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A B S T R A C T

Nano-sized zinc oxide (ZnO) is well known for its antibacterial activity and biocompatibility, which make this
material a promising candidate to tailor titanium (Ti) implant surfaces. In an optimized scenario, the anti-
bacterial activity of ZnO and its biocompatibility can be envisioned as a good bio-functionalization strategy to
increase osteointegration. Thus, in this work, it is proposed that the bio-functionalization of ZnO thin films with
dentin matrix protein 1 (DMP1) peptides could function as an apatite crystal nucleator. Ti was coated with ZnO
and functionalized with two different spacers, 3-(4-aminophenyl) propionic acid (APPA) or 3-mercaptopropionic
acid (MPA) to facilitate binding with DMP1 peptides. Attenuated total reflection Fourier transform infrared
(ATR-FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) results confirmed the presence of the
peptides on the ZnO thin film surface through characteristic bands related to amine and carboxylic acid groups
and by the incidence of N 1 s spectra, respectively. Atomic force microscopy (AFM) images indicated that a more
uniform layer of DMP1 peptides is formed in the the presence of the APPA and MPA spacers. In general, the
results obtained showed that the bio-functionalized ZnO thin films with APPA spacer, ZnO APPA P sample,
presented enhanced wettability (17°), surface energy (72 dyn/cm), with an osteogenic surface and apatite nu-
cleating properties. Furthermore, the electrochemical analysis showed increased corrosion resistance with noble
EOCP (−0.13 V), Ecorr (−0.46 V), and Icorr (8.91×10−7 A/cm2) values. These findings indicated promising
applications of ZnO APPA P in biomedical devices once it can accelerate the osteointegration process and im-
prove the corrosion resistance of implants.

1. Introduction

The major causes of titanium dental implant failures are related to
inadequate implant-to-bone contact, implant degradation and bacterial
infection [1,2]. Some physicochemical surface modification procedures
have been used to minimize these effects, such as surface coatings [3],
chemical grafting [4], and ions or biomolecules incorporation [5] on
the implant surface. Furthermore, to overcome this issue, osteogenic
biomolecules in combination with bactericide agents can be in-
corporated onto titanium surface to improve implant osteointegration,
corrosion resistance and prevent infections associated with implanta-
tion processes [6].

Nano-sized zinc oxide (ZnO) is well known for its significant anti-
bacterial activity over a wide spectrum of bacterial species [7]. Inter-
estingly, ZnO is non-toxic, presenting good biocompatibility to human

cells [8]. Zinc ions have been considered essential elements to promote
bone formation through the stimulation, proliferation, adhesion, and
differentiation of osteoblasts [9]. In addition, several studies reported
its outstanding corrosion resistance [10–13]. Therefore, ZnO deposition
on implant surfaces may improve or induce the osseointegration pro-
cess with considerable corrosion resistance.

ZnO can be deposited on titanium surfaces by low-cost methods for
large-scale manufacturing. For example, ZnO can be synthesized from
sol-gel precursors and deposited by spin coating method [10]. In ad-
dition, the functionalization of metal oxides with self-assembled
monolayers (SAMs) can be used to manipulate its surface physico-
chemical properties, such as roughness, wettability, and surface energy.
These properties directly affect protein adsorption, cell adhesion, pro-
liferation and osteoblastic differentiation [14]. In this way, the func-
tionalization of metal oxides with self-assembled monolayers (SAMs) to
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immobilize biomolecules, e.g. proteins, peptides, growth factors, may
result in a surface with higher bioactivity.

Dentin matrix protein 1 (DMP1) peptides, related to osteoblast/
odontoblast differentiation, are known to act as nucleators for hydro-
xyapatite formation [15]. More specifically, the peptides ESQES and
QESQSEQDS derived from DMP1 can induce the formation of plate-
shaped apatite crystals [16]. The molecular mechanism is associated
with the stabilization of calcium ions due to the presence of acidic
groups on DMP1 peptides, e.g., glutamic acid, aspartic acid, and serine
[17]. Consequently, the DMP1 peptides can play a vital role in con-
trolled mineral deposition.

The focus of the present study is based on the bio-functionalization
of the ZnO thin films with DMP1 peptides covalently immobilized
through 3-(4-aminophenyl) propionic acid (APPA) or 3-mercaptopro-
pionic acid (MPA) SAMs. Therefore, the physicochemical character-
istics of the modified ZnO thin films are presented here. Mineralization
and corrosion resistance properties of the bio-functionalized ZnO thin
films were also evaluated. Furthermore, human mesenchymal stem cells
(hMSCs) adhesion, proliferation, and differentiation upon the modified
surfaces were also discussed in detail.

