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a b s t r a c t

Alongside osseointegration, effective soft-tissue integration (STI) is crucial to the long-term success of
dental implants by preventing the ingress of oral pathogens. Nanoscale surface modification of titanium
dental implants has shown promise in achieving enhanced bioactivity and antibacterial efficacy. We
propose the fabrication of dual micro-nano anisotropic titania nanopores (TNPs) via electrochemical
anodization of Ti, followed by incorporating gallium (Ga) towards enhanced antibacterial efficacy.
Optimization of Ga chemical functionalization on TNPs was followed by in-depth surface topographical/
chemical characterizations and in vitro Ga release. This study revealed that the surface chemistry, hy-
drophilicity, and topography of the TNPs were altered upon Ga-doping, resulting in the formation of Ga-
containing nanoscale particulates firmly bound to TNPs. Further, gingival fibroblast bioactivity was
favorably maintained on TNPs and Ga-releasing TNPs. Finally, a human oral salivary biofilm model
confirmed the significant antibacterial efficacy of Ga-doped TNPs. Ga-doped dual micro-nano Ti dental
implants are suitable as the next generation of bioactive and bactericidal dental implants.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Dental implants have been widely applied in oral restoration
and have demonstrated clinical success in replacing damaged or
missing teeth [1]. A dental implant's stability primarily depends
upon forming a bond between the surrounding bone tissue and the
implant surface (osseointegration). Despite their high success rate,
5e10% of dental implants fail due to biomechanical overload, poor
osseointegration, inflammation, or infection at the implant site
[2,3]. Further, appropriate soft-tissue integration (STI) at the im-
plant's transmucosal component is crucial for forming a soft-tissue
seal that acts as a physical and physiological barrier preventing the
ingress of oral pathogens into the underlying tissue [4].

Titanium (Ti) is an ideal material for dental implants due to its
biocompatibility, superior mechanical properties and high corro-
sion resistance [5]. Several approaches have improved implant
iversity of Queensland, 288
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bioactivity by modifying the surface of Ti-based implants to alter
surface topography and chemistry [6]. The ability to modulate
cellular responses based on nanoscale roughness/features makes
implant nano-engineering (1e100 nm) highly preferable over
microscale modifications [1]. Among the various implant nano-
engineering strategies like atomic layer deposition, lithography
and electrochemical anodization (EA), anodization stands out due
to its cost-effectiveness, scalability and ease of control over the
nanostructure characteristics [1]. EA involves immersion of the Ti
target/implant (anode) and a counter electrode (cathode, usually Ti
or Pt) in an electrolyte containing fluoride ions and water and
application of voltage/current using a DC power supply [1]. The
chemical balance between the formation and dissolution of the
oxide layer on the anodic surface leads to the self-ordering of
various metal-oxide nanostructures.

Various titania (TiO2) nanostructures like titania nanotubes
(TNTs) and titania nanopores (TNPs) can be fabricated on the
implant surface by varying EA voltage, current, electrolyte
composition, and time [7]. More recently, TNPs (nanotubes with top
nanoporous layer) synthesized via one-step anodization on micro-
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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rough Ti using reduced voltage/time and aged electrolyte (repeat-
edly utilized electrolyte) have emerged as a novel approach to
modify implant surfaces [8,9]. TNPs fabricated by this method
preserve the underlying implant micro-roughness and yield dual
micro-nano scale topography that augment the functions of oste-
oblasts and fibroblasts [10,11]. Further, TNPs are aligned parallel to
the underlying micro-machining, which mechanically stimulates
cells towards parallel alignment [8].

While nanoscale implant surface modifications upregulate
bone/soft-tissue integration, the nano-roughness also attracts
bacteria. The promotion of bacterial adhesion or biofilm formation,
especially in compromised conditions such as diabetes and smok-
ing [3], can lead to peri-implantitis resulting in complete implant
failure [12,13]. Conventional approaches to address implant-
associated infections include systemic administration of antibi-
otics and surgical debridement based on severity [14,15]. Systemic
antibiotic therapy may lead to systemic toxicity, development of
antimicrobial-resistant strains, and poor penetration into the bac-
terial biofilms, while surgical debridement can further delay soft-
tissue healing [16,17]. This has shifted the focus of implant ther-
apy research to local drug release from the implant surface, uti-
lizing modifications such as anodized nanotubes [1]. TNTs have
been widely explored for the loading and local delivery of proteins,
growth factors or antibiotics in a tailored fashion aimed at cus-
tomizable local therapy, as previously reviewed [1,18].

Incorporation of unconventional antimicrobial agents such as
metallic ions and nanoparticles like silver (Ag), zinc (Zn), copper
(Cu), magnesium (Mg), hafnium (Hf) and gallium (Ga) have been
utilized to achieve maximized local therapy without excessive
toxicity [19e22]. The bioactivity of Ga3þ towards bone pathologies
[23e25] and its broad spectrum antibacterial efficacy have led
scientists to incorporate these ions in various biomaterials like
bioglass [26], bio-ceramics [27], injectable apatitic cement [28] and
3D printed Ti surfaces [21]. Ga ions have been shown to replace iron
(Fe) from the Fe-dependent redox reactions during DNA synthesis
in bacteria, resulting in cell death in Escherichia coli (E. coli),
Staphylococcus aureus (S. aureus), and even in drug-resistant strains
like Methicillin-Resistant S. aureus (MRSA) [29]. Additionally, Ga
enhances osteoblast growth, inhibits bone resorption, promotes
collagen synthesis, and improves bone tissue formation [25,30,31].
These characteristics make Ga an appropriate therapeutic agent for
dental implant modifications to enhance osseointegration and
achieve increasing its antibacterial efficacy. Recent approaches to
Ga-modified titanium nanostructures include TNTs [32], titanium
nanopillars [21], TNTs coated with poly-DL-lactic acid (PLLA) [33]
and polydopamine-functionalized SrTiO3 nanotubes [34]. While
these studies demonstrate the successful incorporation of Ga ions
in Ti nanostructures, they are limited to orthopaedic implant ap-
plications (mainly osseointegration). Further, the antibacterial
studies are limited to single bacterial species like E. coli, S. aureus
and Pseudomonas aeruginosa (P. aeruginosa), which does not
represent the clinical scenario. Ensuring the long-term stability and
success of dental implants is more challenging than orthopaedic
implants, with the need for appropriate STI in addition to
osseointegration. Further, the oral cavity is comprised of a wide
variety of microorganisms residing in a protective biofilm that in-
creases the risk of infection at the implant site. Despite its influence
in enhancing osseointegration and antibacterial efficacy, studies
evaluating the effect of Ga on STI are lacking. In the current study,
we assessed the bioactivity of human gingival fibroblasts cultured
at the surface of Ga-doped dual micro-nano Ti dental implants to-
ward STI. We evaluated the bactericidal action of the Ga-doped
implants in an oral salivary polymicrobial biofilm model.

