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Abstract Intensive research in the area of medical nano-
technology, especially to cope with the bacterial resistance
against conventional antibiotics, has shown strong anti-
microbial action of metallic and metal-oxide nanomaterials
towards a wide variety of bacteria. However, the important
remaining problem is that nanomaterials with highest anti-
bacterial activity generally express also a high level of
cytotoxicity for mammalian cells. Here we present gallium
nanoparticles as a new solution to this problem. We
developed a nanocomposite from bioactive hydroxyapatite
nanorods (84wt %) and antibacterial nanospheres of
elemental gallium (16wt %) with mode diameter of
22 + 11 nm. In direct comparison, such nanocomposite with
gallium nanoparticles exhibited better antibacterial proper-
ties against Pseudomonas aeruginosa and lower in-vitro
cytotoxicity for human lung fibroblasts IMR-90 and mouse
fibroblasts 1.929 (efficient antibacterial action and low
toxicity from 0.1 to 1g/L) than the nanocomposite of
hydroxyapatite and silver nanoparticles (efficient anti-
bacterial action and low toxicity from 0.2 to 0.25 g/L). This
is the first report of a biomaterial composite with gallium
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nanoparticles. The observed strong antibacterial properties
and low cytotoxicity make the investigated material pro-
mising for the prevention of implantation—induced infec-
tions that are frequently caused by P. aeruginosa.

1 Introduction

Gallium is a peculiar metal, with a low melting point (29.8 °C),
a high boiling point (2200 °C), a very low vapour pressure,
a descending solid-liquid isochore and a water-like freezing
expansion [1, 2]. Its liquid droplets possess very high sur-
face tension, but they wet many materials, like our skin or
glass, due to the formation of an oxide layer on the surface
[1-3]. Gallium nanoparticles (Ga NPs) possess many
interesting properties, like optically induced phase trans-
formation [4], extreme undercooling [5], or UV surface
plasmon resonance [6]. In spite of all these intriguing
properties, so far gallium has not been much used in prac-
tice, especially not in the nanometer-sized form. Gallium in
the ionic (3+) state, on the other hand, has found many
applications in medicine: for tumour imaging, hypercal-
caemia treatment, bone-resorption inhibition, as an antic-
ancer and an antimicrobial agent [7-9]. Among the other
mechanisms, the antibacterial action of gallium ions is
usually explained by the similarity between Ga(IIl) and Fe
(II1) ions. Ga>* ions substitute Fe>* jons, but cannot
undergo one-electron reduction, so many important redox
processes inside the bacteria are blocked [7, 9, 10]. Thus,
the greatest effect was observed in strongly iron-dependent
bacteria, like Pseudomonas aeruginosa, which can cause
acute prosthetic joint infections and create biofilms on
biomaterials [11].

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-016-5777-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-016-5777-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-016-5777-3&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10856-016-5777-3&domain=pdf
mailto:mario.kurtjak@ijs.si
http://dx.doi.org/10.1007/s10856-016-5777-3

170 Page 2 of 13

J Mater Sci: Mater Med (2016) 27:170

Antibacterial nanometals with antibacterial ions (such as
Ag, Cu/CuO, ZnO) are known for a dual antimicrobial
action of the nanoparticles and the released ions [12—15].
This dual action is expected from Ga NPs too as negative
redox potential of gallium [2] should enable the release of
the antibacterial Ga®* ions. Following the idea of “nano-
biotics” [16], the use of gallium nanoparticles instead of
ions might lead to an enhanced, controlled, prolonged and
local antibacterial action. However, their antibacterial
properties have not been shown yet.

