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Abstract: This study evaluated the impact of a single variation in the etching time of
H2SO4/H2O2-treated titanium (Ti) surfaces on the adsorption of growth and differentiation
factor-5 (GDF-5) and their effects on the acquisition of the osteogenic phenotype in vitro.
Rat primary calvarial osteogenic cells were grown for up to 14 days on the following Ti
surfaces: (1) 30 min: nanotopography obtained with a 1:1 mixture of H2SO4/H2O2 for
30 min (control); (2) 30 min + GDF-5: a 30 min-etched Ti sample adsorbed with recombinant
human (rh) GDF-5; (3) 4 h: nanotopography obtained with a 1:1 mixture of H2SO4/H2O2

for 4 h (control); (4) 4 h + GDF-5: a 4 h-etched Ti sample adsorbed with rhGDF-5. The GDF-
5 adsorption procedure was carried out on the day before cell plating using 200 ng/mL
rhGDF-5 overnight at 4 ◦C. The 30 min- and 4 h-etched Ti samples exhibited a high
hydrophilic network of nanopits with a tendency towards larger nanopits for the 4 h group,
which corresponded to an enhanced GDF-5 adsorption. For both etching times, coating
with GDF-5 resulted in less hydrophilic surfaces that supported (1) a reduction in the
proportion of spread cells and an enhanced extracellular osteopontin labeling at early time
points of culture, and (2) increased alkaline phosphatase activity preceding an enhanced
mineralized matrix formation compared with controls, with a tendency towards higher
osteogenic activity for the 4 h + GDF-5 group. In conclusion, the osteogenic potential
induced by the GDF-5 coating can be tailored by subtle changes in the nanotopographic
characteristics of Ti surfaces.

Keywords: titanium; nanotopography; coating; GDF-5; osteoblast

1. Introduction
An implant surface in contact with bone requires several features in order to be

effective. Both for orthopedic and dental devices, the main goal is to obtain a biocompatible
and osseointegrable implant. In the case of titanium (Ti), its biocompatibility has been well
documented. In addition, surface features can be widely modied in terms of roughness
and topography—both at the micro- and nano-scale—presence of specic functional groups
and/or functionalization with biomolecules to favor osseointegration [1–8]. These features
play a fundamental role in the development of bone tissue around the implant, avoiding
excessive inammation and formation of brous tissue [9]. Another important characteristic
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is the ability of implants to prevent bacterial contamination, which could lead to peri-
implantitis and eventual prosthetic failure [10,11].

Implant osseointegration is mediated by a complex series of events triggered as soon
as the tissues are damaged during surgery. Cytokines are released from the damaged cells
and blood coagulation triggers the foreign body reaction. A layer of water molecules and
proteins covers the implant surface, and then neutrophils and monocytes/macrophages are
recruited at the implant site [12]. This process is modulated by the competitive adsorption
of albumin and brinogen on the surface [13–15]. Concerning osseointegration, it takes
place under an early pro-inammatory response when mesenchymal stem cells (MSCs)
differentiate into osteoblasts and/or already committed pre-osteoblasts and differentiated
osteoblasts migrate to the implant surface, leading to new bone formation; it is strictly
connected to the adsorption of adhesive proteins such as bronectin [16–18]. This allows
the “contact osteogenesis” mechanism with the formation of initial extracellular matrix
deposition of immature bone, subsequently replaced by lamellar bone through bone re-
modeling. When this does not happen, the worst scenario is the proliferation of broblasts
with the formation of a brous capsule, preventing an adequate contact of the implant with
the parent lamellar bone [9,19].

Despite the recognized benets that micro- and nanotopographic Ti surfaces, per
se, provide for various interfacial cellular and extracellular matrix events related to bone
repair [5,7], the coating of exogenous organic molecules on their surfaces—particularly
on nanotopographies—can be a relevant strategy when specic biological responses are
desired [2,6]. In this context, the use of natural or recombinant growth factors (GFs)
is an innovative and promising approach in order to pilot the biological response of
the implant [20–22]. GFs are soluble proteins secreted by different cell types, and are
able to regulate their proliferation, migration and differentiation, by binding to specic
transmembrane receptors on the target cells [23]. In bone, they are recognized as the main
regulators of bone cell metabolism [24–26]. Thus, the peri-implant bone repair could likely
benet from the availability of a selected exogenous GF on the implant surface and in
the extracellular milieu with its desorption, especially at anatomic sites with low bone
density [27]. A good candidate for this could be the growth and differentiation factor 5
(GDF-5). It belongs to the transforming growth factor β (TGF-β) superfamily and plays
important roles in the processes of chondrogenesis and osteogenesis [28–31]. In bone, the
expression of endogenous GDF-5 has been associated with an induction of the osteoblast
differentiation and enhancement of mineralized matrix production [31,32]. Deletion of
either GDF-5 or bone morphogenetic protein receptor IB (BMPRIB) in mice results in a
similar phenotype, indicating that GDF-5 signaling is highly dependent on this receptor,
yet it also binds to BMPRIA [33]. BMPRIB activation plays an essential role in osteoblast
commitment and differentiation and in bone formation in vivo [34]. Depending on the
pattern of receptor interactions, the SMAD pathway or the MAPK pathway is activated [35],
ultimately resulting in the expression of bone matrix genes.