Development of Ga-doped nanoporous Ti dental implants
included the following specific aims (Fig. 1):
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a. To optimize the Ga functionalization of micro-rough nano-
porous implants and perform in-depth surface topography and
chemistry characterizations.

b. To evaluate the effect of Ga-doped surfaces on human gingival
fibroblast activity by observing cell viability, proliferation, and
alignment.

c. To investigate the antibacterial efficacy of the Ga-doped surfaces
on oral salivary biofilm by observing its attachment, thickness,
and metabolic activity.
2. Materials and methods

2.1. Fabrication of TNPs by electrochemical anodization

Ti flat foils (99.5% purity, 0.25 mm thick) were purchased from
Alfa Aesar (UK). The components of the electrolyte, including
ammonium fluoride (NH4F,� 99%) and ethylene glycol (�99%) (EG),
were purchased from Sigma-Aldrich (Australia). Before anodiza-
tion, the Ti foils were mechanically prepared using various grades
of sandpaper to create a micro-roughened surface (Micro-Ti)
[10,35]. These Micro-Ti surfaces were then rinsed with ethanol and
cut into squares of 1 cm2. These foils were cleaned thoroughly by
ethanol sonication twice and air-dried before anodization. Ethylene
glycol electrolyte comprised of 1% water (v/v) and 0.3% NH4F (w/v)
was prepared and further pre-conditioned (aged) by anodizing a
non-target Ti surface as described previously [36]. In a custom-
designed electrode system, Micro-Ti as anode and non-target Ti
as cathode were immeresed in the electrolyte. Keysight E36106A
DC power supply was used to supply constant voltage to the elec-
trochemical cell. Single-step anodizationwas carried out at 60 V for
10min to obtain nanopores (TNPs), which were finally cleaned with
deionized water and air-dried before use [8].

2.2. Preparation of Ga-doped Ti surfaces

The incorporation of Ga was carried out on both micro and TNP
surface. Gawas incorporated into the substrates by soaking them in
a 1 mg/mL aqueous solution of Ga(NO3)3. 4H2O. Then, the pH of the
solution was adjusted in the 9.2e9.8 range using a concentrated
NaOH solution followed by stirring at room temperature for 6 h and
air drying for 24 h. The Ga-incorporated Micro-Ti and TNP surfaces
(TieGa and TNP-Ga, respectively) were finally rinsed with deion-
ized water and air-dried before use.

2.3. Characterization of surface topography of Ga-doped Ti

The surface topography of the Ga-doped Ti substrates was
visualized using a field-emission scanning electron microscope
(FESEM, JEOL-JSM 7001F). The substrates were mounted on an SEM
holder using double-sided carbon tape, followed by plasma clean-
ing before imaging.

The surface roughness of the substrates was characterized using
Bruker ICON XR atomic force microscope (AFM). Three random
areas (1 mm � 1 mm) on each sample were analyzed and their root
mean square (Ra) and roughness average (Ra) was calculated.

2.4. Surface chemistry characterizations of the Ga-doped Ti

X-ray Photoelectron Spectrometer (XPS) data sets of the sub-
strates were measured using a Kratos Axis ULTRA X-ray photo-
electron spectrometer incorporating a 165 mm hemispherical
electron energy analyzer. Survey (wide) scans were carried out over
the 1200�0 eV binding energy range with 1.0 eV steps and a dwell
time of 100 ms on three substrates per group to characterize their



Fig. 1. Ga-doped therapeutic dental implants. Schematic representation: (A) anodization of Ti implants to fabricate nanopores; (B) doping of Ga on nano-engineered Ti implants;
(C) characteristics of the modified implant; and (D) bioactivity and antibacterial functions.
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element compositions (atom %). Furthermore, narrow high-
resolution scans were run within 20 eV with 0.05 eV steps and a
250 ms dwell time on various Ti surfaces, which focused the Ga 2p,
Ti 2p, and O 1s narrow-spectrum on each sample. Peak fitting and
analysis of composition were carried out in CasaXPS version 2.3.14,
using a Shirley baseline model, mixed Gaussian/Lorentzian 70:30
line shapes, and the Kratos Relative Sensitivity Factor (RSF) library.
Data sets were charge-referenced to the C 1s hydrocarbon peak at
284.8 eV BE.