Based on the last claims, we were interested in the
introduction of nano-gallium as a novel antibacterial com-
ponent to a bioactive material, i.e., hydroxyapatite (HAp),
which is widely used for bone/tooth implantation and tissue
engineering [17-19]. This would result in a composite that
could prevent infection and enable wound healing, tissue
growth and repair around it. The Ag@HAp nanocomposite
containing 10 wt % of Ag proved efficient against E. coli
and S. aureus but toxic for IMR-90 human foetal lung
fibroblast and U-2 osteosarcoma cells [20], while the spe-
cially designed Au/Arg@HAp nanocomposite was efficient
and much less toxic [21]. Gallium has not yet been explored
for such purpose. In contrast to silver or gold, gallium is
effectively removed from the body through urine [22].
Metallic gallium is considered a safe chemical that is non-
problematic for human health and environment [1, 23], but
there are not many investigations on its cytotoxicity. One
report warned about toxicity upon subcutaneous implanta-
tion [22] and there were several investigations on the
gallium-based amalgams, where the cytotoxicity was con-
nected with the corrosion and release of Ga** ions [24, 25].
Although the toxic values (for 50 % survival) of the released
Ga®* ions in these studies varied from 40 to 2000 pM
depending on the cell line, cell number and the evaluation
method, Ga was never among the most toxic released ions,
always much less toxic than Ag* and usually less toxic than
Zn** [26-29]. One study also revealed that 1.-929 fibro-
blasts and MG63 osteosarcoma cells were able to proliferate
and adhere on the Ti—Ga alloy containing 10 wt % of Ga
[30]. Moreover, a recent study on eutectic Galn alloy
nanoparticles has shown their low in-vitro cytotoxicity
against HeLa cells for at least 21 mg/L (0.2 mM Ga) con-
centration and their in-vivo injection into mice caused no
tissue damage, no allergic reaction, exhibited very low acute
toxicity (maximum tolerated dose of 700 mg/kg), while Ga
and In were excreted with both faeces and urine [31].

The formation of Ga nanoparticles is a challenging task.
Main currently existing methods require either reagents that
are very sensitive to oxygen and water [32-34], or high
temperature and ultrahigh vacuum [34-37]. On the other
hand, a few recent articles describe an ultrasonic emulsifi-
cation of liquid gallium into nanodroplets [38—41], which
does not require such extreme conditions. All of the
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reported syntheses created gallium nanoparticles in colloi-
dal suspensions or on a bulk substrate. So far, gallium was
added to a bioactive material only in the ionic form, e.g., in
bioactive glass [42—45] or in calcium phosphates [46, 47].
However, we found no literature on developing a composite
of Ga NPs with a biomaterial.

In summary, the main hypothesis in this study is that
gallium nanoparticles possess antibacterial properties,
which are related to their dissolution and release of Ga®*
ions, so that by combining them with hydroxyapatite it is
possible to create an applicable, biocompatible and effective
antibacterial material. The aims of our work were to
develop a new biomaterial, i.e., a nanocomposite made of
gallium nanoparticles and hydroxyapatite (Ga@HAp), to
characterize its physicochemical properties (structure,
composition, morphology, release of Ga* ions) and to
explore its antibacterial properties against P. aeruginosa
and cytotoxicity for human lung fibroblast (IMR-90) and
mouse fibroblast (L-929) cells.

