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Abstract: Biofilm-associated infections remain the leading

cause of implant failure. Thanks to its established biocompat-

ibility and biomechanical properties, titanium has become

one of the most widely used materials for bone implants.

Engineered surface modifications of titanium able to thwart

biofilm formation while endowing a safe anchorage to

eukaryotic cells are being progressively developed. Here

surfaces of disks of commercial grade 2 titanium for bone

implant were grafted with gallium and silver ions by anodic

spark deposition. Scanning electron microscopy of the sur-

face morphology and energy dispersive X-ray spectroscopy

were used for characterization. Gallium-grafted titanium was

evaluated in comparison with silver-grafted titanium for both

in vivo and in vitro antibiofilm properties and for in vitro

compatibility with human primary gingival fibroblasts.

Surface-modified materials showed: (i) homogeneous porous 
morphology, with pores of micrometric size; (ii) absence of 
cytotoxic effects; (iii) ability to support in vitro the adhesion 
and spreading of gingival fibroblasts; and (iv) antibiofilm 
properties. Although both silver and gallium exhibited in 
vitro strong antibacterial properties, in vivo gallium was 
significantly more effective than silver in reducing number 
and viability of biofilm bacteria colonies. Gallium-based treat-

ments represent promising titanium antibiofilm coatings to 
develop new bone implantable devices for oral, maxillofacial, 
and orthopedic applications. 
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INTRODUCTION

Oral and orthopedic implants may be colonized by biofilm-
forming bacteria that cling to the prosthesis surfaces and lead
to periprosthesis infections. Then bacteria, protected, as they
are, by the robust covering of the biofilm, become impervious
to the host immune defenses and antibiotic therapies.1–3

Biofilm-associated infection is still one of the most serious
complications of the clinical application of biomedical devi-
ces. Both in oral and in orthopedic implantology, implant-
related infections are devastating and expensive events in
terms of clinical sequelae and financial costs. In particular, a
single episode of arthroplasty infection costs more than
$50,000 dollars, which can further increase when repeated
surgeries are required involving implant replacement and
subsequent prolongation of systemic antibiotic therapy, pain,
and disability.4 Biomaterials are vulnerable to bacterial con-
tamination because the bacteria of the skin and mucosae can
come easily in contact with the implant surface during sur-

gery, thus having a good chance of adhering to the prosthesis
and to cause a deep bone tissue infection.5,6 For instance, the
occurrence of chronic osteomyelitis after insertion of an
external prosthesis is as high as approximately 4%,7 while
oral peri-implantitis occurs in 5–8% of cases within selected
implant systems.7–9

Infections related to medical devices depend on several
factors: chemical–physical properties of the biomaterial,
design of the device, anatomical site in which it will be
inserted, size of the surface involved, and duration of the
surgical procedure.10 Worthy of note are the host systemic
and local health conditions, as they can counteract or favor
bacterial colonization and infection.11 Bacteria, fungi, and
protozoa can all be enrolled in biomaterial contamination,
although the most frequently recovered and documented
microorganisms in orthopedic biomaterial infections are
host endogenous commensal bacteria, such as Staphylococ-
cus epidermidis and other coagulase-negative staphylococcal
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species, or mild pathogens, such as Staphylococcus aur-
eus.12,13 Similarly, oral implants are usually infected by
microorganisms belonging to the commensal oral flora.
These saprophytes are nonvirulent or less virulent in the
planktonic form, but become highly pathogenic when
arranged in a biofilm or when the natural microbial balance
is lacking.14

The events that lead to biofilm formation are key factors
to be targeted by preventive strategies. Adhesion is the first
infection step allowing bacteria to grow and invade the host
tissues. Bacterial adhesion on the implant surfaces can be
influenced by aspecific factors, such as van der Waals forces,
as well as by specific microbial surface component recogniz-
ing adhesive matrix molecules, which are adhesins harbored
by the bacterial cell-wall and act as receptors for the host
extracellular matrix proteins adsorbed on the implant surfa-
ces.7,15–17 After surface colonization by pioneering strains,
which are mainly cocci spp. both in the oral cavity (where
Streptococcus mutans predominates) and in orthopedics
(where the above-mentioned staphylococci, together with
Enterococcus faecalis,18 are the leading etiologic species),
coaggregation of other residing bacteria, either planktonic
or adhering,19 occurs. They then replicate producing conflu-
ent growth and biofilm. This happens on natural hard tis-
sues (either bone or tooth) as well as on polymeric,
metallic, and ceramic materials.20–23

Material surface too plays a role in these early phases.
In particular, surface energy,24 micromorphology and rough-
ness,25 material stability, crystallographic properties,21 and
surface chemistry22,26 are able to affect the susceptibility to
biofilm adhesion and its early development. Therefore, the
surface properties of biomaterials could be addressed to
inhibit bacterial adhesion and colonization.27

