS reagent 
(Invitrogen) was added at room temperature (≈ 25 ◦C) for 5 min with 
agitation by pipetting. Total RNA extraction was performed using the SV 
Total RNA Isolation System kit (Promega, Madison, WI, USA), following 
the manufacturer’s instructions. Subsequently, total RNA was quantified 
at different wavelengths (260, 280, 230, and 320 nm) using a spectro
photometer (GE Healthcare, Milwaukee, WI, USA). Following this, 
complementary DNA (cDNA) was synthesized from 1 µg of total RNA. 
This procedure was performed in a Mastercycle Gradient thermocycler 
(Eppendorf, Hamburg, Germany) using reverse transcriptase enzyme 
and the High-Capacity cDNA Reverse Transcription kit (Applied Bio
systems, Thermo Fisher Scientific, Waltham, MA, USA). For real-time 
PCR reactions, specific primers (Sigma-Aldrich) with SYBR Green® 
detection were used for target genes, and reactions were carried out in a 
StepOne™ System apparatus (Applied Biosystems). Reactions were 
performed in technical quadruplicate using 5 µL of PowerUp™ SYBR™ 
Green Master Mix for qPCR (Applied Biosystems), 0.5 µL of forward 
primer (5′), 0.5 µL of reverse primer (3′), and 4 µL of cDNA (500 ng), 
resulting in a final reaction volume of 10 µL. Amplification cycles con
sisted of 2 min at 50 ◦C, 2 min at 95 ◦C, followed by 40 cycles of 3 s at 95 
◦C and 30 s at 60 ◦C (denaturation, annealing, and extension). Results 
were analyzed based on the Ct value (threshold cycle), defined as the 
cycle number where sample amplification crosses a threshold deter
mined between the fluorescence level of negative controls and the 

exponential amplification phase of the samples, enabling quantitative 
analysis of the evaluated factor expression. β-actin (Actb) gene expres
sion was used as an endogenous control for normalization of target gene 
expression levels. A negative sample (water) was subjected to reactions 
with each SYBR Green® probe used. The 2-ΔΔCt method [55] was 
employed to compare gene expression between cultures grown on 
Nano-Ti and FG/Nano-Ti, assigning a value of 1 to each marker in cul
tures grown on Nano-Ti.

2.3.6. Analysis of cellular differentiation via protein expression using 
western blotting

At 7 days, the expression of proteins related to osteogenic differen
tiation – RUNX2, ALP, OPN, BSP, OPG, and OC – was evaluated using 
western blotting. For this, cells were detached from the disks by treat
ment with 0.25 % trypsin and 1 mM EDTA solution (Gibco), transferred 
to 15 mL Falcon tubes (Corning Life Sciences), and centrifuged at 2000 
rpm for 5 min. After discarding the supernatant, the cell pellet was 
washed three times with 5 mL of pre-heated PBS (37 ◦C, Gibco). After the 
final centrifugation, PBS was removed, and the remaining cells were 
lysed with RIPA Lysis and Extraction Buffer (Thermo Scientific) and 
sonicated using ultrasound (Misonix). Briefly, the working solution was 
prepared by mixing reagents A and B in a 50:1 ratio, and subsequently, 
25 µL/sample of each mixture was dispensed into 96-well plates 
(Corning Life Sciences). Then, 200 µL/well of the working solution was 
added, followed by incubation for 30 min at 37 ◦C. After the incubation 
period, the resulting solution was analyzed via colorimetry in a spec
trophotometer (562 nm, Epoch 2, BioTek Instruments Inc.). Subse
quently, 10 % acrylamide gels were prepared and mounted on 
appropriate supports, the tank was filled with running buffer, and wells 
were loaded with samples normalized to 30 µg protein per lane. Samples 
were heated at 95 ◦C for 5 min in a dry bath. Protein separation was 
performed by electrophoresis at 80 V for approximately 2 h using a 
molecular weight marker capable of identifying bands between 10 and 
250 kDa (Bio-Rad, Hercules, CA, USA). Proteins were transferred from 
the gels to PVDF membranes with a 0.2 µm pore size (Bio-Rad) using the 
Trans-Blot® Turbo system (Bio-Rad) set to 25 V for 10 min. Membranes 
were subjected to three incubation steps: first, nonspecific binding sites 
were blocked with 5 % skim milk diluted in TBS-T buffer for 1 hour; 
second, membranes were incubated overnight with primary antibodies 
(Table S2); and third, membranes were incubated for 1 hour with HRP- 
conjugated secondary antibodies (1:2000, anti-rabbit IgG HRP #7074 or 
anti-mouse IgG HRP #7076; Cell Signaling Technology, Danvers, MA, 
USA). All primary and secondary antibodies were diluted according to 
the manufacturer’s recommendations. After each incubation step, 
membranes were washed three times for 5 min with TBS-T buffer. 
Protein detection was performed by incubating the membranes for 1 min 
with Clarity™ Western ECL Substrate (Bio-Rad), and images were 
captured using the G:BOX system (SynGene, Cambridge, UK) with 
GeneSnap software (SynGene). Quantitative data of protein bands were 
obtained using the ImageJ software (NIH). Normalization of target 
protein expression was carried out relative to the constitutive protein 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), assigning a 
value of 1 to each marker in cultures on Nano-Ti. To achieve this, 
membranes were treated with Re-Blot Plus Strong Solution (Merck 
Millipore) for 20 min at room temperature (≈ 25 ◦C) to remove previous 
antibodies. Membranes were then re-incubated with the primary anti- 
GAPDH antibody (1:1000, rabbit polyclonal, Santa Cruz Biotech
nology, Santa Cruz, CA, USA) and the HRP-conjugated secondary anti
body (1:2000, Cell Signaling Technology), both diluted in 2.5 % skim 
milk in TBS-T.