2 Materials and methods
2.1 Synthesis methods

The Ga@HAp nanocomposite was created by a low-tem-
perature ultrasonic emulsification in a Suslick flask. Gallium
(99.99 % (trace metal basis), Acros Organics) was liquefied
by heating above 30 °C and weighed in the liquid state
(50 mg). The surface oxide layer on the Ga droplet was
removed by a quick washing with 20 uL of 1M HCI [3].
50mL of ethylene glycol (spectrophotometric grade
>99 %, Alfa Aesar), purged with N,, were added and
ultrasound pulses were provided with a length of 25, 80 %
amplitude and breaks of 1 s for 3h in a N, atmosphere and
reflux. A 750-W sonochemical apparatus (Sonics & Mate-
rials) with a replaceable 13-mm tip was used as the ultra-
sound source. The ultrasonic horn was immersed 1.5 cm
into the medium and the tip was 2.5cm above the Ga
droplet at the beginning. After 2 h of sonication, 10 mL of
ethyleneglycolic suspension containing 70 mg of hydro-
xyapatite (prepared from Ca(NOs3), 4H,0 (99.98 % (metals
basis), Alfa Aesar) and NH4H,PO4; (>99.99 % (metals
basis), Sigma-Aldrich) by the sonochemical homogeneous
precipitation with thermal degradation of urea (99.3+%,
Alfa Aesar) [48]) was added and the mixed suspension was
further ultrasonicated with the same pulses. The resulting
suspension consisted of Ga particles with wide size dis-
tribution from a few nm to 1 um. However, the high visc-
osity of ethylene glycol (EG), stability of suspension of
HAp nanorods in EG and absence of any interactions
between large Ga particles and HAp nanorods enabled a
separation of the Ga nanoparticles (diameter < 100 nm),
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together with the HAp nanorods, from the larger Ga parti-
cles by centrifugation. After centrifugation at 5500 x g for
15 min, 80 % of HAp and the smallest Ga particles (20 % of
the starting Ga amount) remained in the supernatant. This
supernatant was mixed with three times larger volume of
deionised water so that after centrifugation at 6300 x g for
15 min the Ga@HAp nanocomposite was sedimented. This
sediment was re-suspended in acetone, centrifuged and
dried. For the HAp sample the hydroxyapatite suspension in
EG was mixed with water, centrifuged and dried in the same
way as the Ga@HAp. Colloidal suspension of Ga NPs in
EG was prepared by a 2-h ultrasonication of 50 mg of liquid
Ga in 50 mL of EG under the same conditions as in the
synthesis of the Ga@HAp, followed by a 15-min cen-
trifugation at 5500 x g, after which the supernatant was
retained and analysed.

The nanocomposite of silver nanoparticles and hydro-
xyapatite (Ag@HAp) was created by the reduction of
AgNO; with NaBH, in the presence of hydroxyapatite [49].
30mg of AgNO; (99+ %, Alfa Aesar) were dissolved in
50 mL of water and mixed with 50 mL of an aqueous sus-
pension of hydroxyapatite (70 mg). Then, 50 mL of an
aqueous solution containing 80 mg of NaBH, (p. a. (=99 %)
NaBH,, Fluka) were added and the mixing continued for
10 min. After this time, the suspension was centrifuged; the
sediment was re-suspended in water, centrifuged again, re-
suspended in ethanol and dried. The molar amount of
AgNOj; was the same as the molar amount of Ga in the
Ga@HAp nanocomposite, so that 1 g of Ag@HAp nano-
composite contained roughly the same chemical amount of
antibacterial component (2 mmol of nanoparticles per g of
composite) as 1 gram of the Ga@HAp nanocomposite. The
2mmol/g (24 wt %) content of Ag in the Ag@HAp was
confirmed by the ICP-AES analysis.

2.2 Characterization methods

X-ray diffraction patterns were measured with an Empyrean
X-ray diffractometer, from 4 to 70° with 100s steps of
0.013° and Cu anode. FT IR analyses were made on a
Perkin Elmer Spectrum 400 MIR spectrophotometer in the
DRIFT technique for 2 mg of sample diluted with 70 mg of
KBr. For the UV-VIS spectroscopy a UV-Vis-NIR Spec-
trophotometer Shimadzu UV-3600 was used. Transmission
electron microscopy was done on a JEM2100 microscope
with a LaBg electron source and Cu TEM grids with lacey
carbon. The simulated electron diffraction pattern was cal-
culated by the EMS software. Scanning electron micro-
scopy was performed on a FEG SEM 7600F. The samples
were dried on an Au-sputtered 100-nm filter membrane,
stuck on the carbon tape and coated with 5 nm of carbon
before the analysis. Bacteria were fixed onto such a mem-
brane with glutaraldehyde, dehydrated and dried in critical

point dryer (K850, Quorum Technologies) before sputtering
with Pt/Pd. Phase-contrast and fluorescence images were
recorded on a Nikon Eclipse Ti-U inverted microscope.