2. Materials and methods

2.1. Materials

All materials utilized for ZnO thin film fabrication were reagent
grade and deionized water was used as a solvent. Zinc oxide (ZnO),
citric acid (HOC(COOH)(CH2COOH)2), ethylene glycol (C2H4(OH)2),
hydrogen peroxide (H2O2), 3-mercaptopropionic acid
(HSCH2CH2CO2H), 3–4 aminophenyl propionic acid
(H2NC6H4CH2CH2CO2H), phosphate buffered saline solution, formalin,
ascorbic acid (C6H8O6), β-glycerophosphate disodium ((HOCH2)2CHOP
(O)(ONa)2), and sodium phosphate (Na3PO4) were the products of
Sigma-Aldrich (USA). Nitric acid (HNO3), sulfuric acid (H2SO4), hy-
drochloric acid (HCl), and ethanol (CH3CH2OH) were purchased from
Merck (USA). The materials for cell culture, including minimum es-
sential medium Eagle (α-MEM), fetal bovine serum (FBS), L-glutamine,
and antibiotic-antimycotic cocktail were the products of Gibco (USA).
The CellTiter 96® AQueous One Solution Cell Proliferation Assay, or
MTS reagent, was purchased from Promega (USA). All the reagents for
PCR assay were purchased from Qiagen (USA), including RNeasy® kit
membrane and the genes: alkaline phosphatase (ALP), osteopontin
(OPN), osteocalcin (OCN), runt-related transcription factor 2 (Runx2),
bone sialoprotein (BSP), alpha-1 type-1 collagen (Col1a1), and glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH).

2.2. Dentin matrix protein 1(DMP1) peptides deposition

Commercial pure titanium grade 4 (Ti cp4 (ACNIS, Brazil)) discs,
with a diameter of 12.7 mm and 3mm of thickness, were prepared and
coated with ZnO based in our previous work [10]. Briefly, the ZnO resin
was synthesized by sol-gel method dissolving 72.05 g of citric acid in
200mL of deionized water. Subsequently, 15.00mL of nitric acid was
added to the mixture with 10.17 g of zinc oxide. A molar ratio of 1:3
was maintained between ZnO and citric acid, respectively. The solution
was then heated to 100 °C for 15min. Finally, ethylene glycol was
added to the solution considering a mass ratio between the citric acid
and ethylene glycol of 60:40, respectively. Following, the temperature
was increased to 150 °C and the solution kept under magnetic stirring
until reach 100mL. Then, the solution was diluted to a ratio of 5mL of
deionized water to 3mL of ZnO resin. After the Ti discs were sand-
blasted and etched with Piranha solution (a mixture of 7:3 (v/v) 98%
H2SO4 and 30% H2O2) the diluted ZnO solution was deposited by spin
coating technique (2000 rpm during 60 s) [10]. Then, the ZnO surface
was functionalized with two different bifunctional molecules 3-mer-
captopropionic acid (MPA) and 3–4 aminophenyl propionic acid

(APPA) by immersion method [10]. The 2mM APPA solution was
prepared in ethanol absolute by stirring until complete dissolution.
Then it was heated to 40 °C and the samples were immersed for 5min
[10]. An aqueous MPA solution (1mM) was prepared by adjusting the
pH to 3 with HCl. Then, the samples were immersed for 10min in the
MPA solution [10]. After the deposition of the organic molecules, all
samples were dried in ambient conditions and kept in a desiccator until
use.

Peptides pA (ESQES) and pB (QESQSEQDS) derived from DMP1
were synthesized via solid phase. The peptides were diluted in the ratio
1 of pA to 4 of pB in carbonate buffer solution to have a final con-
centration of 1mg/mL. The deposition was performed following the
literature [18]. In order to perform the crosslink between the peptides
over the samples, they were maintained immersed in peptides solution
overnight under UV-light in a biological safety cabinet.

The peptides adhesion was analyzed by X-ray photoelectron spec-
troscopy (XPS, Scienta Omicron ESCA), and attenuated total reflection
Fourier transform infrared (ATR-FTIR) spectroscopy (Bruker Vertex
70). The contact angle and surface energy were evaluated by the sessile
drop technique in a goniometer (Ramé-Hart, 100-00) employing deio-
nized water (polar substance) and diiodomethane (non-polar substance)
as the probing liquids. Atomic force microscopy (AFM, Park Systems)
was used to analyze the topography of the samples in non-contact
mode.

2.3. Biocompatibility and cell proliferation studies

2.3.1. Cell culture
Human mesenchymal stem cells containing the gene for Green

Fluorescence Protein (GFP) were seeded upon the samples into 24-well
plates at a density of 2×104 per well. The cells were kept in an in-
cubator at 37 °C and 5% of CO2 concentration for 24 h and 7 days, until
reach confluence. Fresh culture medium was changed every other day.
The complete media was prepared with minimum essential mediu-
m–alpha (α-MEM), 20% of fetal bovine serum (FBS), 1% L-glutamine
and 1% antibiotic-antimycotic cocktail.

2.3.2. Cell adhesion and viability assay
The adhesion of hMSCs upon the substrates was analyzed by con-

focal fluorescence microscopy (Zeiss, LSM 710) in triplicates using a
20× lens. The protocol used consists of culturing the cells per 24 h and
7 days, then they were fixed with buffered neutral formalin 10%. The
images from 24 h of cell culture did not present significant changes (Fig.
S6).