For X-ray diffractometer (XRD) characterization, substrates were
analyzed on a Bruker D8 Advance X-ray diffractometer equipped
with a Cu anode operated at 40 kV and 40 mA, a Lynxeye XE energy
discriminating 2D array detector to minimize fluorescent back-
grounds, and an automated knife edge to allow simultaneous
measurements at low and high angles. Diffraction patterns were
recorded by continuous scans at 10e80� (2q) with a step size of
0.02� at a scan rate of 2� per min. The resulting patterns were
imported into Diffrac EVAversion 5.1, where phases were identified
using the PDF-4 2020 ICDD database.

Water contact angles (WCA) on the substrates were evaluated
using Dataphysics OCA 15 EC, a contact angle goniometer. 2 mL of
water was placed on each substrate, and a photograph was
captured after 3s using a high-resolution camera, followed by a
calculation of contact angle using SCA 20 software (ellipse fitting
method).

2.5. In vitro Ga release

Ga released from the Ti/TNP surfaces were analyzed by
immersing the substrates in 5 ml PBS with gentle shaking at 37 �C.
A definite volume of release buffer was withdrawn at specific in-
tervals and replaced with fresh PBS. The amount of Ga ions released
was quantified using inductively coupled plasma mass spectrom-
etry (ICP-MS).

2.6. Evaluation of protein adhesion

Protein adhesion on various substrates was evaluated using a
BCA protein assay kit (Novagen, Australia) described previously
[36]. The substrates were immersed in fetal bovine serum (FBS;
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Gibco®, Australia) for 4 h at 37 �C with gentle shaking. The sub-
strates were then rinsed with PBS to remove unbound protein,
followed by repeated flushing with 2% (w/v) SDS (Sigma-Aldrich,
Australia) to extract the adhered protein. The amount of protein
was quantified using the BCA kit per the manufacturer's protocol,
and optical density was measured at 562 nm using a TECAN Infinite
M200 PRO spectrophotometer.

2.7. Human gingival fibroblast (hGF) cell culture

Primary hGF cells were isolated from excised gingival tissue
from healthy patients with consent and institutional ethics
approval (The University of Queensland; Human ethics approval
number 2019000134) using previously reported methodology [37].
Briefly, the isolated tissuewas placed in Dulbecco's modified eagle's
medium-high glucose (DMEM; Life Technologies, Australia) con-
taining 10% (v/v) fetal bovine serum (FBS; Gibco®, Australia) and 4%
(v/v) penicillin-streptomycin-glutamine (PenStrep; Gibco®,
Australia) at 37 �C with 5% CO2. The fibroblasts growing out of the
explants were subcultured for further use. The cells of passages 4e6
were used for experiments.

Ti substrates were sterilized by rinsing with 70% (v/v) ethanol
followed by UV irradiation for 30min/per side. Each substrate was
seeded with 3.5 � 103 cells and incubated at 37 �C with 5% CO2 for
2 h to facilitate attachment of cells onto the substrate, followed by
the addition of DMEM supplemented with 10% (v/v) FBS and 1% (v/
v) PenStrep.

2.8. Live/dead assay of hGF on Ti substrates

To evaluate the potential toxicity of Ga release on hGFs, live/
dead staining was carried out on days 1, 3, and 7. The substrates
were rinsed with PBS, followed by incubation in a staining solution
comprised of 5 mg/ml fluorescein diacetate (FDA, Sigma-Aldrich,
Australia) and 2 mg/ml of propidium iodide (PI, Sigma-Aldrich,
Australia), as described previously [8]. The stained substrates
were then visualized using Leica TCS SP5 scanning laser confocal
microscope (Leica Microsystems, Mannheim, Germany) at excita-
tion/emission (Ex/Em) 488/526 nm for FDA and Ex/Em 493/636 nm
for PI.
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2.9. Evaluation of cellular attachment and morphology

The hGF-seeded substrates were taken out at specific time
points (1 h, 6 h, days 1, 3, and 7) and fixed with 4% (w/v) para-
formaldehyde (PFA) for 20min. The substrates were then immersed
in a staining solution comprised of 5 mg/mL of 4,6-diamino-2-
phenylindole (DAPI; Life Technologies, USA) and 0.8 U/mL Alexa
fluor 568 phalloidin (Life Technologies, USA). The morphology and
alignment of the cells on the substrate were captured using Leica
TCS SP5 scanning laser confocal microscope (Leica Microsystems,
Germany), and quantification of nucleus aspect ratio and actin
alignment was performed using ImageJ software.

To further visualize the cellular morphology, the PFA fixed
substrates were dehydrated in a series of graded ethanol concen-
trations (50, 70, 90, 95, and 100%), air-dried, and mounted on SEM
stubs using conductive double-sided carbon tapes. The substrates
were then coated with a 5 nm thick layer of platinum, plasma
cleaned, and imaged using JEOL-JSM 7001F SEM.

2.10. Cell proliferation

To evaluate the cellular proliferation on the substrates, the
amount of DNA was quantified at specific time intervals (days 1, 3,
and 7) using a Picogreen dsDNA quantification assay kit (Invitrogen,
Australia). The substrates were removed from the media at specific
time points and were treated with 5 mg/mL of proteinase-K (Invi-
trogen, Australia) solution at 56 �C for 8 h [8]. The amount of DNA in
the cell lysate was evaluated following themanufacturer's protocol,
and the fluorescence was measured at Ex/Em 480/520 nm using
TECAN InfiniteM200PRO.

2.11. Development of salivary biofilm on various Ti substrates

Unstimulated saliva was collected from healthy individuals with
good gingival health with consent and institutional ethics approval
(The University of Queensland, institutional human ethics com-
mittee, approval number: 2019001113) by established protocols [8].
The saliva was mixed with an equal volume of 70% (v/v) glycerol
stock solution and stored at �80 �C for further use.

To prepare the inoculum, 1 ml of the glycerol stock was mixed
with 10ml of brain heart infusionmedia (BHI, Merck, Australia) and
cultured under anaerobic conditions at 37 �C with gentle shaking
overnight.