2.3.7. In situ alkaline phosphatase (ALP) activity via the fast red method
Over a period of 7 and 10 days, an assay was conducted to visualize 

ALP activity in situ, using the Fast Red staining method [56]. The culture 
medium was removed, and the wells were washed with Hank’s solution 
(Hank’s Balanced Salts, Sigma-Aldrich) pre-warmed to 37 ◦C. 
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Subsequently, 1 mL/well of Tris buffer solution (Sigma-Aldrich) at 120 
mM, pH 8.4, containing 1.8 mM Fast Red TR (Sigma-Aldrich), 0.9 mM 
naphthol-ASMX-phosphate (Sigma-Aldrich), and 1:9 dimethylforma
mide (Sigma-Aldrich, Merck) was added. The plates were then incubated 
for 30 min in a humidified atmosphere containing 5 % CO₂ and 95 % 
atmospheric air. The percentage of areas positively stained with Fast 
Red was determined from macroscopic images of the cultures grown on 
Nano-Ti and FG/Nano-Ti discs, digitally captured using a 
high-resolution camera (Canon EOS Digital Rebel T6i, 24.2 megapixels, 
equipped with an EF-S 18–55 mm macro lens, f/3.5–5.6 IS STM). These 
images were converted to binary format and analyzed by pixel quanti
fication using ImageJ software (NIH). Qualitatively, Fast Red staining 
was also evaluated via epi‑illumination fluorescence microscopy, using 
a Leica DM 4000 B microscope equipped with a Leica DFC310 FX camera 
and Leica LAS X software.

2.3.8. Detection of calcium content (Mineralized matrix formation) using 
alizarin red staining

At 14 and 18 days, the cultures were washed with Hank’s solution 
(Sigma-Aldrich), fixed in 70 % ethanol at 4 ◦C for 1 hour, and then 
washed with PBS (Gibco) and double-distilled water. Subsequently, the 
samples were stained with 2 % Alizarin Red (Sigma-Aldrich), pH 4.2, at 
room temperature (≈ 25 ◦C) for 15 min, followed by washing with PBS 
and double-distilled water, and then dried at the same temperature. 
Macroscopic images of the cultures were digitally captured using a high- 
resolution camera (Canon EOS Digital Rebel T6i, 24.2 megapixels, 
equipped with an EF-S 18–55 mm macro lens, f/3.5–5.6 IS STM). 
Biochemical quantification of mineralization was performed using a 
colorimetric method [57]. After Alizarin Red staining, 360 µL of 10 % 
acetic acid were added to each well, and the plate was placed on a shaker 
for 30 min at room temperature (≈ 25 ◦C). The contents of each well 
were transferred to Eppendorf tubes, heated to 85 ◦C for 10 min, and 
then cooled on ice for 5 min. The tubes were centrifuged at 10,500 rpm 
for 15 min. Subsequently, 100 µL of the supernatant from each tube were 
transferred to a new tube. Then, 40 µL of 10 % ammonium hydroxide 
were added to neutralize the acid, and the entire content (140 µL) was 
transferred to a 96-well plate. Absorbance was measured using a spec
trophotometer (405 nm; Epoch 2, BioTek Instruments Inc.). Qualita
tively, Alizarin Red staining was also evaluated via epi‑illumination 
fluorescence microscopy, using a Leica DM 4000 B microscope equipped 
with a Leica DFC310 FX camera and Leica LAS X software.

