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a b s t r a c t 

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/ ) 

h

1

(

∗ Corresponding author: Barcelona East School of Engineering (EEBE), Av. Eduard Marist

E-mail address: david.pinera@upc.edu (D. Piñera-Avellaneda) . 

ttps://doi.org/10.1016/j.actbio.2024.04.019 

742-7061/© 2024 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc

 http://creativecommons.org/licenses/by/4.0/ ) 
any 16, 08019 Barcelona, Spain. 

. This is an open access article under the CC BY license 

https://doi.org/10.1016/j.actbio.2024.04.019
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actbio.2024.04.019&domain=pdf
http://creativecommons.org/licenses/by/4.0/
mailto:david.pinera@upc.edu
https://doi.org/10.1016/j.actbio.2024.04.019
http://creativecommons.org/licenses/by/4.0/


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

1

s

t

t

c

t  

c

t

t

N

u

b

n

t  

t

i

f

K

b

a

o

a

[  

b

a

b

i

t  

i

t

2

t

[

e

i

o

d  

s

o

t

t

r

a

m

t

R

c

a

r

t

i

a

p

e

h

s

u

fi

d

c

a

t

d

t

b

m

F

p

. Introduction 

Bacterial infection is one of the biggest issues in orthopaedic 

urgeries [1–3] . This problem becomes a major complication when 

he surgery is for a malignant bone tumor. In this case, opportunis- 

ic pathogens may take advantage of patient’s immunodeficiency 

aused both by cancer treatment and the presence of the implant 

o provoke a surgical site infection (SSI) [4] . Indeed, SSI has an in-

idence almost 10 times higher in orthopaedic surgeries after bone 

umor resection than normal orthopaedic surgeries [ 5 , 6 ] and leads 

o increased morbidity and mortality with associated costs [7] . 

ormally, when SSI occurs antibiotics are applied, but their excess 

se would be contributing to the increase of antibiotic-resistant 

acteria [8–10] . Therefore, in order to solve this unmet medical 

eed, Titanium (Ti) (or Ti alloys) implants, which are common den- 

al and orthopaedic materials [ 11 , 12 ], need to ensure strong os-

eointegration to allow the patients’ cells to strongly adhere to the 

mplant instead of bacteria (race to the surface) resultant in biofilm 

ormation [13] . 

In this regard, a thermochemical treatment developed by 

okubo [14] , is a well-established strategy to enhance the bone- 

onding ability in Ti implants. The thermochemical treatment cre- 

tes a calcium titanate layer on the Ti surface that will be capable 

f forming apatite when is in contact with body fluids [15–17] . As 

patite is a mineral component of the bone’s extracellular matrix 

 18 , 19 ], a better and faster binding between implant and bone will

e achieved. However, in some instances, such as cancer, acceler- 

ting the osteointegration process might not be enough to avoid 

acterial infection. 

For this reason, the thermochemical treatment has been mod- 

fied with the addition of functional metal ions that can poten- 

ially prevent the development of SSI [ 20 , 21 ]. Among the possible

ons, silver (Ag) has been used for its promising antibacterial ac- 

ivity [22–24] and its role as an antibacterial agent is clear [25–

7] . Indeed, Ag has previously been incorporated into the calcium 

itanate and the release of Ag+ has displayed antibacterial activity 
ig. 1. Scheme of the two co-culture systems carried out in this work. The method “infe

reviously infected bone tissue and the method “infection post-implantation”, when infec

155
21] . The ability to introduce bioactive ions could have further ben- 

fit as, for example, by adding Gallium (Ga). Ga3 + , due to similar- 

ty with ferric ion (Fe3 + ), can alter the iron metabolism and reduce 

steoclastogenesis that is a problematic post bone cancer therapy 

ue to ongoing bone loss [ 28 , 29 ]. Indeed, the reduction of bone re-

orption might also be beneficial in age related conditions such as 

steoporosis [30] . 

Consequently, the objective of this work is to demonstrate that 

hermochemically treated Ti with Ag and Ga may improve osteoin- 

egration avoiding the emergence of SSI, especially in cases where 

esorption is a worry. Therefore, here, we test in vitro osteoblast 

nd osteoclast differentiation and antibacterial activity. Firstly, hu- 

an mesenchymal stem cells (hMSC) behaviour was evaluated in 

erms of cell adhesion, proliferation and differentiation. Secondly, 

AW264.7 macrophages were tested for ability to form multinu- 

lear cells, for tartrate-resistant acid phosphatase (TRAP) activity 

nd for specific markers involved in osteoclastogenesis. 

Finally, the antibacterial evaluation was made by simulating the 

ace for the surface [13] . To better represent the real-world situa- 

ion, a co-culture system of hMSCs and pathogenic, biofilm form- 

ng bacteria, Pseudomonas aeruginosa ( P. aeruginosa ) was used. P. 

eruginosa , is a Gram negative, sepsis causing, pathogen commonly 

resent in orthopaedic infections [31] . Further, it was selected for 

xperiments as its quorum signalling is well understood and we 

ave a panel of P. aeruginosa quorum signalling molecule (QSM) 

tandards for mass spectrometry taken from [32] . In this work, we 

sed a bacteria first (2 h seeded before hMSC addition) and hMSC 

rst (24 h seeding before bacterial addition) approach to represent 

ifferent winners of the race to the surface and assess the out- 

ome, with the different seeding times representing the different 

ttachment speeds of the bacteria and hMSCs ( Fig. 1 ). Throughout 

he co-culture, cell adhesion, morphology, viability, apoptosis and 

ifferentiation assays were assessed. Moreover, as homoserine lac- 

ones are crucial molecules for intracellular signalling in bacteria 

ecause they monitor their population density in quorum sensing 

anner [33] , the content of these QSMs present in P. aeruginosa 
ction pre-implantation” mimics the scenario in which the implant is inserted in a 

tion occurs after orthopaedic surgery. Based on Piñera-Avellaneda, D. et al. [21] . 
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fter being exposed to our samples were analysed by mass spec- 

rometry. 

