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Alba Coŕdoba,†,‡ Marta Monjo,*,†,‡ Margarita Hierro-Oliva,§,∥ María Luisa Gonzaĺez-Martín,§,∥
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ABSTRACT: Polyphenol-based coatings have several poten-
tial applications in medical devices, such as cardiovascular
stents, contrast agents, drug delivery systems, or bone
implants, due to the multiple bioactive functionalities of
these compounds. In a previous study, we fabricated titanium
surfaces functionalized with flavonoids through covalent
chemistry, and observed their osteogenic, anti-inflammatory,
and antifibrotic properties in vitro. In this work, we report a
fluorescence-based method for the quantification of the
amount of flavonoid grafted onto the surfaces, using 2-
aminoethyl diphenylborinate, a boronic ester that sponta-
neously forms a fluorescent complex with flavonoids. The method is sensitive, simple, rapid, and easy to perform with routine
equipment, and could be applied to determine the surface coverage of other plant-derived polyphenol-based coatings. Besides, we
evaluated an approach based on reductive amination to covalently graft the flavonoid quercitrin to Ti substrates, and optimized
the grafting conditions. Depending on the reaction conditions, the amount of quercitrin grafted was between 64 ± 10 and 842 ±
361 nmol on 6.2 mm Ti coins. Finally, we evaluated the in vitro behavior of bone-marrow-derived human mesenchymal stem
cells cultured on the quercitrin nanocoated Ti surfaces. The surfaces functionalized with quercitrin showed a faster stem cell
adhesion than control surfaces, probably due to the presence of the catechol groups of quercitrin on the surfaces. A rapid cell
adhesion is crucial for the successful performance of an implant. Furthermore, quercitrin-nanocoated surfaces enhanced the
mineralization of the cells after 21 days of cell culture. These results indicate that quercitrin nanocoatings could promote the
rapid osteointegration of bone implants.
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■ INTRODUCTION

In the past two years the potential of polyphenol-based coatings
in medical devices has been raised, with applications in
selectively bioactive cardiovascular stents,1 stable and water-
dispersible contrast agents,2 antifouling surfaces,3 or cancer-
targeted nanoparticles.4

Flavonoids are a large family of natural small polyphenolic
molecules, with a broad range of bioactivities. They are
secondary plant metabolites that are present in the daily human
diet, e.g., in fruits, vegetables, seeds, wine, or tea, and have
known antioxidant, anti-inflammatory, and antibacterial proper-
ties.5 High flavonoid intakes have been related to the
prevention of cancers and cardiovascular diseases, to neuro-
protective and antiaging effects, and to beneficial effects on the
metabolism of bone. As potential drugs, they have also shown

antiviral, antiulcer, antiosteoporotic, antiallergic, and antihepa-
totoxic properties.6

It has recently been reported that several plant-derived
polyphenols are able to form coatings by self- assembly on
different substrates, although it is not clear yet which is the
assembling mechanism and the coating structure.7−9 Besides,
the obtainment of reversible thin metal−polyphenol films
formed by coordination, which could be used in drug delivery
systems, has also been reported.10

In a recent work, we functionalized Ti surfaces with
flavonoids quercitrin and taxifolin. The surfaces showed
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promising bone-stimulating, anti-inflammatory, and antifibrotic
effects in vitro, on human mesenchymal stem cells (hMSCs)
derived from umbilical cord, and human gingival fibroblasts
cultured on the surfaces.11 Furthermore, the biological effects
were similar to those observed previously on cells treated with
these flavonoid compounds in solution,12−14 proving that the
covalent immobilization of flavonoids to a surface through its
ketone group does not impair its bioactive behavior. These
multifunctional bioactive flavonoid-modified surfaces could
have a potential application in bone implant surfaces to
decrease the risk of implant failure, since the main causes of
bone implant failure are related either to a fibrous tissue
integration around the implant, which causes an encapsulation
of the implant, or to the occurrence of inflammatory
procedures or bacterial infections such as peri-implantitis.
Quantitative techniques for the determination of surface

coverage in functionalized substrates are usually expensive and
time-consuming and need large and specialized equipment and
technicians that are not always easily available. Fluorescence
spectroscopy is a very sensitive routine technique, commonly
available in all research laboratories. 2-Aminoethyl diphenyl-
borinate (DPBA) is a boronic ester that selectively forms a
complex with flavonoid compounds that is fluorescent under
excitation with UV light, the emission wavelength of which
varies with the flavonoid used.15 This compound can be used as
a staining agent to image surfaces functionalized with flavonoids
by fluorescence microscopy.11