The cells were also characterized by a colorimetric method to de-
termine the number of viable cells in proliferation. This method is based
on the reduction of MTS reagent ((3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium)) by viable
cells to generate formazan products that are directly soluble in cell
culture medium. The absorbance of the formazan product is an in-
dicator of metabolically active mitochondria from viable cells, thus it is
an indirect method to determine cell viability. In this way, the assay
was performed using a CellTiter 96® AQueous One Solution Cell
Proliferation Assay (PROMEGA) kit. The cells were cultured for 1, 3 and
5 days in triplicates. To measure the amount of soluble formazan pro-
duced by cellular reduction of MTS, 20 µL of CellTiter 96® AQueous
One Solution reagent was pipetted into each well containing the sam-
ples in 100 µL of culture medium. The plates were incubated at 37 °C for
1 h in a humidified, 5% CO2 atmosphere. Finally, the plates were read
in a Synergy 2 multi-mode plate reader at 490 nm. The quantity of
formazan product measured by absorbance at 490 nm was directly
proportional to the number of living cells in culture.

2.3.3. Cell differentiation by quantitative real-time polymerase chain
reaction (RT-PCR)

Human mesenchymal stem cells were cultured during 7 days upon
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the samples in a 2.5×104 cell concentration per well. Two sets of
samples were analyzed in triplicates from each group. A positive control
group was analyzed in a polystyrene surface. In the first one hMSCs
were cultured with an osteogenic induction media containing 50mg/
mL ascorbic acid and 10mM β-glycerophosphate disodium; in the
second hMSCs were cultured with a standard media, as a control. Total
RNA was isolated from hMSCs using RNeasy kit membrane (Qiagen) by
spin technology according to the manufacturer's instructions. The cells
were disrupted in a lysis buffer and homogenized. Ethanol was then
added to the lysate, creating conditions that promote selective binding
of RNA to the RNeasy kit membrane. The sample was then applied to
the RNeasy Mini spin column. Total RNA binds to the membrane,
contaminants were efficiently washed away, and high-quality RNA was
eluted in RNase-free water. All bind, wash, and elution steps were
performed by centrifugation in a microcentrifuge [19]. The solutions
were placed in a 96 well plate to be read in a real-time PCR Reader
(StepOnePlus, Applied Biosystems). The genes of interest included al-
kaline phosphatase (ALP), alpha-1 type-1 collagen (Col1a1), osteo-
pontin (OPN), osteocalcin (OCN), runt-related transcription factor 2
(Runx2), and bone sialoprotein (BSP). Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as an internal control.

2.4. In vitro mineralization assay

Nucleation was carried out under high concentrations of calcium
and phosphate following a previously described protocol [19]. Briefly,
the samples were immersed in a 1M of calcium chloride solution during
a period of 30min, washed extensively in water, and then immersed in
a 1M of sodium phosphate solution for a period of 30min. Finally, they
were washed with water and dehydrated from 20% to 100% of ethanol
solution and then dried with hexamethyldisilazane (HMDS). The sam-
ples were then analyzed by scanning electron microscopy with energy
dispersive spectroscopy (SEM/EDS) (Zeiss, EVO LS15) in triplicate.

2.5. Electrochemical measurements

Electrochemical tests were conducted with a Metrohm Autolab
PGSTAT302 equipped with a FRA32M module using a standard three-
electrode corrosion cell. Samples were considered as the working
electrode with about 1 cm2 of the exposed surface area to corrode. The
other two electrodes were a platinum wire as a counter and an Ag/AgCl
as a reference electrode (Metrohm). A quantity of 40mL of PBS was
used for each sample as the electrolyte. All tests were performed at the
physiological temperature of 37 °C using a hot plate. Each group was
analyzed in triplicate. The electrochemical protocol based in our pre-
vious work [10] consisted of an initial open circuit potential (OCP), a
second OCP, an electrochemical impedance spectroscopy (EIS), a po-
tentiodynamic polarization (PD), and a final OCP. The second OCP was
performed during 3600 s to allow the samples to stabilize in the specific
conditions of the electrochemical cell. The EIS was performed to ana-
lyze Bode and Phase Angle plots, in order to obtain the specific features
from the interface through an equivalent circuit approach. EIS mea-
surement was performed at the second open circuit potential (EOCP)
with a potential amplitude of± 10mV and frequency range between
100 kHz and 0.01 Hz. Finally, PD was used to determine the corrosion
potential (Ecorr) and corrosion current density (Icorr) using Tafel extra-
polation [7]. PD was performed by a cyclic polarization between
− 0.8 V and + 1.8 V.

2.6. Statistical analysis

Each experiment was performed at least three times and the results
are expressed as a mean± standard deviation for each experiment.

3. Results and discussion

3.1. Bio-functionalization of ZnO thin films

The bio-functionalization of the samples with the peptides derived
from DMP1 was confirmed by ATR-FTIR, as shown in Fig. 1. After the
bio-functionalization, characteristic bands related to amine and car-
boxylic acid groups from the DMP1 peptides could be detected for all
samples at 1337 cm−1, 1408 cm−1, 1536 cm−1 and 3340 cm−1. The
broadband at 3340 cm−1 was assigned to the stretching of hydroxyl
groups (‒OH) [20]. Bands at 1536 cm−1 and 1337 cm−1 were related to
amine groups (‒NH2) and C‒N bonds [21], respectively. The vibration
at 1536 cm−1 was attributed to -NH2 deformation and was considered
indicative of peptides or amino acids [22]. The band at 1408 cm−1 was
characteristic of the ‒CH2 bonds [23]. Furthermore, the stretching
mode of the Zn‒O bond could be seen in the range from 540 to
570 cm−1 [24].