. Materials and methods 

.1. Materials 

Commercially pure Ti grade 2 solid discs of 10 mm diame- 

er and 2 mm thickness were used for the in vitro characteriza- 

ion. Ti discs were polished with SiC grinding papers (P800 and 

1200) and subsequently a colloidal silica suspension of 0.05 μm. 

efore their use, Ti samples were ultrasonically cleaned with ace- 

one, 2-propanol and distilled water twice for 5 min each, and fi- 

ally stored dried with N2 . 

.2. Thermochemical treatment 

The thermochemical treatment was made by following the pro- 

edure reflected in Table 1 [34] . 

.3. Surface characterization 

Ion release. The release of Ga3 + from the treated simples was 

valuated according to ISO-10993-12 standard by using and induc- 

ively coupled plasma mass spectrometry (ICP-MS, Agilent 5100 

VD 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 

oint, 1 mL of the suspension was taken, filtered and diluted 1:10 

n 2 % nitric acid. Same volume was replaced with fresh medium. 

X-ray photoelectron spectroscopy (XPS). XPS experiments were 

erformed in a SPECS system with a PHOIBOS 150 EP hemispher- 

cal energy analyzer with MCD-9 detector, using an X-ray source 

l K α line of 1486.6 eV energy and 150 W power and using a pass

nergy of 20 eV, placed at 54 ° respect to the analyzer axis and cal- 

brated 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 

tep of 1 eV, and high-resolution spectra at 0.1 eV. 

.4. In vitro cell evaluation in mono-culture 

Cell culture. hMSCs (ATCC, USA) were cultured in Advanced 

ulbecco’s Modified Eagle Medium with D -glucose, nonessen- 

ial amino acids, sodium pyruvate and supplemented with 

0 % foetal bovine serum (FBS), 1 % penicillin/streptomycin 

50 U/mL and 50 μg/mL, respectively) and 20 mM N-(2- 

ydroxyethyl)piperazine-N′ -ethanesulfonic acid buffer solution, all 

rom GibcoTM . Mouse monocyte macrophages RAW 264.7 cells 

ATCC, USA) were cultured in Dulbecco’s Modified Eagle Medium 

upplemented with 10 % FBS, 1 % penicillin/streptomycin (50 U/mL 

nd 50 μg/mL, respectively) and 20 mM N-(2-hydroxyethyl) 

iperazine-N′ -ethanesulfonic acid buffer solution, all from GibcoTM . 

ells were maintained and expanded at 37 °C in a 95 % humidified 

tmosphere containing 5 % of CO2 . Cell density and passage are 

ndicated in each particular experiment. 

Sample sterilization and incubation. Solid discs of Ti, both treated 

nd 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. 

Sample First step Second step 

Ga10 5 M NaOH 24 h/60 °C 100 mM CaCl2 + 10 mM Ga(NO3 )3 24 h/40 °C 
Ag 5 M NaOH 24 h/60 °C 100 mM C4 H6 CaO4 + 1 mM AgNO3 24 h/40 °C 
GaAg 5 M NaOH 24 h/60 °C 100 mM C4 H6 CaO4 + 2 mM AgNO3 + 20 mM Ga

156
he samples were incubated in cell culture medium for 72 h at 

7 °C. 

hMSC adhesion and morphology assay. hMSCs at passage 4 were 

eeded on Ti surfaces at a density of 15,0 0 0 cells per sample, and

ncubated for 24 h at 37 °C. After incubation, cell medium was 

emoved and the samples were rinsed with 500 μL of PBS, then 

ells were fixed with 500 μL of 4 % of paraformaldehyde (Sigma) 

or 20 min at RT. After fixation, samples were washed thrice with 

0 mM glycine in PBS (PBS-Gly) for 5 min. Then, cells were per- 

eabilized with 0.05 % Triton X-100 in PBS for 20 min at RT, 

insed thrice again with PBS-Gly, and blocked with 1 % BSA in 

BS for 30 min. Then, the medium was removed and the cells 

ere incubated with primary antibody mouse anti-vinculin (V9131, 

igma-Aldrich, USA) (1:400 in 1 % bovine serum albumin (BSA) in 

BS). After incubation, samples were washed thrice with PBS-Gly- 

nd incubated with secondary antibody Alexa Fluor 488 goat anti- 

ouse IgG (R37120, Invitrogen, USA) for 1 h in the dark follow- 

ng manufacturing protocol. After that, samples were washed with 

BS-Gly-and incubated with Alexa Fluor 546 Phalloidin-Rhodamine 

A22283, Invitrogen, USA) (1:400 in PBS-0.05 % triton) during 

 h in dark. Samples were washed thrice with PBS-Gly-and DAPI 

1:10 0 0 in PBS-Gly) was added for 2 min in the dark. After in-

ubation, the samples were finally rinsed with PBS-Gly-and ready 

or image analysis. Randomized images of each sample were cap- 

ured using Zeiss LSM 800 (Zeiss, Germany) and analyzed with 

iji/ImageJ [35] . 

hMSC proliferation assay. hMSCs at passage 4 were seeded on Ti 

urfaces at 15,0 0 0 cells per sample and maintained in culture for 

, 7, 14 and 21 days, changing the medium twice or thrice a week. 

fter each incubation period the cells were rinsed thrice in 500 μL 

BS and incubated with 350 μL 10 % of PrestoBlueTM (Invitrogen, 

SA) for 1 h at 37 °C. As a negative control, PrestoBlueTM was incu- 

ated without cells. Then, 100 μL of the medium was transferred 

o a black 96-well plate to measure the excitation wavelength at 

60 nm and emission at 590 nm using Synergy HTX multimode 

eader (Bio-Tek, USA). 