We therefore considered that DPBA could also be used to
determine the amount of flavonoid grafted to the surface, using
a simple fluorescence spectrophotometer. Since DPBA is
known to interact with a large amount of flavonoids, such as
naringenin, kaempferol, phloretin, quercetin, and apigenin,
among others,15 the method presented here could be applied in
the characterization of several plant-derived polyphenol coat-
ings.
On the other hand, to promote tissue integration around an

implant, a fast cell adhesion after the implantation is crucial.16

Several fundamental cellular processes, such as cell migration,
morphogenesis, proliferation, gene expression, and survival, are
regulated by the adhesion of cells to a substrate, and the
chemistry and topography of the implant surface affects cell
adhesion.17−20 Catechol functionalities have been related to the
adherence properties of several materials, and surfaces with
catechol moieties, such as polydopamine coatings, have shown
enhanced hydrophilicity.21 Surface wettability also affects cell−
material interaction, and hydrophilic surfaces favor cell
adhesion.22 In our previous work, we observed that surfaces
functionalized with flavonoids were more hydrophilic than
control Ti substrates.11 On the other hand, Choi et al.23

confirmed the need for specific interactions between the
catechol moieties and the cells when comparing surfaces with
similar surface wettabilities, and proposed an adhesion
mechanism dependent on the specific linkage between catechol
and thiolated biological molecules such as proteins. We
hypothesized here that quercitrin coatings could enhance a
rapid cell adhesion due to the presence of cathecol groups on
the surface.
The flavonoid quercitrin is a glycoside of quercetin and

rhamnose, present in tartary buckwheat and in the bark of
various species of oak trees. It is intensely yellow colored, and
used in the dye quercitron. Quercitrin has been shown to
protect the skin from UVB-induced oxidative damage,24 and
has also been administered therapeutically in inflammatory

diseases such as colitis in vivo.25 In our previous studies, this
flavonoid showed the highest bioactive effects on different bone
and gingival cells in vitro; therefore, we selected quercitrin for
this work.12−14

The aims of the present work were (1) to develop a
fluorescence-based surface quantification method for the
determination of the amount of flavonoid grafted on the Ti
surface using DPBA, a flavonoid-specific probe, (2) to optimize
the quercitrin grafting procedure, and (3) to evaluate the
biological effect in vitro of quercitrin nanocoatings on the
adhesion, viability, and mineralization of hMSCs differentiated
to the osteoblastic lineage. To optimize the quercitrin grafting
procedure, we evaluated a reductive amination approach, using
NaCNBH3 as a reducing agent. This approach was validated by
FTIR and XPS spectroscopy. Then we optimized the grafting
conditions determining the amount of quercitrin grafted on the
surfaces by the fluorescence spectroscopy method developed.
Finally, we evaluated the biological effect of the quercitrin-
nanocoated surfaces on the hMSC adhesion and mineralization.
We found that quercitrin surfaces significantly promoted a
faster initial cell adhesion than control Ti and aminosilanized
surfaces (APTES, (3-aminopropyl)triethoxysilane, was used as
a cross-linker molecule between Ti and quercitrin), increased
cell viability, indicated by an increase in the metabolic activity
of cells cultured on the quercitrin surfaces, and enhanced cell
mineralization after 21 days of cell culture, as indicated by a
higher calcium content and alkaline phosphatase (ALP) activity,
as well as by a higher density of mineralized nodules.

■ EXPERIMENTAL SECTION
Materials. Machined Ti disks, c.p. grade IV, 6.2 mm diameter, and

