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ABSTRACT

Bacterial infection remains a significant problem associated with orthopaedic surgeries leading to surgical
site infection (SSI). This unmet medical need can become an even greater complication when surgery is
due to malignant bone tumor. In the present study, we evaluated in vitro titanium (Ti) implants subjected
to gallium (Ga) and silver (Ag)-doped thermochemical treatment as strategy to prevent SSI and improve
osteointegration in bone defects caused by diseases such as osteoporosis, bone tumor, or bone metastasis.
Firstly, as Ga has been reported to be an osteoinductive and anti-resorptive agent, its performance in the
mixture was proved by studying human mesenchymal stem cells (hMSC) and pre-osteoclasts (RAW264.7)
behaviour. Then, the antibacterial potential provided by Ag was assessed by resembling “The Race for the
Surface” between hMSC and Pseudomonas aeruginosa in two co-culture methods. Moreover, the presence
of quorum sensing molecules in the co-culture was evaluated. The results highlighted the suitability of
the mixture to induce osteodifferentiation and reduce osteoclastogenesis in vitro. Furthermore, the GaAg
surface promoted strong survival rate and retained osteoinduction potential of hMSCs even after bacterial
inoculation. Therefore, GaAg-modified titanium may be an ideal candidate to repair bone defects caused
by excessive bone resorption, in addition to preventing SSI.

Statement of significance

This article provides important insights into titanium for fractures caused by osteoporosis or bone metas-
tases with high incidence in surgical site infection (SSI) because in this situation bacterial infection can
become a major disaster. In order to solve this unmet medical need, we propose a titanium implant
modified with gallium and silver to improve osteointegration, reduce bone resorption and avoid bacterial
infection. For that aim, we study osteoblast and osteoclast behavior with the main novelty focused on
the antibacterial evaluation. In this work, we recreate “the race for the surface” in long-term experiments
and study bacterial virulence factors (quorum sensing). Therefore, we believe that our article could be of
great interest, providing a great impact on future orthopedic applications.
© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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1. Introduction

Bacterial infection is one of the biggest issues in orthopaedic
surgeries [1-3]. This problem becomes a major complication when
the surgery is for a malignant bone tumor. In this case, opportunis-
tic pathogens may take advantage of patient’s immunodeficiency
caused both by cancer treatment and the presence of the implant
to provoke a surgical site infection (SSI) [4]. Indeed, SSI has an in-
cidence almost 10 times higher in orthopaedic surgeries after bone
tumor resection than normal orthopaedic surgeries [5,6] and leads
to increased morbidity and mortality with associated costs [7].
Normally, when SSI occurs antibiotics are applied, but their excess
use would be contributing to the increase of antibiotic-resistant
bacteria [8-10]. Therefore, in order to solve this unmet medical
need, Titanium (Ti) (or Ti alloys) implants, which are common den-
tal and orthopaedic materials [11,12], need to ensure strong o0s-
teointegration to allow the patients’ cells to strongly adhere to the
implant instead of bacteria (race to the surface) resultant in biofilm
formation [13].

In this regard, a thermochemical treatment developed by
Kokubo [14], is a well-established strategy to enhance the bone-
bonding ability in Ti implants. The thermochemical treatment cre-
ates a calcium titanate layer on the Ti surface that will be capable
of forming apatite when is in contact with body fluids [15-17]. As
apatite is a mineral component of the bone’s extracellular matrix
[18,19], a better and faster binding between implant and bone will
be achieved. However, in some instances, such as cancer, acceler-
ating the osteointegration process might not be enough to avoid
bacterial infection.

For this reason, the thermochemical treatment has been mod-
ified with the addition of functional metal ions that can poten-
tially prevent the development of SSI [20,21]. Among the possible
ions, silver (Ag) has been used for its promising antibacterial ac-
tivity [22-24] and its role as an antibacterial agent is clear [25-
27]. Indeed, Ag has previously been incorporated into the calcium
titanate and the release of Ag™ has displayed antibacterial activity
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[21]. The ability to introduce bioactive ions could have further ben-
efit as, for example, by adding Gallium (Ga). Ga3*, due to similar-
ity with ferric ion (Fe3+), can alter the iron metabolism and reduce
osteoclastogenesis that is a problematic post bone cancer therapy
due to ongoing bone loss [28,29]. Indeed, the reduction of bone re-
sorption might also be beneficial in age related conditions such as
osteoporosis [30].

Consequently, the objective of this work is to demonstrate that
thermochemically treated Ti with Ag and Ga may improve osteoin-
tegration avoiding the emergence of SSI, especially in cases where
resorption is a worry. Therefore, here, we test in vitro osteoblast
and osteoclast differentiation and antibacterial activity. Firstly, hu-
man mesenchymal stem cells (hMSC) behaviour was evaluated in
terms of cell adhesion, proliferation and differentiation. Secondly,
RAW264.7 macrophages were tested for ability to form multinu-
clear cells, for tartrate-resistant acid phosphatase (TRAP) activity
and for specific markers involved in osteoclastogenesis.

Finally, the antibacterial evaluation was made by simulating the
race for the surface [13]. To better represent the real-world situa-
tion, a co-culture system of hMSCs and pathogenic, biofilm form-
ing bacteria, Pseudomonas aeruginosa (P. aeruginosa) was used. P.
aeruginosa, is a Gram negative, sepsis causing, pathogen commonly
present in orthopaedic infections [31]. Further, it was selected for
experiments as its quorum signalling is well understood and we
have a panel of P. aeruginosa quorum signalling molecule (QSM)
standards for mass spectrometry taken from [32]. In this work, we
used a bacteria first (2 h seeded before hMSC addition) and hMSC
first (24 h seeding before bacterial addition) approach to represent
different winners of the race to the surface and assess the out-
come, with the different seeding times representing the different
attachment speeds of the bacteria and hMSCs (Fig. 1). Throughout
the co-culture, cell adhesion, morphology, viability, apoptosis and
differentiation assays were assessed. Moreover, as homoserine lac-
tones are crucial molecules for intracellular signalling in bacteria
because they monitor their population density in quorum sensing
manner [33], the content of these QSMs present in P. aeruginosa

Infection Pre-implantation
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Cell seeding
hMSCs
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Cell seeding Bacterial infection
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—_—

Fig. 1. Scheme of the two co-culture systems carried out in this work. The method “infection pre-implantation” mimics the scenario in which the implant is inserted in a
previously infected bone tissue and the method “infection post-implantation”, when infection occurs after orthopaedic surgery. Based on Pifiera-Avellaneda, D. et al. [21].
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after being exposed to our samples were analysed by mass spec-
trometry.