hMSC Alkaline phosphatase (ALP) activity. ALP activity of the cells 

n the proliferation assay was assessed on days 14 and 21. Cells 

ere rinsed with 500 μL PBS and then lyzed with 500 μL of mam- 

alian protein extraction reagent (M-PER, Thermo Fisher Scientific, 

SA). Samples were incubated for 1 h at 37 °C using the SensoLyte 

NPP Alkaline Phosphatase Assay Kit (AnaSpec Inc., USA) and the 

bsorbance was registered at 405 nm using a Synergy HTX mul- 

imode reader (Bio-Tek, USA). The resulting ALP quantity was ex- 

ressed as ng/mL and normalized to the cell number obtained in 

ell proliferation assay. 

hMSC mineralization assay. hMSCs were seeded at passage 4 on 

i surfaces at 20,0 0 0 cells per sample for 21 days. After each in-

ubation time, cell medium was removed and the samples were 

insed with PBS, then cells were fixed with 4 % paraformalde- 

yde (Sigma) for 20 min at RT. After that, samples were rinsed 

wice with Milli-Q water and calcium deposits were stained with 

00 μL/sample of 40 mM Alizarin Red S (Sigma-Aldrich) for 20 min 

ith gentle shaking. Unincorporated dye was removed and washed 

ith Milli-Q water until the medium became clear. Then, 6 ran- 

omized images of each sample were captured using an Olympus 

X51-P bright-field microscope (Olympus Corp., Japan). Quantifica- 

ion of calcium deposits was performed with Fiji/ImageJ [35] . 
Thrid step Fourth step 

Heat treatment 600 °C/1 h H2 O treatment 24 h/80 °C 
Heat treatment 600 °C/1 h H2 O treatment 24 h/80 °C 

(NO3 )3 24 h/40 °C Heat treatment 600 °C/1 h H2 O 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′ ) 

β-ACTIN TTGCCATCAATGACCCCTTCA CGCCCCACTTGATTTTGG A 

RUNX2 AAATGCCTCCGCTGTTATGAA GCTCCGGCCCACAAATCT 

COL1A1 AGGTCCCCCTGGAAAGAA AATCCTCGAGCACCCTGA 

ALP ATCTTTGGTCTGGCTCCCATG TTTCCCGTTCACCGTCCAC 

OPN AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA 
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4

hMSC osteogenic expression. hMSCs were seeded at passage 3 

n Ti surfaces at 30,0 0 0 cells per sample for 3 and 7 days in or-

er to evaluate gene expression. After each time point, cells were 

etached and centrifuged and pellets collected. Then, cells were 

yzed and total RNA was extracted and purified using RNeasy Mini 

it columns (Qiagen, Hilden, Germany) as described in the man- 

facturer’s instructions. Then, cDNA synthesis was performed us- 

ng the Maxima First Strand cDNA Synthesis Kit for qRT-PCR, with 

sDNase (Thermo Scientific, # K1671). RT-PCR was carried out 

n a Mic real time PCR cycler (Bio Molecular Systems, Australia) 

nd gene expression was assessed by QuantiNova Fast SYBRTM 

reen PCR Master Mix (Qiagen). β-ACTIN was used as a house- 

eeping gene and the relative gene expression levels were eval- 

ated using 2��-Ct method. Primer sequences used are shown 

n Table 2 . 

Multinuclearity study of RAW264.7 cells. RAW264.7 cells were 

eeded on Ti surfaces at 10,0 0 0 cells per sample. The medium 

sed for the seeding was supplemented with RANKL (60 ng/mL) 

nd maintained in culture for 4 and 6 days, changing the medium 

nce and thrice, respectively. After incubation time, the fluores- 

ence staining was carried out following the procedure explained 

bove. 

TRAP staining. RAW264.7 cells were seeded on Ti surfaces at 

0,0 0 0 cells per sample. The medium used for the seeding was 

upplemented with RANKL (60 ng/mL) and maintained in culture 

or 6 days, changing the medium thrice. After incubation time, 

he medium was removed, and samples rinsed with PBS. Then, 

he samples were stained using leukocyte acid phosphatase (TRAP) 

it (Sigma-Aldrich, USA) following the provided procedure. After 1 

 of incubation, the samples were thoroughly rinsed with deion- 

zed water and then, haematoxylin solution was added for stain- 

ng the nuclei. Then, samples were rinsed in alkaline tap water, 

ried, and evaluated using an Olympus BX51-P bright-field micro- 

cope (Olympus Corp., Japan). 

RAW264.7 osteoclastic expression. RAW264.7 cells were seeded 

n Ti surfaces at 10,0 0 0 cells per sample. The medium used for 

he seeding was supplemented with RANKL (60 ng/mL) and main- 

ained in culture for 4 days, changing the medium twice. RNA 

xtraction and RT-PCR were carried out following the procedure 

xplained above. GAPDH was used as a housekeeping gene and 

he relative gene expression levels were evaluated using 2��-Ct 

ethod. Primer sequences used are shown in Table 3 . 

.5. In vitro co-culture evaluation 

Bacteria and hMSC were co-cultured in two different meth- 

ds ( Fig. 1 ) as were published in Pinera-Avellaneda, D. et al. 

21] hMSC (PromoCell C12974) at passage 2–3 were cultured in 

MEM (Sigma) supplemented with 10 % FBS (Sigma), 1 % (v/v) 

 -glutamine (200 mM, Gibco), 1 % sodium pyruvate (11 mg/mL, 

igma), 1 % non-essential amino acids (MEM NEAA, Gibco) and 

 % antibiotics. Pseudomonas aeruginosa ( P. aeruginosa ATCC 27853) 

acterial strain was employed for this experiment. P. aeruginosa 

as grown aerobically overnight in DMEM at 37 °C in a shaker 

ncubator at 220 RPM. Then, bacterial suspension was diluted in 

MEM to OD = 0.1 and incubated to reach the mid-exponential 
600 

157
hase (approx. 108 CFU/mL). Sample sterilization and incubation 

ere required following the procedure previously described. 