2.3 Ion-release study

A 0.2 g/L and a 0.5 g/L suspension of Ga@HAp in Mueller-
Hinton (MH) broth (for microbiology, Sigma-Aldrich) and
0.5 g/L suspensions of the same material in 0.9 % NaCl and
phosphate buffered saline (PBS, tablet, Sigma-Aldrich)
were prepared. All suspensions were orbitally shaken for
24 h at 37 °C and 237 rpm. Then, the samples were cen-
trifuged at 7000 x g for 15 min and the supernatants were
further centrifuged at 15,350 x g for 15 minutes, after which
the supernatants were filtered through a 0.1 um filter.
Concentration of Ga™* in the filtered liquids was determined
by the spectrophotometric method that is described in
Section 2.5. The gallium content in the Ga@HAp before
suspending in the media was also determined and the ratio
of released/contained Ga  was  calculated as
mlurised (g AGOM Thus, an average  and
standard deviation of this value was calculated from 3
parallel samples and 6 parallel samples in the case of the
Mueller-Hinton medium (due to two different concentra-
tions of Ga@HAp).

2.4 Quantitative determination of Ga

Six milligrams of the Ga@HAp nanocomposite were dis-
solved in 6 mL of 6 M HCI (prepared from 37 % HCI (for
analysis, Carlo Erba reagents)) and diluted 100-200 times
with 6 M HCI. The amount of Ga in the diluted sample was
determined by a spectrophotometric method based on the
absorbance of the GaCl, —Rhodamine B complex [50]. The
complex was formed in 4 mL of NaCl-saturated sample
solution with 0.1 wt % of Rhodamine B and extracted to
4 mL of benzene (spectrophotometric grade (99.5+ %), Alfa
Aesar). The standards for a calibration curve from 0.1 to
2mg/L. Ga concentrations were obtained by dissolving a
measured mass of Ga in aqua regia, evaporating to dryness
and dissolving the obtained white powder in 6 M HCI. The
concentration of Ga’* in the liquids of the ion-release
study was determined by first mixing equal volumes
(100-200 L) of the liquid and concentrated (37 %) HCI,
supersaturating with NaCl and then diluting with 6 M HC1
and the Rhodamine B (Alfa Aesar) solution to a volume of
4 mL and extracting to 4 mL of benzene.

2.5 Microdilution antibiogram
Bacterial strains P. aeruginosa MW1 and PAOI (wild type)

were a gift from Dr. Matej Butala from the Biotechnical
Faculty of the University of Ljubljana. For further details on
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these two strains one may refer to [51]. An overnight culture
of P. aeruginosa (MW1 or PAOI), prepared in micro-
biologically tested Miller Luria-Bertani broth (Sigma-
Aldrich), was diluted 1000x with MH broth to obtain a
concentration of 10° cfu/mL of bacterial culture. The dried
material was suspended in MH broth and different dilutions
were made in this medium from the stock suspension.
Similarly, Ga(NO3);:5.5 HyO (99.9 % Ga(NOj3);-xH,0,
Sigma-Aldrich; the amount of water in the Ga(NO3)3-xH,0
was determined by the TGA analysis to be x =5.5) was
dissolved in the MH broth and filtered through a 0.1 um
filter, after which different dilutions were made with the
sterile MH broth from the stock solution. Hundred
microlitres of the suspension (or solution) were mixed with
100 pL of bacterial culture in a microtiter well and the flat-
bottom Brand 96-well plate was incubated with 237 rpm
orbital shaking for 24h in a HI Hybrid Multi-mode
Microplate Reader (Synergy) while monitoring the absor-
bance (optical density) at 600 nm (OD600). Thus, the
growth curves for all the samples were obtained and com-
pared to determine the minimal inhibitory concentration
(MIC). To eliminate the influence of the absorption by the
materials, the absorbances of the corresponding sterile
samples were subtracted from the signal of the samples with
bacteria. To determine the bacterial concentration in the
samples with OD600 =0 after 24-h growth, the liquids
above the materials were diluted 1000x and 50 uL of each
liquid was spread onto a new MH agar plate (prepared from
MH broth and agar for microbiology (Sigma-Aldrich)) and
incubated for 24 h at 37 °C, after which the number of
grown colonies was counted. For the antibacterial action
assay of the released Ga** ions, the filter-sterilized liquids
were mixed in different ratios with an overnight culture of
P. aeruginosa MW1 and Mueller-Hinton broth, so that the
bacterial concentration in the samples was 5-10° cfu/mL.
Then, a microdilution antibiogram was performed in the
same way as for the material suspensions and Ga(NOj3)s.
The average OD600 values and standard deviations were
calculated from 4 parallel samples.