2. Materials and methods
2.1. Materials

Commercially pure Ti grade 2 solid discs of 10 mm diame-
ter and 2 mm thickness were used for the in vitro characteriza-
tion. Ti discs were polished with SiC grinding papers (P800 and
P1200) and subsequently a colloidal silica suspension of 0.05 wm.
Before their use, Ti samples were ultrasonically cleaned with ace-
tone, 2-propanol and distilled water twice for 5 min each, and fi-
nally stored dried with N,.

2.2. Thermochemical treatment

The thermochemical treatment was made by following the pro-
cedure reflected in Table 1 [34].

2.3. Surface characterization

Ion release. The release of Ga3t+ from the treated simples was
evaluated according to 1SO-10993-12 standard by using and induc-
tively coupled plasma mass spectrometry (ICP-MS, Agilent 5100
SVD ICP-OES, CA, USA). Each sample was immersed Mili-Q water
(1 mL of Mili-Q water per 0.2 gram of sample), after each time
point, 1 mL of the suspension was taken, filtered and diluted 1:10
in 2 % nitric acid. Same volume was replaced with fresh medium.

X-ray photoelectron spectroscopy (XPS). XPS experiments were
performed in a SPECS system with a PHOIBOS 150 EP hemispher-
ical energy analyzer with MCD-9 detector, using an X-ray source
Al Ko line of 1486.6 eV energy and 150 W power and using a pass
energy of 20 eV, placed at 54° respect to the analyzer axis and cal-
ibrated by the 3d5/2 line of Ag with a full width at half maximum
(FWHM) of 1.211 eV. Survey spectra were recorded at an energy
step of 1 eV, and high-resolution spectra at 0.1 eV.

2.4. In vitro cell evaluation in mono-culture

Cell culture. hMSCs (ATCC, USA) were cultured in Advanced
Dulbecco’s Modified Eagle Medium with D-glucose, nonessen-
tial amino acids, sodium pyruvate and supplemented with
10 % foetal bovine serum (FBS), 1 % penicillin/streptomycin
(50 U/mL and 50 pg/mL, respectively) and 20 mM N-(2-
hydroxyethyl)piperazine-N’-ethanesulfonic acid buffer solution, all
from Gibco™. Mouse monocyte macrophages RAW 264.7 cells
(ATCC, USA) were cultured in Dulbecco’s Modified Eagle Medium
supplemented with 10 % FBS, 1 % penicillin/streptomycin (50 U/mL
and 50 pg/mL, respectively) and 20 mM N-(2-hydroxyethyl)
piperazine-N’-ethanesulfonic acid buffer solution, all from Gibco™.
Cells were maintained and expanded at 37 °C in a 95 % humidified
atmosphere containing 5 % of CO,. Cell density and passage are
indicated in each particular experiment.

Sample sterilization and incubation. Solid discs of Ti, both treated
and untreated (control) were sterilized by washing them in ethanol
(70 %, v/v) for 20 min, and then rinsed thrice with PBS. After that,

Table 1
Stages of thermochemical treatments performed and samples references.
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the samples were incubated in cell culture medium for 72 h at
37 °C.

hMSC adhesion and morphology assay. hMSCs at passage 4 were
seeded on Ti surfaces at a density of 15,000 cells per sample, and
incubated for 24 h at 37 °C. After incubation, cell medium was
removed and the samples were rinsed with 500 uL of PBS, then
cells were fixed with 500 uL of 4 % of paraformaldehyde (Sigma)
for 20 min at RT. After fixation, samples were washed thrice with
20 mM glycine in PBS (PBS-Gly) for 5 min. Then, cells were per-
meabilized with 0.05 % Triton X-100 in PBS for 20 min at RT,
rinsed thrice again with PBS-Gly, and blocked with 1 % BSA in
PBS for 30 min. Then, the medium was removed and the cells
were incubated with primary antibody mouse anti-vinculin (V9131,
Sigma-Aldrich, USA) (1:400 in 1 % bovine serum albumin (BSA) in
PBS). After incubation, samples were washed thrice with PBS-Gly-
and incubated with secondary antibody Alexa Fluor 488 goat anti-
mouse IgG (R37120, Invitrogen, USA) for 1 h in the dark follow-
ing manufacturing protocol. After that, samples were washed with
PBS-Gly-and incubated with Alexa Fluor 546 Phalloidin-Rhodamine
(A22283, Invitrogen, USA) (1:400 in PBS-0.05 % triton) during
1 h in dark. Samples were washed thrice with PBS-Gly-and DAPI
(1:1000 in PBS-Gly) was added for 2 min in the dark. After in-
cubation, the samples were finally rinsed with PBS-Gly-and ready
for image analysis. Randomized images of each sample were cap-
tured using Zeiss LSM 800 (Zeiss, Germany) and analyzed with
Fiji/Image] [35].

hMSC proliferation assay. hMSCs at passage 4 were seeded on Ti
surfaces at 15,000 cells per sample and maintained in culture for
1, 7, 14 and 21 days, changing the medium twice or thrice a week.
After each incubation period the cells were rinsed thrice in 500 pL
PBS and incubated with 350 pL 10 % of PrestoBlue™ (Invitrogen,
USA) for 1 h at 37 °C. As a negative control, PrestoBlue™ was incu-
bated without cells. Then, 100 L of the medium was transferred
to a black 96-well plate to measure the excitation wavelength at
560 nm and emission at 590 nm using Synergy HTX multimode
reader (Bio-Tek, USA).