Among the diverse strategies to generate nanotopographic surfaces on Ti structures,
the one that uses a 4 h chemical treatment with sulfuric acid (H2SO4) and hydrogen peroxide
(H2O2) has been shown to enhance the osteogenic differentiation through mechanisms that
involve (i) an increase in the focal adhesions and abundance of lopodia [36], (ii) BMP-2 [37],
(iii) integrin-mediated [38] and (iv) Wnt/β-catenin [39] signaling pathways. These in vitro
events potentially translate into a higher proportion of bone-to-implant contact in vivo, with
clinical positive effects on the outcome of implants. The subtractive technique produces
simultaneous etching and oxidation of the Ti surface in a controlled manner. Importantly,
other bicomponent reagents can be used for nanotexturing various implantable metals—
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including Ti and its alloys—generating diverse nanogeometries that potentially exert effects
on protein adsorption and cells during tissue repair [40].

The versatility of this chemical treatment allowed the observation that, in grade 2 cpTi,
a reduction in the etching time from 4 h to 30 min resulted in a nanoporous Ti that inhibited
the formation of non-collagenous bone matrix protein tracks secreted by osteogenic cells
during their initial interactions with the surface [41]. Given that both etching protocols
create similar nanotopographies, the present study aimed to evaluate the effects of GDF-5-
coated nanoporous Ti surfaces on the acquisition of the osteogenic phenotype in vitro. Our
hypothesis is that subtle changes in the nanotopographic features due to the variation in
the etching time might modulate the biological action of GDF-5 on bone-derived cells.

2. Materials and Methods
2.1. Preparation of Nanotopographic Ti Surfaces and Coating with GDF-5

Commercially pure, grade 2 Ti discs, 13 mm in diameter and 2 mm thick (Realum,
São Paulo, Brazil), were polished with silicon carbide abrasive papers (320 and 600 grit),
cleaned by sonication, rinsed with toluene, and treated with a mixture consisting of equal
volumes of concentrated H2SO4 (95–97%) and 30% H2O2 (10 mL/disc) for 30 min or
4 h (control surfaces) at room temperature (RT) under continuous agitation [41,42]. The
cleaned, oxidized samples were thoroughly rinsed with distilled water, autoclaved and
air-dried. On the day before the cell culture experiments, the nanoporous Ti discs were
incubated overnight at 4 ◦Cwith 200 ng/mLGDF-5 (recombinant human GDF-5, Peprotech,
Mexico City, Mexico) in 24-well polystyrene plates, and then washed three times with
phosphate buffered saline (PBS) at 37 ◦C. The experimental groups were then dened as
follows: (i) 30 min: Ti surfaces etched with a mixture of H2SO4/H2O2 for 30 min (control);
(ii) 30 min + GDF-5: Ti surfaces etched with a mixture of H2SO4/H2O2 for 30 min and
coated with GDF-5; (iii) 4 h: Ti surfaces etched with a mixture of H2SO4/H2O2 for 4 h
(control); (iv) 4 h + GDF-5: Ti surfaces etched with a mixture of H2SO4/H2O2 for 4 h and
coated with GDF-5.

2.2. Surface Characterization
2.2.1. Surface Chemistry of Control Non-Coated Ti

The surface chemistry of the etched Ti surfaces was analyzed by XPS measurements
(XPS, PHI 5000 Versaprobe II, ULVAC-PHI Inc., Kanagawa, Japan); a non-etched surface
was used as control. The X-rays were generated by an Al–K source and the take-off angle
was 45◦. Survey spectra were recorded to determine the elemental composition, while
high-resolution spectra of the C1s and O1s regions were acquired with a pass energy of
0.1 eV. Before the deconvolution, the spectra were calibrated by setting the C1s peak (the
C–C bond) at 284.8 ± 0.1 eV.