Method of co-culture “infection pre-implantation”. 103 CFU of P. 

eruginosa were inoculated to each Ti sample and incubated for 

 h at 37 °C. After incubation, hMSC in antibiotic-free cell medium 

ith 1 % FBS were seeded on the samples at 30,0 0 0 density and

ncubated for 24 h at 37 °C and 5 % CO2 . 

Method of co-culture “infection post-implantation”. hMSC were 

eeded on Ti surfaces at density of 30,0 0 0 cells and incubated for 

4 h at 37 °C. After incubation, cell medium was removed and 

amples were rinsed thrice with PBS. Then, 103 CFU of P. aerugi- 

osa were inoculated. Finally, antibiotic-free cell medium with 1 % 

BS was added to each sample and were incubated for 2 h at 37 °C
nd 5 % CO2 . 

Cell adhesion and morphology in co-culture. Fluorescence stain- 

ng was made as indicated in Section 2.4 . Randomized images of 

ach sample were captured using Zeiss LSM 980 (Zeiss, Germany) 

nd analyzed with Fiji/ImageJ [35] . 

Annexin V immunofluorescence assay. After fluorescence stain- 

ng, samples were washed thrice with PBS for 5 min. Then, cells 

ere blocked with 1 % BSA in PBS for 30 min. After incubation, 

he medium was removed and cells were incubated with the pri- 

ary antibody mouse annexin V (ab13196) (1:400 in 1 % BSA in 

BS) for 1 h. After that, samples were washed thrice with PBS and 

ncubated with secondary antibody horse anti rabbit IgG ( H + L ) 

A-1100 (1:100 in 1 % BSA in PBS) for 1 h at 37 °C in the dark.

hen, samples were washed with PBS and streptavidin-FITC fluo- 

esceine (SA-5001) (1:100 in 1 % BSA in PBS) was added for 30 min 

t 4 °C. Finally, samples were washed with PBS. Randomized im- 

ges of each sample were captured using Zeiss LSM 980 (Zeiss, 

ermany). 

Flow cytometry. After the time required for the co-culture sys- 

ems, cells were harvested by adding trypsin, washed with PBS and 

x Annexin V binding buffer (Annexin V V13241) was applied. Cells 

ere incubated with Annexin V staining for 15 min in dark at RT. 

00 μL of binding buffer were added to wash the cells and sam- 

les were centrifugated at 419 g for 4 min. Fresh 200 μL of binding

uffer were added and 1 μL of Propidium Iodide (PI, V13245) be- 

ore flow cytometry was performed. For positive Annexin V control, 

ells were subjected to 50 °C for 5 min and for positive PI control, 

ells were subjected to 50 °C for 15 min. The excitation/emission 

or Annexin V is 494/518, and 535/617 for PI. First, standard com- 

ensation was applied and then gating was performed using un- 

tained cells using FSC-A vs SSC-A to include whole cells, then 

or single cells using FSC-a vs FSC–H. Necrotic, early apoptotic and 

ead cells were gated using a quadrant gate with Annexin V on the 

 axis, and PI on the Y axis (Attune NxT, Thermo fisher Scientific). 

ata analysis was done using FlowJo (BD biosciences). 

Mineralization assay in co-culture. After 24 h, the time required 

y the co-culture experiments, medium was removed and fresh 

ell medium supplemented with 1 % penicillin/streptomycin was 

pplied changing medium each 2–3 days. The co-culture was kept 

or 21 days. After that time, the mineralization assay was car- 

ied out following the procedure explained in Section 2.4 . Six ran- 

omized images of each sample were captured using a Stemi 508 

tereo Microscope (ZEISS). Quantification of calcium deposits was 

erformed with Fiji/ImageJ [35] . 

Metabolomics. After 24 h of co-culture, supernatant was col- 

ected and centrifuged for 15 min 14,0 0 0 rpm. The pellet was 

esuspended in 1 mL of buffer extraction composed by chloro- 

orm, ethanol and ddH2 O (1:3:1) and transferred to tubes with 

.1 mm acid washed glass beds kept in ice. Samples were then 

laced on a cell disrupter (Disrupter Genie bead beater, Scien- 

ific industries Inc., New York, USA) at 30 0 0 rpm, for 30 s five

imes. Then, samples were centrifugated 15 min 14,0 0 0 rpm at 

 °C. The supernatant was transferred to new tubes and stored at 
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Table 3 

Osteoclastic primer sequences used for RT-PCR. 

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 
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Table 4 

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

Ti Ga10 Ag GaAg 

C 1 s 33.63 ± 2.93 26.60 ± 3.18 32.80 ± 8.61 40.21 ± 7.67 

O 1 s 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 

Ca 2p 7.71 ± 1.44 2.30 ± 0.10 3.03 ± 0.48 0.85 ± 0.33 

Ga 2p 3/2 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 
80 °C. Metabolomic technique was carried out using an Agilent 

290 Infinity II series ultra-high performance liquid chromatogra- 

hy system coupled to an Agilent 6560 ion mobility quadrupole 

ime-of-flight mass spectrometer with a Dual Agilent Jet Stream 

AJS) electron ionization source (ESI). Chromatographic separation 

as performed using a ZORBAX Extend-C18 rapid resolution HT 

.1 × 50 mm, 1.8-micron column (Agilent Technologies 727700- 

02, Santa Clara CA). The solvent system consisted of MS-grade 

ater with 0.1 % formic acid as solvent A and MS-grade acetonitrile 

ith 0.1 % formic acid as solvent B. The solvent gradient was set 

o a constant flow rate of 0.150 mL/min starting at 90 % of solvent 

, which was maintained for 1 min. The gradient was dropped to 

0 % of solvent A at 1.5 min and to 1 % of solvent A at 5.5 min,

here it was maintained until 7 min. The gradient was increased 

ack to starting conditions of 90 % solvent A at 7.9 min, where it 

emained until 9.9 min. The column was maintained at a constant 

emperature of 40 °C throughout the run. 5 μl of each sample was 

njected into the column for analysis, and a quality control sam- 

le (generated by pooling equal volumes of each extract) was in- 

ected after every five samples to monitor instrument performance 

hroughout data acquisition. Data was acquired in positive ioniza- 

ion mode by scanning a mass range of 50–1500 m/z with an ac- 

uisition rate of 1 spectra/s. The Dual AJS ESI gas temperature was 

aintained at 325 °C at a flow rate of 13 L/min. The nozzle volt- 

ge was set to 20 0 0 V and VCap to 3750 V. A comprehensive list of

on mobility mass spectrometry parameters can be found in [36] . 