2 mm height, were purchased from Implantmedia (Lloseta, Spain) and
cleaned as follows: The coins were first immersed in water, followed
by 70% ethanol, then in an ultrasonic bath at 40 °C for 5 min in water,
and in 40% NaOH at 40 °C for 10 min, sonicated in water for 5 min,
and washed with water until neutral pH of the water after use was
reached Afterward, the disks were sonicated in water at 50 °C for 5
min, immersed in 50% HNO3 at 50 °C for 10 min, and sonicated in
warm water for another 5 min. Finally, the coins were washed with
water until neutral pH, dried under a N2 flow, and stored at room
temperature until use.26 For FTIR and XPS analysis the Ti disks were
mirror polished prior to modification (Phoenix 4000, Buehler GmbH,
Duesseldorf, Germany).26 APTES, quercitrin hydrate, quercitrin
standard, sodium cyanoborohydride in NaOH (5 M), DPBA,
polyethylene glycol 4000 (PEG4000), and calcein blue were purchased
from Sigma-Aldrich (St. Louis, MO). Deionized water was obtained
from a Millipore system (Billerica, MA). Technical acetone and NaOH
were purchased from Fisher Scientific (Madrid, Spain). Nitric acid
(69.5%), absolute ethanol, and anhydrous toluene, reagent grade, were
purchased from Scharlab (Barcelona, Spain). Hellmanex III solution
was purchased from Hellma Hispania (Badalona, Spain).

Preparation of Quercitrin-Nanocoated Titanium Surfaces. Ti
substrates were first passivated with 30% HNO3 for 30 min, rinsed
thoroughly with water, and left in water overnight. Then the coins
were dried under a N2 flow and immediately aminosilanized with 2%
APTES in dry toluene for 24 h. To obtain QR samples (Figure 1), the
aminosilanized surfaces were chemically functionalized with quercitrin
by immersion in a quercitrin hydrate 1 mM aqueous solution (250 μL/
coin) at pH 5.5 for 1 h, as previously described.11 In this step, the
reaction of the ketone moiety of the flavonoid with the terminal amine
group of the silane at mildly acidic pH gave an imine (CN) bond
between the APTES cross-linker and the flavonoid. To optimize the
quercitrin coating, the use of NaCNBH3 to selectively reduce the
imine bond between the flavonoid and the silane to a single C−N
bond was evaluated. This way, QRred surfaces (Figure 1) were
obtained in either one or two steps. In the two-step procedure, QR
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surfaces were prepared as described before, and further immersed in
50 μM NaCNBH3aq for 1 h at room temperature, rinsed twice with
water, and dried under a N2 flow. In the one-step procedure,
passivated and aminosilanized Ti coins were immersed in aqueous
solutions of quercitrin hydrate (1 mM, 250 μL/coin) at pH 7.5,
containing NaCNBH3 (50, 100, 200, or 400 μM) for different reaction
times (30 min or 1 h) at room temperature. Then the samples were
rinsed twice with water and dried under a N2 flow. The samples were
prepared in the most aseptic conditions possible. For the in vitro
characterizations, QRred samples were obtained with the one-step
procedure, using NaCNBH3 (100 μM) and 1 h of grafting time.
FTIR Analysis. FTIR spectra were obtained on at least 10 random

measurement points on each sample surface (resolution, 4 cm−1;
number of scans, 16, reference, Ti) with a Bruker Tensor 27 FTIR
spectrophotometer (Bruker Española, Barcelona, Spain) coupled to a
Hyperion 3000 UV−vis/IR microscope with an attenuated total
reflection (ATR) objective. At least two sample replicates (n = 2) were
analyzed for each group. Since reproducible and overlapping spectra
were acquired in different points of the functionalized surfaces, the
average spectrum of each group was calculated.
Quantification of Quercitrin Grafted to Titanium Surfaces by

Fluorescence Spectroscopy. A stock solution of quercitrin standard
(500 μM) was prepared in absolute ethanol. Aliquots of quercitrin
standard stock solution were stored at −80 °C. Standard surfaces with
a known amount of quercitrin were prepared by carefully drop casting
a volume of stock solution containing a known amount of the
biomolecule (0.1, 0.25, 0.5, 0.75, 1, or 1.5 nmol) on the surface of
passivated Ti coins, which were further allowed to air-dry for 20 min.
In a 96-well plate suitable for fluorescence measurements, the samples
and standard surfaces were carefully stained with 5 μL of DPBA (22
mM) in methanol, followed by 5 μL of PEG4000 (5%, m/v) in
ethanol. After 1.5 h, the fluorescence emission spectrum of the samples
was acquired, from λem = 500 nm to λem = 700 nm, at excitation
wavelength λexc = 480 nm, using a Varian Cary Eclipse fluorescence
spectrophotometer with a microplate reader (Agilent Technologies,
Santa Clara, CA). A calibration curve was obtained from the maximum
fluorescence intensity at λem = 570 nm. Three sample and standard
replicates (n = 3) were used in each analysis. Fluorescence images (λex
= 450−490 nm) were taken with a Leica DM R (Wetzla, Germany)
fluorescence microscope and pseudocolored with Leica software.
XPS Measurements. XPS analyses on QRred surfaces were