2.4. In vitro fibrin fiber formation

2.4.1. Scanning electron microscopy (SEM)
For fibrin network analysis, the discs were surface-coated with FG as 

previously described. After 2 h of coating, 1 IU of exogenous thrombin 
(T6634, Sigma-Aldrich), dissolved in 40 µL of 0.1 % (w/v) BSA solution 
(A7030, Sigma-Aldrich), was added to each disc. Following the 1 hour 
period required for polymerization, the discs were fixed with 3 % 
glutaraldehyde (112,179, Merck Millipore) diluted in 0.1 M phosphate 
buffer (Sigma-Aldrich). Subsequently, the samples were dehydrated in a 
graded ethanol series (30 %, 50 %, 70 %, 80 %, 95 %, and 100 %). 
Finally, the samples were sputter-coated and analyzed using a JSM- 
6610LV (JEOL Ltd., Akishima, Tokyo, Japan) or a Zeiss EVO-50XVP- 
BU (Carl Zeiss) scanning electron microscope. Images were acquired at 
different magnifications with an EHT set at 20 kV.

2.5. Data analysis

2.5.1. Statistical analysis
Quantitative data were subjected to normality and variance homo

geneity tests. When the sample distribution showed normality and ho
moscedasticity, Student’s t-test was applied to compare two groups; in 
cases of heteroscedasticity, the non-parametric Mann-Whitney test was 
used. For analyses involving two variation factors (group and time), 

two-way ANOVA and Tukey’s post hoc test were applied. Statistical 
analyses were performed using the SigmaPlot 11.0 software (Systat 
Software Inc., San Jose, CA, USA), and the significance level was set at 5 
% (p < 0.05).

Fig. 1. Amount (mg/disc) of fibrinogen on nanostructured Ti surfaces either 
coated with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti). Values are pre
sented as mean ± standard deviation (n = 3). Distinct letters indicate statistical 
significance (Student’s t-test, p < 0.001).

Fig. 2. Microscopic features observed by FESEM of nanostructured Ti surfaces 
(A-H), either coated with fibrinogen (B, D, F, and H) or uncoated (A, C, E, and 
G). Magnifications: 10,000x (A and B), 50,000x (C and D), 100,000x (E and F), 
and 250,000x (G and H).
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3. Results

3.1. Physicochemical characterization of Nano-Ti surfaces

3.1.1. Adsorbed FG
After coating, the FG/Nano-Ti discs exhibited approximately 0.7 mg/ 

cm2 of adsorbed FG on their nanostructured surface (0.93 mg normal
ized to the sample area – 1.3 cm2). The uncoated discs showed negligible 
adsorption values (Student’s t-test, p < 0.001; Fig. 1).

3.1.2. Scanning electron microscopy (FESEM)
Microscopic observations by FESEM revealed micro-grooves and 

nano-pores uniformly distributed in Nano-Ti and FG/Nano-Ti. The 
characteristic nanostructures of Nano-Ti, composed of a network of 

nanocavities, were found to be partially filled with nano-granular ma
terial exhibiting a relatively homogeneous distribution across the sur
face on FG/Nano-Ti (Fig. 2).

3.1.3. KPFM measurements
A specific sample was prepared for this technique, containing the 

reference uncoated surface (Nano-Ti) and the fibrinogen-coated surface 
(FG/Nano-Ti) on two separate areas of the same specimen. This allowed 
a reliable measure of the surface electric potential of the adsorbed layer 
versus the reference surface measured in the same experimental 
environment.