Recently, several inorganic antimicrobial agents have
been used as a promising strategy to discourage biofilm for-
mation onto implant surfaces by exploiting their known
antibacterial properties to reduce both the systemic antibi-
otic therapy and the surgical procedures necessary to
remove the infected implants.3,27,28 In particular silver (Ag)
and gallium (Ga), a semimetallic element in group 13 (31),
have been shown to be effective in the prevention of
implant surgical infections.29–35 Bacteriostatic/bactericide
properties of silver are well known and are mainly due to
its multiform mechanisms to damage bacteria even at very
low concentrations.34,35 More recent is the knowledge of an
antibacterial potential of gallium, which is hypothesized to
be based on an intriguing “Trojan horse” strategy.32

In the present work, we aim at examining the effective-
ness of newly designed gallium-based treatments for tita-
nium surfaces in counteracting biofilm formation.
Antibiofilm efficacy of the gallium-based modifications was
evaluated in vivo in comparison with those of parallel
silver-based modifications. We have also evaluated, by
means of confocal laser scanning microscopy (CLSM) after
Live/Dead staining, the presence and the thickness of the
biofilms produced in vitro on the modified materials by S.
mutans, the most representative cariogenic pathogen of the
oral flora.

Moreover, we aimed at ascertaining the cytocompatibil-
ity properties of the surface-modified materials, in view of
their potential clinical applications in oral implantology and
in orthopedics as infection-resistant materials.

In this connection, it could be underlined that a close
and firm adhesion of the connective tissues (both noncalci-
fied and calcified) to the prosthesis surface is required to
ensure the proper stability of bone orthopedic and oral
implants and to protect against bacterial penetration. In
fact, a successful biointegration of the implant by the host
cells opposes bacteria in the race for the surface.36,37 In oral
implants a fibrous connective tissue tenaciously anchored to
the implant surface, besides nourishing and supplying blood
to the underlying bone, is also able to prevent the apical
migration of the gingival epithelium, which should seal the
implant interface and obstruct bacteria entry. Therefore,
resistance to implant infection can certainly be improved by
an effective antibiofilm treatment of the implant surface, but
a right connective tissue adhesion greatly advantages in pre-
serving the implant from storming bacteria.

These observations are the reason of our efforts in
searching for a surface titanium treatment able to hamper
bacterial colonization and biofilm formation and, in the
meantime, to support valuably the adhesion of the implant
surrounding stromal connective tissues. In this perspective,
we also tested the modified-materials for their in vitro cyto-
compatibility with human primary gingival fibroblasts, as a
model of behavior of connective cells in contact.

MATERIALS AND METHODS

Preparation of the titanium samples
Titanium disks (diameter: 12 mm; thickness: 0.5 mm) were
obtained by a mechanical cutter from a plate of commer-
cially pure grade 2 titanium (Torresin Titanio Metalli S.r.l.,
Limena, Italy). Before undergoing any treatment, all the
samples were cleaned by ultrasonic rinsing (Elmasonic S
60/H, Elma Hans Schmidbauer, Singen, Germany) in acetone
(RPE; Carlo Erba, Rodano, Italy) for 10 min and afterward
rinsed in Millipore water for further 10 min to remove sur-
face contaminants related to manufacturing and handling.
Finally, the samples were dried in a thermostatic oven at
37�C for 2 h.

Titanium specimens were then modified with the addi-
tion of antibacterial compounds by electrochemical surface
modification using the anodic spark deposition (ASD)
method as previously reported.38 Nontreated grade 2 tita-
nium was always used as further control.

The different antibacterial treatments were developed
starting from the same base solution. This solution (called
SiB) is currently used to produce a biomimetic coating on
dental implants.39 Specimens treated with SiB were sub-
jected to an alkali treatment in 5 M NaOH for 2 h at
60�C6 2�C. The aim of this alkali etching was to produce a
surface sodium enrichment and increase the Ca/P (calcium/
phosphorous) ratio. The resulting samples, called SiB-Na,
were used as control samples.

The base SiB electrolytic solution contained 0.03 M di-
Na2SiO3�2H2O, 0.1 M di-b-glycerophosphate disodium salt



pentahydrate, 0.3 M calcium acetate�H2O, and 0.036 M
NaOH (all provided by Sigma-Aldrich, St. Louis, MO). After-
ward, antibacterial species and the chelating compounds
were added to the SiB solution to produce the final antibac-
terial treatment.

The antibacterial agents used were silver nanoparticles,
silver nitrate, silver acetate, and gallium nitrate (all pro-
vided by Sigma) appropriately mixed with L-cysteine and
oxalic acid dehydrate (all provided by Sigma-Aldrich) as
chelating agents. These latter were used to avoid the mas-
sive precipitation of silver and gallium salts in the electro-
lytic solution, thus improving their migration toward the
anode. Table I reports the complete scheme of the tested
antibacterial agents, the concentrations of chelating agents,
and the electrochemical parameters applied during the ASD
treatment.