hMSC Alkaline phosphatase (ALP) activity. ALP activity of the cells
in the proliferation assay was assessed on days 14 and 21. Cells
were rinsed with 500 pL PBS and then lyzed with 500 pL of mam-
malian protein extraction reagent (M-PER, Thermo Fisher Scientific,
USA). Samples were incubated for 1 h at 37 °C using the SensoLyte
pNPP Alkaline Phosphatase Assay Kit (AnaSpec Inc., USA) and the
absorbance was registered at 405 nm using a Synergy HTX mul-
timode reader (Bio-Tek, USA). The resulting ALP quantity was ex-
pressed as ng/mL and normalized to the cell number obtained in
cell proliferation assay.

hMSC mineralization assay. hMSCs were seeded at passage 4 on
Ti surfaces at 20,000 cells per sample for 21 days. After each in-
cubation time, cell medium was removed and the samples were
rinsed with PBS, then cells were fixed with 4 % paraformalde-
hyde (Sigma) for 20 min at RT. After that, samples were rinsed
twice with Milli-Q water and calcium deposits were stained with
500 pL/sample of 40 mM Alizarin Red S (Sigma-Aldrich) for 20 min
with gentle shaking. Unincorporated dye was removed and washed
with Milli-Q water until the medium became clear. Then, 6 ran-
domized images of each sample were captured using an Olympus
BX51-P bright-field microscope (Olympus Corp., Japan). Quantifica-
tion of calcium deposits was performed with Fiji/Image] [35].

Sample  First step Second step Thrid step Fourth step

Gal0 5 M NaOH 24 h/60 °C 100 mM CaCl, + 10 mM Ga(NOs3); 24 h/40 °C Heat treatment 600 °C/1 h  H,O treatment 24 h/80 °C
Ag 5 M NaOH 24 h/60 °C 100 mM C4HgCaO4 + 1 mM AgNO3 24 h/40 °C Heat treatment 600 °C/1 h  H,O treatment 24 h/80 °C
GaAg 5 M NaOH 24 h/60 °C 100 mM C4HgCa0,4 + 2 mM AgNO; + 20 mM Ga(NOs); 24 h/40 °C  Heat treatment 600 °C/1 h H,0 treatment 24 h/80 °C
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Table 2
Osteogenic primer sequences used for RT-PCR.

Gene Forward Sequence (5'to3’) Reverse Sequence (5'to3’)
B-ACTIN TTGCCATCAATGACCCCTTCA CGCCCCACTTGATTTTGG A
RUNX2 AAATGCCTCCGCTGTTATGAA GCTCCGGCCCACAAATCT
COL1A1 AGGTCCCCCTGGAAAGAA AATCCTCGAGCACCCTGA
ALP ATCTTTGGTCTGGCTCCCATG TTTCCCGTTCACCGTCCAC
OPN AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA

hMSC osteogenic expression. hMSCs were seeded at passage 3
on Ti surfaces at 30,000 cells per sample for 3 and 7 days in or-
der to evaluate gene expression. After each time point, cells were
detached and centrifuged and pellets collected. Then, cells were
lyzed and total RNA was extracted and purified using RNeasy Mini
Kit columns (Qiagen, Hilden, Germany) as described in the man-
ufacturer’s instructions. Then, cDNA synthesis was performed us-
ing the Maxima First Strand cDNA Synthesis Kit for qRT-PCR, with
dsDNase (Thermo Scientific, # K1671). RT-PCR was carried out
on a Mic real time PCR cycler (Bio Molecular Systems, Australia)
and gene expression was assessed by QuantiNova Fast SYBR™
Green PCR Master Mix (Qiagen). B-ACTIN was used as a house-
keeping gene and the relative gene expression levels were eval-
uated using 244-C method. Primer sequences used are shown
in Table 2.

Multinuclearity study of RAW264.7 cells. RAW264.7 cells were
seeded on Ti surfaces at 10,000 cells per sample. The medium
used for the seeding was supplemented with RANKL (60 ng/mL)
and maintained in culture for 4 and 6 days, changing the medium
once and thrice, respectively. After incubation time, the fluores-
cence staining was carried out following the procedure explained
above.

TRAP staining. RAW264.7 cells were seeded on Ti surfaces at
10,000 cells per sample. The medium used for the seeding was
supplemented with RANKL (60 ng/mL) and maintained in culture
for 6 days, changing the medium thrice. After incubation time,
the medium was removed, and samples rinsed with PBS. Then,
the samples were stained using leukocyte acid phosphatase (TRAP)
kit (Sigma-Aldrich, USA) following the provided procedure. After 1
h of incubation, the samples were thoroughly rinsed with deion-
ized water and then, haematoxylin solution was added for stain-
ing the nuclei. Then, samples were rinsed in alkaline tap water,
dried, and evaluated using an Olympus BX51-P bright-field micro-
scope (Olympus Corp., Japan).

RAW264.7 osteoclastic expression. RAW264.7 cells were seeded
on Ti surfaces at 10,000 cells per sample. The medium used for
the seeding was supplemented with RANKL (60 ng/mL) and main-
tained in culture for 4 days, changing the medium twice. RNA
extraction and RT-PCR were carried out following the procedure
explained above. GAPDH was used as a housekeeping gene and
the relative gene expression levels were evaluated using 2244-Ct
method. Primer sequences used are shown in Table 3.

2.5. In vitro co-culture evaluation

Bacteria and hMSC were co-cultured in two different meth-
ods (Fig. 1) as were published in Pinera-Avellaneda, D. et al
[21] hMSC (PromoCell C12974) at passage 2-3 were cultured in
DMEM (Sigma) supplemented with 10 % FBS (Sigma), 1 % (v/v)
L-glutamine (200 mM, Gibco), 1 % sodium pyruvate (11 mg/mL,
Sigma), 1 % non-essential amino acids (MEM NEAA, Gibco) and
1 % antibiotics. Pseudomonas aeruginosa (P. aeruginosa ATCC 27853)
bacterial strain was employed for this experiment. P. aeruginosa
was grown aerobically overnight in DMEM at 37 °C in a shaker
incubator at 220 RPM. Then, bacterial suspension was diluted in
DMEM to ODggg = 0.1 and incubated to reach the mid-exponential
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phase (approx. 108 CFU/mL). Sample sterilization and incubation
were required following the procedure previously described.