The topographic features revealed by KPFM showed that the adsor
bed FG layer was not thick enough to mask the micro-grooves on Nano- 
Ti, resulting in a topographically indistinguishable protein layer (Fig. 3– 

Fig. 3. Microscopic features observed by KPFM of a nanostructured Ti surface partially coated with fibrinogen (FG). On the left, the topography image with the 
fibrinogen boundary highlighted by dotted lines. On the right, is the surface electric potential image of the same region. Scanning area: 100 × 100 µm.

Table 1 
Topographic parameters (mean ± standard deviation) – Sa and Sq (expressed in µm), and Ssk and Sku values – of nanostructured Ti surfaces, either coated with 
fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti), determined by contact profilometer and confocal microscope. The statistical significance of the difference between the 
two groups is reported (Student’s t-test).

Profilometer Confocal Microscope

Nano-Ti FG/Nano-Ti Nano-Ti FG/Nano-Ti

Sa (µm) 0.15 ± 0.00 0.20 ± 0.02 p < 0.05 0.15 ± 0.02 0.19 ± 0.05 –
Sq (µm) 0.20 ± 0.01 0.27 ± 0.03 p < 0.05 0.20 ± 0.03 0.25 ± 0.05 –
Ssk 0.46 ± 0.11 1.22 ± 0.21 p < 0.01 0.59 ± 0.13 0.94 ± 0.07 p < 0.05
Sku 3.67 ± 0.27 4.81 ± 0.70 – 4.65 ± 0.42 5.25 ± 2.69 –

Fig. 4. Zeta potential titration curves for nanostructured Ti surfaces, either coated with fibrinogen (in yellow, FG/Nano-Ti) or uncoated (in orange, Nano-Ti), and for 
the coating solution (in green, DLS). Values are presented as mean ± standard deviation.
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picture on the left and Fig. S3). On the contrary, a well-defined line was 
observed at the interface between the coated and uncoated regions when 
the electric surface potential was scanned, with an electric potential 
difference of approximately 80 mV (Fig. 3– picture on the right and Fig. 
S3).

3.1.4. Contact profilometer and confocal microscopy
Roughness measurements revealed a general tendency for higher 

values in FG/Nano-Ti, recorded both by the profilometer and the 
confocal microscope (Table 1, Fig. S4 and Fig. S5). Sa is the average 

roughness of a surface. Sq is the root mean square roughness with 
greater emphasis on extreme values: a ratio of Sa/Sq of 0.7 is expected 
for almost Gaussian surface features. Ssk is a measure of the symmetry of 
the surface profile as the balance between peaks and valleys; it is zero in 
the case of symmetry. Sku is a measure of the sharpness or flatness of the 
surface peaks and valleys: it is greater than 3 for a surface with sharp 
peaks and deep valleys, while less than 3 indicates a flatter surface, and 
3 is expected for almost Gaussian surface features. Nano-Ti evidenced to 
be a surface with a sub-micrometric roughness (Sa and Sq around 
0.15–0.20 µm), with a slight prevalence of surface peaks (Ssk>0) and 
almost Gaussian shape (Sa/Sq= 0.75; Sku around 4). Values of Sa, Sq, 
and Ssk measured by the contact profilometer were statistically higher 
on FG/Nano-Ti than on Nano-Ti and the confocal microscope confirmed 
the trend. No statistical difference was registered on Sku with values in 
the range of 3.8–5.2 for both surfaces.

3.1.5. Zeta potential titration curves and dynamic light scattering (DLS)
The zeta potential titration curves revealed distinct isoelectric points 

for Nano-Ti (3.5) and FG/Nano-Ti (5.5). The curve corresponding to the 
coated surface exhibited an isoelectric point similar to the FG (detected 
by DLS - Fig. 4). As a reference, the isoelectric point of Ti is 4. The curves 
of FG and FG/Nano-Ti show a distinct plateau for pH lower than 4 or 

Table 2 
Contact angles (mean ± standard deviation) for different fluids on nano
structured Ti surfaces, either coated with fibrinogen (FG/Nano-Ti) or uncoated 
(Nano-Ti). The statistical significance of the difference between the two groups 
is reported (Student’s t-test).

