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1. Introduction

Quercetin-doped sol—gel coatings on titanium
implants: a promising approach for enhanced
immune response and cell adhesionf
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Quercetin (QUE), a natural flavonoid found in various fruits and vegetables, has diverse biological
functions, including anti-inflammatory effects, regulation of cell adhesion and oxidative stress mitigation.
In this study, sol-gel materials with increasing concentrations of quercetin (0.5, 1 and 2 wt%) were
synthesised and applied onto titanium (Ti) surfaces as coatings. The materials were characterised physio-
chemically, and in vitro responses were examined using HOb osteoblastic cells and THP-1 macrophages.
Human serum protein adsorption was evaluated using nLC-MS/MS. The incorporation of quercetin did
not affect the sol—gel network cross-linking, and a controlled release of quercetin was achieved. The
materials exhibited no cytotoxicity at any concentration. The HOb cells cultured on quercetin-doped
materials were more elongated than those grown on QUE-free coatings, with protruding lamellipodia
and increased cell surface. QUE-doped surfaces enhanced the expression of BMP-2, RANKL, and cell
adhesion-related genes CTNNB1 and B-actin. In the THP-1 cells, pro-inflammatory gene expression
(IL-1B, MCP-1 and iNOS) was down-regulated on 0.5QUE material, while it increased on 2QUE, as did
the cytokine liberation. These changes correlated with altered protein adsorption patterns. The 2QUE
coatings enhanced the adsorption of acute-phase proteins (SAA1, SAA2 and SAA4), indicating an
inflammatory response; this behaviour was not seen on 0.5QUE. Moreover, cell adhesion (COF1, PROF1)
and oxidative stress proteins (GPX3, SEPP1, AMBP) were preferentially adsorbed onto QUE-doped
coatings. These results highlight the significance of optimising quercetin concentration in sol—-gel coat-
ings to modulate the immune response and enhance cell adhesion effectively.

medicine and orthodontics due to its mechanical and antic-
orrosive properties and its capacity to osseointegrate.> However,

Enhanced bone healing and post-surgical recovery remain the
pivotal objectives in the field of oral health. The quest for
obtaining better clinical outcomes continues, aiming to reduce
the process of bone resorption and improve bone growth.
To achieve this goal, new biomaterials with bioactive proper-
ties* are being developed. Ti is commonly used in the field of
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despite the high rate of success, it is typically classified as a
bioinert material; it has significantly lower bioactivity than bio-
active ceramics.

To overcome this problem, the researchers are focusing on
the development of new coatings that enhance the bioactivity of
Ti.> The sol-gel method is a promising approach among the
many surface treatments being explored; it produces materials
with high stability, adhesion strength and a homogeneous
composition.” Moreover, the sol-gel coatings can be used as a
delivery system for the release of both organic® and inorganic®
molecules. Martinez-Ibafiez et al.” have developed a sol-gel
coating based on alkoxysilane precursors, made using the
mixture of methyltrimethoxysilane (MTMOS) and tetraethyl
orthosilicate (TEOS) in a proportion of 70% MTMOS to 30%
TEOS. The authors have reported that the coating has high
biocompatibility.® Its osteoinductive properties have been ana-
lysed both in vivo and in vitro.’

This journal is © The Royal Society of Chemistry 2025
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Flavonoids, a group of compounds well known for their wide
range of potential health benefits, are now being investigated
with a view to using them in biomedical applications.'® Quer-
cetin, (3,3',4',5,7-pentahydroxyflavone) belongs to the flavonoid
subfamily of flavones. This polyphenol is not produced in the
human body but is found in many fruits (mainly citrus) and
vegetables.® It has some interesting anticancer, angiogenic,
antioxidant and anti-inflammatory properties;'* it causes
downregulation of several inflammatory factors such as TNF-
o, IL-1B and IL-6."> Zhou et al.'® have reported that quercetin
can promote cell proliferation and osteogenic differentiation.™*
It can also improve cell adhesion in hFOB osteoblastic cells*
and mitigate oxidative stress by reducing reactive oxygen species
(ROS) levels within human osteoblasts.'®

After an implant comes into contact with living tissue, one of
the first events is protein adsorption onto the material surface.
The composition of this initial protein layer can determine the
response to the implant.'® Variations in the biomaterial surface
can lead to changes in protein adsorption and, consequently,
affect cellular responses such as cell adhesion, proliferation,
and differentiation processes.'” Analysing the adsorption of
proteins on QUE-doped biomaterials could help us understand
the body response to this type of bioactive molecules.

The aim of this study was to develop new sol-gel coatings
doped with increasing percentages of quercetin to bioactivate
Ti implants. The synthesised biomaterials were physiochemically
characterised. They were also evaluated biologically in vitro using
human osteoblasts (HOb) to examine their osteogenic potential.
A human monocytic cell line (THP-1) was used to study their
immune responses. Moreover, the human serum protein adsorp-
tion was analysed utilising nLC-MS/MS. The results presented
here should help to form a comprehensive overview of the
potential applications of QUE in the field of oral health.

2. Materials and methods

2.1. Sol-gel synthesis and sample preparation

For the sol-gel synthesis, organically-modified alkoxysilanes
(Sigma-Aldrich, Merck KGaA, Darmstadt, Germany), methyltri-
methoxysilane (MTMOS) and tetraethyl orthosilicate (TEOS)
were used as precursors in a proportion of 70% MTMOS to
30% TEOS. 2-Propanol was employed as a solvent to carry out
the sol-gel reactions, with a volume ratio of alcohol: siloxane
1:1. Different amounts of QUE hydrate (TCI Europe; Zwijn-
drecht, Belgium) dissolved in 2-propanol were incorporated
into the sol-gel mixtures. The sol-gel compositions with 0,
0.5, 1 and 2 wt% QUE were obtained. The maximum percentage
of quercetin was established based on the solubility limit of
this molecule in the sol-gel mixture. Hydrolysis was carried out
by adding the corresponding stoichiometric quantity of H,O at
a rate of 1 drop s~ '. H,O was acidified with nitric acid (0.1 M
HNO;) as a catalyst for sol-gel reactions. The sol-gel mixtures
were stirred for 1 hour and kept at rest for another hour. Once
the sol-gel materials were synthesised, grade-4 Ti discs (10- and
12-mm diameter, 1-mm thick) were used as substrates for the
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coatings. The Ti discs were sandblasted and acid-etched (SAE;
Ilerimplant-GMI SL., Lleida, Spain) following the procedure
described in Romero-Gavilan et al.'® The coatings were manu-
factured using a dip-coater (KSV DC; KSV NIMA, Espoo,
Finland). The Ti discs were immersed for 1 minute in the
sol-gel mixture at a velocity of 60 cm min~" and removed at
a speed of 100 cm min~'. Hydrolytic degradation and QUE
release were evaluated using glass slides as a substrate for sol-
gel coatings. The glass slides were first treated with HNO;
solution (25% v/v) in an ultrasonic bath (Sonopuls HD 3200)
for 20 min at 30 W and then washed again with distilled H,O
under the same conditions. The slides were coated with a
controlled amount of sol-gel by casting. For their chemical
characterisation, sol-gel-free films were obtained by pouring 5
mL of each composition into non-stick Teflon moulds. Finally,
all samples were heat-treated for 2 h at 80 °C.