2.2.2. Surface Topography and Wettability of GDF-5-Coated Nanotopographies

The surface of randomly selected treated Ti discs was qualitatively and quantitatively
evaluated in terms of topography and wettability. Scanning electron microscopy (SEM)
imaging was carried out using a JEOL JSM-7400F eld emission scanning electron micro-
scope (JEOL Ltd., Tokyo, Japan) operated at 1.5 kV. The nanopit diameters (n = 100 for
each surface) were measured using the ImageJ software Version 1.54g (NIH, Bethesda, MD,
USA). In addition, surface topography was visualized by atomic force microscopy (AFM)
in the tapping mode, employing a resonance frequency of approximately 300 kHz, scan rate
of 1.0 Hz, and scanned areas of 10 × 10 µm, 5 × 5 µm and 1 × 1 µm, using a Nanoscope
IIIa atomic force microscope (Digital Instruments, Santa Barbara, CA, USA). The tip was
made from silicon. The recorded topographic images were analyzed with WinSPM Data
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Processing Software (version 2.15, JEOL Ltd.) in order to determine root mean square
roughness (RMS) values. Regarding surface wettability, the immediate (time 0) and equilib-
rium (at 5 min) static contact angles were measured using the sessile drop method [43] with
a video-based contact angle meter, using a drop of the supplemented cell culture medium
(see composition described in Section 2.3.1), which contained 10% fetal bovine serum (FBS),
onto Ti surfaces (n = 3) at 28.7 ◦C (CAM200, KSV Instruments, Helsinki, Finland).

2.2.3. Polarization-Modulated Infrared Reection Absorption Spectroscopy (PM-IRRAS) of
GDF-5-Functionalized Nanotopographies

PM-IRRAS was performed using a KSV PMI 550 instrument (KSV Instruments). The
Langmuir trough is positioned with the light beam reaching the monolayer at a xed
incidence angle of ~80◦, at which the intensity is maximum with a reduced noise level.
Downward bands in the spectrum indicate transition moments oriented preferentially
perpendicular to the surface, whereas upward absorption bands are assigned to transition
moments oriented preferentially parallel to the surface plane. The incoming light is contin-
uously modulated between s-polarization and p-polarization at a high frequency (50 kHz),
which allows simultaneous measurement of the spectra for the two polarizations. The
difference thus provides surface-specic information, and the sum represents the reference
spectrum. Since the spectra are measured simultaneously, the effect of water vapor is
reduced. Measurements were performed at 20 ◦C and with SEPT2 (70 nM) heated at 37 ◦C
for 30 min prior to the experiment. Ti discs were spread at 5 mN/m and then SEPT2 was
added to the subphase. The compression was performed every 5 mN/m up to a surface
pressure of 40 mN/m.

2.3. Biological Experiments
2.3.1. Cell Isolation and Primary Culture of Osteogenic Cells

Primary osteogenic cells were isolated by sequential trypsin/collagenase digestion
of calvarial bone from newborn (2–4 days) Wistar rats [42]. All animal procedures were
in accordance with guidelines of the Animal Research Ethics Committee of the University
of São Paulo (protocol #08.1.836.53.1). Primary cells were plated on GDF-5-coated 30 min-
and 4 h-etched Ti discs and their controls placed in 24-well polystyrene plates (Falcon,
Franklin Lakes, NJ, USA) at a cell density of 2× 104 cells per disc. Neither subcultured cells
nor passaged cells were used for the experiments. The plated cells were then grown for
periods up to 14 days in Gibco α-Minimum Essential Mediumwith L-glutamine (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% FBS (Invitrogen), 7 mM β-glycerophosphate
(Sigma, St. Louis, MO, USA), 5 µg/mL ascorbic acid (Sigma), and 50 µg/mL gentamicin
(Invitrogen) at 37 ◦C in a humidied atmosphere with 5% CO2. The culture medium
was changed every 3 days. The progression of cultures was examined by phase contrast
microscopy of cells grown on polystyrene.

2.3.2. Cell Adhesion and Spreading

Cell adhesion and spreading were evaluated by direct uorescence with Alexa Fluor
488-conjugated phalloidin (Molecular Probes, Eugene, OR, USA), which labels ubiquitous
actin cytoskeleton, and 4′,6-diamidino-2-phenylindole, dihydrochloride (DAPI, Molecular
Probes), for nuclear stain (see details in Section 2.3.4). To assess the stage of adhesion
and spreading [44], the proportion of cells at stage 1 (round cells), 2 (round cells with
lopodia), 3 (cells with cytoplasmic webbing), and 4 (well attened cells) was calculated
out of 100 adherent cells at 4 h for each surface, using randomly selected microscopic elds
(x40 objective).
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2.3.3. Cell Viability

Cell viability was evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT, Sigma) assay at days 1, 3, and 7 of culture [45]. Firstly, the Ti discs containing
the primary cultures were moved to new 24-well polystyrene plates (Falcon), and cells
were incubated with 1 mL of MTT (5 mg/mL) in culture medium at 37 ◦C for 4 h. The
medium was then aspirated from the well, and 1 mL of acid isopropanol (0.04 N HCl in
isopropanol) was added to each well. The plates were then stirred on a plate shaker for
5 min, and 200 µL of this solution was transferred to a 96-well format using opaque-walled
transparent-bottomed plates (Fisher Scientic, Suwanee, GA, USA). The optical density
was read at 570 nm on the plate reader (µQuanti, BioTek Instruments, Winooski, VT, USA),
and data were expressed as absorbance.