ata acquisition and processing were performed using the Agilent 

assHunter software suite. Standards were run alongside the sam- 

les and [ M + H ]+ ion species were used to identify the HSLs, us- 

ng accurate mass, drift time, collision cross section and chromato- 

raphic retention time parameters. 

In-cell western blot. After 24 h of co-culturing cells were fixed 

ith 4 % PFA and PBS-triton was added to permeabilize. Then, 

BS with 1 % powder milk was applied to block for 1 h and

0 min in shaking motion at room temperature. After blocking, 

rimary antibody (RUNX2 M-70 sc-10758 rabbit polyclonal and os- 

eonectin SPARC D2 sc-398419 mouse monoclonal) was added and 

ept overnight at 4 °C. Next day, the samples were rinsed using 

.1 % Tween-20/ PBS and secondary antibody (goat anti-rabbit 926- 

2211 IR dye 800, and goat anti-mouse 926–68070 IR dye 680) 

n blocking buffer was added along with CellTag IR 520 for 1 h 

t room temperature. Samples were rinsed as before and dried 

vernight at 4 °C. Then, fluorescence intensity of the protein ex- 

ression was read using Odyssey M with 70 0, 80 0 and 520 laser. 

he data was analyzed using Empiria studio 2.0 software. 

.6. Statistical analysis 

The statistical analysis was carried out by Minitab 19 software 

Minitab, EE.UU), which was used to analyze whether statistically 

ignificant differences exist among the results or not. All samples 

ere previously analyzed to determine if they followed a normal 

istribution by normality test. Then, ANOVA test or Kruskal-Wallis 

est were run to work out its p-value, depending if variable were 

ormally distributed or not, respectively. Triplicates of each sam- 

le were used ( n = 3). Each character represents significantly dif- 
158
erences respect to the other ones for each time-point (p-value < 

.05). 

. Results 

.1. Ag+ and Ga3 + are released from the GaAg-treated titanium 

urface 

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-

ease 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

resent in each treated sample is found in Table 4 . XPS analysis 

evealed the successful incorporation of Ga3 + and Ag+ on the Ti 

urface. 

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

g 

Cells showed adequate spreading on the surfaces ( Fig. 3a ). The 

ighest number of cells was found on the surface of Ga10 and the 

owest on Ag ( Fig. 3b ). The reduction of number of cells by Ag was

lmost 45 % compared to Ti. Cell number on GaAg was higher than 

g, however, no significant differences were found between GaAg 

nd Ti. Cell area was similar on Ti, Ga10 and GaAg ( Fig. 3c ), but

n Ag, cell area was 20 % lower than the control. Focal adhesions 

ere found in cells on all conditions ( Fig. 3d ). Regarding cell pro-

iferation ( Fig. 3e ), Ag showed the lowest proliferation on day 1 

ompared to the other samples. Proliferation for GaAg was lower 

n day 14, but had caught up by day 21. 

.3. GaAg-treated titanium displays a similar osteodifferentiation 

rofile than Ga10 

ALP activity ( Fig. 4a ), an enzyme involved in bone mineraliza- 

ion [37] , was only seen on Ga containing samples, Ga10 and GaAg 

n day 14. On day 21, the Ga samples still expressed high ALP 

ctivity and on the Ag sample began to be noted. Regarding cell 

ineralization measured by Alizarin red ( Fig. 4b ), the Ga samples 

Ga10 and GaAg) gave significantly more mineral expression than 

i and Ag samples ( Fig. 4c ). 

Regarding osteogenic markers, RUNX2 (osteoblast specific tran- 

cription factor [38] ) was strongly upregulated by all treated sam- 

les on day 7 ( Fig. 4d ). Ga10 and GaAg upregulated its expression

 times more than Ti, but the Ag samples were not able to induce 
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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 Ga3 + release 

from the surface of GaAg-treated samples. 
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he same upregulation. About COL1A1 (extracellular matrix protein 

ighly expressed in bone and other tissues [39] ) ( Fig. 4e ), no signif-

cant differences were found on day 3, however, the treated sam- 

les upregulated its expression on day 7. Regarding ALP ( Fig. 4f ), 

lthough no significant differences were found between the con- 

rol and Ga-containing samples, its expression was downregulated 

y Ag on day 3. On day 7, treated samples upregulated its expres- 

ion but on Ag was lower. Finally, regarding OPN ( Fig. 4 g ) (osteo-

pecific extracellular matrix protein [40] ), no significant differences 

ere found on any condition. 

.4. GaAg-treated titanium reduces osteoclastogenesis 

RANKL-induced RAW264.7 (RANKL induces macrophage fusing 

o osteoclasts [41] ) cells were cultured on sample surfaces ( Fig. 5a ).

n day 4, a few multinucleated cells were found on Ti. However, 

o evidence of multinucleated cells was found on the treated sur- 

aces. On day 6, giant multinucleated cells were clearly found on 

i, while on Ag, multinucleated cells appeared under cell colonies 

marked with yellow arrow in Fig. 5a ). No evidence of multinucle- 

ted cells were found on Ga-containing samples. In order to fur- 

her investigate this trend, TRAP staining was performed ( Fig. 5b ). 

RAP-positive osteoclasts were clearly found on Ti and Ag sam- 

les. However, no evidence of osteoclasts was apparent on Ga10 

nd GaAg. 