Contact Angles

Nano-Ti FG/Nano-Ti

Deionized Water 24.87◦ ± 1.85 66.07◦ ± 0.25 p < 0.01
FBS 28.75◦ ± 0.35 34.80◦ ± 1.15 p < 0.01
Blood 108.00◦ ± 2.89 69.00◦ ± 2.77 p < 0.01

Fig. 5. Epifluorescence of MC3T3-E1 cells cultured on nanostructured Ti sur
faces (A-H), either coated with fibrinogen (B, D, F, H - FG/Nano-Ti) or uncoated 
(A, C, E, G - Nano-Ti), after 24 (A-D) and 48 (E-H) hours. Blue fluorescence 
indicates cell nuclei, and green fluorescence, the actin cytoskeleton.

Fig. 6. Epifluorescence of MC3T3-E1 cells cultured on nanostructured Ti sur
faces (A-H), either coated with fibrinogen (B, D, F, H - FG/Nano-Ti) or uncoated 
(A, C, E, G - Nano-Ti), after 24 (A-D) and 48 (E-H) hours. Green fluorescence 
indicates viable cells, and red fluorescence, dead cells.
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higher than 7.5. The curve of Nano-Ti shows a plateau only for pH 
higher than 8.5.

3.1.6. Wettability
Nano-Ti resulted in high hydrophilicity and it was also easily wetted 

by a drop of a protein medium such as FBS. The presence of FG reduced 
the hydrophilicity of the nano-topography when exposed to drops of 
either deionized water or FBS. In contrast, during interaction with 
blood, fibrinogen coating reduced the hydrophobicity of this surface 
(Table 2).

3.2. Biological results

3.2.1. Cell morphology
After 24 h, the cells were adherent and spread on Nano-Ti and FG/ 

Nano-Ti surfaces. Most cells exhibited a polygonal morphology in a 
reticular arrangement, with multiple cytoplasmic processes extending in 
different directions, although some appeared more elongated. Bundles 
of F-actin stress fibers were distributed throughout the cytoplasm, 
extending to the cell boundaries (Fig. 5A–D). After 48 h, the morpho
logical features remained similar, with a reduction in the number of 
elongated cells and a tendency for increased cell density on FG/Nano-Ti 
(Fig. 5E–H).

3.2.2. Cell viability
Epifluorescence images of MC3T3-E1 cultures stained with Live/ 

Dead, obtained after 24 h, revealed adherent and spread cells, with a 
predominance of viable cells on both Nano-Ti and FG/Nano-Ti. An in
crease in cell density was also observed on FG/Nano-Ti (Fig. 6A–D). 
After 48 h, similar features of adhesion, spreading, viability, and cell 
density were observed (Fig. 6E–H).

3.2.3. Cell proliferation/viability
Cell proliferation values progressively increased over time on both 

surfaces (two-way ANOVA, p < 0.001). However, when comparing the 
groups, no statistically significant differences were observed (two-way 
ANOVA, p > 0.05; Fig. 7).

3.2.4. mRNA levels by quantitative real-time PCR
For all the markers evaluated, mRNA levels were significantly higher 

in MC3T3-E1 cultures grown on FG/Nano-Ti compared to Nano-Ti 
(Student’s t-test, p < 0.05), with the exception of Opn, which showed 
only a trend toward higher expression (Fig. 8).

3.2.5. Protein levels by western blotting
The protein expression of the markers used was detected on both 

Nano-Ti and FG/Nano-Ti. The obtained values showed a greater 

Fig. 7. Mean ± standard deviation values from the cell proliferation/viability assay in MC3T3-E1 pre-osteoblast cultures on nanostructured Ti surfaces, either coated 
with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti), after 24 h, 72 h, and 5 days. Different letters indicate statistically significant differences (two-way ANOVA, p <
0.001) and same letters indicate no differences (two-way ANOVA, p > 0.05).

Fig. 8. Relative mRNA expression for Runx2, Alp, Opn, Bsp, Opg, and Oc at 7 days of culture of MC3T3-E1 pre-osteoblasts on nanostructured Ti surfaces, either 
coated with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti). Values are presented as mean ± standard deviation. Different letters indicate statistically significant 
differences (Student’s t-test, p < 0.05).
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tendency for cultures grown on FG (Fig. 9).

3.2.6. In situ alkaline phosphatase (ALP) activity
The quantification of Fast Red-positive areas revealed higher in situ 

ALP activity in cultures grown in the presence of FG (7–10 days), 
compared to cultures grown on Nano-Ti (two-way ANOVA, p < 0.001; 
Fig. 10). When comparing time points, the cultures exhibited larger 
positive areas at 10 days for both surfaces (two-way ANOVA, p < 0.001; 
Fig. 10). Furthermore, microscopic images confirmed the presence of 
red fluorescence deposits, particularly in cultures grown on FG/Nano-Ti 
at both evaluated time points (Fig. 11).