Method of co-culture “infection pre-implantation”. 103 CFU of P.
aeruginosa were inoculated to each Ti sample and incubated for
2 h at 37 °C. After incubation, hMSC in antibiotic-free cell medium
with 1 % FBS were seeded on the samples at 30,000 density and
incubated for 24 h at 37 °C and 5 % CO,.

Method of co-culture “infection post-implantation”. hMSC were
seeded on Ti surfaces at density of 30,000 cells and incubated for
24 h at 37 °C. After incubation, cell medium was removed and
samples were rinsed thrice with PBS. Then, 103 CFU of P. aerugi-
nosa were inoculated. Finally, antibiotic-free cell medium with 1 %
FBS was added to each sample and were incubated for 2 h at 37 °C
and 5 % CO,.

Cell adhesion and morphology in co-culture. Fluorescence stain-
ing was made as indicated in Section 2.4. Randomized images of
each sample were captured using Zeiss LSM 980 (Zeiss, Germany)
and analyzed with Fiji/Image] [35].

Annexin V immunofluorescence assay. After fluorescence stain-
ing, samples were washed thrice with PBS for 5 min. Then, cells
were blocked with 1 % BSA in PBS for 30 min. After incubation,
the medium was removed and cells were incubated with the pri-
mary antibody mouse annexin V (ab13196) (1:400 in 1 % BSA in
PBS) for 1 h. After that, samples were washed thrice with PBS and
incubated with secondary antibody horse anti rabbit 1gG (H + L)
BA-1100 (1:100 in 1 % BSA in PBS) for 1 h at 37 °C in the dark.
Then, samples were washed with PBS and streptavidin-FITC fluo-
resceine (SA-5001) (1:100 in 1 % BSA in PBS) was added for 30 min
at 4 °C. Finally, samples were washed with PBS. Randomized im-
ages of each sample were captured using Zeiss LSM 980 (Zeiss,
Germany).

Flow cytometry. After the time required for the co-culture sys-
tems, cells were harvested by adding trypsin, washed with PBS and
1x Annexin V binding buffer (Annexin V V13241) was applied. Cells
were incubated with Annexin V staining for 15 min in dark at RT.
500 pL of binding buffer were added to wash the cells and sam-
ples were centrifugated at 419 g for 4 min. Fresh 200 pL of binding
buffer were added and 1 pL of Propidium lodide (PI, V13245) be-
fore flow cytometry was performed. For positive Annexin V control,
cells were subjected to 50 °C for 5 min and for positive PI control,
cells were subjected to 50 °C for 15 min. The excitation/emission
for Annexin V is 494/518, and 535/617 for PL First, standard com-
pensation was applied and then gating was performed using un-
stained cells using FSC-A vs SSC-A to include whole cells, then
for single cells using FSC-a vs FSC-H. Necrotic, early apoptotic and
dead cells were gated using a quadrant gate with Annexin V on the
x axis, and PI on the Y axis (Attune NxT, Thermo fisher Scientific).
Data analysis was done using Flow]o (BD biosciences).

Mineralization assay in co-culture. After 24 h, the time required
by the co-culture experiments, medium was removed and fresh
cell medium supplemented with 1 % penicillin/streptomycin was
applied changing medium each 2-3 days. The co-culture was kept
for 21 days. After that time, the mineralization assay was car-
ried out following the procedure explained in Section 2.4. Six ran-
domized images of each sample were captured using a Stemi 508
Stereo Microscope (ZEISS). Quantification of calcium deposits was
performed with Fiji/Image] [35].

Metabolomics. After 24 h of co-culture, supernatant was col-
lected and centrifuged for 15 min 14,000 rpm. The pellet was
resuspended in 1 mL of buffer extraction composed by chloro-
form, ethanol and ddH,0 (1:3:1) and transferred to tubes with
0.1 mm acid washed glass beds kept in ice. Samples were then
placed on a cell disrupter (Disrupter Genie bead beater, Scien-
tific industries Inc., New York, USA) at 3000 rpm, for 30 s five
times. Then, samples were centrifugated 15 min 14,000 rpm at
4 °C. The supernatant was transferred to new tubes and stored at
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Table 3
Osteoclastic primer sequences used for RT-PCR.
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Gene Forward Sequence (5'to3’) Reverse Sequence (5'to3’)

GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG

NFATc1 GGTAACTCTGTCTTTCTAACCTTAAGCTC GTGATGACCCCAGCATGCACCAGTCACAG
TRAP TACCTGTGTGGACATGACC CAGATCCATAGTGAAACCGC

c-Fos CCAAGCGGAGACAGATCAACTT TCCAGTTTTTCCTTCTCTTTCAGCAGAT
MMP9 TCCAGTACCAAGACAAAGCCTA TTGCACTGCACGGTTGAA

—80 °C. Metabolomic technique was carried out using an Agilent
1290 Infinity II series ultra-high performance liquid chromatogra-
phy system coupled to an Agilent 6560 ion mobility quadrupole
time-of-flight mass spectrometer with a Dual Agilent Jet Stream
(A]S) electron ionization source (ESI). Chromatographic separation
was performed using a ZORBAX Extend-C18 rapid resolution HT
21 x 50 mm, 1.8-micron column (Agilent Technologies 727700-
902, Santa Clara CA). The solvent system consisted of MS-grade
water with 0.1 % formic acid as solvent A and MS-grade acetonitrile
with 0.1 % formic acid as solvent B. The solvent gradient was set
to a constant flow rate of 0.150 mL/min starting at 90 % of solvent
A, which was maintained for 1 min. The gradient was dropped to
50 % of solvent A at 1.5 min and to 1 % of solvent A at 5.5 min,
where it was maintained until 7 min. The gradient was increased
back to starting conditions of 90 % solvent A at 7.9 min, where it
remained until 9.9 min. The column was maintained at a constant
temperature of 40 °C throughout the run. 5 pl of each sample was
injected into the column for analysis, and a quality control sam-
ple (generated by pooling equal volumes of each extract) was in-
jected after every five samples to monitor instrument performance
throughout data acquisition. Data was acquired in positive ioniza-
tion mode by scanning a mass range of 50-1500 m/z with an ac-
quisition rate of 1 spectra/s. The Dual AJS ESI gas temperature was
maintained at 325 °C at a flow rate of 13 L/min. The nozzle volt-
age was set to 2000 V and VCap to 3750 V. A comprehensive list of
ion mobility mass spectrometry parameters can be found in [36].
Data acquisition and processing were performed using the Agilent
MassHunter software suite. Standards were run alongside the sam-
ples and [M * H]* ion species were used to identify the HSLs, us-
ing accurate mass, drift time, collision cross section and chromato-
graphic retention time parameters.