Morphological and chemical analysis
Scanning electron microscopy (SEM) was used to investigate
the surface morphology of the samples. Briefly, after fixing
on aluminum stubs using a conductive carbon tape, samples
were observed with a StereoScan 360 SEM (Cambridge
Instruments, Somerville, MA) at 10 kV with various magnifi-
cations, using secondary electrons.39

The chemical qualitative analysis was made by an
Energy Dispersive Spectrometer (Inca energy 200; Oxford
Instruments, Abingdon, UK) to identify the chemical species
present on the surfaces. The analysis was carried out on
5003 acquired images.

Primary human gingival fibroblasts isolation
Primary human gingival fibroblasts (HGFs) were isolated
from a fresh gingival biopsy collected from tissues excised
from healthy teeth obtained from orthodontic procedures.
The entire tissue was minced with a surgical blade and
digested for 45 min at 37�C with a solution of 1% type I
collagenase I (Worthington Biochemical Corporation, Lake-
wood, NJ), 0.1% dispase I (Worthington) and 25% trypsin
(Sigma-Aldrich) in a serum-free minimal essential medium
alpha modification (a-MEM; Sigma-Aldrich). Afterward, the
digested solution was filtered with a 0.45 lm pore size in
order to remove undigested debris and centrifuged 10 min
at 800 rpm. The cellular pellet was then resuspended in

a-MEM supplemented with 10% fetal bovine serum (FBS;
Sigma-Aldrich), 1% antibiotics/antimycotics (penicillin/
streptomycin/gentamycin, Sigma-Aldrich) and the cells were
seeded into new polystyrene Petri plates (Sigma-Aldrich)
containing fresh medium. Cells were grown up to a maxi-
mum of about 80% confluence and detached with trypsin/
EDTA before use; cells from passages 1 to 3 were used for
experiments.

Direct cytocompatibility evaluation
Twelve millimeter samples were placed into 24-multiwell
plates; 23104 cells/sample were seeded onto the surfaces
of each sample in a low volume (200 lL) and allowed to
adhere for 4 h. Afterward, each well was filled with 1 mL of
fresh medium and cell viability was evaluated with the
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) colorimetric assay (MTT; Sigma-Aldrich) at 24 h, 48
h, and 72 h. Briefly, 100 lL of MTT solution (3 mg/mL in
PBS) were added to each sample and incubated 4 h in the
dark at 37�C; the composition of PBS was 137 mM NaCl,
2.7 mM KCl, 8.1 mM Na2HPO4�2H2O, and 1.76 mM KH2PO4

(pH 7.4). Afterward, formazan crystals were solved with
100 lL of dimethyl sulfoxyde (DMSO; Sigma-Aldrich) and
50 lL were collected and centrifuged to remove any debris.

Supernatant optical density (OD) was evaluated at
570 nm with a spectrophotometer (Spectra Count, Packard
Bell, Meriden, CT). Noncoated titanium OD was used as con-
trol and considered as 100% cell viability while viability of
the coated samples was calculated as follows: (sample OD/
titanium control OD) 3 100. Experiments were performed
six times for controls and each different coating.36

Furthermore, immunofluorescence staining was per-
formed in order to investigate cell morphology after 72 h of
adhesion onto the biomaterial surface. Cells were fixed 20
min with 4% paraformaldehyde at room temperature (RT)
and then washed three times with PBS. Phalloidin (rhoda-
mine B tetramethyl isothiocynate, 1/2000 in PBS; AbCam,
Cambridge, UK) solution was added for 45 min at RT in
order to investigate the cell cytoskeleton; afterward, sam-
ples were washed three times with PBS and costained with
40,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich). Cell
morphology was optically evaluated using fluorescence

TABLE I. Experimental Matrix of the Treatments

Treatment
Antibacterial

Agent
Antibacterial

Concentration
Chelating

Agent

Chelating
Agent

Concentration
(M)

Current
(mA/cm2) Potential (V)

Time of
Treatment (s)

SiB-Na – – – 10 295 776 6 120
AT^ 7200

AgCis AgNo3 0.004 M L-Cysteine 0.002 10 295 690 6 30
GaCis Ga(NO3)3 0.004 M L-Cysteine 0.006 10 295 700 6 12
GaOss Ga(NO3)3 0.004 M oxalic acid 0.306 10 325 606 6 66
AgNPs Silver nanopar-

ticles (50 nm)
3 g/L – – 10 295 656 6 49

Abbreviations: SiB-Na, control treatment; AT^, alkali etching treatment; AgCis, AgNO3 and L-cysteine treatment; GaCis, Ga(NO3)3 and L-cyste-

ine treatment; GaOss, Ga(NO3)3 and oxalic acid treatment; AgNPs, silver nanoparticles.



microscopy (Leica AF 6500; Leica Microsystems, Basel,
Switzerland).