3.2.7. Calcium content detection (Mineralized matrix formation)
Macroscopic observations using Alizarin Red staining revealed a 

diffuse mineral deposit pattern typically characteristic of MC3T3-E1 
cultures on both Nano-Ti and FG/Nano-Ti surfaces (Fig. 12). Quantifi
cation showed greater mineralized matrix formation in cultures grown 
on FG (14–18 days) compared to cultures grown on Nano-Ti (two-way 
ANOVA, p < 0.001; Fig. 12). When comparing time points, the cultures 
exhibited larger positive areas at 18 days for both surfaces (two-way 
ANOVA, p < 0.001; Fig. 12). Epifluorescence images also revealed more 
intense positive staining, especially in cultures grown on FG/Nano-Ti at 
both time points evaluated (Fig. 13).

Fig. 9. Protein expression for RUNX2, ALP, OPN, BSP, OPG, and OC, normalized to GAPDH, at 7 days of culture of MC3T3-E1 pre-osteoblasts on nanostructured Ti 
surfaces, either coated with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti).

Fig. 10. Proportion of Fast Red-positive areas (in situ ALP activity) at 7 and 10 days of MC3T3-E1 pre-osteoblast cultures on nanostructured Ti surfaces, either coated 
with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti). Values are presented as mean ± standard deviation. Different letters indicate statistically significant differences 
(two-way ANOVA, p < 0.001).
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3.3. In vitro fibrin fiber formation

Microscopic observations by SEM reveal the presence of fibrillar 
structures distributed across the entire surface of FG/Nano-Ti after the 
addition of exogenous thrombin. The formation of thin fibers structured 
as either delicate layers or regions with higher fibrillar density, with an 
interwoven, web-like pattern (Fig. 14). Coatings with 1 or 2 mg/mL FG 
resulted in areas that lacked fibrin fiber assembly (Fig. S1).

4. Discussion

In the present in vitro study, the surface coating of Nano-Ti with FG at 

its plasma concentration – 3 mg/mL –, close to a physiological condition, 
was evaluated regarding physicochemical characteristics, various bio
logical response parameters in pre-osteoblastic cells, and the capacity to 
generate a homogeneous fibrin clot when exposed to thrombin. The 
rationale for using a solution of a single protein instead of a cocktail of 
different plasma proteins was to make the specific role of FG much more 
evident and to avoid interference due to the competition among 
different proteins. Morphologically, Nano-Ti and FG/Nano-Ti surfaces 
exhibited grooves at the micro-scale due to polishing (FESEM) (Fig. 2). 
The characteristic network of nanocavities of Nano-Ti due to etching 
was partially masked by the presence of nano-granulated material with a 
relatively homogeneous distribution over FG/Nano-Ti (FESEM) (Fig. 2). 

Fig. 11. Epifluorescence of Fast Red-positive areas (in situ ALP activity) at 7 and 10 days of MC3T3-E1 pre-osteoblast cultures on nanostructured Ti surfaces (A–D), 
either coated with fibrinogen (FG/Nano-Ti; B and D) or uncoated (Nano-Ti; A and C). Red fluorescence indicates positive staining for alkaline phosphatase.