performed using a K-Alpha (Thermo Scientific) system, with a
monochromatic Al Kα (1486.68 eV) X-ray source with a spot size of
300 μm and 50.4 W (12 kV × 4.2 mA) of power. For each sample, two
survey spectra as well as a high-resolution spectrum were adquired for
the C, O, N, and Ti elements. Two sample replicates (n = 2) were
analyzed for each group.
Cell Culture. Human bone marrow stromal cells (hMSCs) (Stem

Cell Technologies, Grenoble, France) were cultured at standard
conditions of 37 °C and 5% CO2, and maintained in low-glucose
DMEM (Dulbecco’s modified Eagle’s medium) GlutaMAX cell culture
medium (Life Technologies, Carlsbad, CA) supplemented with 10%
stem-cell-tested fetal bovine serum (Biosera, Boussens, France), 100
U·mL−1 penicillin, and 100 μg·mL−1 streptomycin (Biowest, Nuaille,
France). The supplier assured that the cells were obtained ethically
and legally and that all donors provided written informed consent.
Experiments were performed with hMSCs at passage 5 or 6 after
isolation. At day 0, the coins were placed in 96-well plates and hMSCs
were seeded at a density of 7.0 × 103 cells well−1. The cells were
cultured in culture medium until confluence at day 4, and then grown
in culture medium supplemented with ascorbic acid (50 μg/mL) and
dexamethasone (10 nM) (determination of metabolic activity) or
hydrocortisone (100 nM) (determination of ALP activity, calcium
content, and mineralized nodule formation by calcein blue staining)
from day 4 until day 21.
Cytotoxicity Assays. After 24 h of culture, lactate dehydrogenase

(LDH) activity in the culture medium was determined following the
manufacturer’s instructions (cytotoxicity detection kit, Roche Diag-
nostics, Mannheim, Germany). The results are presented relative to
the LDH activity in the medium of cells cultured on tissue culture

plastic in culture medium (low control, 0% cell death) and of cells
treated with surfactant Triton X-100 (1%) (high control, 100% cell
death), according to eq 1. Five sample replicates (n = 5) were analyzed
for each group.

=
−
−

×cytotoxicity (%)
exptl value low control

high control low control
100

(1)

Cell Adhesion and Metabolic Activity. Cell adhesion and
metabolic activity were quantified using PrestoBlue, a live-cell
resazurin-based viability reagent (Life Technologies, Carlsbad, CA).
When added to the medium, the reducing environment within viable
cells converts the PrestoBlue reagent to an intensely red fluorescent
dye, and this change can be spectrophotometrically determined. To
determine cell adhesion, Ti sample coins were placed in 96-well plates
and the cells were seeded at a density of 7.0 × 103 cells well−1. Four
sample replicates of two different batches (n = 4) were used. Time 0
was set when the first well was seeded with cells. At adhesion times of
15, 30, 60, and 120 min, the medium was aspirated, the cells were
washed twice with PBS, and 100 μL of fresh culture medium was
added to each well. Right after the last time point (120 min), 10 μL of
PrestoBlue was added to all samples, as well as to wells containing a
known amount of cells (standards), and the samples and standards
were incubated at 37 °C overnight. Cell standards were prepared in
triplicate. The day after, the absorbance of the medium was read at 570
and 600 nm, and the cell number was calculated, following the
manufacturer’s protocols. The total metabolic activity was determined
at 1, 6, 14, and 21 days of hMSC culture on the surfaces, on six sample
replicates of each group (n = 6), adding 10 μL of PrestoBlue to cells
with 100 μL of culture medium and reading the absorbance of the
medium at 570 and 600 nm after 1 h of reagent incubation time at 37
°C, following the manufacturer’s protocols.