In-cell western blot. After 24 h of co-culturing cells were fixed
with 4 % PFA and PBS-triton was added to permeabilize. Then,
PBS with 1 % powder milk was applied to block for 1 h and
30 min in shaking motion at room temperature. After blocking,
primary antibody (RUNX2 M-70 sc-10758 rabbit polyclonal and os-
teonectin SPARC D2 sc-398419 mouse monoclonal) was added and
kept overnight at 4 °C. Next day, the samples were rinsed using
0.1 % Tween-20/ PBS and secondary antibody (goat anti-rabbit 926-
32211 IR dye 800, and goat anti-mouse 926-68070 IR dye 680)
in blocking buffer was added along with CellTag IR 520 for 1 h
at room temperature. Samples were rinsed as before and dried
overnight at 4 °C. Then, fluorescence intensity of the protein ex-
pression was read using Odyssey M with 700, 800 and 520 laser.
The data was analyzed using Empiria studio 2.0 software.

2.6. Statistical analysis

The statistical analysis was carried out by Minitab 19 software
(Minitab, EE.UU), which was used to analyze whether statistically
significant differences exist among the results or not. All samples
were previously analyzed to determine if they followed a normal
distribution by normality test. Then, ANOVA test or Kruskal-Wallis
test were run to work out its p-value, depending if variable were
normally distributed or not, respectively. Triplicates of each sam-
ple were used (n = 3). Each character represents significantly dif-
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ferences respect to the other ones for each time-point (p-value <
0.05).

3. Results

3.1. Ag* and Ga3* are released from the GaAg-treated titanium
surface

GaAg-treated Ti released Ag* especially fast in the first hours
(Fig. 2a) reaching 47.95 ppb after 336 h (14 days). However, the re-
lease of Ga3+ was slower and lower, reaching 4.3 ppb after 336 h
(Fig. 2b). Regarding XPS, percentage of atomic O, Ti, Ca, Ag and Ga
present in each treated sample is found in Table 4. XPS analysis
revealed the successful incorporation of Ga3* and Ag® on the Ti
surface.

3.2. The combination of Ga and Ag improves hMSC performance on
Ag

Cells showed adequate spreading on the surfaces (Fig. 3a). The
highest number of cells was found on the surface of Gal0 and the
lowest on Ag (Fig. 3b). The reduction of number of cells by Ag was
almost 45 % compared to Ti. Cell number on GaAg was higher than
Ag, however, no significant differences were found between GaAg
and Ti. Cell area was similar on Ti, Gal0 and GaAg (Fig. 3c), but
on Ag, cell area was 20 % lower than the control. Focal adhesions
were found in cells on all conditions (Fig. 3d). Regarding cell pro-
liferation (Fig. 3e), Ag showed the lowest proliferation on day 1
compared to the other samples. Proliferation for GaAg was lower
on day 14, but had caught up by day 21.

3.3. GaAg-treated titanium displays a similar osteodifferentiation
profile than Ga10

ALP activity (Fig. 4a), an enzyme involved in bone mineraliza-
tion [37], was only seen on Ga containing samples, Gal0 and GaAg
on day 14. On day 21, the Ga samples still expressed high ALP
activity and on the Ag sample began to be noted. Regarding cell
mineralization measured by Alizarin red (Fig. 4b), the Ga samples
(Gal0 and GaAg) gave significantly more mineral expression than
Ti and Ag samples (Fig. 4c).

Regarding osteogenic markers, RUNX2 (osteoblast specific tran-
scription factor [38]) was strongly upregulated by all treated sam-
ples on day 7 (Fig. 4d). Gal0 and GaAg upregulated its expression
4 times more than Ti, but the Ag samples were not able to induce

Table 4
Percentage of atomic O, Ti, Ca, Ag and Ga present in each treated sample.
Ti Gal0 Ag GaAg

C1ls 33.63 + 2.93 26.60 + 3.18 32.80 + 8.61 40.21 + 7.67
O01s 49.85 + 1.56 52.89 + 0.57 44.95 + 3.66 43.58 + 5.24
Ti 2p 8.79 + 0.08 15.68 + 2.14 14.68 + 3.53 11.24 £ 1.21
Ca2p 7.71 + 1.44 2.30 + 0.10 3.03 + 0.48 0.85 + 0.33
Ga2p;;, 0.02 + 0.01 2.48 + 0.40 0.00 + 0.00 1.14 £+ 0.60
Ag 3d 0.01 £ 0.01 0.07 + 0.04 4.56 + 0.94 3.01 £ 0.28
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Fig. 2. Ion release from GaAg-treated titanium. (a) Accumulative curves of Ag* release from the surface of GaAg-treated samples. (b) Accumulative curves of Ga* release

from the surface of GaAg-treated samples.

the same upregulation. About COL1A1 (extracellular matrix protein
highly expressed in bone and other tissues [39]) (Fig. 4e), no signif-
icant differences were found on day 3, however, the treated sam-
ples upregulated its expression on day 7. Regarding ALP (Fig. 4f),
although no significant differences were found between the con-
trol and Ga-containing samples, its expression was downregulated
by Ag on day 3. On day 7, treated samples upregulated its expres-
sion but on Ag was lower. Finally, regarding OPN (Fig. 4 g) (osteo-
specific extracellular matrix protein [40]), no significant differences
were found on any condition.

3.4. GaAg-treated titanium reduces osteoclastogenesis

RANKL-induced RAW264.7 (RANKL induces macrophage fusing
to osteoclasts [41]) cells were cultured on sample surfaces (Fig. 5a).
On day 4, a few multinucleated cells were found on Ti. However,
no evidence of multinucleated cells was found on the treated sur-
faces. On day 6, giant multinucleated cells were clearly found on
Ti, while on Ag, multinucleated cells appeared under cell colonies
(marked with yellow arrow in Fig. 5a). No evidence of multinucle-
ated cells were found on Ga-containing samples. In order to fur-
ther investigate this trend, TRAP staining was performed (Fig. 5b).
TRAP-positive osteoclasts were clearly found on Ti and Ag sam-
ples. However, no evidence of osteoclasts was apparent on Gal0
and GaAg.