XPS results indicated the presence of elements Zn, O, Ti, C and N,
Fig. 2a. In addition, it was possible to observe the contribution of ele-
ments such as Na 1s, Cl 2p and P 2p in the survey spectra originated
from the PBS solution, used to dilute the peptides. Furthermore, no
adventitious nitrogen was detected on the surface of the Ti and ZnO
control samples, thus the presence of the N 1s spectra was an evidence
of the peptides bio-functionalized on the ZnO thin film surface.

In the N 1s spectra two contributions were observed as shown in
Fig. 2b. The main component (N1) was centered between 399.5.5 eV
and 400.1 eV, related to the amide groups in the peptide backbones and
amine groups on the side chains [25]. Furthermore, this value was in
the range for protonated nitrogen (NH3

+), being an indication of the
zwitterionic protonated α-amine nitrogen present in the serine, gluta-
mine, aspartic, and glutamic acid structures [26]. The component at
lower binding energy (N2) around 397.4–398.5 eV was consistent with
amide groups that were strongly interacting with inorganic substrates
[27]. The increased area of the N2 component for the samples ZnO
APPA P and ZnO MPA P may be an indication of higher affinity between
the peptides and the ZnO thin film surface due to the presence of the
bifunctional organic molecules (APPA and MPA). In our previous study,
it was reported that APPA and MPA molecules adhered to the ZnO thin
film surface through carboxylic acid and thiol groups [10], respectively.
These types of interaction led to free terminal amine (-NH2) and car-
boxylic acid groups (-COOH) on the surface, which could interact with
the acidic and amino groups from the peptides. Considering that a

Fig. 1. ATR-FTIR spectra for the control (Ti and ZnO) and bio-functionalized
surfaces (Ti P, ZnO P, ZnO APPA P, and ZnO MPA P, where P is related to the
DMP1 peptides). The presence of the peptides on the Ti P, ZnO P, ZnO APPA P,
and ZnO MPA P surface was evidenced by -NH2 and C-N groups at 1536 cm−1

and 1337 cm−1, respectively.
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strong interaction, higher affinity is expected to improve the DMP1
peptides adhesion. More detailed XPS data can be found in Fig. S1-S4
from Supporting information.

Water contact angle and surface energy analysis were also in-
vestigated to evaluate the physicochemical properties of the bio-func-
tionalized surfaces. The water contact angle values are shown in Fig. 3a.
The pristine Ti surface showed a water contact angle of 72°. After the
ZnO thin film deposition, an increase in water contact angle to 81° was
observed, indicating a more accentuated hydrophobic behavior than Ti.
This decrease in the wettability can be associated with the surface
morphology effect in which the air interfaces or grooves between the
individual structures can affect the contact angle [28]. In addition, as
can be seen in Fig. 3a, the bio-functionalization with the peptides re-
sulted in significant changes in the water contact angles for all the
samples. The surfaces modified with the DMP1 peptides showed a si-
milar hydrophilicity with water contact angles between 13° and 20°,
with no significant differences between the samples. This increased
wettability can be correlated with the charged peptides on the surface
[29]. The isoelectric point (pI) for peptides pA and pB is 3.52 and 3.41,
respectively [18]. In higher pH values, such as the pH 9.2 from car-
bonate buffer solution (used for deposition), the peptides are negatively

charged. Specifically, at the deposition pH value, the overall charge
density for peptides pA and pB are respectively −3 and −4 [18], thus
improving the hydrophilicity. The surface energy was inversely pro-
portional to water contact angle, showing elevated values (around
72 dyn/cm) for the samples bio-functionalized with the DMP1 peptides,
Fig. 3b. This increase can also be related with the overall charge density
for peptides pA and pB. Therefore, the variations in wettability and
surface energy confirmed the process of bio-functionalization.

The surface topography of the bio-functionalized samples was
analyzed by AFM considering an area of 1 µm x 1 µm, Fig. 4. Con-
sidering Ti P (Fig. 4b) and ZnO P (Fig. 4d) the results indicated that the
peptides formed agglomerated structures in isolated regions as com-
pared with the controls Ti (Fig. 4a) and ZnO (Fig. 4c). Furthermore,
because of the non-homogeneous coverage of the Ti surface, it was not
possible to observe the peptides on the Ti P sample, only the Ti grains
were visible in Fig. 4b. A topography considering a higher area is shown
in Fig. S5 for Ti P sample. The formation of peptides agglomerates may
be due to the cooperative effects between the peptides, in which the
adsorbed peptides increase the adsorption of others in solution [30]. On
the other hand, a more uniform layer was formed by the presence of the
APPA and MPA spacers (Fig. 4e-f). In ZnO APPA P and ZnO MPA P

Fig. 2. XPS survey spectra (a) for the control (Ti and ZnO) and bio-functionalized surfaces (Ti P, ZnO P, ZnO APPA P, and ZnO MPA P). The presence of DMP1
peptides was indicated by the C 1s, O 1s, and N 1s peaks at the survey spectra. N 1 s high-resolution spectra (b) for the bio-functionalized surfaces. Further, N 1s
spectra showed two contributions: the main component (N1) related to amide groups in the peptide backbones and amine groups on the side chains; and an N2
component consistent with amide groups that were strongly interacting with inorganic substrates.