Ti foils were rinsed with 70% (v/v) ethanol followed by exposure
to UV for 30min/side before the experiment. The substrates were
placed in fresh 24 well plates and 1 ml of BHI media containing 5%
of defibrinated sheep's blood and 1 � 106 CFU of overnight inoc-
ulum was added and cultured under anaerobic conditions at 37 �C
with gentle shaking.

2.12. Live/dead staining of biofilm

To evaluate the antibacterial efficacy, the substrates were
stained using a LIVE/DEAD™ BacLight™ bacterial viability kit (Life
Technologies, Australia) per the manufacturer's protocol. The sub-
strates were retrieved at specific time points (days 1, 3, and 7),
washed with PBS to remove unattached biofilm, and finally stained
with SYTO™ 9 and propidium iodide (PI) (3 mL of each dye/mL of
PBS) for 30min. The stained substrates were rinsed with PBS and
visualized using a confocal microscope (Leica TCS SP5).

2.13. Quantification of biofilm

The substrates were extracted on days 1, 3, and 7 and washed
twice with PBS to remove unattached biofilm. A crystal violet assay
4

was performed to quantify the total biofilm formed as described
previously [8]. Briefly, the substrates were stained with 0.1% crystal
violet (Sigma-Aldrich, Australia) for 15min, followed by treatment
of 10% (v/v) acetic acid for 30min to solubilize the bound dye. The
absorbance was measured at 570 nm using TECAN
InfiniteM200PRO.

2.14. Evaluation of metabolic activity of the biofilm

The metabolic activity of the biofilm formed on the substrates
was evaluated using tetrazolium salt, 2,3-bis (2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hy-
droxide (XTT, Sigma-Aldrich, Australia). The substrates were
retrieved at specific time points (days 1, 3, and 7) and washed twice
with PBS to remove any unbound biofilm. 1 ml of working XTT
solution (0.4 mMMenadione þ PBS þ XTT in the ratio 79:20:1(v/v/
v/)) was added to the substrates and incubated in the dark at 37 �C
for 4 h. The absorbance was measured at 492 nm using TECAN
InfiniteM200PRO.

2.15. Characterization of biofilm morphology

At specific time intervals, the substrates were extracted from the
media and treated with 4% PFA, followed by gradient ethanol
treatment (50, 70, 90, 95, and 100%) for fixing and dehydrating the
biofilm. The substrates were then mounted on SEM stubs using
conductive carbon tapes, coated with a 5 nm thick layer of plat-
inum, plasma cleaned, and imaged using JEOL-JSM 7001F SEM.

2.16. Statistical analysis

All the experiments were carried out in triplicates and the re-
sults are represented as mean ± standard deviation. Two-way
analysis of variance (ANOVA) and Tukey's multiple comparison
test was carried out using GraphPad Prism 7 software to evaluate
the statistical significance, and p values < 0.05 were considered
statistically significant.

3. Results and discussion

3.1. Ga-doped nanopores: surface topography characterization

Unidirectional microgrooves were observed on the mechani-
cally prepared Ti foils (Micro-Ti, Fig. 2a), which mimic the micro-
machining lines usually found on the surface of dental implants.
Previous reports indicate that single-step anodization of micro-
rough Ti yields TNPs, which conserve the underlying microscale
roughness/features, thereby producing a dual micro-nano struc-
tured surface [10,38]. We have previously shown that TNPs have
superior mechanical stability compared to conventional nanotubes
[36]. Further, TNPs can be fabricated on clinically relevant complex
implant topographies like Ti screws and enhance osseointegration
[8,35].

Electrochemical anodization of Micro-Ti at 60 V for 10min using
an aged electrolyte yielded TNPs of 57 ± 4 nm that aligned parallel
along the underlying microgrooves (Fig. 2c). TNPs fabricated at
60 V-10min have previously been demonstrated to enhance the
expression of osteogenic markers like ALP and aid in osseointe-
gration [8]. These nanopores have nanotubular structures under-
neath (nanotubes with a top nanoporous layer) (Figure S1,
Supplementary Information). Further, EDS analysis of TNPs con-
firms the presence of F on the surface, which is lacking on Micro-Ti.
It is noteworthy that F� gets incorporated within the anodic film
during anodization, and its effective removal is difficult to achieve
(Figure S2, Supplementary Information).



Fig. 2. Surface topography and chemistry characterizations of various Ti substrates. (aed) Top-view SEM images; (eeh) AFM micrographs; (i) XPS wide scan surveys showing
the incorporation of Ga on TieGa and TNP-Ga surfaces; (j) XRD spectra showing Ti and TiO2 phase present within all the groups indicating that anodization and Ga doping did not
alter the phase of the underlying Ti; and (k) surface wettability of Ti surfaces. Anodization and the incorporation of Ga significantly increased the hydrophilicity of the surface.
Micro-Ti: mechanically prepared Ti foils; TieGa: Micro-Ti foils doped with Ga; TNP: titania nanopores fabricated at 60 V, 10min; TNP-Ga: TNP doped with Ga.*: Significant dif-
ference between the groups. (**-p<0.01, ***-p<0.001).
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Optimization of Ga doping on TNPs was performed by immer-
sion of the substrates in Ga(NO3)3. 4H2O of various concentrations,
pH and time of incubation. Initially, TNPs were immersed in
Ga(NO3)3. 4H2O solution of concentration 1 mg/mL and 3 mg/mL in
acidic (pH 3) and alkaline (pH 9) conditions for 24 h, followed by air
drying. At acidic conditions, no visible differences were observed
on the TNP surfaces, however, Ga deposits were observed under
alkaline conditions (Figure S3, Supplementary Information).
Treatment of TNPs with 1 mg/ml at pH 9 was selected for further
experiments as minor delamination of TNPs was observed at 3 mg/
mL. Ga doping at various time points (1 h, 3 h and 6 h) demon-
strated that a uniform deposition of rice-like structures was ob-
tained on TNPs after 6 h of treatment (Figure S4, Supplementary
Information).