Indirect cytotoxicity evaluation
Serum free a-MEM was incubated without cells for 1 week at
37�C, 5% CO2 in direct contact with controls or coated sam-
ples in a ratio of 1 mL/sample for a total of 10 mL/specimen.
Afterward, eluates were collected, supplemented with 10%
FBS and used to cultivate HGFs. Cells were seeded in a defi-
nite number (2 3 104/well) into 24-well plates (Cell Star;
PBI International, Milan, Italy) and cultivated for 1 week at
37�C, 5% CO2. Afterward, cell viability was evaluated by the
MTT colorimetric assay as described for the direct cytocom-
patibility assay.40 Furthermore, cell morphology was visually
investigated after 1 week of culture by light microscopy
(Leica AF 6500; Leica Microsystems).

In vivo antibacterial activity assessment
This study was an observational-blind, randomized, intrain-
dividual comparative, and single-center clinical study. The
design of the study was in keeping with the ICH note for
guidance on Good Clinical Practice (CPMP/ICH/135/95;
1997) and the Declaration of Helsinki (Recommendations
Guiding Physicians in Biomedical Research Involving Human
Subjects, Helsinki; 1964) and subsequent amendments
(1975). Nulla osta was received from the Local Ethics Com-
mittee (Novara).

Seven volunteers (four males and three females; age 20–
27 years, mean age 24 years) gave the informed consent to
participate in the study and strictly complied with the pre-
scriptions. Inclusion criteria were: good oral hygiene (pla-
que index<10),41 good health conditions, normal salivary

secretion rate (stimulated salivary flow: 2.51 1.24 mL/
min), normal buffer capacity (mean pH value: 6.31 1.72),
and absence of marginal gingivitis and active carious lesion;
the mean DMFS (Decayed, Missing due to caries, Filled
Teeth/Surface)42 was 0.6 (range 0–4). Subjects who used
antibiotic or chlorhexidine during the 3 months before the
study were not included as well as pregnant women.

The volunteers were asked to wear oral appliances for
24 h, shown in Figure 1. These were prepared with polyvi-
nylchloride, containing six specimens (1 mm diameter) and
treated as previously described. The different samples were
fixed to each appliance in random order as described in
Table II.

Volunteers were asked to avoid the use of toothpaste
and mouth rinse during the 24 h and to wear the appliances
consecutively with the only exception at meals, when the
appliances were stored in saline at RT.

After 24 h, the samples were collected and three sam-
ples for each type of coating were used for the colorimetric
viability assay (XTT; Sigma-Aldrich) and an additional three
for the number counts of the colony forming units (CFU).
Briefly, the colorimetric assay 2,3-bis (2-methoxy-4-nitro-5-
sulfophenyl)-5-((phenyl amino) carbonyl)-2H-tetrazolium
hydroxide (XTT; Sigma-Aldrich) was used to determine
dehydrogenase activity as an indicator of the metabolic state
of the biofilm cells. Disks were transferred into new 24-well
culture tissue plates containing 1 mL PBS/well. Fifty mL XTT
solution (1 mg/mL in PBS) and 4 mL menadione (Sigma-
Aldrich) solution (1 mM in acetone) were added to each
well. Plates were incubated for 5 h in the dark at 37�C. The
entire content of each well was transferred into new 1.5 mL
Eppendorf tubes and centrifuged (5 min at 13,000 rpm) to

FIGURE 1. Appliances preparation process and chalk footprints (A); polyvinyl chloride (PVC) molds (B); and specimen insertion (C, red arrows).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

TABLE II. Schematic Representation of Specimen Application onto the Appliance (Sample and Position)

Topographic Site For Specimens Insertion

Subject 4.7 – 4.6 4.6 – 4.5 4.3 – 4.2 3.2 – 3.3 4.5 – 4.6 4.6 – 4.7

1 Ti ctrl AgNPs AgCis GaCis GaOss Ti ctrl
2 SiB-Na Ti ctrl AgNPs AgCis Ti ctrl GaCis
3 GaOss SiB-Na Ti ctrl Ti ctrl AgNPs AgCis
4 GaCis Ti ctrl GaOss Ti ctrl SiB-Na AgNPs
5 Ti ctrl AgCis GaCis Ti ctrl GaOss SiB-Na
6 AgNPs AgCis Ti ctrl GaCis Ti ctrl GaOss
7 SiB-Na AgNPs Ti ctrl AgCis GaCis Ti ctrl

Abbreviation: Ti crtl, untreated titanium.

Each appliance contains one single tested specimen in a random order. The points of insertion are indicated according to the World Dental

Federation Numbering System, published as ISO 3950 notation.65



remove residual cells. One hundred microliters were trans-
ferred from each tube to a new 96-well plate and the XTT
formazan in the supernatant was determined spectrophoto-
metrically at 690 nm.43

For the CFU counts, disks were resuspended in 1 mL of
PBS, vortexed, and sonicated at 60 Hz (Aquasonic 250HT;
VWR International, Radnor, PA) for 30 s, five times for each
sample, to allow the detachment of biofilm from the surface
of the disks. One hundred microliter suspensions were
transferred to a 96-well plate and used to perform six 10-
fold dilutions by mixing 20 mL of biofilm suspension with
180 mL of PBS. Twenty microliters of each dilution were
spotted on nutrient agar plates and incubated for 72 h at
37�C. Finally, the number of CFUs/disk was counted, in a
blinded manner, using the following formula: (number of
colonies) 3 10 3 (reverse of dilution value).44