2.2. Physicochemical characterisation

A Thermo Nicolet 6700 Fourier-transform infrared spectro-
meter (FT-IR; Thermo Fisher Scientific, NY, US) with an atte-
nuated total reflection system (ATR) was used for the FTIR
characterisation of the QUE-doped sol-gel materials. The spec-
tra were obtained in the wavenumber range of 4000-400 cm ™"
The silicon nuclear magnetic resonance spectroscopy (*°Si-NMR)
technique was employed to examine the reticular level of the sol-
gel networks. For this purpose, a Bruker 400 AVANCE III WB Plus
spectrometer (Bruker, Billerica, MA, US) with a cross-polarisation
magic-angle spinning (CP-MAS) was used with a probe for solid
samples. The standard pulse sequence was fixed at 79.5 MHz
frequency, the spectral width was 55 kHz, with 2-ms contact time,
5-s delay time and a spinning speed of 7.0 kHz. Mass loss was
evaluated before and after soaking the coated glass slides in
50 mL of distilled H,O for 1, 2, 4 and 8 weeks at 37 °C. The
hydrolytic degradation kinetics were obtained by measuring the
percentages of weight loss. The assay was made in triplicate.
Additionally, to assess the stability of the coatings under more
realistic conditions, coated Ti discs were incubated with 2 mL of
artificial saliva (Sigma-Aldrich) in a 24-well plate (Thermo Fisher
Scientific, Waltham, MA, USA) for 7, 14, and 21 days (37 °C, 95%
H,0, 5% CO,). After incubation, the samples were washed with
distilled water and dried at 50 °C. The effects of degradation
on the material’s morphology were then analyzed using SEM
(Leica-Zeiss LEO equipment, Leica). QUE release was examined
by submerging coated glass slides in 50 mL of Milli-Q water at
37 °C. After 0, 1, 3, 5, 8, 24, 48, 72, 96, 168 and 336 h of incubation,
the absorbance of the medium was measured with a Helios
Omega UV-VIS (Thomas Scientific, New Jersey, USA). Three sam-
ples were evaluated for each condition. Surface topography mod-
ifications caused by QUE-doping were examined using a scanning
electron microscope (SEM) with Leica-Zeiss LEO equipment under
vacuum (Leica, Wetzlar, Germany). To enhance conductivity, the
materials were pretreated with a ~2 nm layer of platinum via
sputter deposition. Surface roughness was evaluated employing
an optical profilometer (interferometric and confocal) PLm2300
(Sensofar, Barcelona, Spain); the assays were carried out in
triplicate using 12-mm Ti discs coated with the sol-gel materials.
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The results were expressed as the arithmetic average roughness
parameter (R,). Contact angles were obtained using an automatic
contact angle meter OCA 20 (DataPhysics Instruments, Filder-
stadt, Germany). For this purpose, 10-uL aliquots of Milli-Q H,O
were deposited on the disc surfaces and contact angles were
obtained employing the SCA 20 software (DataPhysics Instru-
ments, Filderstadt, Germany). Six discs of each material were
studied after depositing two drops on each disc.

2.3. Invitro assays

2.3.1. Cell culture. Cell cultures were carried out on the
coated Ti discs (10-mm diameter) in 48-well NUNC plates
(Thermo Fisher Scientific) at 37 °C in a humidified (95%) CO,
(5%) incubator. A commercial primary human osteoblast cells
(HOD), isolated from femoral trabecular bone tissue from the
knee or hip joint region were cultured in Dulbecco’s modified
Eagle medium (DMEM; Merck) supplemented with 1% penicillin/
streptomycin (Biowest Inc., USA) and 10% FBS (Merck). Once
cultured, the cell culture medium was replaced with osteogenic
medium after 24 h (DMEM w/phenol red, 1% of penicillin/
streptomycin, 10% FBS, 1% ascorbic acid (50 pg mL™") and
0.21% p-glycerol phosphate) every two days. The human mono-
cytic cells (a line derived from an acute monocytic leukaemia
patient) (THP-1) were cultured in Roswell Park Memorial Institute
medium (RPMI; Gibco, Life Technologies, Grand Island, NY, USA)
supplemented with 1% penicillin/streptomycin and 10% FBS.
THP-1 cells were differentiated into macrophages by replacing
the media with RPMI, 1% penicillin/streptomycin, 10% FBS and
0.15% phorbol 12-myristate 13-acetate (PMA; Merck) at a concen-
tration of 5 ng mL~*. THP-1 cells were seeded in 48-well NUNC
plates (Thermo Fisher Scientific) at a density of 3.0 x 10° cells
em 2 for 1 day and 1.5 x 10’ cells cm ™2 for 3-day culture for the
evaluation of the immune response. HOb cells were seeded in
48-well NUNC plates (Thermo Fisher Scientific) at a density of
1 x 10" cells em 2 for 1 day for the evaluation of cytoskeleton
organisation and 5 x 10° cells cm ™2 for 7 and 14 days for RT-PCR
measurements.