Micro-Ti and TNPs were functionalized with Ga by immersion in
Ga(NO3)3. 4H2O for 6 h in alkaline condition to obtain TieGa and
TNP-Ga, respectively. Interestingly nanoscale rice-like depositions
(referred to as nano-rice) scattered throughout the surface were
observed on TNP-Ga (Fig. 2d), while agglomerations were found on
TieGa (Fig. 2b). EDS analysis of TieGa and TNP-Ga shows Ga
presence, confirming that Ga incorporation was successful.
(Figure S2, Supplementary Information). Previous reports indicate
that Ga ions in the solution can interact with the hydroxide ions in
the water at alkaline pH to form impulsive nuclei, which gradually
grow into nanostructures and get deposited onto the Ti surfaces
[39,40]. As reported earlier, alkaline conditions favor the formation
of Ga2O3 and the deposition of rice-like structures [39]. The for-
mation of nuclei leading to the deposition of Ga on the surfaces is
highly spontaneous and depends on the type of precursors and
surface properties of the substrate [39]. While the precursors
remain constant, the surface topography and chemistry of Micro-Ti
and TNPs are very different, which results in the difference in Ga
depositions on these surfaces [8].

Next, the surface topography and roughness were evaluated
using AFM (Fig. 2eeh). Micro-Ti surfaces had a crest and trough-like
morphology with the lowest surface roughness. Post anodization,
the substrates demonstrated a nanotopography that preserved the
underlying micro-grooves generating a micro-nano topography [8].
The age of the electrolyte (conditioning of electrolyte with multiple
cycles of anodization using non-target Ti) used for anodization
plays a significant role in conserving the underlying topography by
regulating chemical balance (increased pH and TiF62� ions; and
reduced conductivity and free F ions) [38]. The deposition of Ga
nano-rice and clusters on TNP-Ga and TieGa further increased the
surface roughness of the substrates, following the trend: Micro-
Ti < TNP < TieGa ¼ TNP-Ga (Figure S5, Supplementary
Information).

3.2. Ga-doped nanopores: surface chemistry characterization

To thoroughly characterize the surface chemistry of the various
substrates, the elemental composition of Ti, O, F, and Ga was
evaluated using a wide scan XPS survey, and the successful incor-
poration of Ga into Micro-Ti and TNPs was demonstrated (Table S1,
Supplementary Information). Compared to TieGa, the elemental
composition of Ga on TNP-Ga was found to be significantly higher.
High-resolution narrow scans on Ga 2p, Ti 2p, O1s, and F1s were
conducted to explore surface chemistry alterations (Fig. 2i). Similar
XPS spectra with O1s (531eV) and Ti2p (458eV) peaks were
observed for all substrates indicating the presence of TiO2 [41].
TieGa and TNP-Ga show two significant Ga2p peaks at 1145.5 and
1118.6 eV, respectively, which refers to the Ga2p1/2 and Ga2p3/2
signals that attribute to the native oxide form of Ga (Ga3þ) as Ga2O3
[34,42]. TNP-Ga shows an additional peak at 531.5 eV (absent in
TieGa) in the O1s region, which corresponds to the GaeO bond
6

[43], indicating the possibility that the form of Ga deposited on the
TNPs might be oxide in nature.

Further, the crystalline structure of the modified surfaces was
studied using XRD (Fig. 2j). Micro-Ti and TNP surfaces showed
peaks (2q degree) corresponding to the Ti (ICDD 01-089-5009) and
TiO2 (ICDD 03-065-6429) phase with similar intensity, indicating
that anodization did not alter the phase of the Ti. As expected, the
Ga-doping of Micro-Ti and TNP did not change the crystalline phase
of the underlying Ti.

The wettability of an implant surface is a critical parameter that
influences the adhesion of blood/plasma proteins, the interaction of
cells, and bacterial adhesion [44,45]. While hydrophilic surfaces
have been shown to augment the proliferation and attachment of
osteoblasts and fibroblasts [46,47], they have been reported to
significantly reduce bacterial adhesion [48] as bacteria interact
with surfaces using hydrophobic interactions. TNPs have signifi-
cantly higher hydrophilicity than Micro-Ti, indicating that anod-
ization can enhance surface wettability, which agrees with
previous reports [8]. The incorporation of Ga on the surfaces further
increased the hydrophilicity, following the trend: Micro-
Ti < TNP < TieGa ¼ TNP-Ga (Fig. 2k).

Surface chemistry and surface topography play major roles in
regulating thewettability of a surface.Wenzel et al. established that
surface roughness and WCA are inversely proportional and that
when the roughness of a surface increases, its wettability also in-
creases [49]. AFM analysis in Figure S5 (Supplementary informa-
tion) demonstrates increased surface roughness of TNPs and Ga-
loaded surfaces, with a similar pattern also observed in wetta-
bility. Nanopore porosity can also increase surface wettability, as
pores can trap water and create a capillary effect that can reduce
the water contact angle (increase hydrophilicity) [50]. Previously,
the incorporation of Ga on TNTs on 3D printed surfaces showed no
significant effect on the hydrophilicity of the substrates [32];
however, we observed a significant improvement in the hydro-
philicity of both Micro-Ti and TNP upon Ga incorporation.