In vitro antibiofilm activity assessment
In vitro biofilm growth. Specimens were sterilized in 70%
ethanol in water for 20 min and washed extensively with
sterile deionized water. A single colony of the S. mutans ref-
erence strain ATCC 25175 from an overnight culture on
agar plate was resuspended in 9 mL of Tryptose Broth (TB,
Biolife, Milan, Italy) and incubated at 37�C for 18 h. After

incubation, a new fresh TB tube diluted 1:10 was prepared.
The new tube was incubated at 37�C for 3 h in order to
achieve the logarithmic growth phase. At the end of the
incubation period the bacterial suspension was read by a
Nephelometer Hach 2100 AN (Hach Lange, Manchester, Eng-
land). The bacterial suspension was adjusted to obtain a
final turbidity of 10 nephelometric turbidity units (NTU).
Aliquots of the dilute bacterial suspension were dispensed
into 24-well Microplates (Costar, Corning, N Y), each well
containing a material specimen (Ti Ctrl, SiB-Na, AgCis,
AgNPs, GaCis, and GaOss) and then incubated for 24 h and
72 h at 37�C. During the 72-h incubation, half culture broth
of each well was substituted with fresh TB every day.

CLSM observations. CLSM observations aimed at detecting
viability of bacteria grown for 24 h and 72 h at 37�C on the
six different materials. To determine the viability of bacteria
a Live/Dead BacLight bacterial viability kit (Molecular
Probes, Life Technologies Italia, Monza, Italy) was used. The
kit includes two fluorescent nucleic acid stains: SYTO9 and
propidium iodide. SYTO9 penetrates and stains both viable
and nonviable bacteria, while propidium iodide enters only
damaged/dead cells and quenches SYTO9 fluorescence.
Dead cells, which take up propidium iodide, fluoresce red,

FIGURE 2. SEM images of the different specimens surface at the final stage of preparation. After fixing on aluminum stubs using a conductive

carbon tape, samples were observed with a StereoScan 360 SEM at 10 kV, using secondary electrons. Magnification 5 15003, bar scale 5 20 mm.

In AgNPs specimen small silver nanoparticle aggregates are present as white spots.



green cells fluoresce green. For assessing viability, 1 mL of
stock solution of each stain was added to 3 mL of PBS and,
after mixing, the solution was distributed into the plates
containing the materials specimens and incubated at RT for
15 min in the dark. Stained biofilms were examined by the
Confocal Laser Scanning Microscopy Nikon Eclipse Ti inverted
microscope equipped with an AR1 confocal unit, using a
100x oil immersion objective. The excitation and emission
wavelengths used for detecting SYTO9 were 488 nm and
525 nm, respectively. Propidium iodide was excited at
520 nm, and its emission was monitored at 620 nm. Optical
sections of 1.0 mm were collected from the entire thickness
of the biofilm. For each sample, images from three randomly
selected positions were acquired. The resulting stacks of
images were analyzed using NIS-elements AR 3.2 software
confocal software.

Statistical analysis
Statistical analyses were performed using Statistical Package
for Social Sciences (SPSS v20.0, IBM Co. Armonk, NY). The
assumptions of homogeneity of variances and normal distri-

bution of errors were checked for all the variables consid-
ered using Levene’s and Kolmogorov–Smirnov tests,
respectively. Since the assumptions were satisfied, analysis
of variance one-way and post hoc Sheffe’s test were used.
The significance level was set at 5%.

RESULTS

Morphological and chemical evaluation
SEM images are reported in Figure 2. All the different coat-
ings proved to be very stable and homogeneously distrib-
uted on the sample surfaces. The untreated titanium (Ti
ctrl) surface did not appear to be particularly smooth and it
was characterized by a raw “flake” morphology. In general,
the ASD-treated surfaces showed a very similar morphology,
with micrometric pore size and characterized by homogene-
ous pore distribution. A different morphology is displayed
by the GaOss treatment, in which the pore diameter is
smaller than the other ASD coatings and it is characterized
by an irregular pore size distribution (Fig. 2). It is interest-
ing to observe that some microcracks were detectable espe-
cially on AgNPs, AgCis, and GaCis treatments, which are

FIGURE 3. Qualitative chemical surface composition spectra (EDS). The EDS spectra highlighted the presence of calcium, phosphorous, and sili-

con for the SiB-Na control and for all the ASD coatings except for GaOss, for which the calcium signal was undetectable, although the maxi-

mum silicon peak was present. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]



commonly present on the ASD treatments, but not represen-
tative of the coating’s poor adherence or susceptibility to
delamination. No cracks were visible on SiB-Na (control)
and on GaOss treatment. AgNPs specimen clearly showed
the presence of small silver nanoparticle aggregates identifi-
able by the presence of white spots (Fig. 2).