2.6 In-vitro cytocompatibility test

Cytotoxicity of the materials was tested on human foetal
lung fibroblasts IMR-90 (ECCAC no. 85020204) and
mouse fibroblasts 1.929 (ECCAC no. 85103115), which
were grown in MEM (Gibco) supplemented with 10 %
foetal bovine serum (Sigma), 2 mM L-glutamine (Invitro-
gen), 100 units of penicillin and 100 pg/mL streptomycin
(Invitrogen) at 37 °C in a humidified 5 % CO, atmosphere.
Ten thousand cells per well were seeded on a 96-well plate
and grown overnight, then the growth medium was replaced
with fresh medium containing dispersed particles and
incubated for 24h. To determine the remaining cell
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viability, growth medium was replaced with fresh medium
containing 0.5 mg/mL  3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) for two hours. The
formed formazan crystals were solubilized in DMSO and
transferred to a new transparent 96-well plate, where the
absorbance at 570 nm was measured. Cell viability (%) was
determined as the absorbance ratio between cells grown in
presence and absence of the materials. The average values
and standard deviations were calculated from 6 parallel
samples.

3 Results
3.1 Characterization of the Ga@HAp nanocomposite

The synthesis of the Ga@HAp nanocomposite was repeated
several times and five batches contained on
average 16 +2wt % of Ga, which indicates a good
repeatability of the synthesis.

Ultrasonication of Ga in the absence of HAp leads to a
colloidal solution of Ga nanoparticles in EG. These particles
are spherical (Fig. la—c) and have a unimodal size dis-
tribution with a peak at 24 + 2 nm and 50 % polydispersity
(Fig. 1b). They exhibit a core-shell morphology, with a
darker amorphous core and brighter amorphous shell
(Fig. 1c). The EDS analysis on the Ga nanoparticles
(Fig. 1b, c¢) confirmed the Ga phase. The ratio of intensities
between Ga (Lay, Ka;) and O (Ka,) peaks was compared
with such intensity ratio of these two elements measured in
GaOOH and amorphous gallium hydroxide samples of very
similar size and thickness and under the same EDXS
measurement conditions. Ig,/I, ratio for Ga NPs was 7
times larger than for amorphous gallium hydroxide and 6
times larger than for GaOOH, which implies that the Ga
NPs are not made of gallium oxide or hydroxide but rather
of elemental Ga. The small oxygen signal might have come
from a thin amorphous oxide/hydroxide shell on the surface
of the Ga NPs. Ga has a strong tendency to passivate with a
thin oxide film [3]. Previous investigations on Ga NPs have
proven that the Ga core is covered with a thin oxide/
hydroxide shell [6, 32, 33, 40, 52]. The electron diffraction
(SAED) pattern on the Ga NPs consists of a ring, a diffuse
halo and an almost invisible larger diffuse halo (Fig. 1b, d).
These three rings match the three most intensive rings of the
polycrystalline monoclinic 3-Ga electron diffraction pattern.
This indicates that the nanoparticles are made of a dis-
ordered p-Ga, which is actually liquid Ga [53]. The SAED
pattern is almost identical to the previously reported elecron
diffractions for liquid Ga nanoparticles [5, 33].