3.3. Release of Ga from nanopores in vitro

The ‘race to invade’ the dental implant surface between the host
cells and the microbes present in the oral microenvironment begin
within minutes of implantation. The outcome of this ‘race’ plays a
significant role in determining the success of an implant [4]. The
initial 48 h is critical, within which bacteria can adhere to the
implant surface and begin the formation of pellicles that can lead to
biofilm formation. We observed an initial burst release of Ga ions at
6 hwith 2 mg of Ga released within the first 10min from both TieGa
and TNP-Ga surfaces which can aid in preventing the early adhe-
sion of microorganisms (Fig. 3a). Though the Ga release from TieGa
peaked at day 1 (8 mg) and dropped to <1 mg by day 7, TNP-Ga
showed a more sustained release with a release of 2 mg on day
10. While drop-casting of Ga on TNTs showed a total release of 90%
within day 5 [32], we observed that doping of Ga on TNPs could
prolong the release to 10 days. Despite the prolonged release of Ga
from polydopamine-coated TNTs (15 days), the amount of Ga
released was very low (ppm range) [34]. In the current study,
higher release (mg range) was observed, indicating the superior
therapeutic efficacy of our system that can be utilized to target
polymicrobial infections in a clinical scenario.

3.4. Evaluation of protein adhesion capacity

Upon implantation, the surface of implants primarily encoun-
ters blood and serum proteins. This interaction is crucial in acti-
vating a cascade of events that leads to tissue integration and
implant stability. Surface chemistry, wettability and surface area of



Fig. 3. Ga ion release kinetics and protein adhesion. (a) Initial burst release (IBR)
within 6 h from Ga-doped Ti surfaces; and (b) prolonged release of Ga from the doped
substrates. (c) Protein adhesion on doped and undoped Ti surfaces showed that Ga
doping did not have a significant influence on protein adhesion. *: Significant differ-
ence between the groups. (*-p<0.05, **-p<0.01).
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the implant play a significant role in regulating these interactions
and nano-topographies have been shown to augment protein
adhesion [51]. In our study, anodization increased the protein
adhesion on the surface compared to Micro-Ti. At the same time,
doping of Ga did not show any significant difference, following the
trend: Micro-Ti < TieGa < TNP ¼ TNP-Ga (Fig. 3c). An increase in
surface roughness and wettability augments protein adhesion,
comparable to the enhanced adhesion observed in the case of TNPs
and TNP-Ga. Our results were congruent with previous studies
where Ga-loaded nanotubes were coated with polydopamine [34].
Despite the increase in surface roughness and wettability of TieGa
and TNP-Ga, they showed no significant difference in protein
adsorption compared to their undoped counterparts. This might be
caused due to the electrostatic interactions between the Ga ions
and the proteins [52].
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3.5. Stability and cytotoxicity of Ga-doped surfaces

An essential criterion of implant surface modification is me-
chanical stability, as any delamination and release of nanoscale
debris can cause local cytotoxicity [53]. TNPs have superior me-
chanical properties as compared to conventional nanotubes, as
established elsewhere [36]. TNPs outperform conventional nano-
tubes and physically/chemically enhanced TNTs in terms of me-
chanical robustness. To determine if the Ga nanorice will detach
from the TNP-Ga surfaces, we immersed the substrates in DMEM
containing 10% (v/v) FBS and 4% (v/v) PenStrep at 37 �C with gentle
shaking (100 rpm) for 1, 3 and 7 days, and the top-view SEM images
are presented in Fig. 4aec. Although the nanorice was observed on
the TNPs at all three time points, the frequency/number was lower
as the days progressed, indicating that the Ga deposits undergo
gradual dissolution within the media, similar to previous obser-
vations on TNT surfaces [32]. While the complete dissolution of Ga
was observed from TNTs within 5 d, we could observe the presence
of nanorice even after 7 d. Next, we performed sonication of TNP-
Ga surfaces in PBS for 2 min and 5 min to check if the sonication
process would remove the Ga depositions. Sonication of TNP-Ga for
2 min and 5 min showed no changes in the surface morphology,
indicating that the nanorice adhered firmly to the TNPs (Fig. 4def).

Despite their potential to elicit antibacterial efficacy, localized
delivery of metallic ions and nanoparticles has raised concerns
about local and systemic toxicity [54]. For dental implants, the
evaluation of cytotoxicity is crucial as the implants are in constant
contact with the oral cavity and the metallic ions released or
leached from these surfaces are highly likely to be ingested and
finally absorbed by the digestive tract. Milheiro et al. observed that
at 100 ppm concentration, gallium nitrate showed toxicity toward
mouse fibroblasts [55]. Fe3þ ions play a significant role in cellular
metabolism by forming ligands with various molecules like trans-
ferrin [56]. Ga3þ ions can form coordination bonds like Fe3þ ions
and thereby easily replace Fe3þ and chelate with other proteins and
ligands, eventually interfering with cellular metabolism [56].
Excessive Ga3þ uptake by cells can even interfere with DNA repli-
cation and lead to cell apoptosis. In the current study, we observed
that even when showing the highest drug release (1 d), no cyto-
toxicity effects were observed in gingival fibroblasts on both TieGa
and TNP-Ga surfaces (Fig. 4g). Irrespective of the Ga ion release, the
cells were observed to be well spread. The increase in cellular
density on the substrates on days 3 and 7 indicated that Ga ions did
not inhibit cellular proliferation.

3.6. Investigating soft-tissue integration ability of TNP-Ga implants

3.6.1. The proliferation of gingival fibroblasts
Picogreen assay was used to evaluate the effect of nano-

topography and Ga content on the proliferation of human gingival
fibroblasts. The surface roughness and wettability of the nanopores
have been shown to enhance fibroblast proliferation [7]. A similar
result was observed, with TNPs showing the highest proliferation
rate than other groups on days 3 and 7 (Fig. 5b). The uptake of Ga
ions by tumor cells like HeLa has shown to hinder the Fe ion uptake
leading to disruption of cell replication and reduction in cellular
proliferation [56]. Meanwhile, Ga ions neither inhibited nor pro-
moted the proliferation of osteoblasts [25,26]. In the current study,
the presence of Ga did not show any significant effect on cell pro-
liferation. Compared to the tumor cells, fibroblasts have a low
number of Fe receptors (e.g., transferrin) that might result in lower
uptake of Ga, thus minimizing the effect of Ga on cell metabolism.