Regarding osteoclastic gene expression, NFATc1 (main transcrip-
tion factor involved in osteoclastogenesis [42]) (Fig. 5¢) was down-
regulated by GalO respect to Ti. However, GaAg did not show
significant differences respect to Ti and Gal0. Moreover, Ag up-
regulated NFATc1 expression. About c-fos (involved in the auto-
amplification of the NFATc1 signal [43]) (Fig. 5d), while Ag up-
regulated its expression, no significant differences were found be-
tween Ti, Ga1l0 and GaAg. Concerning TRAP (Fig. 5e), its expression
was strongly up-regulated by Ag. However, on GaAg its expres-
sion did not show significant differences when compared to both
Ti and Gal0 samples. Finally, matrix metalloproteinase 9 (MMP9,
produced by mature osteoclast [44]) expression (Fig. 5f) was dra-
matically downregulated by Ga10 up to 80 %. GaAg were also able
to reduce its expression over 50 %. MMP9 showed higher expres-
sion on Ti and Ag.
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3.5. GaAg-treated titanium maintains adequate cell adhesion and
morphology after bacterial infection

With the pre-implantation infection method (Fig. 6a), after bac-
terial infection, hMSC morphology was dramatically compromised
on Ti and Gal0 compared to monoculture (MC). Cells on Ag and
GaAg were well spread in co-culture, although appearing smaller
than in MC. In terms of cell adhesion (Fig. 6b), cells were hardly
found on Ti and Gal0. In contrast, around 21,000 cells/cm? and
27,800 cells/cm? were found on Ag and GaAg, respectively. More-
over, cell area was drastically decreased on Ti and Gal0 (Fig. 6¢).
Further, the fluorescence intensity of the apoptosis marker Annexin
V (Fig. 5d) was higher on Ti and Ga10 in co-culture than on Ag and
GaAg.

With the post-implantation method (Fig. 7a), hMSCs were
strongly affected by the presence of bacteria on Ti and Ga10. While
more cells were visible than with the pre-implantation on the non-
Ag containing samples, cell attachment (Fig. 7b) and spreading
(Fig. 7c) was strongly reduced. hMSCs on Ag and GaAg were nu-
merous and well spread (Fig. 7a-c). Looking at apoptosis, Annexin
V (Fig. 7d) was more intense on Ti and Gal0 in co-culture than on
Ag and GaAg.

3.6. GaAg-treated titanium achieves hMSC survival after bacterial
infection

At this point, only Ag samples were taken forwards for more
in-depth analysis as viability on non-Ag samples was clearly mas-
sively compromised and therefore, not worth taking forwards.
Looking more closely at cell death with annexin V/propidium io-
dide co-staining and flow cytometry, viable, apoptotic and necrotic
hMSCs could be identified in the infection models. The gating
strategy for the pre-implantation method (Fig. 8a, b) showed the vi-
ability of hMSCs (Fig. 8c) around 60 % on Ag and 45 % on GaAg.
No significant differences were found in necrotic cells; however,
the number of early and late apoptotic cells were higher on GaAg.

Regarding the post-implantation method, the gating strategy
(Fig. 8d, e) did not unveil significant differences in the number of
viable, necrotic, early and late apoptotic cells between conditions
(Fig. 8f). In this case, the cell viability was around 65 % in both
Ag-doped samples.
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sample were used for quantification. Triplicates of each sample were used (n = 3). (d) hMSCs morphology after 24 h. hMSCs were labelled with DAPI (nuclei, blue), phalloidin
(F-actin, orange) and vinculin (focal adhesions, green). (e) Proliferation of hMSCs for 21 days. Each character represents significantly differences respect to the other ones for

each time-point (p-value < 0.05).

3.7. GaAg-treated surface protects cells from QSMs

Using an in-house panel of QSM standards linked to mass spec-
trometry [45], QSMs present in P. aeruginosa after being exposed
to Ti, and Ti doped with Ag, and GaAg in both pre- and post- im-
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plantation models for 24 h were analysed (Fig. 9). To achieve this,
we used choloform:methanol:water extraction with bead-beating
to break the bacterial open and extract metabolites. Overall, ho-
moserine lactone QSMs seemed to be downregulated in the post-
implantation model compared to Ti only. This was most notable
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Fig. 4. Impact of Gallium-Silver coating in osteoblast differentiation on mono-culture. (a) ALP activity of hMSCs days 14 and 21. (b) Representative images of calcium deposits
produced on day 21. Calcium deposits were labelled in red using Alizarin Red Staining. (c) Quantification of the calcium deposits. Results were expressed as fold change to
Ti. Six images per sample were used to quantify. RT-PCR analyses of: (a) RUNX2 (b) COL1A1 (c) ALP and (d) OPN for hMSCs on days 3 and 7. The results were normalized
to housekeeping B-ACTIN and were represented as relative fold change to Ti at each time-point. Each condition was done in triplicate (n = 3). Each character represents
significantly differences respect to the other ones for each time-point (p-value < 0.05).

for C8-HSL (N-(3-Hydroxyoctanoyl)-DL-homoserine lactone) and 3-
0x0-C10-HSL (N-(3-Oxodecanoyl)-L-homoserine lactone. In the pre-
implantation model, QSMs were also downregulated, however, we
note that for GaAg, C14-HSL (N-(3-oxotetradecanoyl)-L-homoserine
lactone) was up-regulated.

3.8. GaAg-treated titanium promotes osteodifferentation in hMSC
after bacterial inoculation

After 21 days of bacterial infection, both Ag and GaAg-doped
samples in co-culture pre-implantation were capable of inducing
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cell mineralization (Fig. 10a). However, no significant differences
were found in the percentage of covered area by calcium deposits
(Fig. 10b). In-cell western was used to measure protein expression
of RUNX2, and SPARC (Fig. 10c), and increased SPARC expression
was seen with Ag only compared to GaAg.