Fig. 3. Change in the water contact angles (a) and surface energy (b) for the control and bio-functionalized surfaces. It is evident that the presence of DMP1 peptides
on ZnO thin film surfaces increased the hydrophilicity and surface energy of the materials, which are related with their overall charge density (pA = −3 and pB =
−4).
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samples, the peptides appeared to be homogeneously distributed on the
surface due to the presence of the terminal functional groups -NH2 and
-COOH, which have bound respectively to the carboxylic acid and
amino groups of the peptides.

Additionally, the arithmetic surface roughness (Ra) was analyzed by
AFM and also suggested an inhomogeneous surface coverage for Ti P.

An increase in surface roughness from 6.0 ( ± 1.3) nm for Ti to 15.0
( ± 3.3) nm for Ti P sample was observed. The average Ra values
showed no significant difference for the bio-functionalized ZnO thin
films, with an increase in the following sequence: ZnO< ZnO
P < ZnO APPA P < ZnO MPA P, as indicated by the respectively va-
lues 2.9 ( ± 1.1) nm, 4.2 ( ± 1.4) nm, 5.4 ( ± 1.3) nm, and 7.9

Fig. 4. AFM images for the different analyzed surfaces: Ti (a), Ti P (b), ZnO (c), ZnO P (d), ZnO APPA P (e), and ZnO MPA P (f). The control samples (Ti and ZnO)
formed agglomerated peptides structures, while a more uniform dense layer of DMP1 peptides was formed with the presence of the APPA and MPA spacers due to the
presence of -NH2 and -COOH groups.
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( ± 2.7) nm.

3.2. Adhesion and proliferation assay of human mesenchymal stem cells

The adhesion of hMSCs after 7 days in culture was characterized by
fluorescence confocal microscopy as an indication of cell attachment,
proliferation, and the start of the differentiation cascade. Fig. 5. re-
vealed that the cells adopted an elongated shape and were well spread
out, exhibiting a polarized morphology for the different samples. More
specifically, an increased adhesion and growth were observed for the
bio-functionalized samples. Cells can recognize stimuli from the un-
derlying surface and convert these stimuli into specific intracellular
signals to properly respond to changes in their surroundings [31]. The
biochemical properties, stiffness, and topography of the extracellular
matrix transduce signals into the interior of cells, which regulate cell
differentiation, cell cycle, cell migration, and cell survival [32]. In this
way, the modification in the physicochemical properties of ZnO thin
films surfaces, caused by the presence of the DMP1 peptides, indicated
that the peptides can modulate cell affinity and possibly the differ-
entiation. Interestingly, ZnO thin films with organic molecules and
peptides exhibited dots with a red fluorescence. This effect can be as-
sociated with the conjugation of ZnO nanostructures with organic
molecules [33]. ZnO exhibits efficient emission in the region of blue,
near UV, and may also exhibit luminescence in the green region related
to oxygen vacancies [33].

A preliminary in vitro viability assay (MTS) performed at one, three
and five-day intervals investigated hMSCs proliferation, Fig. 6. MTS is a
sensitive assay to assess osteoblast proliferation because of its capability
to measure indirectly the cell viability through the approximate de-
termination of mitochondrial dehydrogenase activity [34]. The results
showed that in general, the cell proliferation rate was higher in the bio-
functionalized samples. In addition, no significant cytotoxicity was
observed. However, mitochondrial activity is a key regulatory me-
chanism of the differentiation process of stem cells [35]. During dif-
ferentiation, osteoblasts may decrease mitochondrial activity [36]. In
this way we suggest that, in these experimental conditions, the ZnO
APPA P sample might be interfering in differentiation events of these

cells, decreasing the mitochondrial dehydrogenase activity. Thus, fur-
ther investigations on the osteogenic differentiation are presented.

3.3. Osteogenic differentiation of hMSCs in vitro

To further evaluate hMSCs differentiation at the molecular level, the
expression of ALP, OCN, OPN, Col1a1, BSP, and Runx2 genes were
quantified via real-time PCR (RT-PCR), on the pure Ti, ZnO, and bio-
functionalized surfaces after culturing for 7 days, Fig. 7. In general, the
presence of the DMP1 peptides increased the expression of the genes,
with exception of ZnO MPA P sample. Furthermore, a positive control
(polystyrene surface) was analyzed and showed that for most genes the
bio-functionalized ZnO thin film surfaces expressed higher levels when
compared to the control group.