3.6.2. Fibroblast adhesion and alignment
Soft-tissue integration (STI) at the transmucosal region of a



Fig. 4. Stability and cytotoxicity analysis of Ga-doped Ti. Top-view SEM images showing: (aec) Stability of Ga doping observed in cell culture media on days 1, 3 and 7; and (def)
effect of sonication on Ga doping on TNP. (g) Live/dead staining of hGFs on various Ti surfaces on days 1, 3, and 7 were visualized by confocal microscopy. (Green stain: live cells, red
stains: dead cells). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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dental implant is crucial to facilitate the formation of a tight
epithelium cuff and strong connective tissue seal and the longevity
of the implant [5]. The integration and maturation of gingival fi-
broblasts onto the implant surface lasts 4e12 weeks and is crucial
for the secretion of collagen and other extracellular matrix com-
ponents [4]. Fibroblasts are highly sensitive toward surface topog-
raphy and have demonstrated directional attachment on grooved
micro and nano surfaces [7]. While the effect of TNPs and their
topography on fibroblast activity and STI have been studied in
8

detail, an investigation into the impact of Ga ions on STI is lacking.
In the current study, we evaluated the effect of Ga and topography
of Ti on the attachment and alignment of gingival fibroblast at early
time points of 1 h, 6 h, and 24 h, and later time points of days 3 and
7. The hGFs were observed to align along the underlying micro-
grooves on all the substrates from the early time point of 6 h
(Fig. 5a). The cells appeared to have a circular shape at 1 h, grad-
ually spreading along the underlying topography to attain spindle-
like morphology by 6 h. As established previously, dual micro-nano
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TNPs augment cytoskeletal filapodial extensions of fibroblasts and
modulate mechanotransduction [7] that stimulates the cells to
align parallelly along the underlying nanopores. The alignment of
actin filaments and the aspect ratio of the cellular nuclei were
further quantified (Figures S6a and b, Supplementary Information).
While no significant difference was observed between the Ga-
doped and undoped counterparts, TNPs showed a slightly higher
actin alignment early point of 6 h, indicating that the dual micro-
nano topography attributed to the higher alignment of the cells. A
similar patternwas observed for the nuclear aspect ratio. While Ga-
doping did not influence the fibroblast attachment and alignment,
bare TNPs showed an increased cell spreading.

Highmagnification SEM imagingwas carried out at 6 h and 24 h,
and day 3 to further observe the close interaction between TNPs,
Ga-doping and hGFs (Fig. 5c). Nanoscale projections from the
cellular body called nanopodia can interact with surface topogra-
phies smaller than 15 nm and play a significant role in attachment
and cellular alignment [57]. Several nanopodia-like structures
could be observed extending from the cell body externally, indi-
cating cell-surface communication. The Ga deposits were observed
to have no toxic/inhibitory effects on cell spreading, as filapodial
extensions could be observed over the Ga nanorice structures.

3.7. Antibacterial performance of Ga-doped implants

Previous Ga-loaded Ti implants have shown excellent antibac-
terial efficacy against orthopaedic implant-related infections with
S. aureus and P. aeruginosa [21]. The oral cavity comprises a diversity
of microorganisms that ‘race to invade’ the dental implant surface
and compete with the host cells to establish contact [4]. In the
Fig. 5. Bioactivity of Ga doped Ti surfaces. (a) Actin-DAPI stained confocal images of hGF c
colour indicates actin filaments and blue indicates nuclei of cells. (b) Proliferation of hGFs on
TieGa, TNP and TNP-Ga surfaces at 6 h, days 1 and 3 showing filapodial extensions. *: Signi
gingival fibroblasts. (For interpretation of the references to colour in this figure legend, the
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current study, we have used a clinically relevant human oral saliva
(polymicrobial) biofilm model to evaluate the antibacterial efficacy
of modified implant surfaces. Live/dead staining of the substrates
on days 1, 3, and 7 showed that Ga-doped surfaces, both TieGa and
TNP-Ga, had a significantly high percentage of dead cells compared
to the undoped substrates (Fig. 6a). Quantification of the live/dead
images showed that about 50% of the microbes present on the
surface were dead in both TieGa and TNP-Ga groups at different
time points (Fig. 6c). On day 1, TNP-Ga showed a significantly
higher antibacterial effect than TieGa surfaces, which correlates
with the higher IBR observed from TNP-Ga, while on days 3 and 7,
TieGa showed more efficacy. Despite the low amount of Ga ions
released from TieGa (<1 mg) on day 7, they showed antibacterial
efficacy with about 50% of dead microbial load, suggesting that
even low concentrations of Ga can elicit an antibacterial effect [34].

The mode of action of Ga3þ on microbial cells is similar to that
observed in mammalian cells; they substitute Fe3þ and bind with
proteins and ligands. Ga can cause microbial cell death by two
primary mechanisms: (a) they displace Fe from significant proteins
and enzymes in the microbial cell and thereby disrupt cellular
mechanisms and cause DNA damage, and (b) the displaced Fe gets
released into the microenvironment and produces oxidative radi-
cals that can induce apoptosis [58] Quantifying the total biomass
formed on the various surfaces via crystal violet staining showed no
significant difference between the Ga-doped and undoped surfaces
(Fig. 6d). Interestingly XTT assay showed that the amount of
metabolically active biofilms on both TieGa and TNP-Ga surfaces
was significantly lower than other substrates at all time points
(Fig. 6e). This might be attributed to the fact that while crystal violet
stains the entire biofilm (cells þ ECM), XTT is specific for viable
ells seeded on Micro, TieGa, TNP, and TNP-Ga surfaces at 1 h, 6 h, days 1, 3, and 7. Red
the Ti substrates on 1, 3 and 7 days. (c) Top-view SEM images of hGFs seeded on Micro,
ficant difference between the groups. (*-p<0.05, **-p<0.01, ***-p<0.001). hGF: human
reader is referred to the Web version of this article.)