2.3.4. Epiuorescence for Cell Morphology and Osteopontin Immunolocalization

At day 3 of culture, cells were xed for 10 min at RT using 4% paraformaldehyde
in 0.1 M sodium phosphate buffer (PB), pH 7.2. After washing in PB, the cultures were
processed for uorescence labeling [42]. Briey, the cells were permeabilized with 0.5%
Triton X-100 in PB for 10 min and were then blocked with 5% skim milk in PB for
30 min. Primary monoclonal antibody against osteopontin (1:800, MPIIIB10-1, Devel-
opmental Studies Hybridoma Bank, Iowa City, IA, USA) was used, followed by Alexa Fluor
594-conjugated goat anti-mouse secondary antibody (1:200, Molecular Probes) and Alexa
Fluor 488-conjugated phalloidin (1:200, Molecular Probes). All incubations were performed
in a humidied environment for 60 min at RT. Between each incubation step, the cells were
washed in PB (3 × 5 min). Before mounting for microscope observation, the cells were
briey washed with distilled water, and the cell nuclei were stained with 300 nM DAPI
(Molecular Probes) for 5 min. A glass coverslip was mounted with an antifade kit (Vec-
tashield, Vector Laboratories, Burlingame, CA, USA) on the nanotopographic Ti surfaces
containing the cells. The samples were then examined under epiuorescence using a Leica
DMLB microscope (Leica Microsystems, Wetzlar, Germany) outtted with a Leica DC 300F
digital camera (Leica Microsystems), and the acquired images were processed using Adobe
Photoshop CS5.1 software, version 12.1 x64 (Adobe Systems, San Jose, CA, USA).

2.3.5. Real-Time Polymerase Chain Reaction (Real-Time PCR) for Osteoblast Markers

Gene expression of runt-related transcription factor 2 (Runx2), alkaline phosphatase,
bone sialoprotein, and osteopontin was evaluated by Real-time PCR at days 7 and 10
of culture. The total RNA from cells was extracted using the SV Total RNA Isolation
System Kit (Promega, Madison, WI, USA), according to the manufacturer instructions. The
concentration of RNA was determined by optical density at different wavelengths (260,
280, 230 e 320 nm) using the GeneQuant 1300 spectrophotometer (GE Healthcare, Cardiff,
UK). Complementary DNA (cDNA) was synthesized using 1 µg of RNA through a reverse
transcription reaction using High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA), according to the manufacturer instructions. Real-time
PCR was performed in a CFX96 (Bio-Rad Laboratories, Hercules, CA, USA) using TaqMan®

(Applied Biosystems). The reactions of Real-time PCR performed by the TaqMan probe
were prepared for a nal volume of 10 µL per reaction. For each reaction were added 5 µL
of TaqMan Universal PCR Master Mix-No AmpErase UNG (2X), 0.5 mL of TaqMan probes
for target genes (20X TaqMan Gene Expression Assay Mix) and 11.25 ng of cDNA. The
standard PCR conditions were 50 ◦C (2 min), 95 ◦C (10 min), and 40 cycles of 95 ◦C (15 s),
60 ◦C (1 min), followed by the standard denaturation curve. The results were analyzed
based on the Ct value (cycle threshold) and all samples were subjected to reactions to detect
messenger RNA for the constitutively expressed gene Gapdh and a negative sample (water)
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was subjected to the reaction with each TaqMan probe used. Normalization and relative
quantication of gene expression were performed using the 2−∆∆CT method [46]. Data were
then represented as difference (in folds) in gene expression normalized by the constitutive
gene. A value of 1 was assigned to each marker for cultures on non-etched Ti at day 7
(calibrator), thus allowing comparisons among groups and between experimental times.

2.3.6. Alkaline Phosphatase Activity

Alkaline phosphatase activity was assayed at days 7 and 10 of culture by means of the
release of thymolphthalein from thymolphthalein monophosphate using a commercial kit
(Labtest Diagnóstica, Lagoa Santa, Brazil). Briey, 50 µL of thymolphthalein monophos-
phate was mixed with 0.5 mL of 0.3 M diethanolamine buffer, pH 10.1, and left for 2 min
at 37 ◦C. The solution was then added to 50 µL of the lysates obtained from each well
for 10 min at 37 ◦C. For color development, 2 mL of 0.09 M Na2CO3 and 0.25 M NaOH
were added. After 30 min, absorbance was measured at 590 nm and alkaline phosphatase
activity was calculated from a standard curve using thymolphthalein to give a range from
0.012 to 0.4 µmol thymolphthalein/h/mL. Data were expressed as alkaline phosphatase
activity normalized for total protein content, which was determined by modied Lowry
method [47].