Regarding osteoclastic gene expression, NFATc1 (main transcrip- 

ion factor involved in osteoclastogenesis [42] ) ( Fig. 5c ) was down- 

egulated by Ga10 respect to Ti. However, GaAg did not show 

ignificant differences respect to Ti and Ga10. Moreover, Ag up- 

egulated NFATc1 expression. About c-fos (involved in the auto- 

mplification of the NFATc1 signal [43] ) ( Fig. 5d ), while Ag up-

egulated its expression, no significant differences were found be- 

ween Ti, Ga10 and GaAg. Concerning TRAP ( Fig. 5e ), its expression 

as strongly up-regulated by Ag. However, on GaAg its expres- 

ion did not show significant differences when compared to both 

i and Ga10 samples. Finally, matrix metalloproteinase 9 (MMP9, 

roduced by mature osteoclast [44] ) expression ( Fig. 5f ) was dra- 

atically downregulated by Ga10 up to 80 %. GaAg were also able 

o reduce its expression over 50 %. MMP9 showed higher expres- 

ion on Ti and Ag. 
159
.5. GaAg-treated titanium maintains adequate cell adhesion and 

orphology after bacterial infection 

With the pre-implantation infection method ( Fig. 6a ), after bac- 

erial infection, hMSC morphology was dramatically compromised 

n Ti and Ga10 compared to monoculture (MC). Cells on Ag and 

aAg were well spread in co-culture, although appearing smaller 

han in MC. In terms of cell adhesion ( Fig. 6b ), cells were hardly

ound on Ti and Ga10. In contrast, around 21,0 0 0 cells/cm2 and 

7,800 cells/cm2 were found on Ag and GaAg, respectively. More- 

ver, cell area was drastically decreased on Ti and Ga10 ( Fig. 6c ).

urther, the fluorescence intensity of the apoptosis marker Annexin 

 ( Fig. 5d ) was higher on Ti and Ga10 in co-culture than on Ag and

aAg. 

With the post-implantation method ( Fig. 7a ), hMSCs were 

trongly affected by the presence of bacteria on Ti and Ga10. While 

ore cells were visible than with the pre-implantation on the non- 

g cont aining samples, cell att achment ( Fig. 7b ) and spreading 

 Fig. 7c ) was strongly reduced. hMSCs on Ag and GaAg were nu- 

erous and well spread ( Fig. 7a - c ). Looking at apoptosis, Annexin 

 ( Fig. 7d ) was more intense on Ti and Ga10 in co-culture than on

g and GaAg. 

.6. GaAg-treated titanium achieves hMSC survival after bacterial 

nfection 

At this point, only Ag samples were taken forwards for more 

n-depth analysis as viability on non-Ag samples was clearly mas- 

ively compromised and therefore, not worth taking forwards. 

ooking more closely at cell death with annexin V/propidium io- 

ide co-staining and flow cytometry, viable, apoptotic and necrotic 

MSCs could be identified in the infection models. The gating 

trategy for the pre-implantation method ( Fig. 8 a, b) showed the vi- 

bility of hMSCs (Fig. 8c) around 60 % on Ag and 45 % on GaAg.

o significant differences were found in necrotic cells; however, 

he number of early and late apoptotic cells were higher on GaAg. 

Regarding the post-implantation method , the gating strategy 

 Fig. 8 d, e) did not unveil significant differences in the number of 

iable, necrotic, early and late apoptotic cells between conditions 

 Fig. 8 f). In this case, the cell viability was around 65 % in both

g-doped samples. 
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Fig. 3. Adhesion, morphology and proliferation of hMSC on mono-culture. (a) Representative images of hMSCs after 24 h by using fluorescence staining. Cells were labelled 

with DAPI (nuclei, blue) and phalloidin (F-actin, orange). (b) Quantification of cell number per cm2 after 24 h. (c)% of area covered by cells area after 24 h. Six images per 

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). 
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.7. GaAg-treated surface protects cells from QSMs 

Using an in-house panel of QSM standards linked to mass spec- 

rometry [45] , QSMs present in P. aeruginosa after being exposed 

o Ti, and Ti doped with Ag, and GaAg in both pre- and post- im-
160
lantation models for 24 h were analysed ( Fig. 9 ). To achieve this, 

e used choloform:methanol:water extraction with bead-beating 

o break the bacterial open and extract metabolites. Overall, ho- 

oserine lactone QSMs seemed to be downregulated in the post- 

mplantation 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 β-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). 
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or C8-HSL (N-(3-Hydroxyoctanoyl)-DL-homoserine lactone) and 3- 

xo-C10-HSL (N-(3-Oxodecanoyl)-L-homoserine lactone. In the pre- 

mplantation model, QSMs were also downregulated, however, we 

ote that for GaAg, C14-HSL (N-(3-oxotetradecanoyl)- L -homoserine 

actone) was up-regulated. 

.8. GaAg-treated titanium promotes osteodifferentation in hMSC 

fter bacterial inoculation 

After 21 days of bacterial infection, both Ag and GaAg-doped 

amples in co-culture pre-implantation were capable of inducing 
161
ell mineralization ( Fig. 10a ). However, no significant differences 

ere found in the percentage of covered area by calcium deposits 

 Fig. 10b ). In-cell western was used to measure protein expression 

f RUNX2, and SPARC ( Fig. 10c ), and increased SPARC expression 

as seen with Ag only compared to GaAg. 