The initial phase of hMSCs in vitro osteogenic differentiation

Fig. 5. Human mesenchymal stem cells labeled with green fluorescence protein visualized by confocal fluorescence microscope in day 7 at different substrates: Ti (a),
Ti P (b), ZnO (c), ZnO P (d), ZnO APPA (e), ZnO APPA P (f), ZnO MPA (g) and ZnO MPA P (h). The presence of the peptides increased cell adhesion and proliferation,
specifically for ZnO APPA P and ZnO MPA P samples.

Fig. 6. Cell viability assay using MTS tetrazolium salt. The assay was performed
with human mesenchymal stem cells cultured on the top of the controls (Ti and
ZnO) and the bio-functionalized ZnO thin film surfaces for 1, 3 and 5 days.
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consists of an increase in the number of cells from day 1–4 [37]. Human
mesenchymal stem cells have been shown to differentiate into osteo-
blast-like cells after 5–14 days exposure to osteogenic medium [37,38],
being considered as hMSC-derived osteoblasts. This stage is character-
ized by the transcription and protein expression of ALP [39], and Runx2
[40,41]. After this initial peak of ALP and Runx2, their level starts to
decline and the final stage (14–28 days) consists in a high expression of
OCN and OPN, followed by calcium phosphate mineral deposition [37].
However, the differentiation of hMSCs in vitro largely depends on the
culture conditions, biochemical environment and mechanical factors
[42]. In this way, the difference in the surface chemistry of ZnO thin
films samples might have influenced the differentiation process of
hMSCs. This surface chemistry effect can be detected by the increased
OCN expression at 7 days of culture for ZnO APPA P, indicating the
presence of differentiated osteoblasts.

Furthermore, it can be noticed that all the genes that indicate os-
teogenic differentiation (OCN, OPN, and BSP) were up-regulated for
ZnO APPA P sample. OCN is the most specific gene for mineralization in
differentiated osteoblasts and showed a dramatic increase in the ZnO

APPA P sample (> 70), indicating a rapid induction of cellular differ-
entiation [43]. Only the Col1a1 gene presented a lower expression for
ZnO APPA P (< 9). However, Col1a1 is considered an early marker for
osteogenic differentiation and is not highly expressed in terminally
differentiated osteoblasts [44]. This indicates that at day 7 the hMSCs
were completely differentiated to osteoblasts for ZnO APPA P sample.
This result is consistent with the lower proliferation rate on day 5 in
MTS assay for the hMSCs cultured upon ZnO APPA P sample.

3.4. Calcium phosphate nucleation by DMP1 peptides

The in vitro mineralization assay was performed to analyze the
formation of calcium phosphate biominerals by DMP1 peptides without
the presence of hMSCs. In general, the presence of the peptides led to
the formation of minerals with a needle- and plate-like morphology, as
shown in Fig. 8. This indicates apatite crystal growth takes place via
octacalcium phosphate (Ca8(HPO4)2(PO4)4·5H2O) as an intermediate
for hydroxyapatite (Ca10(PO4)6(OH)2). Even under ideal hydro-
xyapatite precipitation conditions, the precipitates are generally

Fig. 7. Osteogenic expression of target genes measured by real-time quantitative RT-PCR quantified during hMSCs culture onto control and bio-functionalized
samples at day 7. Expression levels are expressed as fold change of those measured during hMSCs culture in osteogenic and non-osteogenic media.
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nonstoichiometric, suggesting the formation of calcium-deficient apa-
tites [45]. Similar to hydroxyapatite, octacalcium phosphate plays an
important role in the in vivo formation of apatitic biominerals, parti-
cipating in the initial phase of enamel and bone formation [46]. In
order to confirm the type of calcium phosphate mineral formed, the Ca/
P molar ratio was analyzed by EDS for the bio-functionalized samples,
as shown in Table 1. The EDS analysis indicated that the Ca/P molar
ratio was consistent with the atomic ratio for calcium orthophosphate
minerals [47]. The samples ZnO APPA P and ZnO MPA P showed a Ca/
P molar ratio closer to that of octacalcium phosphate, which is 1.33
[48].

3.5. Corrosion resistance of bio-functionalized materials

The electrochemical behavior of the samples was analyzed in terms
of corrosion resistance. Only the results for bio-functionalized surfaces
are shown, once the corrosion resistance behavior of the control sam-
ples (Ti and ZnO) were previously reported in our work [10]. The open
circuit potentials (EOCP) results acquired from the bio-functionalized
ZnO thin films are presented in Fig. 9. In general, the stability of EOCP in
function of time indicates that no significant change occurred on the
surface under these exposure conditions. The EOCP of ZnO P (-0.12 V)
and ZnO APPA P (-0.13 V) samples are more positive than that of Ti P
(-0.18 V) and ZnO MPA P (-0.22 V). Furthermore, a shift to noble po-
tentials for the bio-functionalized samples was observed when com-
pared to the controls Ti (-0.55 V) and ZnO (-0.23 V) samples, as pre-
viously reported [10]. This suggests a higher corrosion resistance for
ZnO P and ZnO APPA P samples, once the more positive is the EOCP the
lower is the corrosion tendency [49]. The DMP1 peptides can provide a
protection by preventing corrosive ions from approaching the surface
[18]. However, defects on the surface may lead to the degradation of
the organic material due to water transport through the coating

[50,51]. In this way, the presence of defects may cause the material
corrosion. This effect is probably observed for Ti P and ZnO MPA P
samples, which displayed a more negative potential.