Fig. 12. Quantification of Alizarin Red staining by extraction at 14 and 18 days of MC3T3-E1 pre-osteoblast cultures on nanostructured Ti surfaces, either coated 
with fibrinogen (FG/Nano-Ti) or uncoated (Nano-Ti). Values are presented as mean ± standard deviation. Different letters indicate statistically significant differences 
(two-way ANOVA, p < 0.001).
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In agreement with FESEM observations, roughness measurements by 
profilometry and confocal microscopy (Table 1) revealed a trend toward 
higher values for FG/Nano-Ti, possibly due to protein aggregate for
mation. KPFM revealed a continuous protein layer on FG/Nano-Ti which 
did not substantially change the surface topography, suggesting a sub- 
micrometric layer thickness (Fig. 3). This is relevant because a multi- 
scale topography, with micro- and nano-features, is crucial to enhance 
cell adhesion and differentiation [58] and must not be masked by FG 
coating. The isoelectric point of the zeta potential titration curve of 
Nano-Ti evidenced the presence of some hydroxyl groups with an acidic 
reactivity because the isoelectric point is shifted to a lower value (3.5) 
than what was reported for Ti (4) (Fig. 4). During the adsorption of FG, 
the Nano-Ti surface is expected to be negatively charged with partially 
deprotonated hydroxyl groups. The titration curve of FG/Nano-Ti 
resembled that of the FG in solution (Fig. 4), confirming the presence 
of a continuous adsorbed protein layer with a tertiary configuration 
close to that in a water solution. The wettability measurements (Table 2) 
showed that Nano-Ti was highly hydrophilic and easily wettable by a 
protein medium. This is beneficial for osseointegration, which is re
ported to be higher for surfaces with a contact angle with water lower 
than 65◦ (Berg’s limit) [59]. FG adsorption (FG/Nano-Ti) changed 
wettability (Table 2), confirming the presence of the adsorbed protein 
layer, with an increment of the water contact angle, as expected because 
of the presence of hydrophobic domains in FG. FG/Nano-Ti had a con
tact angle close to Berg’s limit, within a range between 35◦ and 70◦, and 
could thus be considered a moderately hydrophilic surface [60]. BCA 
results revealed that, on average, ≈ 0.9 mg of the FG in the solution was 
adsorbed onto FG/Nano-Ti (Fig. 1). The MC3T3-E1 cell culture results 
showed that osteogenic differentiation was enhanced on FG/Nano-Ti, 
with greater mRNA (Fig. 8) and protein expression (Fig. 9) of osteo
blast markers, increased in situ ALP activity (Figs. 10 and Fig. 11), and 
more mineralized matrix formation (Figs. 12 and Fig. 13) in the cultures.

Despite the high wettability of Nano-Ti with water [9], the present 
study reveals that it is much less wettable when blood interacts with its 
surface (Table 2 and Fig. S2), a finding that could partially explain the 
inhomogeneity of blood clot on Nano-Ti in vivo, particularly that of its 
fibrin mesh network [27]. Indeed, hydrophobicity (contact angle > 90◦) 

impairs the spreading of organic fluids – including blood – across 
biomaterial surfaces, negatively affecting a uniform coverage that 
potentially impacts on subsequent biological interactions [37]. In 
addition, host tissue factors such as (1) the complexity and irregularity 
of the blood vascular network at the implant site [61], (2) variations in 
blood viscosity depending on the type of ruptured blood vessels in the 
microcirculation – whether arterioles, capillaries, and/or venules [62], 
(3) the timing of blood coagulation depending on the extent of vascular 
injury and the amount of bleeding [63], and (4) the heterogeneity of 
blood clot contraction, resulting in variations in fibrin network thickness 
[34], would also contribute to the formation of inhomogeneous blood 
clot across the Nano-Ti and likely across other biomaterial surfaces. This 
led us to hypothesize that providing exogenous FG — at its plasma 
concentration — on Nano-Ti could potentially support the formation of a 
more homogeneous blood clot in vivo. The structural characteristics of 
blood clots have been considered crucial for optimal osseointegration of 
microtopographic Ti implant surfaces [28]. Interestingly, the wettability 
results using blood as a fluid revealed that FG/Nano-Ti reduced the 
contact angle by about 40◦ — from ≈ 110◦ to ≈ 70◦ — (Table 2 and Fig. 
S2), thus suggesting improved uniformity in initial blood spreading 
across its surface. In addition, by exposing FG/Nano-Ti to exogenous 
thrombin, a simple translational in vitro assay simulating the action of 
endogenous thrombin with blood extravasation at implant placement 
site, a thin gel layer with a macroscopic appearance resembling that of a 
fibrin network coating was formed [64]. Importantly, SEM imaging 
revealed the occurrence of fibrin fibril assembly throughout the entire 
FG/Nano-Ti surface (Fig.14), whereas the use of lower FG concentra
tions (1 or 2 mg/mL) for coating lacked areas of fibrin network (Fig. S1). 
As last, although Nano-Ti exhibits an osteogenic nano-topography, 
activating various signaling pathways [11–13,21,65], our approach of 
FG coating also benefits from the ability of FG to bind to αVβ3 integrin, 
stimulating the expression of osteoblast markers [48], and to bind to 
α9β1 integrin in undifferentiated stem cells, modulating Runx2 expres
sion through the SMAD 1/5/8 signaling pathway [66].