ALP Activity, Calcium Content, and Calcein Blue Staining.
The ALP activity and total calcium content of hMSCs after 21 days of
culture were determined from cell lysates as described previously,27

using three replicates of two different sample batches (n = 3). Bonelike
nodule formation was evaluated by calcein blue staining of two sample
replicates (n = 2), following the procedure reported by Goto et al.:28 A
10 mg portion of calcein blue was dissolved in 0.25 mL of KOH (1
M), and 9.75 mL of distilled water was added to obtain a 3.1 × 10−3 M
calcein blue solution. The solution was filtered through a 0.22 μm
membrane and added to the culture medium (15 μL per well, to
achieve a final concentration in each well of 3.1 × 10−5 M), and the
culture was incubated for 1 h at 37 °C. Then the surfaces were
thoroughly washed with PBS, fixed with p-formaldehyde (4%) in PBS
for 10 min, washed again with PBS, and air-dried. Stained coins were
then glued to microscope slides, and representative fluorescence
images of each surface were acquired with a confocal microscope
(Leica DMI 4000B equipped with a Leica TCS SPE laser system)
under UV light excitation.

Statistics. Differences between groups were assessed by the
Mann−Whitney test or by the Student t test depending on their
normal distribution. The Kolmogorov−Smirnov test was used to
assume parametric or nonparametric distributions for the normality
tests. The software SPSS v.17.0 (SPSS, Chicago, IL) was used to
perform the tests. The results were considered statistically significant
at p ≤ 0.05.

■ RESULTS AND DISCUSSION
Functionalization of Titanium Surfaces with Querci-

trin. The surface of Ti coins was functionalized with quercitrin,
using an aminosilane as a cross-linker, followed by two different
reaction conditions for the grafting of the flavonoid (Figure 1).
QR surfaces were obtained as reported previously,11 by reaction
of the ketone moiety of the flavonoid with the terminal amine
group of the silane at mildly acidic pH, giving an imine (CN)
bond by the formation of a Schiff base. Since imine bonds are
reversible and can be hydrolyzed, we explored here a reductive
amination approach to graft the flavonoid to the surface. This
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way, we expected that the use of the reducing agent NaCNBH3
in the flavonoid grafting reaction would reduce the imine bond
between quercitrin and the silane to a simple, less reactive, and
irreversible C−N bond (QRred surfaces). Initially, we defined
the concentration of reducing agent NaCNBH3 as 50 μM,
according to the work of Razumovitch et al.,29 and performed
the quercitrin grafting reaction, followed by the addition of the
reducing agent, in a two-step procedure. To evaluate the
viability of this approach, we characterized the surfaces
obtained by FTIR and XPS spectroscopy (Figure 2 and Figure
3).
Figure 2 shows the average FTIR spectra obtained on the

different surfaces, before the reduction step (QR) and after the

reduction step with NaCNBH3 (QRred), compared to the
spectrum of pure quercitrin. The bands present in the FTIR
spectra of both quercitrin-modifed surfaces overlapped with
those of the pure compound, indicating the presence of
quercitrin on both QR and QRred surfaces, in addition to
bands representative of the APTES molecule, used as a cross-
linker. The bands at 2936 and 2870 cm−1 were assigned to the

vibrations of the alkyl chain of the aminosilane. The detailed
analysis of the FTIR spectra of the intermediate APTES
surfaces, and the nonreduced quercitrin-modifed surfaces, was
reported in our previous work.11 The wide band present at
3100 cm−1 indicated the presence of N−H bonds in both
quercitrin-modified surfaces. In QRred surfaces, the spectra also
showed a medium-intensity band at 1570 cm−1 that may
correspond to the vibration of a N−H bond of a secondary
amine, and could be due to the successful reduction of the
imine. It can also be noticed that the intensity of the band at
1600 cm−1 decreased for QRred surfaces. This may be due to a
loss of conjugation of the condensed aromatic nuclei of the
flavonoid, and would also be in accordance with the presence of
a single C−N bond between the biomolecule and the silane.
The atomic composition of the surface of QRred samples

was determined by XPS and gave a C1s atomic content of
52.6%, an O1s content of 33.1%, a Ti2p content of 6.63%, a
N1s content of 3.47%, and a Si2p content of 4.17%. These
results were similar to those obtained on QR surfaces (a C1s
content of 60.7%, an O1s content of 29.5%, a Ti2p content of
2.3%, a N1s content of 3.18%, and a Si2p content of 4.14%),
reported previously,11 and indicate the presence of both
quercitrin and the silane on the Ti surface. The increase in
the titanium content of the reduced samples, together with the
decrease in its carbon content, in comparison to that of the
nonreduced QR surfaces, could indicate a lower amount of
biomolecule grafted on the QRred surfaces. Figure 3 shows the