From the Bode plot, Fig. 10a, it was possible to determine the im-
pedance module (|Z|) and capacitance from the bio-functionalized
samples. The resistance of all the system presented by |Z| values con-
sidering the frequency of 0.05 Hz is in the following order from greatest
to smallest: ZnO P (8.01× 104 Ω cm2)> ZnO APPA P (6.10×104 Ω
cm2)> ZnO MPA P (3.50× 104 Ω cm2)> Ti P (1.24×104 Ω cm2). As
higher the |Z| at low frequencies, lower is the corrosion tendency [52].
This indicates that ZnO P and ZnO APPA P showed increased corrosion
resistance. As the frequency increases, a decrease in the resistance of
the system is detected indicating the capacitive nature of the bio-
functionalized samples [49]. The phase angle plots for all samples are
shown in Fig. 10b. Capacitive behavior at low frequencies (< 10Hz)
with a phase angle> 80° was observed for Ti P sample, while a low
capacitive behavior within high frequencies (> 1k Hz) was detected.
However, for ZnO P, ZnO APPA P and ZnO MPA P sample the initial
phase angle at low frequencies was smaller along with significantly
high total resistance presented than that of the Ti P group. In this way,
it is clear that the bio-functionalized ZnO thin films present lower ca-
pacitive and higher resistive behavior, meaning better corrosion

Fig. 8. SEM images from the in vitro mineralization for the different samples: Ti (a), Ti P (b) ZnO (c), ZnO P (d), ZnO APPA (e), ZnO APPA P (f), ZnO MPA (g) and
ZnO MPA P (h). In general, the presence of the peptides led to the formation of minerals with a needle- and plate-like morphology, indicating apatite crystal growth
via octacalcium phosphate (Ca8(HPO4)2(PO4)4·5H2O) as an intermediate.

Table 1
Calcium and phosphorus molar ratio analyzed by EDS for
the bio-functionalized samples.

Sample Ca/P molar ratio

Ti P 3.70 (± 0.01)
ZnO P 1.02 (± 0.03)
ZnO APPA P 1.25 (± 0.03)
ZnO MPA P 1.30 (± 0.02)

Fig. 9. Open circuit potentials vs time obtained from the bio-functionalized
ZnO thin films. A more positive EOCP value indicated higher corrosion resistance
for ZnO P and ZnO APPA P samples.
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resistance tendency caused by the presence of the oxide thin film. The
fitting for phase angle plots based on equivalent circuit models is shown
in Fig S7-S10.

Equivalent circuit models for Ti P (Fig. 10c), ZnO P, ZnO APPA P,
and ZnO MPA P (Fig. 10d) samples were used to analyze EIS data. Once
the fittings were consistent with EIS data, the equivalent circuit models
proposed are reliable. A constant phase element (CPE) was used instead
of a pure capacitor due to the non-ideal behavior associated with the
experimental conditions [53]. A small and similar resistance of the
electrolyte solution, represented by Rs, was observed in all the EIS tests.
The Ti P sample was represented by a modified Randle's circuit with a
CPE, once it shows only one time constant in phase angle plot. The
samples ZnO P, ZnO APPA P, and ZnO MPA P were represented by an
equivalent circuit containing two cascaded CPE, meaning an inner layer
(Rp and CPE1) and an outer porous layer (Rpore and CPE2). The re-
sistances of the inner barrier and outer porous layers are represented by
the notations Rp and Rpore, respectively.

The electrochemical parameters obtained from the fitting proce-
dures are summarized in Table 2. The parameter Rp is important in the
assessment of the working electrode corrosion resistance, it is asso-
ciated to the contributions of the charge-transfer resistances, the oxide
thin film resistance, and the migration of point defects mediated metal
dissolution [54]. From Table 2 it was possible to observe that the Rp

values were at least two orders of magnitude higher when compared to

the Rpore, indicating a higher corrosion resistance provided by the inner
layer Rp. Moreover, the bio-functionalized ZnO thin films presented a
higher Rp value when compared to the Ti P sample. This result sug-
gested that the presence of the oxide in combination with the DMP1
peptides acted inhibiting charge transfer at substrate/electrolyte in-
terface, reducing metallic ions release, and consequently enhancing the
corrosion resistance [52].