In the case of the co-culture post-implantation , both doped sam- 

les were also able to induce cell mineralization after the bacte- 

ial infection ( Fig. 10d ). No significant differences were found with 

espect to covered area by calcium deposits ( Fig. 10e ). As above, 

ignificantly more RUNX2 and SPARC expression was noted on Ag 

urfaces compared to GaAg surfaces. 
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Fig. 5. Effects of Gallium-Silver coating in osteoclastogenesis. (a) Representative images of RANKL-treated RAW264.7 cells after for 4 and 6 days of culture. Cells were labelled 

with DAPI (nuclei, blue) and phalloidin (F-actin, green). Yellow arrows indicate small multinucleated cells under cell colonies. (b) Representative images of RANKL-treated 

RAW264.7 cells after 6 days and stained with TRAP. TRAP-positive cells appear colored in violet. RT-PCR analyses of: (c) NFATc1 (d) TRAP (e) c-fos and (f) MMP9 for RANKL- 

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). 
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. Discussion 

Several researchers have successfully evaluated the combina- 

ion of functional ions to improve the performance of biomate- 

ials by providing antibacterial activity with Ag and strontium 
162
Sr) [46] , improving bone-bonding properties and anti-meticillin- 

ensitive Staphylococcus aureus activity also with Ag and Sr [47] , 

r enhancing biocompatibility and antibacterial potential with Ga 

nd Sr [48] . In this work, we evaluated the combination of Ag 

nd Ga to reduce the apparition of SSI. In order to achieve this, 
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Fig. 6. Infection pre-implantation: cell adhesion, morphology and apoptosis. (a) Representative images of hMSCs in monoculture (MC) and in co-culture with P. aeruginosa 

by using fluorescence staining. (b) hMSC number per cm2 in co-culture. (c) hMSC area in co-culture. Each condition was replicated in triplets ( n = 3) and six images per 

sample were used for quantification. (d) Representative images of hMSCs in monoculture (MC) and co-culture (CC). Cell nuclei and bacterial DNA were labelled with Hoescht 

(blue), F-actin with phalloidin (orange) and apoptotic markers with Annexin V (green). Each character represents significantly differences respect to the other ones for each 

time-point (p-value < 0.05). 
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Fig. 7. Infection post-implantation: cell adhesion, morphology and apoptosis. (a) Representative images of hMSCs in monoculture (MC) and in co-culture with P. aeruginosa 

by using fluorescence staining. (b) Cell number per cm2 in co-culture. (c) Cell area in co-culture. Each condition was done in triplicate ( n = 3) and six images per sample 

were used for quantification. (d) Representative images of hMSCs in monoculture (MC) and co-culture (CC). Cell nuclei and bacterial DNA were labelled with Hoescht (blue), 

F-actin with phalloidin (orange) and apoptotic markers with Annexin V (green). Each character represents significantly differences respect to the other ones for each 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). 
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e studied Ga due to antiresorptive character; and Ag for its 

ntibacterial activity. As a consequence of the GaAg treatment 

sed here, Ag+ and Ga3 + were capable of being released from 

he material. In accordance with Rodríguez-Contreras et al. [20] , 

g+ release was very fast in the first hours in this kind of treat- 

ent, however the release of Ga3 + was slower and lower. Our 
165
esults indicate that Ag+ is first released from the surface, fol- 

owed by Ga3 + . This matches with XPS data showing that a greater 

mount of Ag and lower percentage of Ga were found on the 

aAg surface. This result seemed to indicate that Ag is found more 

uperficially than Ga. Therefore, Ag+ is released first, and then 

a3 + . 
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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). 
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Regarding biological evaluation, hMSC on all conditions looked 

49] and grew normally ( Fig. 3 ). However, Ag caused lower cell 

umber and spreading which was recovered by adding Ga. The cal- 

ium titanate layer on Ti samples has been reported to enhance 

steodifferentiation in many studies [ 21 , 50 ]. Moreover, Ga3 + has 

een reported as an osteoinductive agent [ 51 , 52 ]. In this work, the

uitability of calcium titanate and Ga3 + to promote osteogenesis 

as confirmed again ( Fig. 4 ). In addition, with the GaAg combi- 

ation, the enhancement of mineralization was kept despite the 

resence of Ag. However, ALP activity, mineralization, RUNX2 and 

LP gene expression were significantly lower on Ag only. Although 

he Ag performance here was inferior compared to Ga10; ALP, min- 

ralization and RUNX2 gene expression were increased compared 

o Ti control. Even though the improvement in osteodifferentiation 

y Ag versus Ti was clear, it was probably provided by the effect 

f calcium titanate. In fact, only few studies have reported Ag+ as 

n ion able to confer osteogenesis [53] but many studies have in- 

ormed that Ag has no effect [54–56] . Overall, the incorporation of 

a, including with Ag, was shown to be beneficial for hMSC os- 

eogenesis. It is important to note that while Ag itself had no os- 

eogenic benefit, it did not interfere with the benefit, probably due 

o the effect of the calcium titanate. These results suggested that 

he mixture retains the suitable osteoinductivity provided by Ga3 + 

nd improves those obtained by Ag+ . Therefore, GaAg has more 

bility to induce osteogenesis than Ti and Ag. 

According to our anti-resorptive evaluation ( Fig. 5 ), Ga- 

ontaining samples inhibited osteoclast formation. However, the 

aAg mixture was not able to reduce osteoclast-related genes 

s strongly as Ga10. Even though its anti-resorptive ability ap- 

arently might be reduced compared to Ga only, GaAg samples 

howed a better reduction of osteoclast genes expression com- 

ared to Ag alone. A possible explanation can be that Ag+ has 

een reported as an inductor of osteoclastogenesis by increas- 

ng RANKL/osteoprotegerin (OPG) ratio [57] . RANKL and OPG play 

n important role in osteoclastogenesis since osteoblasts produces 

ANKL to induce macrophages to differentiate and the process is 

ontrolled through the production of OPG, the antagonist [58–61] . 
166
hus, when the RANKL/OPG ratio is increased, osteoclastogenesis 

s promoted and subsequent bone resorption occurs. Moreover, it 

s believed that an increase in osteoclast formation may be related 

o the risk of peri-implant osteolysis [62] . Therefore, not only does 

g enhance osteoclastogenesis but it might also increase the risk 

f implant failure. However, osteoclastogenesis was significantly re- 

uced on GaAg, showing a profile closer to that of Ga10. Specially, 

MP9, involved in bone matrix degradation [ 63 , 64 ], was drasti- 

ally down-regulated. This result suggested that on the one hand 

he mixture reduced less efficiently osteoclast formation compared 

o Ga10, on the other hand, the reduction of osteoclastogenesis was 

mproved compared to Ag, therefore the risk of peri–implant oste- 

lysis would be reduced. 