Morphologically, the Ga@HAp nanocomposite consists
of HAp nanorods and spherical Ga nanoparticles attached to
their surface (Fig. le-h). The Ga nanoparticles in the dried
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Fig. 1 Electron microscopy
analysis. a SEM image of Ga
nanoparticles (NPs) in ethylene
glycol (EG); b TEM image of
the Ga NPs, which were
analysed by the EDXS and
SAED, and the TEM size
distribution of 1360 particles
from the TEM images; ¢ high
magnification TEM of 3 Ga NPs
in EG and EDXS analysis
(inset); d SAED analysis of the
Ga NPs with simulated electron-
diffraction pattern for 24-nm f-
Ga nanoparticles on the right-
hand side (white background);
e SEM image of the dried
Ga@HAp nanocomposite;

f, g TEM images of the
Ga@HAp nanocomposite; the
inset in g shows the size
distribution of 1338 Ga
nanoparticles on HAp based on
the contrast in the TEM images;
h high magnification TEM of a
Ga nanoparticle on
hydroxyapatite

nanocomposite are very similar to the colloidal Ga nano-
particles in EG. The size distribution of the Ga NPs in the
Ga@HAp nanocomposite has a peak at 22 + 2 nm and 50 %
polydispersity (Fig. 1g). The HAp does not influence the
ultrasonic dispersion of the liquid Ga and the size dis-
tribution of the so-formed Ga nanoparticles. However, there
is an important difference between the colloidal Ga NPs and
the Ga NPs in the Ga@HAp nanocomposite. While the
colloidal Ga NPs are obviously agglomerated, the Ga NPs
in the Ga@HAp nanocomposite are attached to the HAp
nanorods and well separated. Hence, hydroxyapatite hinders
their coalescence and agglomeration after the ultrasonica-
tion most likely by some electrostatic interactions that

stabilize the Ga nanoparticles and compensate their surface
charge. High-magnification TEM image (Fig. 1h) reveals
the crystallinity of the HAp nanorod and no crystallinity for
the Ga particles. In the Ga@HAp nanocomposite, part of
the oxide/hydroxide layer on the Ga NPs might have come
from the HAp, which can be concluded from the obvious
wetting of the HAp surface by the Ga nanoparticle and the
oxide layer deriving from the HAp.

The non-crystalline nature of Ga within the Ga@HAp
nanocomposite was also confirmed by the XRD analysis.
The diffractograms of both pure HAp and the Ga@HAp
(Figs. 2a, b) show the diffraction maxima typical for the
structure of the hexagonal apatite (PDF number of the
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Fig. 2 Characterization of the
Ga@HAp nanocomposite. a,b
X-ray diffractograms of (a) HAp
and (b) Ga@HAp. Asterisks (*)
denote hydroxyapatite
hexagonal (P63/m) reference
pattern with PDF number O1-
089-6438; ¢ UV-VIS spectra of
ethylene glycol (EG), Ga NPs in
EG, hydroxyapatite (HAp) and
Ga@HAp nanocomposite in
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reference pattern 01-089-6438). There are no additional
diffraction maxima that could be assigned to crystalline Ga,
only an increased background between about 30 and 55° is
observed for the Ga@HAp in comparison with the pure
HAp. Based on our electron microscopy analysis and pre-
vious reports about the XRD of the Ga NPs [33, 40], it is
reasonable to explain the raised background as a con-
sequence of the presence of liquid (amorphous) Ga NPs in
the Ga@HAp nanocomposite.