The electrochemical behavior of the bio-functionalized samples was
analyzed through Tafel extrapolation from potentiodynamic polariza-
tion data by estimating corrosion potential (Ecorr) and corrosion current
density (Icorr). In terms of Ecorr, Fig. 11a, the results indicated that no
significant changes were observed for the bio-functionalized samples.
However, when compared to pristine Ti (-0.63 V) [10], the corrosion
potentials of bio-functionalized ZnO thin films samples shifted posi-
tively indicating a suppression of Ti dissolution caused by the protective
nature of the ZnO thin film and the DMP1 peptides. The most positive
Ecorr value (-0.46 V) was observed for ZnO APPA P sample. A significant
decrease in Icorr value is shown in Fig. 11b for ZnO APPA P sample
(8.91×10−7 A/cm2), supporting the idea of lower corrosion tendency
for this sample. A possible explanation for this phenomenon may be
related with the strong interaction between the ZnO thin film surface,
the APPA molecule, and the DMP1 peptides, providing a better barrier
protection for ZnO APPA P sample that prevents corrosion. On the other
hand, an increase in Icorr value (3.05× 10−6 A/cm2) was observed for

Fig. 10. Bode plots (a) and impedance phase angle plots (b) for the bio-functionalized surfaces. Equivalent circuits proposed to the experimental data based on EIS
behavior: with one time constant for Ti P (c) and with two-time constants for ZnO P, ZnO APPA P, and ZnO MPA P (d). The bio-functionalized ZnO thin films
presented better corrosion resistance tendency.

Table 2
Electrochemical parameters obtained from equivalent circuit modeling determined from Fig. 10 (c-d) with standard deviations for the analyzed samples.

Sample Parameters

Rs (Ω/cm2) Rp (Ω/cm2) CPE1 (Ω−1 Sn cm−2) n1 Rpore (Ω/cm2) CPE2 (Ω−1 Sn cm−2) n2 χ2

Ti P 20.4
(± 5.78)

1.00× 104

(± 184)
3.11×10−4

(± 0.25)
0.944
(± 0.07)

– – – 3.16×10−3

(± 0.79)
ZnO P 30.1

(± 4.31)
4.05× 105

(± 147)
1.19×10−5

(± 0.16)
0.757
(± 0.09)

1.56× 101

(± 2.43)
2.66 10−6 (± 0.31) 0.990

( ± 0.06)
6.62×10−3

(± 0.14)
ZnO APPA P 25.2

(± 4.44)
1.00× 106

(± 43.9)
1.40×10−5

(± 0.80)
0.703
(± 0.04)

2.01× 101

(± 2.91)
2.63× 10−6

(± 0.33)
0.995
( ± 0.03)

7.46×10−3

(± 0.65)
ZnO MPA P 23.0

(± 4.89)
1.64× 105

(± 20.9)
8.74×10−4

(± 0.17)
0.926
(± 0.05)

1.59× 103

(± 4.78)
2.93× 10−5

(± 0.66)
0.800
( ± 0.08)

5.88×10−3

(± 0.07)
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ZnO MPA P sample, indicating a higher corrosion rate. It can be related
to the presence of defects on the surface that increases the corrosion.
Besides that, different combinations of biomolecules and metals may
present different ranges of effects [55].

4. Conclusions

In summary, this work describes the bio-functionalization of ZnO
thin films with DMP1 peptides to improve the physicochemical, os-
teogenic and corrosion properties of this material for use in implants
application. ZnO thin films were synthesized by sol-gel route and two
different bifunctional molecules, APPA and MPA, were used for better
immobilization of DMP1 peptides on the oxide surface. The bio-func-
tionalization was confirmed by the presence of amine groups detected
with ATR-FTIR and XPS. From ATR-FTIR, a characteristic band at
1536 cm−1 was attributed to -NH2 groups from peptides or amino acids.
By the XPS results two contributions were observed for N1s spectra: the
main component (N1) related to the amide groups in the peptide
backbones and amine groups on the side chains; and an N2 contribution
consistent with amide groups that were strongly interacting with in-
organic substrates. Moreover, through the surface characterization, it
was observed that there was an increase in wettability, surface energy,
and a homogeneous coverage of the peptides in ZnO APPA P and ZnO
MPA P samples, associated with the presence of the terminal functional
groups -NH2 and -COOH from these samples. Regarding the bio-
compatibility, the bio-functionalized samples showed the capability of
modulating hMSCs coating the surface with high affinity and pro-
liferation in a preliminary in vitro study. Furthermore, all the genes
associated with later stages of osteogenic differentiation (OCN, OPN,
and BSP) were up-regulated for ZnO APPA P on day 7, indicating that
this sample stimulated osteoblastic differentiation from hMSCs. A dra-
matic increase in the OCN gene expression (> 70) was observed for
ZnO APPA P, indicating a rapid induction of hMSCs differentiation into
osteoblasts. Additionally, ZnO APPA P and ZnO MPA P showed a Ca/P
ratio of 1.25 and 1.30, respectively. This ratio indicated formation of
octacalcium phosphate (1.33), an apatitic biomineral that is formed in
the initial phase of enamel and bone development. Electrochemical
results indicated that bio-functionalized ZnO thin films presented noble
EOCP, EIS, Icorr, and Ecorr values associated with increased corrosion
resistance. More specifically, noble EOCP (-0.13 V), Ecorr (-0.46 V), and
Icorr (8.91×10−7 A/cm2) values were observed for ZnO APPA P
sample. Therefore, in summary the results obtained for ZnO APPA P,
showed enhanced osteogenic, apatite nucleation, and better corrosion
resistance properties indicating promising applications in biomedical
devices.
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