Chemical qualitative analysis [energy dispersive X-ray
spectroscopy (EDS)] results are reported in Figure 3. The EDS
spectra highlighted the presence of the chemical elements
showing on the SiB-Na control such as calcium, phosphorous,
and silicon for all the ASD coatings except for GaOss, for
which the calcium signal was undetectable, although the max-
imum silicon peak was present. The presence of calcium,
phosphorous, and above all of silicon played a fundamental
role in enhancing the mineralization process of the ASD coat-
ing.39 In particular, the SiB-Na surface also showed the pres-
ence of sodium, ascribed to the etching treatment performed
after the ASD treatments. For the EDS spectra of the ASD coat-
ing, performed in the electrolytic solutions enriched with sil-
ver (AgNPs and AgCis), there was no detectable silver
presence. Only by performing a careful EDS analysis where
SEM images showed a white spot, it was possible to confirm
the integration of silver within AgNPs surface. GaCis and
GaOss spectra revealed gallium presence on surfaces; the gal-
lium peak on GaOss, in particular, was higher than those
observed in the GaCis samples.

Cytocompatibility testing
The in vitro biological tests revealed the absence of any direct
or indirect cytotoxic effect for any of the investigated materi-
als (Figs. 4 and 5). For all the tested time-points, the direct
cytocompatibility test reported a cell viability between 70%

and 97% compared to controls (100%). The mean values of
viability expressed as cells/surface were 10–12 cells/mm2

for all the materials. Furthermore, immunofluorescence stain-
ing of cells, seeded directly onto the sample surfaces, revealed
a physiological cellular adhesion and morphology without
remarkable differences between controls and tested samples
(Fig. 4). It should also be underlined that pictures shown in
Fig. 4 were intentionally taken from regions where the cell
density was lower, in order to focus on single cell morphol-
ogy, rather than from high-density regions, where distinct cell
morphology could not be appreciated.

The indirect cytotoxicity assay excluded any negative
effects for the cells cultured in contact with the medium
previously incubated for 1 week in contact with the treated
materials. Cell viability was in a range of 90–95% compared
to cells cultivated with fresh medium. Very good cellular
viability was also confirmed by microscopy analysis that
showed perfect cellular morphology when cells cultivated
with test media were compared with control ones (Fig. 5).

Antibacterial activity
All of the tested specimens possessed a significant reduction
in bacterial viability compared to untreated titanium
(p<0.05) in both the CFU (A) and the XTT (B) assays as
shown in Figure 6(A,B). More specifically, gallium-based
samples showed the best bactericidal activity among the
antibacterial treatments developed. In fact, the values of
CFU/mm2 were reduced by about 48% with GaCis (log10
3.920) and by 40% with GaOss (log10 3.982), when com-
pared with the control SiB-Na, (log10 4.161), while the sam-
ples containing silver displayed a bacterial inhibition of

FIGURE 4. Direct cytocompatibility assay. Histograms (upper panel) represent cells viability after 24 h, 48 h, and 72 h of direct culture onto speci-

men surfaces. Bars represent means and standard deviations; no statistically significant values were observed in the lower panel, immunofluo-

rescence staining of phalloidin (red) and DAPI (blue) shows a physiological cellular adhesion and morphology without remarkable differences

between controls and tested samples after 72 h. Bar scale 5 50 mm.



about 30% (AgCis log10 4.047) to 34% [AgNPs log10 4021;
Fig. 6(A)].

CFU counts were confirmed by the XTT viability assay:
bacteria viability on gallium-treated samples as measured
by the inhibition ratio was in a range between 27% (GaOss)
and 35% (GaCis) compared to controls. Silver samples con-
firmed CFU results, but with a slightly lower inhibition ratio
than gallium [Fig. 6(B)].

In vitro antibiofilm activity
Presence and thickness of the biofilms on the six materials
were evaluated by CLSM after Live/Dead staining. Figure 7

shows that after a 24-h culture S. mutans was growing in
its typical twisted fine chains only on Ti ctrl and SiB-Na
specimens, while no bacterial colonies could be observed on
the other specimens.

Figure 8 shows that, after a 72-h culture, an abundant
biofilm was produced on Ti Ctrl and on SiB-Na disks. The
percentages of live and dead cells were calculated by the
NIS-elements AR 3.2 confocal software, measuring the fluo-
rescence intensities of green and red channels. On the Ti
Ctrl disk, 55% of cells appeared live and 45% dead. On the
SiB-Na disk the number of cells was slightly lower and,
from the intensities of the red and green channels, 45% of

FIGURE 5. Indirect cytotoxicity assay. After 1 week of culture with eluates, cells viability results comparable with controls. Bars represent means

and standard deviations. In the lower panel, microscopy observation shows cell morphology; no statistical differences were found between con-

trols and test samples. Bar scale 5 100 mm.