deconvolution of C1s and N1s XPS high-resolution peaks of
QRred surfaces. The C1s peak showed three contributions, one
related to the presence of CO carbonyl groups from ambient
contaminations or nonreacted quercitrin, and the other two
related to CN and C−N bonds on the surface. Although
both bonds appeared, there was a 64% content of the C−N
bond versus a 26% content of the CN bond. On the other
side, the deconvolution of the N1s peak showed two
contributions, related to the presence of C−N bonds and
free amine groups of the silane layer. These results point to the
successful reduction of the imine bond of QR surfaces to a
single C−N bond between the biomolecule and the silane in
QRred samples and the viability of the reductive amination
approach to fabricate quercitrin-modified surfaces.

Quantification of the Amount of Quercitrin on the
Surfaces by Fluorescence Spectroscopy. With the aim of
quantifying the quercitrin density on the modified Ti surfaces,
we developed a surface quantification method based on
fluorescence spectroscopy. The method uses DPBA, a
flavonoid-specific probe that spontaneously forms a fluorescent

Figure 1. Functionalization of Ti substrates with quercitrin. The
reaction of the ketone moiety of quercitrin with the terminal amine of
the APTES silane gave an imine (CN) bond between the
biomolecule and the cross-linker (QR surfaces). When NaCNBH3
was added to the reaction medium, the imine bond was selectively
reduced to a single C−N bond (QRred surfaces). Rh = rhamnose.

Figure 2. Average FTIR spectra of quercitrin-modified Ti surfaces,
obtained with (QR red) or without (QR) reducing agent, compared to
the spectrum of the pure compound (QR powder). Two sample
replicates were analyzed for each group (n = 2), and spectra were
acquired on at least 10 surface measurement points of each sample
replicate.

Figure 3. Deconvolution of C1s and N1s XPS high-resolution peaks of
QRred surfaces indicated the presence of a single C−N bond between
the biomolecule and the silane. Two sample replicates were analyzed
(n = 2).
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complex with flavonoid compounds and that is commonly used
for the detection and identification of flavonoids by thin-layer
chromatography, for the imaging of their localization in
plants15,30 and, more recently, to visualize and to quantify
flavonoid intake by cells in vitro.31−33 To obtain a suitable
calibration curve, we prepared several standard surfaces
containing known amounts of quercitrin, from 0.1 to 1.5
nmol per surface, on 6.2 mm diameter Ti coins, by drop casting
a known volume of a standard quercitrin solution on a known
area of Ti substrate and allowing it to air-dry, in an approach
similar to that proposed by Borguet et al. to quantify functional
groups on surfaces by fluorescence spectroscopy.34−36 The
quercitrin standard surfaces were carefully stained with a
methanolic solution of DPBA (22 mM), followed by the
addition of a PEG4000 (5%, m/v) solution in ethanol to the
stained surfaces, to stabilize the fluorescence intensity. After 1.5
h of the staining, fluorescence emission spectra were acquired at
an excitation wavelength of 480 nm (Figure 4), and a linear

correlation between the fluorescence intensity and the amount
of quercitrin drop casted on the surface was observed, at an
emission wavelength of 570 nm, with correlation coefficients
higher than 0.99 until 1 nmol of quercitrin per coin. At higher
amounts of quercitrin, a quenching of the fluorescence occurred
and the fluorescence intensity decreased. Quercitrin coatings
without DPBA did not emit fluorescence, and neither did
APTES and Ti surfaces with and without DPBA.
Using this fluorescence-based method, we successfully

quantified the quercitrin grafted on QR and QRred surfaces,
and varied the reaction conditions to optimize the surface
functionalization procedure. The results are shown in Table 1.

The amount of quercitrin on QR surfaces was variable between
experiments and sample replicates, between 167 ± 136 and 842
± 361 pmol per coin. Regarding QRred surfaces, we evaluated
two-step and one-step grafting procedures. In the two-step
procedure, quercitrin coatings were obtained following the QR
procedure, and then the samples were immersed in a reducing
NaCNBH3 solution. In the one-step procedure, quercitrin and
NaCNBH3 were simultaneously added to the reaction medium,
where the aminosilanized samples were immersed. Using the
two-step procedure, we could not quantify the amount of
flavonoid on the surface; some samples were under the
detection limit, while others showed inconsistent replicate
results. On the contrary, using the one-step reaction, consistent
results were obtained. At NaCNBH3 concentrations of 50 and
100 μM, the grafting reaction succeeded and the amount of
quercitrin was between 64 ± 10 and 172 ± 45 pmol per coin.
Increasing NaCNBH3 concentrations impaired the immobiliza-
tion of the flavonoid. The amounts of flavonoid on QRred
surfaces were lower than on QR, but more reproducible. The
lower amount of quercitrin grafted on QRred surfaces could be
due to the poor hydrolytic stability of siloxanes at pH 7.5.37

Since QRred surfaces were fabricated at neutral pH, and this
may favor the hydrolysis of the APTES coupling layer, less
amine groups would be available on the surface for the grafting
of the flavonoid.