2.3.2. Cytotoxicity. Biomaterial cytotoxicity was tested in
accordance with ISO 10993-5:2009 (Annex C) norm. HObD cells
(4300 cells cm ™ ?) were seeded in 96-well NUNC plates (Thermo
Fisher Scientific, Waltham, MA, USA) for 24 h. Biomaterials
were incubated in 48-well NUNC plates (Thermo Fisher Scien-
tific) in DMEM with 1% penicillin/streptomycin and 10% FBS
for 24 h. Cell viability was assessed using CellTiter 96 Proli-
feration Assay (MTS) (Promega, Madison, WI) according to the
manufacturer’s instructions. In the evaluation of cytotoxicity,
the cells grown in contact with latex (cytotoxic material) con-
stituted positive controls. The cells not exposed to the medium
incubated with the materials were used as negative controls.
Biomaterial reducing cell viability to below 70% were consid-
ered cytotoxic.

2.3.3. Cytoskeleton organisation. To examine the cytoske-
leton organisation, HOb cells were seeded onto the studied
materials at a density of 10000 cells cm™" and cultured for
24 hours. The samples were then washed with PBS and fixed
with 4% paraformaldehyde (PFA) at room temperature for
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20 minutes. Following fixation, the samples were permeabilised
with 0.1% Triton X-100 for 5 minutes. Subsequently, they were
incubated with phalloidin (diluted 1:100 in 0.1% w/v bovine
serum albumin-PBS; Abcam, Cambridge, UK) for 1 hour at
room temperature. To stain the nuclei, the samples were
washed twice with PBS and then incubated for 5 minutes in a
mounting medium containing DAPI (Abcam). Fluorescence
detection was performed using a Leica TCS SP8 Confocal Laser
Scanning Microscope equipped with 20x dry lenses. The images
were captured with LAS X software (Leica) and analysed using the
Image] tool (National Institutes of Health, Maryland, USA).

2.3.4. RNA extraction, cDNA synthesis and quantitative
real-time PCR measurements. The HODb cells were cultured on
the samples for 7 and 14 days. The THP-1 macrophages were
seeded at a density of 3.0 x 10 cells cm > and 1.5 x 10 cells cm >
and incubated for 1 day and 3 days, respectively. Then, the total
RNA was extracted using TRIzol (1 M guanidine thiocyanate, 1 M
ammonium thiocyanate, 3 M sodium acetate, 5% glycerol, 38%
AquaPhenol). Three hundred pL of TRIzol was added to each
sample, and the RNA was released by scraping briefly. Then,
250 pL of chloroform (CHCl;) was added, and the samples were
incubated at room temperature for 5 min, followed by centrifuga-
tion (5 min, 10000 rpm, 4 °C). The top layer (aqueous phase) was
mixed with 550 pL of isopropanol and incubated at room tempera-
ture for 10 min. Samples were centrifuged (20 min, 14 000 rpm,
4 °C), washed twice with 0.5 mL of 70% EtOH and air-dried. Finally,
the resulting pellet was dissolved in 20 pL of RNAse-free water and
frozen at 80 °C. RNA concentration and quality were measured with
a nanodrop NanoVue® Plus Spectrophotometer (GE Healthcare
Life Sciences, Little Chalfont, UK).

For cDNA synthesis, approximately 1 pg of total RNA was
converted into cDNA using PrimeScript RT Reagent Kit (Perfect
Real Time; Takara Bio Inc., Shiga, Japan) in a reaction volume
of 20 pL. The reaction was conducted under the following
conditions: 37 °C for 15 min, 85 °C for 5 s, and a final hold
at 4 °C. The resulting ¢cDNA quality and concentration were
measured using a NanoVue® Plus Spectrophotometer; then,
the DNA was diluted in DNAse-free water to a concentration
suitable for qRT-PCR analysis and stored at —80 °C.

Quantitative real-time PCRs (qRT-PCR) were carried out in
96-well plates (Applied Biosystems®™, Thermo Fisher Scientific).
The genes of interest were quantified in each sample using a
housekeeping gene (glyceraldehyde phosphate dehydrogenase
(GAPDH)) as a reference. Primers for each gene were designed
using the Primer3plus software tool (https://www.bioinfor
matics.nl/cgi-bin/primer3plus/primer3plus.cgi). Specific DNA
sequences were obtained from NCBI (https://www.ncbi.nlm.
nih.gov/nucleotide/) and purchased from Thermo Fisher Scien-
tific. Specific primers for each gene are shown in Table S1
(ESIY). Individual reactions contained 1 pL of cDNA, 0.2 pL of
specific primers (forward and reverse, 10 uM), 5 pL of SYBR
Premix Ex Taq (Tli RNase H Plus; Takara) and autoclaved
distilled water in a final volume of 10 pL. Reactions were
carried out in a StepOnePlus Real-Time PCR System (Applied
Biosystems®™, Thermo Fisher Scientific) at 95 °C for 30 s,
followed by 40 cycles of 95 °C for 5 s, 60 °C for 34 s, 95 °C for

This journal is © The Royal Society of Chemistry 2025
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15 s and 60 °C for 60 s. The data were obtained using the
StepOnePlus Software 2.3 (Applied Biosystems®, Thermo
Fisher Scientific). Fold changes were calculated using the
2744 method, and the data were normalised against the blank
wells (without any material). Six technical replicates of each
sample were examined.

2.3.5. Cytokine quantification by ELISA. The effect of the
QUE-coatings on tumour necrosis factor (TNF-o) and trans-
forming growth factor (TGF-B) secretion was evaluated
using ELISA. THP-1 cells were seeded in 48-well NUNC plates
(Thermo Fisher Scientific) at a density of 3.0 x 10° cells cm >
and 1.5 x 10’ cells em~” and cultured for 1 day and 3 days,
respectively. The cells were differentiated into macrophages
by incubation with PMA at a concentration of 50 nM. Then,
the culture medium was collected and frozen at —80 °C
until further analysis. Wells containing cells without coated
materials were used as controls. The levels of TNF-o. and TGF-
B were determined using an ELISA (Invitrogen, Thermo
Fisher Scientific) kit, according to the manufacturer’s
instructions.