FIGURE 6. Antibacterial activity of the specimens. The number of CFUs was significantly reduced by GaCis (A). Also bacterial viability was signif-

icantly reduced by gallium samples (GaOss and GaCis) as reported by the XTT assay (B). Asterisks represent statistically significant values

(p< 0.005).



the cells appeared live and 55% dead. Surprisingly, while
well-developed biofilms were observed on the Ti Ctrl and
SiB-Na disks, on the materials modified by the antibacterial
treatments, neither biofilms nor even adherent bacteria
were detected. These results clearly indicate that the Ag-
and Ga-modified materials, which exhibited in vivo a lower
colonization by the polymicromial oral flora in the mouth
environment, behaved like strong antiadhesive, bacterial
repellent surfaces when in vitro tested against the single
species S. mutans in a broth medium.

DISCUSSION

Owing to their good mechanical properties and their excel-
lent biocompatibility, titanium and titanium alloys represent
the materials of choice for applications in contact with
bone. Unfortunately, an implant infection may occur,45

together with the corollary of the implant failure. Interest-
ingly, failure is defined “the inadequacy of the host tissues
to establish or maintain implant biointegration.”9 Thus,
infection, lack/loss of implant integration, mobilization, and
failure appear to be unfavorably events closely connected.

In recent years, different surface treatments have been
developed in order to produce antibacterial coatings on tita-
nium and its alloys. Among many different surface modifica-
tion techniques available today to produce biomimetic
coatings on titanium and titanium alloys, ASD offers the
advantage of obtaining mechanically stable and reproducible
coatings on 3D complex geometries, such as those of dental
implants or joint prostheses, enabling to achieve a very thin
layer with advanced modulation of the chemical composi-
tion and topographic structure. For these reasons, ASD is
one of the most versatile and powerful treatments for
orthopedic and dental implant applications.46 Moreover, ASD
overcomes the drawbacks deriving from coating delamina-
tion, due to limited coating adherence. ASD treatments were
performed in different electrolytic solutions containing sil-

ver and gallium, which are known to express bactericidal
properties against a significant variety of pathogens (such
as bacteria, fungi, and viruses) without evoking microbial
resistance, unlike what is occurring today with a large num-
ber of antibiotics being used.47

The developed biomimetic antibacterial ASD treatments
were found to provide a homogeneous microporous mor-
phology, which is a desired feature, known to positively
influence human cell attachment, spreading, proliferation,
and differentiation. Reports from the literature48–54 show
that the presence of micropores can also greatly enhance
osteointegration and play a role in controlling the steps of
cell adhesion, proliferation, and differentiation. Moreover, it
has been pointed out that porosity, as well as rough-
ness,24,25,55,56 can modulate the behavior of cells in contact.
For instance, the presence of a porous structure increases in

FIGURE 7. CLSM images of S. mutans 24-h-old biofilms grown on Ti

Ctrl and SiB-Na disks. Live bacteria are stained in green (SYTO9) and

dead bacteria in red (propidium iodide) or yellow (overlapping

regions). By means of the Intensity Profile function of the NIS-

ELEMENTS AR 4.10.04 software a quantitative estimation of live and

dead cells was calculated.

FIGURE 8. CLSM images of S. mutans 72-h-old biofilms grown on Ti

Ctrl, SiB-Na, AgCis, AgNPs, GaCis, and GaOss disks. Only on Ti Ctrl

and SiB-Na a biofilm was detectable. On the remaining disks neither

single colonies nor biofilm were visible. Staining and calculation of

live and dead cells was as in Figure 7.



vivo bone-to-implant contact, improving the mechanical
interlocking of the bone bonding. Noticeably, the GaOss
treatment revealed different pore diameters which are
smaller than those of the other studied ASD coatings, prob-
ably due to the different chelating compound used (com-
pared to GaCis treatment) and to the different voltage
reached by the coating during the ASD process (325 vs.
295 V).

Cytocompatibility testing revealed that the different
treatments were compatible with the cells. In both direct
and indirect assays, results suggested that the modification
by the ASD treatment did not introduce toxic elements into
the specimens at the released concentrations. Small, non-
significant, differences of viability values between ASD-
materials and controls were observed in the MTT direct
cytocompatibility assays at 24. The viability values of ASD-
materials were higher at 48 h and completely comparable
to those of controls at 72 h, when gingival fibroblasts fully
adhered and spread on modified materials.

It should be remarked that two different types of cyto-
toxicity assays were performed. The results of the indirect
cytotoxicity assay after 1 week of cultivation with eluates
(Fig. 5) shows that results were comparable with controls:
no statistical differences were found between controls and
test samples. In the lower panel of Figure 5, microscopy
observations, showing the cell morphology, support the sta-
tistical result of an absence of remarkable differences.