The physicochemical characterization results are consistent with the 
fundamental role of Ti surface properties in its interaction with proteins 
[67,68]. The amount of FG adsorbed, equivalent to one-third of the 

Fig. 13. Epifluorescence of Alizarin Red-stained areas at 14 and 18 days of MC3T3-E1 pre-osteoblast cultures on nanostructured Ti surfaces (A–D), either coated with 
fibrinogen (FG/Nano-Ti; B and D) or uncoated (Nano-Ti; A and C). Red fluorescence indicates positive Alizarin Red staining (calcium deposits) and blue fluorescence, 
cell nuclei.
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solution used for coating (Fig. 1), was distributed as a thin, continuous 
layer on Nano-Ti (Figs. 3 and Fig. 4), reflecting the distribution and 
quantity of hydroxyl groups on this surface, which was considered 
reduced compared to other nano-topographies but enhanced with 
respect to Ti and its native oxide layer [69,70]. Accordingly, as evi
denced by zeta potential titration curves (Fig. 4), the presence of 
deprotonated hydroxyl groups on Nano-Ti likely enhanced the electro
static connection that is established with FG due to interactions with its 
positively charged αC terminal domains [71]. The size of a FG molecule 
on Ti is estimated to be 46 nm [72], which aligns with the observation 
that the nanopores, with an average diameter of approximately 20 nm 
[73], are only partially masked by the protein coating on FG/Nano-Ti 
(Fig. 2) – and not fully filled by the protein. Considering that topo
graphic modifications of Ti surfaces allow for a higher initial release of 
coated proteins followed by smaller quantities in the subsequent days 
[74], FG/Nano-Ti likely supported a burst release of FG under our in 
vitro conditions.

FG/Nano-Ti had a relatively minimal impact on cell density during 
the first few days of culture (Figs. 5 and Fig. 6). The amount of FG 
adsorbed (0.7 mg/cm2) is lower than concentrations of FG with recog
nized impact on substrate adhesion and proliferation (10–80 mg/mL in 
scaffold preparation or 4 mg/cm2 for the higher concentration [75]), but 
much higher than levels that do not promote these events (10 µg/mL 
[76]). Despite that, the availability of endogenous thrombin to 
FG/Nano-Ti with the rupture of blood vessels at the site of implant 

placement could promote an enhancement in initial cell adhesion, 
migration and proliferation with the fibrin fibril assembly throughout its 
surface [77,78].

Although Nano-Ti’s nano-topography, per se, already characterizes it 
as an osteogenic surface, it also offers the possibility of adsorption of 
molecules for eliciting specific biological responses. The results pre
sented here showed increased osteogenic differentiation on FG/Nano-Ti, 
with a 1.5-fold increase in mRNA expression for Runx2 and Alp (Fig. 8), 
and 7- and 2-fold increases for RUNX2 and ALP proteins, respectively 
(Fig. 9). This had a positive impact on in situ ALP activity, between 7 and 
14 times (Figs. 10 and Fig. 11), and on extracellular matrix (ECM) 
mineralization, with a 1.4-fold increase (Figs. 12 and Fig. 13), which 
aligns with the literature [66,79]. Additionally, the greater OPG pro
duction by MC3T3-E1 cells on FG/Nano-Ti (Figs. 8 and Fig. 9), along 
with the observation that FG has a binding site for the αMβ2 integrin of 
osteoclasts (discussed in [80]), indicates potential modulation of bone 
remodeling during the early post-implantation periods. Furthermore, as 
FG/Nano-Ti can be considered a moderately hydrophilic surface, the 
adsorption of FG should expose binding sites for the β2 integrin on 
macrophages, leading to M1 polarization, a pro-inflammatory state, 
through NF-κB activation [81], with potential impact on the formation 
of foreign body-type multinucleated giant cells and their functionality 
[82].

Taken together, the results presented in this work highlight the 
relevance of developing surface functionalization strategies for Ti with 
nano-topography using bioactive molecules. Particularly in the case of 
FG being made available on Nano-Ti through simple adsorption, sig
nificant biological effects were observed on a nano-topographic surface 
that has already been well recognized for its capacity to induce and 
promote osteogenic differentiation.
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