2.3.7. Mineralized Bone-like Nodule Formation

At day 14 of culture, the cell cultures were washed in Hanks solution, xed in 70%
ethanol at 4 ◦C for 60 min and washed in PBS and distilled water. The cultures were
then stained with 2% Alizarin Red S (ARS), pH 4.2, at RT for 15 min. The macroscopic
images were obtained digitally by a high-resolution camera (Canon EOS Digital Rebel,
6.3 megapixels, EF100 f/2.8 macro lens; Canon, Lake Success, NY, USA). Biochemically, the
quantitation of mineralization was evaluated by the ARS extraction method [48]. Briey,
280 µL of 10% acetic acid was added in each well containing the Ti samples with the ARS-
stained cultures, and the plate was gently shaken for 30 min. Cultures were then scraped
and the solution transferred to 1.5 mL tubes and vortexed for 30 s. The tubes were heated to
85 ◦C for 10 min, transferred to ice for 5 min and then centrifuged at 13,000× g for 20 min.
In each experimental group, 100 µL of supernatant was transferred to a 96-well plate and
40 µL of 10% NH4OHwas added. The samples were read on a spectrophotometer (µQuanti,
BioTek Instruments) at a wavelength of 405 nm. The standard curve was performed with
successive dissolutions of ARS from 0.5 to 3 mM in ammonium acetate (10% glacial acetic
acid and 5 M NH4OH).

2.4. Statistical Analyses

Comparisons were performed using the parametric one-way or two-way ANOVA
tests, followed by Tukey’s test for multiple comparisons where applicable. The level of
signicance was set at 5%. The results are representative of experiments performed with
at least three distinct primary cultures. Due to the relatively limited number of isolated
primary cells derived from calvarial bone of newborn rats in each litter (~12 animals/litter),
for each technique involving cells, one biological replicate/primary cell culture was used,
with ve experimental replicates/wells and one technical replicate per group and per
time point. The software used for statistics was GraphPad Prism 5.0 (GraphPad Software,
San Diego, CA, USA).
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3. Results
3.1. Surface Characterization

XPS survey analysis detected C, which is an unavoidable surface contamination,
Ti, and O, with a Ti/O ratio in the range of 0.3–0.4 (Figure 1A–C). The prole tting
of the oxygen region (Figure 1D–F) evidenced the presence of TiO2 (the main peak at
529.97–530.03 eV) and hydroxyl groups both with acidic (530.84–531.06 eV) and basic
(531.76–532.07 eV) reactivity. The contribution of the two types of hydroxyl groups to
the total area of the O1s peak was decreasing, moving to non-etched Ti (36%), to 30 min-
etched Ti (33%) and 4 h-etched Ti (32%), respectively. Secondarily, the ratio of the acidic
to basic groups was about 3 in the case of non-etched Ti, while it was almost 1 for both
30 min-etched Ti and 4 h-etched Ti, with an evident increase in the basic hydroxyl groups
after etching.

Figure 1. Survey X-ray photoelectron spectroscopy (XPS) spectra (A–C) and high-resolution XPS
spectra of O1s peak (D–F). Panels show XPS of non-etched Ti (A,D), 30 min- (B,E) and 4 h-etched
Ti (C,F).

High-resolution SEM analysis revealed that the protocols used to chemically treat
Ti surfaces result in the formation of a network of nanopits (Figure 2), with a tendency
towards larger pits for the 4 h groups (in Figure 2, compare C and D with A and B); the
mean nanopit diameter for the 30 min group was 15.7 nm (± 3.6 nm), and for the 4 h group,
it was 21.7 nm (±6.7 nm). No impact on the topographic features at the nanoscale was
noted with the adsorption of GDF-5 (in Figure 2, compare B with A, and D with C). The
results of AFM revealed that RMS is in the order of 6 nm for 30 min-etched Ti and ~8 nm
for the 4 h group, and that the GDF-5 coating reduces RMS in the order of 1 nm for both
groups (Figure S1).

The PM-IRRAS analysis revealed bands at 1650, 1551 and 1402 cm−1 for either 30 min
+ GDF-5 or 4 h + GDF-5 groups, with enhanced signals for the latter (Figure 3; compare the
blue and the green lines). Variations in the PM-IRRAS intensity were detected depending
on the region of the Ti surface evaluated (Figure S2; compare the red and the blue lines).
No bands were present in the spectrum for either 30 min-etched or 4 h-etched Ti surfaces
(Figure 3, black and red lines).

Using a drop of the cell culture medium, all the surfaces were well wetted with
contact angles lower than 90◦. The Ti surfaces coated with GDF-5 presented greater mean
values of static contact angles initially and at equilibrium compared with the non-coated
surfaces, except for 4 h + GDF-5 at equilibrium, with only a tendency towards higher values
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(Figure 4). In addition, for the GDF-5-coated surfaces, the contact angles at equilibrium
were signicantly reduced compared with the initial ones.