2.3.6. Proteomic analysis. To study the serum protein
layers formed on QUE-doped surfaces, titanium discs (12-mm
diameter) coated with QUE were exposed to 1 mL of human
serum from male AB plasma (Merck) for 3 hours in 24-well
plates (Corning Inc.) at 37 °C and 5% CO,. After incubation,
non-adsorbed proteins were eliminated by washing the discs
five times with ddH,O, followed by one wash with 50 mM Tris—
HCI, pH 7.0, containing 100 mM NaCl. The adsorbed protein
layer was extracted using a buffer solution composed of 2 M
thiourea, 7 M urea, 4% CHAPS and 200 mM dithiothreitol. Each
surface type was examined using four independent replicates,
with each replicate comprising pooled protein eluates from
four discs. All reagents were purchased from Merck.

The total protein concentration in the serum was quantified
using the Pierce BCA assay kit (Thermo Fisher). For protein
analysis, an Evosep ONE chromatograph coupled with a hybrid
trapped ion mobility-quadrupole time-of-flight mass spectro-
meter (timsTOF Pro with PASEF; Bruker, Billerica, MA, USA)
was employed. Each sample was analysed in quadruplicate.
Protein identification was performed using MaxQuant software
(https://maxquant.org/). Differential analysis of protein layers
deposited on the QUE-doped coatings and the OQUE coating
was conducted using the Perseus platform (https://www.max
quant.org/perseus/).

Functional characterisation of proteins was conducted using
PANTHER (https://www.pantherdb.org/), DAVID v6.8 (Database
for Annotation, Visualisation and Integrated Discovery; https://
david.nciferf.gov/) and the UniProt database (https://www.uni
prot.org/), utilising UniProt ID codes as protein identifiers.

2.3.7. Statistical analysis. After obtaining results of normal
distribution analysis of the data and equal variance, the statis-
tical analysis was carried out by one-way analysis of variance
(one-way ANOVA) with Tukey post hoc test. Statistical analysis
was performed using GraphPad Prism 5.04 software (GraphPad
Software Inc., La Jolla, CA, USA). Differences between the base
material (OQUE) and the coatings doped with increasing
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concentrations of QUE were considered significant at p <
0.05 (*), p < 0.01 (*¥), p < 0.001 (***) and p < 0.0001 (****).
For protein adsorption studies, Student’s t-test (Perseus soft-
ware) was employed. Proteins were considered differentially
adsorbed when the ratio of abundance for the two tested
conditions was higher than 1.5 in either direction, and the
difference was statistically significant (p < 0.05).

3. Results

3.1. Psysicochemical characterisation

Sol-gel materials doped with QUE were successfully synthe-
sised and applied as coatings on the Ti substrates. The samples
were morphologically evaluated using SEM. As we can see on
the micrographs (Fig. 1a—e), sol-gel networks doped with QUE
covered the whole area of the discs, showing a good adhesion to
the Ti substrate. However, some sol-gel accumulated in the
cavities of Ti introduced by sandblasting, smoothing the initial
SAE irregularities. Nevertheless, accumulations of QUE on the
doped coatings were not detected, and no pores or cracks were
observed. The R, value was used in the evaluation of surface
roughness. Fig. 1f shows that the application of the sol-gel
network as coating decreased the roughness in comparison
with the uncoated Ti. Moreover, the addition of QUE to the
sol-gel structure caused a reduction in R, for 0.5QUE and 2QUE
compared to OQUE.

*°Si-solid NMR spectra are shown in Fig. 2a. T" signals
detected between —50 and —75 ppm are related to MTMOS,
while the Q", between —90 and —115 ppm, corresponds to
TEOS." For MTMOS, the T> and T° signals at —58 and —66 ppm,
respectively, indicate a high grade of MTMOS cross-linking
(no signals for T° and T" were found). The Q* Q’ and Q* signals
appeared at —95, —103 and —112 ppm, respectively. These shifts
are associated with the condensation of TEOS, with the Q*
being the most intense signal. Moreover, the incorporation of
QUE into the network did not affect the cross-linking degree,
as we can see by comparing the QUE-doped materials with the
OQUE coatings.

Fig. 2b shows FT-IR spectra for the QUE-doped sol-gel
networks. The hydrolysis was successful; the siloxane chain
signals were detected. These bands are due to Si-O-Si bond,
appearing close to 1090 cm™ " (asymmetric tension) and 770 cm™*
(symmetrical tension and vibration of deformation).”>*" Never-
theless, the condensation was not complete, as shown by the
related signal at 970 cm ™, indicating the presence of the Si-OH
bond from silanol.?® Moreover, there is a wide band around
3400 cm ™, related to OH groups.’*' Signals related to Si-CHj
bonds were found at 1275 cm™".>* The peaks close to 3000 cm ™"
are attributed to C-H bonds typically associated with MTMOS,
corresponding to non-hydrolysable methyl groups.”® The spectra
for the different evaluated materials showed the same patterns
regardless of the presence of QUE in the network.

Contact angle results for the coatings are displayed in
Fig. 3a. The addition of QUE to the sol-gel network produced
an increase in the contact angles, indicating a reduction in the
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Fig. 1 SEM micrographs of (a) Ti, (b) OQUE, (c) 0.5QUE, (d) 1QUE and (e) 2QUE with their respectively ampliations. Roughness is shown as the arithmetic
average roughness parameter (R,) (f). The asterisks (p < 0.01 (**)) indicate statistically significant differences for the QUE-doped coatings in comparison
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Fig. 2 2°Si-NMR (a) and FT-IR (b) spectra of 0QUE, 0.5QUE, 1QUE and
2QUE.
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surface hydrophilicity. 2QUE coating showed a larger contact
angle than 0.5QUE. Fig. 3b shows QUE liberation kinetics for
the doped coatings. The release of QUE demonstrated a dose-
dependent trend, rising with increasing QUE concentration
in the sol-gel structure. Significantly more QUE was
released from 2QUE-coated materials than from 0.5QUE and
1QUE. The maximum concentrations of released QUE were
0.0052 mg mL™', 0.0094 mg mL ™" and 0.0498 mg mL " for
0.5QUE, 1QUE and 2QUE, respectively. Fig. 3c displays the
hydrolytic degradation kinetics of the developed sol-gel coat-
ings. For all formulations, the greatest mass loss occurred in
the first week of the degradation assay. All coatings showed
similar degradation over time. However, the materials that
incorporated QUE reached almost 40% mass loss after 7 days,
while it took 14 days for OQUE to reach the same level. To
evaluate the stability of the coatings developed on titanium
discs under physiologically relevant conditions, the samples
were incubated in artificial saliva in a controlled environment
(95% humidity, 5% CO,, and 37 °C). Fig. S1 (ESI}) presents SEM
micrographs of the QUE coatings after 7, 14, and 21 days of
incubation. At day 0, the sol-gel networks displayed a uniform
and smooth morphology. However, following incubation, the
coatings developed cracks—likely due to thermal stresses dur-
ing sample drying—and surface irregularities indicative of
degradation. Notably, the 1QUE and 2QUE coatings showed
signs of mass loss as early as day 7, whereas the OQUE and
0.5QUE coatings remained intact until day 14.