Biological Behavior of Quercitrin-Nanocoated Surfa-
ces in Vitro. To compare the bioactivity of QR and QRred
quercitrin nanocoatings, we evaluated the behavior of hMSCs
cultured in vitro on quercitrin-modified Ti surfaces, studying
the effect of the surfaces functionalized with quercitrin on cell
adhesion, viability, and mineralization of bone-marrow-derived
hMSCs after 21 days of cell culture. QRred samples were
obtained here following the one-step procedure, using
NaCNBH3 (100 μM) and 1 h of grafting time.
First, the cytotoxicity of QRred surfaces was evaluated after 1

day of cell culture on the surfaces by measuring the activity of
LDH, and compared to that of the other surfaces studied.
QRred surfaces were not toxic for the cells, as indicated by a
percentage cytotoxicity of 13.9 ± 2.5%, similarly to the other
surface groups (Figure S1, Supporting Information).

Figure 4. (a) Fluorescence emission spectra of standard surfaces with
known amounts of quercitrin on Ti substrates of 6.2 mm diameter, at
λexc = 480 nm, after 1.5 h of being stained with DPBA (22 mM) in
methanol and PEG4000 (5%, m/v) in ethanol. A light shift of the
maximum wavelength due to concentration effects was observed. (b)
There was a linear relationship between the fluorescence intensity at
λem = 570 nm and the amount of quercitrin dropped on the Ti surface,
until 1 nmol per coin. After that, fluorescence quenching occurred.
Three sample replicates of each standard point were used (n = 3). (c)
Pseudocolored fluorescence images of standard surfaces with 0.1 and
0.5 nmol of quercitrin per coin. Fluorescence was homogeneous and
covered all the coin area for all standards.

Table 1. Amount of Quercitrin Grafted on Ti Surfaces, As
Determined by Fluorescence Spectroscopy after Staining
with DPBA and PEG4000, for Different Reaction
Conditionsa

quercitrin reaction conditions

grafting
strategy

no. of
steps

[NaCNBH3]
(μM)

time
(h)

mQR (pmol/
coin)

QR nonvaried 167 ± 136
613 ± 569
842 ± 361

QRred 2 50 1 ndb

1 50 1 110 ± 18
1 100 1 172 ± 45
1 200 1 19 ± 24
1 400 1 <10
1 100 0.5 71 ± 39
1 100 1 74 ± 4
1 100 1 64 ± 10

aThe results of independent experiments are presented, and three
replicates were measured for each independent experiment (n = 3).
bInconsistent results.
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Cell adhesion is a very important issue in implant surfaces. A
rapid cell adhesion after the implantation can improve the
integration of the surrounding tissues and decrease the chances

of bacteria colonizing on the surface.16 Figure 5 shows that
hMSCs adhered faster to the surfaces functionalized with
quercitrin compared to Ti and APTES control surfaces. After

Figure 5. (a) Quercitrin-modified surfaces promoted a faster stem cell adhesion compared to Ti and APTES control surfaces. The graph on the left
shows the number of cells adhered on the surfaces at 15, 30, 60, and 120 min of cell seeding. The graph on the right shows a detail of the number of
cells adhered after 15 min of cell seeding. (b) Metabolic activity of cells cultured on QR and QRred surfaces increased along the cell culture period.
Values represent the mean ± SEM, with n = 4 for cell adhesion and n = 6 for metabolic activity. t test: *, p < 0.05 vs Ti; #, p < 0.05 vs APTES.