Figure 2. High-resolution SEM imaging of 30 min, 30 min + GDF-5, 4 h and 4 h + GDF-5 etched Ti
surfaces (A–D). Relatively larger nanopits were observed in Ti surfaces etched for 4 h compared with
the ones etched for 30 min. The adsorption of GDF-5 had no impact on the topographic features at
the nanoscale. Scale bar = 100 nm (A–D).

Figure 3. Polarization modulation infrared reection adsorption spectroscopy (PM-IRRAS) of the
chemically treated, GDF-5-coated Ti surfaces. Adsorption of GDF-5 was detected in the coated Ti
surfaces, with a greater signal for the 4 h + GDF-5 surface (green line). No signicant signals were
detected for either 30 min-etched or 4 h-etched surfaces (controls, black and red lines, respectively).

Figure 4. Surface wettability analysis by means of the sessile drop method, using a drop of the cell
culture medium. The static contact angles for the GDF-5-coated surfaces were signicantly higher
compared with the control etched ones both initially and at equilibrium, except for 4 h + GDF-5 at
equilibrium (only a tendency towards higher values). For the GDF-5-coated surfaces, the contact
angles at equilibrium were signicantly reduced compared with the initial ones. Bars that share at
least one letter are not signicantly (p > 0.05) different from each other.



Metals 2025, 15, 167 9 of 17

3.2. Biological Experiments

Cell adhesion and spreading analysis at 4 h of culture revealed a signicant decrease
in the proportion of cells at stages 3 and 4 of spreading for the GDF-5-coated surfaces
compared with the corresponding non-coated ones (Figure 5 and Figure S3).

Figure 5. Proportion of primary osteogenic cells at different stages of adhesion and spreading at 4 h of
culture. The nanoporous Ti surfaces coated with GDF-5 presented a signicantly reduced proportion
of cells at more advanced stages of spreading. Bars that share at least one letter are not signicantly
(p > 0.05) different from each other.

The MTT assay results showed no signicant differences among groups within a given
time point—1, 3, or 7 days of culture—with the highest values for cells grown on all surfaces
at day 7 of culture (Figure 6).

Figure 6. Cell viability (MTT, optical density) of primary osteogenic cell cultures grown on 30 min,
30 min + GDF-5, 4 h and 4 h + GDF-5 etched surfaces at days 1, 3, and 7 of culture. Within a given
time point, there were no signicant differences among groups. Bars that share one symbol (*, #, or +)
are not signicantly (p > 0.05) different from each other.

At day 3 of culture, epiuorescence analysis revealed a perinuclear pattern of os-
teopontin labeling in the majority of cells grown on all surfaces. However, extracellular
osteopontin accumulation was noted only for the 30 min + GDF-5, 4 h and 4 h + GDF-5
etched surfaces, which was clearly most abundant for the GDF-5-coated surfaces (Figure 7).

The real-time PCR analysis (Figure 8) showed that the Runx2 and alkaline phosphatase
mRNA levels signicantly decreased from day 7 to 10 of culture for all surfaces, with differ-
ences between coated and non-coated surfaces only for 4 h + GDF-5 at day 10 of culture,
which exhibited the lowest Runx2 and alkaline phosphatase mRNA levels (Figure 8A,B).
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The bone sialoprotein mRNA levels signicantly decreased from day 7 to 10 of culture for
all surfaces except for the 30 min-etched one, which showed no differences between these
two time points. Differences between coated and non-coated surfaces were observed for
4 h + GDF-5 at day 7 of culture, exhibiting the highest bone sialoprotein mRNA levels, and
for 30 min + GDF-5 and 4 h + GDF-5 at day 10 of culture, with the lowest levels (Figure 8C).
The osteopontin mRNA levels signicantly increased from day 7 to 10 of culture for all
surfaces except for the 30 min + GDF-5, which showed no differences between these two
time points. Whereas, at day 7 of culture, no differences in the osteopontin mRNA levels
were observed between coated and non-coated surfaces, at day 10 of culture, a signicant
reduction in its levels was observed for the coated surfaces (Figure 8D).

Figure 7. Epiuorescence of primary osteogenic cell cultures grown on 30 min, 30 min + GDF-5, 4 h
and 4 h + GDF-5 etched surfaces at day 3 of culture (A–D). Extracellular osteopontin labeling (red
uorescence) was abundant and more prominent in cultures grown on GDF-5-coated Ti surfaces
(compare (B) and (D) with (A) and (C), respectively); perinuclear Golgi labeling (red uorescence)
was clearly visible (A–D). The green uorescence indicates the F-actin cytoskeleton (Alexa Fluor
488-conjugated phalloidin), whereas the blue uorescence depicts cell nuclei (DAPI DNA stain). Scale
bar = 50 µm (A–D).