In the case of the co-culture post-implantation, both doped sam-
ples were also able to induce cell mineralization after the bacte-
rial infection (Fig. 10d). No significant differences were found with
respect to covered area by calcium deposits (Fig. 10e). As above,
significantly more RUNX2 and SPARC expression was noted on Ag
surfaces compared to GaAg surfaces.
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treated RAW264.7 cells after 4 days. The results were normalized using GAPDH as housekeeping and represented as relative fold change to Ti. Each condition was replicated
in triplets (n = 3). Each character represents significantly differences respect to the other ones for each time-point (p-value < 0.05).

4. Discussion
Several researchers have successfully evaluated the combina-
tion of functional ions to improve the performance of biomate-

rials by providing antibacterial activity with Ag and strontium
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(Sr) [46], improving bone-bonding properties and anti-meticillin-
sensitive Staphylococcus aureus activity also with Ag and Sr [47],
or enhancing biocompatibility and antibacterial potential with Ga
and Sr [48]. In this work, we evaluated the combination of Ag
and Ga to reduce the apparition of SSI. In order to achieve this,



D. Pifiera-Avellaneda, J. Buxadera-Palomero, R.C. Delint et al. Acta Biomaterialia 180 (2024) 154-170

a.

Infection Pre-implantation

MC

+ P. aeruginosa

30

BN
o O

on
o
i)
x
~
£
o
S~
2
(V]
O

o

Phalloidin Annexin V Hoescht

Merged
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time-point (p-value < 0.05).
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Fig. 8. hMSC viability in co-culture. Gating strategy for flow cytometry analysis for hMSC to be separated on size and viability in the co-culture pre-implantation on the
surface of: (a) Ag (b) GaAg. (c) Quantification of viable, necrotic, early apoptotic, and late apoptotic hMSCs after 24 h of co-culture pre-implantation. Gating strategy for flow
cytometry analysis for hMSC to be separated on size and viability in the co-culture post-implantation on the surface of: (d) Ag (e) GaAg. (f) Quantification of viable, necrotic,
early apoptotic and late apoptotic hMSCs after 24 h of co-culture post-implantation. The gating strategy was the same for all conditions and methods, this figure only shows

representative graph of each condition. Asteriks represents significantly differences respect to the other ones (p-value < 0.05).

we studied Ga due to antiresorptive character; and Ag for its
antibacterial activity. As a consequence of the GaAg treatment
used here, Ag™ and Ga3* were capable of being released from
the material. In accordance with Rodriguez-Contreras et al. [20],
Ag* release was very fast in the first hours in this kind of treat-
ment, however the release of Ga3* was slower and lower. Our
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results indicate that Agt is first released from the surface, fol-
lowed by Ga3*. This matches with XPS data showing that a greater
amount of Ag and lower percentage of Ga were found on the
GaAg surface. This result seemed to indicate that Ag is found more
superficially than Ga. Therefore, Ag* is released first, and then
Ga3t.



D. Pifiera-Avellaneda, J. Buxadera-Palomero, R.C. Delint et al.

Acta Biomaterialia 180 (2024) 154-170

a. b.
3 3
C6-HSL C6-HSL
2 F 42
C10-HSL C10-HSL
C14-HSL C14-HSL
1 - 41
3-0x0-C10-HSL 3-0x0-C10-HSL -
3-OH-C4-HSL 3-OH-C4-HSL
0
A A A
& & & 3 S 5
-SQ. & & -30 K K]
ORI SR
[ G

Fig. 9. Quorum Sensing Molecules present in the co-culture. (a) Metabolomic analysis of different QSMs presents on Ti, Ag and GaAg in the method Infection Pre-
Implantation. (b) Metabolomic analysis of different QSMs presents on Ti, Ag and GaAg in the method Infection Pre-Implantation. Red indicate up-production and blue
down-production respect to Ti. Black and white asterisks represent statically differences respect to Ti. Asterisks represents significantly differences respect to the other ones

(p-value < 0.05).

Regarding biological evaluation, hMSC on all conditions looked
[49] and grew normally (Fig. 3). However, Ag caused lower cell
number and spreading which was recovered by adding Ga. The cal-
cium titanate layer on Ti samples has been reported to enhance
osteodifferentiation in many studies [21,50]. Moreover, Ga3* has
been reported as an osteoinductive agent [51,52]. In this work, the
suitability of calcium titanate and Ga3* to promote osteogenesis
was confirmed again (Fig. 4). In addition, with the GaAg combi-
nation, the enhancement of mineralization was kept despite the
presence of Ag. However, ALP activity, mineralization, RUNX2 and
ALP gene expression were significantly lower on Ag only. Although
the Ag performance here was inferior compared to Ga10; ALP, min-
eralization and RUNX2 gene expression were increased compared
to Ti control. Even though the improvement in osteodifferentiation
by Ag versus Ti was clear, it was probably provided by the effect
of calcium titanate. In fact, only few studies have reported Ag* as
an ion able to confer osteogenesis [53]| but many studies have in-
formed that Ag has no effect [54-56]. Overall, the incorporation of
Ga, including with Ag, was shown to be beneficial for hMSC os-
teogenesis. It is important to note that while Ag itself had no os-
teogenic benefit, it did not interfere with the benefit, probably due
to the effect of the calcium titanate. These results suggested that
the mixture retains the suitable osteoinductivity provided by Ga3+
and improves those obtained by Ag*. Therefore, GaAg has more
ability to induce osteogenesis than Ti and Ag.