This journal is © The Royal Society of Chemistry 2025
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3.2. Osteogenic results in vitro

3.2.1. HODb cytotoxicity and cytoskeleton arrangement.
None of the materials tested were cytotoxic (data not shown).
The cytoskeleton arrangement was examined using confocal
microscopy. Fig. 4 shows HOD cells stained with phalloidin
(F-actin; green) and DAPI (nuclei; blue) after 24 h of culture.
HOD cells cultured on QUE-doped coatings were more elon-
gated than on OQUE and Ti. Filopodia and lamellipodia struc-
tures were predominantly observed for the cells cultured on

QUE samples, especially on 1QUE and 2QUE formulations. The
cell area measurements showed that the osteoblasts cultured
on surfaces with QUE had significantly larger areas than those
seeded on 0QUE (Fig. 4b).

3.2.2. Osteogenic gene expression. The expression of osteo-
genic genes in HOb cells cultured with the tested coatings for
7 and 14 days is shown in Fig. 5a-h. In comparison with 0QUE,
the expression of B-actin on 2QUE increased after 14 days of
culture, and CTNNB1 expression increased for 1QUE and 2QUE

b
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Fig. 4 Fluorescent confocal images of cytoskeleton arrangements of HOb cells on the studied surfaces (a) and the area of the cells adhering to these
materials (b). Actin filaments were stained with phalloidin (green) and nuclei with DAPI (blue). Scale bars represent 100 um. The asterisks (p < 0.0001
(****)) indicate statistically significant differences between the QUE-doped coatings and the OQUE. Results are shown as mean =+ SD.

This journal is © The Royal Society of Chemistry 2025

J. Mater. Chem. B, 2025,13, 7048-7061 | 7053


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02821j

Open Access Article. Published on 07 April 2025. Downloaded on 6/12/2026 12:59:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

a0 b 2.0+
o k=]
€ 45 wx & 1.5
[
= o
5 1.0 8 10
[ °
£ <
=
S 0.5+ £ 0.5
- E
0.0- 0.0-
Day 7 Day 14 Day 7
d 2.0 1.5
= 3
S 1.5 f
© 1.0
© 1.0+ S
° e
G os g =
o 2
0.0- 0.0-
Day 7 Day 14 h Day 7
8 3+ 2.0+
2 -}
& S 1.5
2 2] @
s
© -
§ % 1.0
—
i’ 14 V] P
E x g 0.5-
0..

Day 7 Day 14

Day 7

Hkkk

View Article Online

Paper
€ 1.5+
=
L
.g 1,04 P
* -~
s
e
-
o 0.5
Z
4
-
(&)
0.0-
Day 14 Day 7 Day 14
f i
3
& 34
[
2
S
* <
: N .
N
o 44
s .
i L
B [
Day 14 Day 7 Day 14
T
E O0QUE
B 0.5QUE
Tk
= 1QUE
[ 2QUE

Day 14

Fig. 5 Relative gene expression of selected genes in HOb cells cultured for 7 and 14 days (a)—(h). The asterisks (p < 0.05 (*), p < 0.01 (**), p < 0.001
(***) and p < 0.0001 (****)) indicate statistically significant differences between the QUE-doped coatings and OQUE material. Results are shown as

mean + SD.

after the same period. In contrast, there was a decrease in the
expression of ITGB1 for 2QUE compared to OQUE after 7 days.
The levels of OCN did not change significantly in the cells
exposed to QUE-doped coatings compared with undoped mate-
rials. QUE-doping increased the expression of BMP2 gene
compared to OQUE for all compositions (14 days). However, it
decreased the levels of RUNX2 for cells exposed to 2QUE for
7 days and to 1QUE or 2QUE for 14 days. Moreover, the
expression of RANKL was reduced in 2QUE cultures after
14 days. The incorporation of QUE into the network also
decreased the OPG expression levels after 7 and 14 days for
all the compositions.

3.3. Immune response in vitro

3.3.1. Immune gene expression. For the study of the
immune response, the expression of selected genes (TNF-o,
IL-1B, MCP-1, TGF-B, IL-10 and iNOS) was evaluated (using RT-
PCR) in THP-1 macrophages cultured on the tested samples
(Fig. 6a-f). The expression of the TNF-o gene increased after 1
and 3 days for all the QUE-doped coatings compared to 0QUE,
except for 0.5QUE, whose expression decreased after 3 days.
The IL-1f gene expression was reduced after 3 days on 0.5QUE
compared to OQUE; however, it increased in 2QUE cultures
after the same period. The MCP-1 expression was enhanced for
all QUE-doped coatings on day 1, but it decreased after 3 days.

7054 | J Mater. Chem. B, 2025, 13, 7048-7061

The expression of TGF- was also reduced for all QUE composi-
tions after 3 days of culture. IL-10 expression significantly
increased after 1 day for all coatings with QUE compared
to OQUE. However, the expression of this gene after 3 days
decreased for 0.5QUE and 1QUE relative to O0QUE. Finally, iNOS
expression was reduced after 3-culture with 0.5QUE and 1QUE
compared to OQUE.

3.3.2. THP-1 cytokine secretion measurements using ELISA.
The secretion of pro-inflammatory TNF-o. and anti-inflammatory
TGF-$ was quantified after 1 and 3 days of culture using ELISA
(Fig. 6g and h). The secretion of TNF-o was higher in macrophages
exposed to 2QUE surfaces in comparison to O0QUE after 1 and
3 days. No differences were observed between 0QUE and other
compositions (0.5QUE and 1QUE). The secretion of TGF-f
increased for 0.5QUE compared to OQUE after 3 days.