Figure 8. Real-time polymerase chain reaction (PCR) analysis of Runx2 (A), alkaline phosphatase
(B), bone sialoprotein (C), and osteopontin (D) mRNA expression in primary osteogenic cell cultures
grown on 30 min, 30 min + GDF-5, 4 h and 4 h + GDF-5 etched surfaces at days 7 and 10 of culture.
Data were normalized for Gapdh mRNA levels and calibrated to value 1 with cultures on non-etched
surface at day 7. Bars that share at least one letter are not signicantly (p > 0.05) different from
each other.

The alkaline phosphatase activity signicantly increased from day 7 to 10 of culture on
all surfaces. Whereas, at day 7, no signicant differences were observed among surfaces, at
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day 10, the 4 h + GDF-5 surface exhibited signicantly higher alkaline phosphatase activity
compared with the 4 h-etched group (Figure 9).

Figure 9. Alkaline phosphatase activity (µmol thymolphthalein/h/mg protein) of primary osteogenic
cell cultures grown on 30 min, 30 min + GDF-5, 4 h and 4 h + GDF-5 etched Ti surfaces at days 7 and
10 of culture. A signicant increase in alkaline phosphatase activity was observed from day 7 to 10 of
culture, with peak levels for the GDF-5-coated surfaces at day 10. Bars that share at least one letter
are not signicantly (p > 0.05) different from each other.

At day 14 of culture, typical mineralized nodule formations, reddish/brownish in
color and surrounded by diffuse ARS-stained areas with variable extensions, were noted
on all surfaces (Figure 10A). Signicantly higher values of ARS extraction were detected in
cultures grown on GDF-5-coated Ti surfaces (Figure 10B).

Figure 10. (A) Macroscopic imaging of primary osteogenic cell cultures grown on 30 min,
30 min + GDF-5, 4 h and 4 h + GDF-5 etched Ti surfaces at day 14 of culture, and stained with
Alizarin red S (ARS) for detecting calcium deposits. Nodular and diffuse patterns of mineralization
were observed on all surfaces. (B) Quantitative analysis of the ARS-stained primary osteogenic cell
cultures shows signicantly higher mineralization for the GDF-5-coated surfaces. Bars that share at
least one letter are not signicantly (p > 0.05) different from each other.

4. Discussion
The results of this in vitro study demonstrated that a single variation in the etch-

ing time of H2SO4/H2O2-treated Ti surfaces affects the amounts of adsorbed GDF-5.
Both the 30 min- and 4 h-etched surfaces exhibited a characteristic network of nanopits
with a tendency towards larger nanopits for the 4 h-etched one, which corresponded
to a trend towards enhanced GDF-5 adsorption, as detected by PM-IRRAS. All the sur-
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faces (before and after GDF-5 coating) turned out to be well wetted by the cell culture
medium. The high wettability by the cell culture medium, containing proteins, can explain
the positive biological behavior of these surfaces [42]. In addition, irrespective of the
etching time, the coating with GDF-5 resulted in surfaces less wetted by the cell culture
medium at equilibrium than the ones before coating (30 min-etched and 4 h-etched control
Ti)—even if maintaining a good wettability—and affected key parameters of the acquisition
of the osteogenic phenotype by rat primary calvarial cells, showing (1) a reduction in
the proportion of spread cells and an enhanced extracellular osteopontin labeling at early
time points of culture, and (2) increased alkaline phosphatase activity, which preceded
an enhanced mineralized matrix formation compared with controls. A tendency towards
higher osteogenic activity for the 4 h + GDF-5 surface at day 14 of culture corresponded
with higher bone sialoprotein mRNA levels at the onset of osteoblastic differentiation (day
7 of culture).

The coating of metals with bioactive molecules, aiming to promote interfacial bone
tissue formation during the healing process, has been a challenge. Indeed, several surface
coatings with organic molecules that are endogenously expressed during interfacial tissue
healing have been used, with controversial and unpredictable outcomes [49–51]. In the
present study, we opted to use the simple, yet versatile, strategy to chemically etch Ti
with a mixture of H2SO4/H2O2 and to coat the resulting nanoporous surfaces with GDF-5,
a growth factor with known stimulatory effects on bone formation [31,32]. In addition
to the 4 h etching protocol, which has been shown to modulate signaling pathways in
osteoblastic cells and to support the osteogenic phenotype in vitro [36–39] and in vivo [52],
a shorter etching timewas also chosen to evaluate the impact of ne-tuning nanotopography
on the GDF-5 coating, with the benet of accelerating the surface preparation protocol.
Importantly, strategies to shorten the acidic functionalization of metallic implants would
limit detrimental effects, if any, on their surface structure and mechanical resistance [53].