Fig. 6. Antibacterial efficacy against oral saliva biofilmmodel. (a) Live/Dead staining of biofilms on 1, 3 and 7 days by confocal imaging (green staining: biofilm, red staining: dead
cells). (b) Morphology of biofilm formed on the Ti substrates on 1, 3 and 7 days captured via SEM. (c) Quantification of Live/Dead staining by ImageJ. (d) Quantification of total
biofilm biomass by crystal violet staining. (e) Quantification of metabolically active biofilm by XTT assay. Ga-doped Ti showed a significantly high number of dead cells and biofilms
with lower metabolic activity at all times. *: Significant difference between the groups. (*-p<0.05, **-p<0.01, ***-p<0.001). (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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cells.
We performed SEM imaging to visualize biofilm attachment on

modified Ti surfaces (Fig. 6b). At various time points, cocci and rod-
shaped bacteria with intact cell morphology could be observed on
Micro-Ti and TNP surfaces along with deposition of the extracel-
lular matrix/ECM (extracellular polymeric substances). TNP-Ga
surfaces showed high deposition of the ECM but a lower number
of bacterial cells, which are consistent with the crystal violet and
XTT results. The increased surface roughness of the TNP-Ga could
stimulate excessive secretion of extracellular matrix in comparison
to other groups [59].

The current study makes a pioneering attempt at evaluating the
effect of Ga-doped titanium surfaces for dental implant applica-
tions. Ga ions were successfully doped on two surfaces, Micro-Ti
(mimicking the micromachined dental implant surface) and TNPs
(dual micro-nano structures with enhanced mechanical stability),
followed by thorough physical/chemical characterizations. The
doping of Ga was found to improve the surface roughness and
wettability of the surfaces, which further helps modulate bioac-
tivity. A sustained release of Ga ions was observed for 10 days from
the surfaces and the released Ga ions did not show any toxicity
toward human gingival fibroblasts. Further, TNPs were observed to
modulate cellular attachment along the underlying micro-
nanotopography. Finally, the antibacterial efficacy of Ga-doped
surfaces against a clinically relevant polymicrobial oral saliva
model was evaluated for the first time.

Despite the significant potential for the developed system to
promote STI and inhibit biofilm formation, the current study has
several limitations. While an overall antibacterial effect was
observed, the impact that Ga has on various species present within
the biofilm remains unexplored and experiments like next-
generation sequencing need to be carried out to understand the
detailed antimicrobial mechanism. Further, investigating the
10
stability and therapeutic efficacy of the modified implant system in
a physiologically relevant in vivo model is critical to ensure clinical
translation. Despite a sustained release of Ga observed in the
in vitro conditions, release kinetics and biodistribution of Ga in
in vivo conditions may vary due to several factors like various en-
zymes, matrix metallo-proteases (MMPs) and the complex immune
and circulatory systems present within the body. Radiolabelling the
Ga ions and observing their release and biodistribution using an
animal model would be an exciting avenue to explore in the future.
Further, while reactive oxygen species (ROS) generation and ROS-
induced apoptosis caused due to Ga concentrations in cancer cells
like human leukemic cells have been studied previously [60,61],
their effect on cells like osteoblasts, fibroblasts, and macrophages
have not been adequately explored. In the current study, we did not
observe any gingival fibroblast death or toxicity, however, this
might be attributed to the low amount of Ga released. We recom-
mend future studies focussed on investigating the influence of Ga
release in a dose-dependent manner on the generation of ROS in
osteoblasts and fibroblasts.
5. Conclusions

The transmucosal nature of dental implants and the ever-
present pathogenic bacteria in the oral cavity presents a signifi-
cant challenge to long-term implant success, especially in
compromised patient conditions (aged, diabetic or smokers). To
address this, various investigations have been carried out to modify
the surface topography and chemistry of implants and facilitate
bioactivity and therapeutic enhancements. Among the various
surface modifications, electrochemically anodized Ti with titania
nanopores (TNPs) have demonstrated outstanding potential in
regulating soft-tissue integration (STI) and osseointegration. In the
current study, we performed Ga doping of clinically relevant micro-
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rough Ti and TNPs to achieve favorable implant bioactivity and
antibacterial performances. The surface topography, chemistry and
hydrophilicity of the TNPs and Ti surfaces were altered upon Ga-
doping, resulting in the formation of Ga-containing nanoscale
particulates that were firmly bound to the substrates. Further, the
local release of Ga from the substrates did not cause any toxicity to
the fibroblasts, and their favorable bioactivity on TNPs was main-
tained. Finally, the antibacterial efficacy of the Ga-doped substrates
were demonstrated using a pertinent polymicrobial human oral
salivary model (that mimics the physiological microflora of the oral
cavity). Overall, Ga-doped nanoporous Ti implants show great po-
tential in addressing the poor soft-tissue integration and bacterial
infection challenges associated with conventional dental implants.
This study paves the way for further optimizations of implant
bioactivity and bactericidal performances based on chemically
modified nano-engineered Ti implants. Future investigations on
implant placement in long-term animal studies in vivo under me-
chanical loading are needed to bridge the gap between research
and clinical translation.
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