3.4. Proteomic evaluation

The nLC-MS/MS analysis revealed 68 proteins (Table S1, ESIT)
differentially adsorbed on the coatings containing QUE com-
pared to OQUE. These proteins were classified according to
their biological functions. This classification was made using
the DAVID proteomic tool (Table 1). In the immune response
group, 19 proteins showed increased adsorption to QUE coat-
ings compared to OQUE, while 2 proteins were less adsorbed.
A rise in immunoglobulin abundance (HV315, HV70D, HV434,

This journal is © The Royal Society of Chemistry 2025
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Table1 Differentially (UP/DOWN) adsorbed proteins on the QUE surface relative to the 0QUE material. Proteins with a p < 0.05 and a ratio greater than
1.5 in either direction were considered. The proteins were classified into four functional groups corresponding to: immune response, cell adhesion,

coagulation and oxidative stress functions

0.5QUE vs. 0QUE

1QUE vs. 0QUE 2QUE vs. 0QUE

Immune response uP HV315, CO8G, HV70D, FHRI1,
HV434, KV108, HV226,C05
DOWN —
Cell adhesion UP ALS, COMP
DOWN —
Coagulation UP KLKB1
DOWN —
Oxidative stress UP —
DOWN —

KV108, HV226, HV428 and HV315) was noticed on all the
compositions with QUE except for 1QUE, which showed no
change in immunoglobulin adsorption compared to OQUE.
Moreover, reduced adsorption of another immunoglobulin,
HV70, was observed for 2QUE relative to 0QUE. Proteins related
to the activation of the complement system (CO8G, CO5 and
CO2) were found preferentially adsorbed on 0.5QUE and 2QUE,
while proteins linked to its regulation (FHR1 and FHR5) were
more abundant on 0.5QUE and 1QUE surfaces than on 0QUE.

This journal is © The Royal Society of Chemistry 2025

RARR2, SAA2, FHR5 RARR2, SAA2, HV428, HV315, CO8G, SAA4,

CFAD. G3P, SAA1, PRG4, CO2, DCD

TUT4 TUT4, HV70D

IBP5, COF1 IBP5, COF1, IBP2, PLAK, CDSN, ENOB,
COIA1, COFA1, MMRN2, TSK

FILA2 —

FIBA, CXCL7, HRG
SPB12, THRB, F13B
GPX3

FIBA, CXCL7, HRG, FA5, PLMN

GPX3, SEPP1, AMBP

Moreover, serum amyloid A proteins, involved in the acute
immune response (SAA2, SAA1 and SAA4), were preferentially
adsorbed on 1QUE and 2QUE. Finally, other proteins related to
the immune system (RARR2, CFAD, PRG4 and DCD) were more
abundant on 1QUE and 2QUE, whereas the adsorption of TUT4
was reduced for 1QUE and 2QUE. A significantly increased
adsorption of cell adhesion-related proteins was observed on
the QUE-doped coatings (ALS, COMP, IBP5, COF1, IBP2, PLAK,
CDSN, PROF1, COLA1, COFA1 and TSK). However, a reduction
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in the adsorption of FILA2 was seen on 1QUE. Proteins with
function in the blood coagulation process, such as pro-coagulants
KLKB1, HRG, FIBA and FA5, as well as PLMN protein related to
fibrinolysis, were more abundant on the QUE coatings. In contrast,
there was a decrease in the adsorption of 3 proteins related to the
coagulation pathway (SPB12, THRB, F13B) to 1QUE compared with
OQUE. Some proteins playing a key role in oxidative stress also
modified their adsorption onto the QUE-doped surfaces. GPX3,
SEPP1 and AMBP proteins, involved in the protection of cells and
enzymes from oxidative damage, increased their affinity to 1QUE
and 2QUE in comparison with 0QUE.

PANTHER analysis was employed to classify differentially
adsorbed proteins based on their respective protein class and
functions in pathways. In Fig. 7, the proteins differentially
adsorbed to the QUE surfaces are classified by protein class.
Thus, the common differentially adsorbed protein types were
defence/immunity proteins, gene-specific transcriptional regu-
lators, protein-binding activity modulators, cell adhesion
molecules, protein modifying enzymes, transmembrane signal
receptors, cytoskeletal proteins, metabolite interconversion
enzymes, intercellular signal molecules, transfer/carrier, extra-
cellular matrix proteins, RNA metabolism and scaffold/adaptor
organisation proteins. The proteins with reduced adsorption to
QUE-doped surfaces were classified as chaperones, defence/
immunity proteins, metabolite interconversion enzymes, pro-
tein modifying enzymes, cytoskeletal proteins and protein-
binding activity modulators. PANTHER analysis also supplied
valuable insights into the pathways affected by the proteins
differentially adsorbed on QUE-doped coatings. Fig. 8 shows
pathways associated with the functions of these proteins.
Proteins with augmented adsorption on the QUE-doped coatings

View Article Online
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enhance blood coagulation, plasminogen activation, cytoskeletal
regulation by Rho GTPase, glycolysis, integrin signalling and toll
receptor signalling pathways. The proteins with reduced affinity to
0.5QUE are related to vitamin D metabolism and blood coagula-
tion pathways.

4. Discussion

Effective cell adhesion ensures that cells can attach to the implant
surface, promoting stability and reaching good osseointegration
levels,>* which is essential for the long-term success of the
implant.>® Furthermore, a balanced immune response is cru-
cial to prevent inflammation and ensure proper healing.>® QUE
is known for its anti-inflammatory and osteogenic abilities,"?
and its addition to the sol-gel network might result in
improved osseointegration of implants. The aim of this study
was to develop QUE-doped sol-gel coatings to bioactivate Ti
implants. Their effect on in vitro cell responses and their
proteomic adsorption patterns were examined to investigate
the potential of QUE in bone regeneration. Sol-gel networks
containing 0.5, 1 and 2 wt% QUE were successfully synthesised
and used to coat the SAE-grade 4 Ti discs. Chemical analysis
confirmed that the desired sol-gel reactions occurred, achieving a
significant level of cross-linking. Moreover, the *°Si solid-state
NMR analysis indicated that the incorporation of QUE did not
affect the formation of the sol-gel network. However, the QUE-
doping produced an increase in the hydrophobicity of the mate-
rial. Padial-Molina et al.>” have examined the effects of changes in
contact angles on the morphology and proliferation of MG-63
osteoblasts. Their results have indicated that increased contact
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angles improve both the morphology and proliferation of these
osteoblasts, which is in agreement with our in vitro findings.