Although the qualitative numerical data indicated that the 30 min etching supported
a trend towards lower amounts of adsorbed GDF-5, associated with a tendency towards
smaller nanopores and reduced values of nanoroughness, the presence of GDF-5 also
promoted the in vitro osteogenic events on this surface, comparable to the ones on the
4 h-etched surface. The secondary structure of GDF-5 was likely similar for both groups,
as indicated by the amide I (1700–1600 cm−1) and the amide II (1600–1500 cm−1) spectra
regions, suggesting a high bioactivity of GDF-5 when coated on both nanotopographies [54].
Considering that the desorption of GDF-5 is expected during the rst days of culture, as
dip coating supports burst release [55], the amount of GDF-5 in the extracellular milieu
would likely be similar for both 30 min and 4 h groups, i.e., within the same range of
stimulatory concentrations, thus resulting in similar tissue phenotypic characteristics at
day 14 of culture. Interestingly, the trend of a transient reduction of about 50% in the MTT
values in the 4 h + GDF-5 group could be due to an initial higher release of GDF-5 from the
nanoporous surface; as the culture progressed to days 3 and 7, this effect was no longer
observed. Despite the osteogenic stimulatory effects obtained with 200 ng/mL of GDF-5
coating solution in the present study, with benets of avoiding potential side effects, as
observed for some BMP therapies [56], any translational GDF-5 application might consider
higher doses in the microgram range [57,58].

Prior to the cell culture experiments, the presence of adsorbed GDF-5 was also indi-
rectly detected by the changes in surface wettability it induced. It has been well established
that the chemical etching of Ti with the H2SO4/H2O2 mixture generates a highly hy-
drophilic TiO2 nanotopography [42]. The results of the sessile drop method showed that
the GDF-5 coating enhanced the contact angle of a drop of supplemented cell culture
medium at equilibrium, thus resulting in a less wetted surface. This nding is supported
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by the chemical nature of GDF-5, which as a GF that belongs to the TGF-β superfamily,
contain a hydrophobic N-terminal signal sequence [59]. Interestingly, the tendency to
hydrophobicity led to reduced cell spreading at 4 h of culture and increased extracellular
osteopontin accumulation at day 3 of culture, which are cellular events that have been
associated with an earlier acquisition of the mature osteoblastic phenotype [42,60].

While the surface characterization unequivocally revealed an inhomogeneous GDF-5
coating on nanoporous Ti, its biological functionality could be conrmed by an increased
alkaline phosphatase activity, which was associated with an enhancement in the extra-
cellular matrix mineralization [61–63]. Despite the complexity of the data generated by
the quantitative mRNA analysis of osteoblast markers, which reveals that there may be
no correlation between the expression of an mRNA and the protein it encodes [64,65],
the phenotypic changes in cultures exposed to GDF-5 could be explained, at least in part,
by the results of osteopontin expression. The observed downregulation of osteopontin
during the mineralization phase of cultures likely reduced its inhibitory effect on mineral
deposition [66,67] and/or was associated with a more advanced stage of the osteogenic
process [68]. Additionally, an upregulation of bone sialoprotein—a nucleator of apatite
crystals [69–71]—at the onset of osteoblastic differentiation preceded the highest osteogenic
potential of cultures grown on the 4 h-etched, GDF-5-coated Ti, rendering bone sialoprotein
a possible earlier marker of bone-like nodule formation in the in vitro model used.

5. Conclusions
In conclusion, the strategy to coat GDF-5 on chemically produced nanotopographies

obtained by two distinct H2SO4/H2O2 etching times ensures its biological activity, which
supports an enhancement in the osteogenic potential in vitro. Despite some differences
between 30 min- and 4 h-etched Ti in terms of physico-chemical surface properties and
parameters related to the acquisition of the osteogenic phenotype, the similarities in the
outcomes of cell cultures, i.e., amounts of mineralized matrix formation, lead us to consider
the shorter etching time as a useful tool in strategies to functionalize growth factors and
potentially other bioactive molecules aiming to promote specic cell and tissue responses
at the biomaterial–bone interface.
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topographies (1 × 1 µm2) (A) and surface nanoroughness (RMS) (B) of 30 min, 30 min + GDF-5, 4 h
and 4 h + GDF-5 etched titanium surfaces. Figure S2: Polarization modulation infrared reection
adsorption spectroscopy (PM-IRRAS) of the 30 min-etched titanium surface coated with GDF-5.
Variations in the PM-IRRAS intensity were detected depending on the region of the surface evaluated
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grown on 30 min, 30 min + GDF-5, 4 h and 4 h + GDF-5 etched surfaces at 4 h of culture (A–D).
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whereas the blue uorescence reveals cell nuclei (DAPI DNA stain). In A, the stages of cell adhesion
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