As it was mentioned above, the representation of “the race for 

he surface” in vitro is one of the most realistic approach to evalu- 

te antibacterial activity of a material [65] . Despite this, it is noted 

hat an in vitro study has still limitations for its extrapolation to 

 clinical scenario, since there are several factors, such as the pa- 

ient’s immune state or the microenvironment surrounded the im- 

lant. In this work, the “race for the surface” has been initially 

ssessed without antibiotics in order to prove the antibacterial 

ffect provided by Ag. However, after a certain amount of time, 

ntibiotics were added to protect the surviving cells and provide 

n appropriate environment to evaluate osteogenesis. Moreover, 

ntibiotics are commonly used in the clinical practice [66] and 

heir use in the in vitro study resembles this situation. As it has 

een described in Piñera-Avellaneda, D. et al. [21] , the method for 

re-implantation infection mimics the scenario in which the im- 

lant is inserted in a previously infected bone as in the devas- 

ating complication called Periprosthetic Joint Infection (PJI) [67–

9] ; and the method post-implantation represents the situation in 

hich bacterial infection occurs post-implantation due to the pa- 

ient’s immune-depressed status [70–72] . Our results ( Figs. 6 and 

 ) confirmed that the Ag-doping protected the hMSCs better from 

acterial virulence even in combination with Ga. Moreover, sam- 

les with Ag provided better hMSC adhesion and protected them 

rom apoptosis [73] . However, although several researchers have 
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Fig. 10. Osteodifferentation capacity after bacterial infection. (a) Representative images of calcium deposits produced on day 21 in co-culture pre-implantation. (b) Quan- 

tification of the calcium deposits in pre-implantation. (c) In-cell western analysis of SPARC and RUNX2 in pre-implantation. (d) Representative images of calcium deposits 

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). 
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uccessfully proved the antibacterial effect of Ga-based compounds 

74–76] , especially against P. aeruginosa [77–79] , the Ga3 + released 

rom Ga10 was not enough to kill bacteria in this co-culture sys- 

em. The results of Figs. 6 and 7 in combination with fig. 8, illus-

rates that there is not full effect of Ag when included with Ga 

hen conditions are most unfavourable, i.e. in the pre-implantation 
167
odel . However, when the hMSCs populate the surfaces first, both 

g and GaAg offer equal bacterial protection. 

In order to understand what was happening in the co-culture, 

SMs present inside the bacteria were evaluated ( Fig. 9 ). In the 

ost-implantation method, QSMs were present in the bacteria in 

esser quantity in the treated samples than untreated Ti, espe- 
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ially for C8-HSL and 3-oxo-C10-HSL. Both are involved in acti- 

ation of LasR, a transcription factor involved in biofilm and vir- 

lence factor production [80] . In low density conditions, as we 

ave with inclusion of Ag in the Ti surfaces, low bacterial den- 

ity will result in lowered activation of LasR and can, therefore, 

e resultant lower bacterial virulence. However, in pre-Implantation 

ethod, some QSMs were found in higher quantity on GaAg, spe- 

ially C14-HSL. This molecule is another density-dependant QSM 

hat regulated the LasR and RhlR virulence-control transcription 

actors [ 81 , 82 ] and has been reported to affect cell viability and

nduce apoptosis [ 83 , 84 ]. This higher quantity of QSMs could be

 reason by which% apoptotic cells was higher on GaAg (Fig. 8). 

oreover, it has been reported that P. aeruginosa produces QSMs as 

esponse to the environment according to bacterial and cell pop- 

lation and the state of the infection [ 85 , 86 ]. In fact, the family

f C14-HSL molecules are produced in the phase where P. aeurig- 

osa population is low [87] . Therefore, we hypothesised that these 

olecules were present on GaAg because the last living bacteria 

ere trying to survive by increasing their virulence more aggres- 

ively through the production of these QSMs. Indeed, on Ag were 

ot in high quantity due to the Ag+ release here is higher and 

aster [20] than in the mixture and can kill bacteria more effi- 

iently. 

Finally, in order to check if the cells had the capacity to over- 

ome the infection, long-term assays were carried out. After bacte- 

ial infection, samples were capable of inducing cell mineralization 

 Fig. 10 ). Moreover, both samples promoted the protein expression 

f SPARC and RUNX2. SPARC, also known as osteonectin, is an ex- 

racellular matrix glycoprotein with a pivotal role in bone miner- 

lization [ 88 , 89 ]. These results were in agreement with another 

ork, where hMSCs could also promote RUNX2 expression when 

eeded on Ti surfaces [90] . Our findings here highlighted that hM- 

Cs were able to recover from bacterial attack and that both Ag- 

oping samples may stimulate bone regeneration even after bacte- 

ial infection. 

. Conclusions 

The combination of Ga and Ag in the thermochemical treatment 

onfers great advantages in a non-infected system (mono-culture) 

y increasing osteospecific differentiation and reducing osteoclas- 

ogenesis. In an infection model (co-culture), while GaAg confers 

ittle advantage over just Ag, it does not dramatically reduce the 

ffect of Ag. Therefore, it is a good compromise where the surgeon 

opes that fast and strong osteoinduction will reduce the proba- 

ility of infection. However, if infection occurs, the implant retains 

he strong advantages of Ag. Even though in vivo experiments must 

e carried out, we can conclude that GaAg-treated Ti could become 

 promising strategy to be applied as osteoporotic and bone tumor 

rosthesis with high incidence of bacterial infection and thus pre- 

ent the apparition of SSI. 
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