In this study, the incorporation of QUE did not affect the
hydrolytic degradation rate of the coatings. The maximum
degradation (over 40%) was reached after 7 days for all compo-
sitions except for 0QUE, which reached this maximum value
after 14 days.

A controlled release of QUE was observed; the amounts of
released QUE rose with increasing content of this component
in the coatings. The 2QUE material showed a significant
increase in the amount of QUE released after 168 h compared
to 0.5QUE and 1QUE. The QUE-doped materials maintained
a steady release over the entire duration of the assay. The
flavonoid incorporated in this sol-gel network has OH groups
that could participate in sol-gel condensation reactions,?®
which would explain the weak release of this compound from
the 0.5QUE and 1QUE coatings compared with 2QUE. As the
2QUE contained the highest amount of QUE, an increased
proportion of free QUE would be expected in that network; this
should cause an additional rise in the release of this compound.

In their study of cell adhesion, Lezcano et al.>® have shown
that incubation with 1 uM QUE improves cellular adhesion of
the human foetal osteoblastic cell line (hFOB). Similarly, cul-
turing HOD cells with our QUE-doped sol-gel coatings (0.5QUE,
1QUE and 2QUE) increased cell length and significantly
enlarged the cell surface area. Moreover, a rise in the numbers
of filopodia and lamellipodia structures was observed in these
cultures, further enhancing cell adhesion. The cells incubated
with QUE-doped materials showed an increased expression of
B-catenin (CTNNB1) and B-actin. Katz et al.>® have reported that
B-actin can directly interact with the interface between the actin

This journal is © The Royal Society of Chemistry 2025

filament and adhesion sites, thereby reinforcing the stability of
adhesion. Bian et al.>" have noted that quercetin-treated BMSCs
had elevated CTNNB1 levels and increased expression of
mRNAs for BMP-2 and RUNX2 (both associated with osteogenic
differentiation). Here, we also observed augmented expression
of BMP-2 for QUE compositions after 14 days, although the
material with the highest amount of QUE provoked a decrease
in RUNX2 expression. These changes, observed on the studied
genes, may contribute to enhanced cell adhesion and improved
osteointegration.

Most factors that stimulate osteoclast formation and activity
work by inducing RANKL expression in osteoblastic cells.*”
Thus, a reduction in RANKL levels may lead to a diminished
osteoclast formation. The OPG protein is a cytokine receptor in
charge of inhibiting osteoclastogenesis.®® In this study, a
reduction in OPG expression levels was detected in cultures
with QUE-doped materials. However, a decrease in the expres-
sion of RANKL was also observed for 2QUE after 14 days of
culture, which might lead to reduced osteoclast activity.

Inflammation triggered during immune response heavily
depends on the activity of macrophages. These cells, playing
a vital role in immunity, can differentiate, giving two phenotypes:
M1 and M2.** M1 macrophages are linked to a pro-inflammatory
response and the secretion of cytokines such as TNF-u, IL-1f or
MCP-1. The M2 macrophages are associated with anti-inflam-
matory and pro-regenerative functions and the secretion of TGF-3
or 11-10, among other regulatory cytokines.® Numerous studies
have highlighted QUE for its anti-inflammatory effects,'* includ-
ing its ability to inhibit pro-inflammatory cytokines. This could
reduce the expression of M1-related genes, e.g. TNF-0,> decreas-
ing the activity of pathways such as NF-kB signalling.*® Our study
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showed that the QUE-doping affected the immune response in a
dose-dependent manner. It significantly reduced the expression of
TNF-0, IL-13 and MCP-1 in 0.5QUE cultures. However, at the
highest concentration (2QUE), there was a notable increase in the
expression of TNF-o and IL-1f. The same tendency was observed
in the ELISA assays, where an increase in TNF-o secretion was
noted in 2QUE samples. Culturing the cells with QUE-doped
materials also resulted in an increase in IL-10 levels after day 1,
correlating with the overall rise in TNF-uo levels observed on the
same day. Conversely, a decrease in IL-10 levels, noted on day 3 for
0.5QUE and 1QUE, which coincided with a reduction in the
expression of pro-inflammatory genes, might reveal the immuno-
modulatory effect of QUE.

The inducible nitric oxide synthase (iNOS) is a characteristic
marker of M1 macrophages, associated with the pro-inflam-
matory behaviour of these cells.®” In our study, there was a
significant reduction in iNOS expression for 0.5QUE and 1QUE.
Our results indicate that the incorporation of QUE in the sol-
gel coatings affects the inflammation in a dose-dependent
manner. Small amounts of QUE increased the expression of
pro-inflammatory genes (TNF-o, MCP-1) on day 1. This was
followed by a rise in the expression of the anti-inflammatory
gene IL-10. After 3 days, there was a clear reduction in the
expression of pro-inflammatory genes (IL-1B, TNFA, MCP-1,
iNOS), accompanied by a decrease in IL-10 expression, indicat-
ing an immunomodulatory response for 0.5QUE and 1QUE.
However, a pro-inflammatory behaviour was observed for the
highest concentration of QUE (2QUE).