Results suggest that the viable and adherent gingival
fibroblasts observed in the in vitro model can be expected
to be able to form in vivo a connective tissue healthily sus-
taining the gingival epithelium. Therefore, epithelium will
act as an effective barrier against the colonization by the
oral flora. In a different way, when epithelium is not prop-
erly supported by the connective tissue, a gingival recession
can occur that leads to the formation of a tissue pocket
prone to the microbial contamination. Then bone resorption
and mobilization of the implant intervene.57

The results of in vivo inhibition of biofilm bacteria cells
are very promising. In general, CFU counts showed a reduc-
tion in bacterial colonies on the treated samples compared
with the controls. Silver-coated samples resulted in 30–34%
decrease in bacterial colonies compared to the controls.
These results confirm the antibacterial properties of silver,
which is known to be able to damage bacterial cells mem-
branes, interfere in ion transport, denaturate enzymes, and
inhibit DNA transcription and cellular respiration. More spe-
cifically, Ag1 ions interact with thiol groups in proteins and
inhibit respiratory enzymes, resulting in the production of
reactive oxygen species.34,35

The study was performed in vivo since it was addressed
to the effect of gallium against the human oral microbiome,
which comprises over 500 bacterial species.58 An in vitro
study would have necessarily limited the use of bacteria to
one or a few biofilm forming species, such as S. mutans59

and Aggregatibacter actinomycetemcomitans,60 which would
not have been able to reproduce in vitro the biofilm formed
in vivo by the several hundred species of bacteria of the
human oral polymicrobial flora.61

Recently, the effect of gallium on the growth of the bio-
film was studied in vitro by CFU counting of biofilm viable
Pseudomonas aeruginosa cells detached from disks of
gallium-carboxymethyl cellulose after different incubation
times. Gallium-carboxymethyl cellulose was found to reduce
by 15% the biofilm growth of P. aeruginosa at 24 h in
respect to sodium-carboxymethyl cellulose.62 In our in vivo
study, biofilm was evaluated by a CFU counting method sim-
ilar to that used in Ref. [62. After 24 h-appliance to GaCis
disks, a 48% biofilm reduction was found, greater than that
observed by Valappil et al.62

More interesting results were obtained with gallium-
coated specimens, which showed higher values of inhibition
(40% and 48%) compared to the controls. The antibacterial
properties of gallium have been recently highlighted. At pH
values close to neutral, the free hydrated Ga31 ion hydro-
lyzes forming highly insoluble amorphous Ga species (OH)3.
The Ga31 is a hard acid that strongly binds in solution
Lewis bases, particularly OH2 groups. Furthermore, gallium
tends to generate chelates by binding oxygen and also nitro-
gen atoms.29

From a metabolic point of view, Ga31 is very similar to
Fe31, and acts as an iron substitute in many biological path-
ways.30,31 It is precisely thanks to the chemical similarity of
Ga31 with Fe31, in terms of charge, ionic radius, electronic
configuration, and coordination number, that gallium can
substitute iron in the biological systems, thus carrying out
its antibacterial effect. Indeed, since Ga31 cannot be reduced
under the same conditions as Fe31, sequential redox reac-
tions critical for the biological functions of Fe31 are
impaired by the iron substitution with gallium. Therefore,
gallium inhibits Fe31 biological functions by a “Trojan
horse” strategy.30–32 This strategy can be exploited to inter-
fere with or disrupt the iron metabolism in a large number
of bacterial strains, including P. aeruginosa,30 Mycobacte-
ria,32 Clostridium difficile, and the methicillin-resistant S.
aureus.33

This general trend was also confirmed by XTT analysis.
A reduction in the metabolic activity was observed in gal-
lium- and silver-treated specimens, with the best inhibition
ratio in the gallium specimens (27–35%). These values are
particularly significant since volunteers did not use any
toothpaste or mouth rinse during the trial. Thus, the inhibi-
tion can be related only to the silver and gallium
treatments.

In two very recent in vitro studies, dealing with the
detachment of bacterial biofilms from disks, either by fluid
for oral rinses or by solutions of N-chlorotaurine for surgi-
cal irrigations, the antimicrobial/antibiofilm effects were
evaluated by the XTT assay for bacterial metabolic activity,
by live/dead staining, as well as by CFU counting.63,64 Live/
dead staining did not apply to our in vivo study, since after
24-h of oral application of the disks, besides bacteria, also
epithelial cells exfoliating from the mouth mucosae could
have adhered onto the disks, thus altering the results.

Although the specimens were worn only for a relatively
short time (24 h), it should be remarked that none of the
volunteers presented signs of adverse effect toward the



tested materials. Seen on the whole, these findings suggest
that gallium may represent a valid antibacterial agent for
the prevention of implant contamination.

The results of in vitro biofilm production by S. mutans
have shown that even after 72-h culture the Ag- and Ga-
modified disks still exhibited antiadhesive properties in many
times repeated observations. While on the control and on bio-
mimetic titanium disks S. mutans produced biofilms with
appreciable thickness, on the Ag- and Ga-modified materials
neither biofilms nor bacterial colonies were observed.

CONCLUSION

This work demonstrates the possibility of successfully using
the ASD method to develop biomimetic treatments on tita-
nium substrates, in order to obtain a promising material
with antimicrobials properties and with a good tissue-
integrative potential.
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