Figure 6. Mineralization was promoted in hMSCs cultured on both QR and QRred surfaces after 21 days of cell culture, as indicated by the (a) ALP
activity, (b) calcium content of cell lysates, and (c) fluorescence images after calcein blue staining of the mineralization nodules formed on the
surfaces. Values represent the mean ± SEM, with n = 3 for ALP activity and Ca2+ content and n = 2 for calcein blue staining. t test: *, p < 0.05 vs Ti.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b05044
ACS Appl. Mater. Interfaces 2015, 7, 16857−16864

16862

http://dx.doi.org/10.1021/acsami.5b05044


15 min of cell seeding, almost all the cells seeded were adhered
to QR and QRred surfaces, while less were adhered to Ti, and
few to the aminosilanized APTES surface. After 60 min of cell
seeding, all the groups reached the maximum cell adhesion. We
attributed the greater initial stem cell adhesion observed on
quercitrin-nanocoated surfaces to the presence of the catechol
groups of the flavonoid on the surface, since this chemical
moiety is related to the adhesion properties of several kinds of
materials.21 The presence of catechol groups on biomaterial
surfaces has also shown improved cell adhesion of fibroblast
cells.38,39 Since a fast cell adhesion to the biomaterial surface is
key to win the “race for the surface” against bacteria, these
results indicate the potential of quercitrin-nanocoated implant
surfaces to induce a rapid and successful osseointegration.
Cell viability on the different surfaces was evaluated at days 1,

6, 14, and 21 of cell culture by measuring the metabolic activity
of cells using a live cell colorimetric assay (Figure 5b). We
found an increased metabolic activity of cells cultured on both
QR and QRred surfaces along the cell culture period compared
to Ti and APTES control surfaces. Therefore, quercitrin
nanocoatings induced a higher cell viability that could be
related to the faster cell adhesion observed on these surfaces.
Finally, we assessed the effect of the surfaces on the

mineralization degree of hMSCs after 21 days of cell culture
(Figure 6), determining the activity of alkaline phosphatase and
the calcium content from cell lysates, together with the staining
of mineralized nodules formed on the different group surfaces
by calcein blue.
Both QR and QRred surfaces showed increased ALP activity

compared to Ti control surfaces, although no statistically
significant difference was achieved. The calcium content of cells
cultured on both QR and QRred surfaces was significantly
higher compared to that of the control Ti, and agreed with the
fluorescence staining of the mineralized nodules, which
indicated a higher cell mineralization on the quercitrin-modified
surfaces. ALP is an early marker of osteoblast differentiation
that is involved in hydroxyapatite crystal deposition; its
expression increases during extracellular matrix maturation
and decreases when mineralization is well progressed, which is
consistent with the results obtained herein.40 Aminosilanized
surfaces also showed an increased ALP activity and calcium
content compared to Ti, although they did not reach significant
difference, and calcein blue fluorescence staining did not show
as much cell mineralization on APTES surfaces as on
quercitrin-nanocoated surfaces. Besides, the mineralization
results obtained here with bone-marrow-derived hMSCs
cultured on QR and APTES surfaces agreed with our previous
results with umbilical-cordon-derived hMSCs. Furthermore,
although the flavonoid density on QRred surfaces was lower
than in QR samples, the results obtained indicate that QRred
surfaces promoted the mineralization of hMSCs similarly to QR
surfaces.

■ CONCLUSIONS

We have developed a fluorescence-based method to quantify
the amount of quercitrin grafted to titanium surfaces using a
flavonoid-specific dye, DPBA. The method is simple and rapid
and can detect subnanomolar amounts of quercitrin, using
routine characterization equipment present in any research
laboratory. We believe this method could be extended to the
quantification of other polyphenol-based thin coatings on
several surfaces.

We used an alternative approach for the covalent
functionalization of Ti subtrates with quercitrin based on
reductive amination, using NaCNBH3 as a selective reducing
agent. The amount of quercitrin grafted to the surface was
lower than that using our previous grafting procedure, even
though the biological effect on hSMCs was similar for the two
quercitrin-modified groups.
Quercitrin-modified Ti surfaces significantly promoted stem

cell adhesion and osteoblast mineralization in vitro, compared
to Ti and aminosilanized control surfaces. Cell adhesion to a
biomaterial is dramatically important, since it influences several
processes such as cell migration, proliferation, gene expression,
and cell function. Furthermore, a rapid cell adhesion can
decrease the chances of bacteria colonizing on an implant
surface. Thus, although further in vivo experiments should be
performed to confirm these results, these bioactive surfaces
could be used to promote a rapid osseointegration of bone
implants, decreasing implant failure risk.
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