One of the main events after contact of an implant with
biological fluids is the adsorption of proteins onto the bio-
material surfaces. The formation of this protein layer plays a
crucial role in determining the implant-tissue interactions.®
Proteomic methods make it possible to acquire the profiles of
protein adsorption on materials exposed to human serum,
overcoming the limitations of conventional in vitro character-
isation methods.*® In this study, the nLC-MS/MS analysis
revealed 68 proteins preferentially adsorbed onto the sol-gel
coatings incorporating QUE. A preferential immunoglobulin
adsorption was observed for 0.5QUE (HV315, HV70D, HV434,
KV108 and HV226) and 2QUE (HV428 and HV315). Immuno-
globulins are glycoproteins produced by plasma cells in charge
of the immune response.’® The complement system is a key
component of innate immunity and host defence.*® Proteomic
analysis revealed (for samples incorporating QUE) increased
adsorption of CO5, CO8G, CO2 and CFAD, the proteins asso-
ciated with the activation of the complement cascade. FHR1
and FHR5, involved in the regulation of the complement
system®' increased their adsorption on 0.5QUE and 1QUE."
Serum amyloids A (SAA) belong to a highly conserved, acute-
phase protein family.** The increased adsorption of SAA1,
SAA2 and SAA4 on 2QUE may lead to the expression of pro-
inflammatory genes by activation of the transcription NFKB,**
as it was found in the in vitro tests of this QUE-doped coating.
In contrast, the 0.5QUE material, which did not exhibit an
increased affinity for SAA proteins, caused a significant reduction
in the expression of pro-inflammatory genes. Hirai et al.** have
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reported that SAA serves as an indicator of systemic inflammation
in individuals with chronic periodontitis; the SAA proteins show a
crucial damage-associated molecular pattern in periodontal
lesions. Furthermore, Oh et al. have found that SAA family acts
as a strong inhibitor of RANKL activity, which in turn reduces
osteoclast formation.”> This behaviour was consistent with the
decrease (for 2QUE) in the expression of RANKL in HOD cells.

Cell adhesion is a crucial factor in cell proliferation and
migration; it is affected by proteins such as integrins and
cadherins, transmembrane glycoproteins responsible for cell-
cell and cell-extracellular matrix interactions.*® Proteomics
revealed preferential adsorption of cell adhesion-related pro-
teins on the QUE-doped sol-gel coatings. Among these, we
observed insulin-like growth factor binding proteins (ALS, IBP5
and IBP2) associated with extending the half-life of IGFs and
cell adhesion functions.?” Collagen type I (COLA1) protein also
preferentially adsorbed onto the QUE-coatings. This protein is
an essential component of the bone extracellular matrix and
has been used to bioactivate Ti bone implants to improve their
osseointegration.*® In addition, COLA1 facilitates cell adhe-
sion, proliferation, and osteoblast differentiation, which in
turn accelerates mineralisation.*® Cytoskeletal assembly pro-
teins COF1 and PROF1, also preferentially adhering to QUE-
doped surfaces, are recognised as regulators of actin filament
dynamics through the Rho GTPase system.’’ The Panther
analysis results demonstrated an up-regulation in the arrange-
ment of the cytoskeleton via Rho GTPase and integrin signal-
ling pathways, leading to the improvement in cell adhesion
functions.”® The proteomic results correlated with the increased
cell adhesion and augmented formation of filopodia and lamelli-
podia structures observed in in vitro QUE cultures.

Blood clotting is essential for tissue healing, not only pre-
venting excessive blood loss but also creating a natural scaffold
for tissue repair and regeneration.>® The coagulation process is
also closely linked to inflammation, with both processes play-
ing a role in maintaining homeostasis during wound healing.*?
Our proteomic analysis revealed that a group of proteins
involved in coagulation had an increased affinity for QUE
surfaces, particularly notable for 2QUE; however, the signifi-
cance of these changes is still unclear.

In oxidative stress studies, QUE has been recognised for its
antioxidant properties, removing free radicals and strengthen-
ing antioxidant defence systems in the body.”* In contrast,
iNOS is known for its inflammatory and oxidative stress proper-
ties. The addition of QUE to the coatings led to a considerable
reduction in iNOS expression in the cultured cells in a dose-
dependent manner. A similar tendency was observed in the
proteomics results. An increase in QUE concentration in the
coatings led to augmented adsorption of proteins associated
with the inhibition of oxidative stress (GPX3, SEPP1 and
AMBP), particularly evident for 2QUE. Proteins such as GPX3
and SEPP1 are crucial for combating oxidative stress and
maintaining redox balance.>>">°

The findings of this study highlight the potential of QUE in
the development of biomaterials, demonstrating its impact
on in vitro cell responses and protein adsorption patterns.

This journal is © The Royal Society of Chemistry 2025
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The results suggest that QUE incorporation can improve the
biomaterials by affecting cell adhesion, osteogenesis, and inflam-
mation response in a dose-dependent manner. Among the three
compositions tested, the 0.5QUE appears to be the optimal
formulation. This composition was associated with significant
improvements in cell adhesion, oxidative stress and anti-
inflammatory behaviour. A marked reduction in the expression
of pro-inflammatory genes and a decrease in the adsorption of
proteins associated with acute inflammation was observed.
Incorporating larger amounts of QUE into the sol-gel coating
(2QUE) also enhanced cell adhesion. However, it considerably
increased the expression of pro-inflammatory genes and the
adsorption of proteins linked to an acute immune response.

5. Conclusion

The aim of this study was to examine the behaviour of sol-gel
coatings capable of releasing quercetin (QUE) at varying con-
centrations, to analyse protein adsorption on coated Ti surfaces
and the effects of QUE-doping on cell responses in vitro. The
sol-gel coatings doped with QUE were successfully synthesised
and applied onto Ti surfaces. The QUE-doped coatings exhibited
preferential adsorption of proteins related to the immune system,
cell adhesion, oxidative stress and coagulation. In terms of
immune response, QUE affected the expression of immune-
associated genes, displaying immunomodulating properties at
low concentrations (0.5QUE) but pro-inflammatory effects at
higher concentrations (2QUE). Proteomic analysis revealed that
2QUE caused preferential adsorption of proteins linked to acute
immune responses (SAA1, SAA2 and SAA4). The QUE-doped
compositions promoted the elongation of human osteoblasts
(HOD) and the formation of structures such as lamellipodia and
filopodia. These findings were consistent with the results of
proteomic analysis. The data obtained in the analysis indicated
preferential adsorption of proteins associated with enhanced cell
adhesion (e.g. COF1 and PROF1), up-regulation of integrin and
cytoskeleton reorganisation by Rho GTPase pathways. The QUE
compositions showed increased adsorption of proteins related to
oxidative stress inhibition; they also decreased the iNOS expres-
sion in macrophages in vitro. Our results suggest that the 0.5QUE
composition may be optimal for further study due to its combi-
nation of anti-inflammatory effects, enhancement of cell adhesion
capacity and protective potential against oxidative stress.
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