According to our anti-resorptive evaluation (Fig. 5), Ga-
containing samples inhibited osteoclast formation. However, the
GaAg mixture was not able to reduce osteoclast-related genes
as strongly as GalO. Even though its anti-resorptive ability ap-
parently might be reduced compared to Ga only, GaAg samples
showed a better reduction of osteoclast genes expression com-
pared to Ag alone. A possible explanation can be that Ag™ has
been reported as an inductor of osteoclastogenesis by increas-
ing RANKL/osteoprotegerin (OPG) ratio [57]. RANKL and OPG play
an important role in osteoclastogenesis since osteoblasts produces
RANKL to induce macrophages to differentiate and the process is
controlled through the production of OPG, the antagonist [58-61].
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Thus, when the RANKL/OPG ratio is increased, osteoclastogenesis
is promoted and subsequent bone resorption occurs. Moreover, it
is believed that an increase in osteoclast formation may be related
to the risk of peri-implant osteolysis [62]. Therefore, not only does
Ag enhance osteoclastogenesis but it might also increase the risk
of implant failure. However, osteoclastogenesis was significantly re-
duced on GaAg, showing a profile closer to that of Ga10. Specially,
MMP9, involved in bone matrix degradation [63,64], was drasti-
cally down-regulated. This result suggested that on the one hand
the mixture reduced less efficiently osteoclast formation compared
to Gal0, on the other hand, the reduction of osteoclastogenesis was
improved compared to Ag, therefore the risk of peri-implant oste-
olysis would be reduced.

As it was mentioned above, the representation of “the race for
the surface” in vitro is one of the most realistic approach to evalu-
ate antibacterial activity of a material [65]. Despite this, it is noted
that an in vitro study has still limitations for its extrapolation to
a clinical scenario, since there are several factors, such as the pa-
tient’s immune state or the microenvironment surrounded the im-
plant. In this work, the “race for the surface” has been initially
assessed without antibiotics in order to prove the antibacterial
effect provided by Ag. However, after a certain amount of time,
antibiotics were added to protect the surviving cells and provide
an appropriate environment to evaluate osteogenesis. Moreover,
antibiotics are commonly used in the clinical practice [66] and
their use in the in vitro study resembles this situation. As it has
been described in Pifiera-Avellaneda, D. et al. [21], the method for
pre-implantation infection mimics the scenario in which the im-
plant is inserted in a previously infected bone as in the devas-
tating complication called Periprosthetic Joint Infection (PJI) [67-
69]; and the method post-implantation represents the situation in
which bacterial infection occurs post-implantation due to the pa-
tient’s immune-depressed status [70-72]. Our results (Figs. 6 and
7) confirmed that the Ag-doping protected the hMSCs better from
bacterial virulence even in combination with Ga. Moreover, sam-
ples with Ag provided better hMSC adhesion and protected them
from apoptosis [73]. However, although several researchers have
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produced on day 21 in co-culture post-implantation. (e) Quantification of the calcium deposits in post-implantation. (f) In-cell western analysis of SPARC and RUNX2 in
post-implantation. Pictures of the whole sample were taken for quantification and calcium deposits were labelled in red using Alizarin Red Staining. Asterisks represents

significantly differences respect to the other ones (p-value < 0.05).

successfully proved the antibacterial effect of Ga-based compounds
[74-76], especially against P. aeruginosa [77-79], the Ga3+ released
from Gal0 was not enough to kill bacteria in this co-culture sys-
tem. The results of Figs. 6 and 7 in combination with fig. 8, illus-
trates that there is not full effect of Ag when included with Ga
when conditions are most unfavourable, i.e. in the pre-implantation
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model. However, when the hMSCs populate the surfaces first, both
Ag and GaAg offer equal bacterial protection.

In order to understand what was happening in the co-culture,
QSMs present inside the bacteria were evaluated (Fig. 9). In the
post-implantation method, QSMs were present in the bacteria in
lesser quantity in the treated samples than untreated Ti, espe-



D. Pifiera-Avellaneda, J. Buxadera-Palomero, R.C. Delint et al.

cially for C8-HSL and 3-oxo-C10-HSL. Both are involved in acti-
vation of LasR, a transcription factor involved in biofilm and vir-
ulence factor production [80]. In low density conditions, as we
have with inclusion of Ag in the Ti surfaces, low bacterial den-
sity will result in lowered activation of LasR and can, therefore,
be resultant lower bacterial virulence. However, in pre-Implantation
method, some QSMs were found in higher quantity on GaAg, spe-
cially C14-HSL. This molecule is another density-dependant QSM
that regulated the LasR and RhIR virulence-control transcription
factors [81,82] and has been reported to affect cell viability and
induce apoptosis [83,84]. This higher quantity of QSMs could be
a reason by which% apoptotic cells was higher on GaAg (Fig. 8).
Moreover, it has been reported that P. aeruginosa produces QSMs as
response to the environment according to bacterial and cell pop-
ulation and the state of the infection [85,86]. In fact, the family
of C14-HSL molecules are produced in the phase where P. aeurig-
nosa population is low [87]. Therefore, we hypothesised that these
molecules were present on GaAg because the last living bacteria
were trying to survive by increasing their virulence more aggres-
sively through the production of these QSMs. Indeed, on Ag were
not in high quantity due to the Ag® release here is higher and
faster [20] than in the mixture and can kill bacteria more effi-
ciently.

Finally, in order to check if the cells had the capacity to over-
come the infection, long-term assays were carried out. After bacte-
rial infection, samples were capable of inducing cell mineralization
(Fig. 10). Moreover, both samples promoted the protein expression
of SPARC and RUNX2. SPARC, also known as osteonectin, is an ex-
tracellular matrix glycoprotein with a pivotal role in bone miner-
alization [88,89]. These results were in agreement with another
work, where hMSCs could also promote RUNX2 expression when
seeded on Ti surfaces [90]. Our findings here highlighted that hM-
SCs were able to recover from bacterial attack and that both Ag-
doping samples may stimulate bone regeneration even after bacte-
rial infection.

5. Conclusions

The combination of Ga and Ag in the thermochemical treatment
confers great advantages in a non-infected system (mono-culture)
by increasing osteospecific differentiation and reducing osteoclas-
togenesis. In an infection model (co-culture), while GaAg confers
little advantage over just Ag, it does not dramatically reduce the
effect of Ag. Therefore, it is a good compromise where the surgeon
hopes that fast and strong osteoinduction will reduce the proba-
bility of infection. However, if infection occurs, the implant retains
the strong advantages of Ag. Even though in vivo experiments must
be carried out, we can conclude that GaAg-treated Ti could become
a promising strategy to be applied as osteoporotic and bone tumor
prosthesis with high incidence of bacterial infection and thus pre-
vent the apparition of SSL
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