Another evidence that Ga nanoparticles are made of
elemental Ga, is obtained from the optical properties. The
UV-VIS spectrum of the colloidal solution of Ga NPs in EG
contains a surface plasmon resonance (SPR) peak at about
250 nm (Fig. 2c). The SPR peak position agrees very well
with a previous report [33] and with the calculated SPR
peak by the Mie scattering theory [54] for 24-nm Ga NPs in
a medium with a refractive index of 1.43 (ethylene glycol)
and the optical constants for liquid gallium from the work of
Knight et al. [6]. A similar peak can also be distinguished in
the spectrum of the Ga@HAp nanocomposite as a shoulder
superimposed on the absorbance curve of the HAp.

We investigated the type of interactions between the
composite components by the FT-IR spectroscopy (Fig. 2d).
The FT-IR spectrum of the pure HAp was compared to the
spectrum of the Ga@HAp nanocomposite. Both spectra
show all the bands due to the characteristic vibrations of the
phosphate and OH groups for hydroxyapatite [48]. No
chemical shifts or disappearance of the fine structure were
noticed in the Ga@HAp sample, so we can exclude any
chemical interaction between the Ga NPs and the HAp.
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There is a decrease in the intensity of the peak at 3600 cm ™
(the ratio of heights of the OH (3570 cm_l) vs. the POy
(1032 cm™) peak was 4 times lower for the Ga@HAp in
comparison with the HAp sample), which indicates exis-
tence of the interactions that block the stretching mode of
OH-groups. Similar to previous investigations on interac-
tions between HAp and Ag nanoparticles [55], blocking
OH™ vibrations could be assigned to physical interactions
between Ga nanoparticles and HAp. These interactions
stabilize the formed Ga nanoparticles within the Ga@HAp
nanocomposite and control their aggregation and further
growth by their attachment onto the surface of apatite
mediated by the surface OH-groups of HAp.

3.2 Antibacterial action against P. aeruginosa MW1
and PAO1

The antibacterial properties of Ga nanoparticles on HAp
were examined with respect to the P. aeruginosa MW1
strain. Similar results were obtained for the PAOI1 strain
too. A qualitative disc diffusion test revealed that the
Ga@HAp creates an inhibition zone, which is an indication
of an antibacterial action. In the case of the HAp, tested as a
negative control, no similar activity was detected (Supple-
mentary Fig. S1). The survivability of the bacteria after
incubation with the material was analysed using a fluor-
escent dye live/dead assay and revealed some bactericidal
effect with clusters of dead bacteria observed for the
Ga@HAp and not for the pure growth medium or HAp
(Supplementary Fig. S2).
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Fig. 3 Bacterial morphology. a, b, ¢ SEM image of P. aeruginosa MW after 24-h incubation in growth medium with 0.5 mg/mL hydroxyapatite;
d, e, f SEM image of P. aeruginosa MW1 after 24-h incubation in growth medium with 0.1 mg/mL of Ga@HAp

The morphological characteristics of the bacteria after a
24-h incubation with HAp and with Ga@HAp were
observed under a scanning electron microscope (Fig. 3).
The presence of the Ga@HAp during the bacterial growth
led to a much lower number of bacterial cells and a
decreased amount of well-preserved cells in comparison
with the HAp (a negative control). In addition, a change in
the structure of the dead bacteria was noticed. The dead
bacteria that were exposed to the Ga@HAp exhibited holes
in their cell wall and total rupture of the membrane, while
the dead bacteria that were exposed to the HAp showed
only a membrane/cell-wall integrity decrease.

The antibacterial action was quantified by a microdilu-
tion assay (Fig. 4). Normal 24-h planktonic growth results
in an increase of the turbidity following a typical growth
curve, which was monitored by measuring the absorbance at
600 nm (optical density or OD600). The Ga@HAp was
tested in the concentration range from 0.01 mg/mL to
1.0 mg/mL with the pure MH growth medium and a 0.5 g/L.
HAp suspension as negative controls. The growth medium
with no material, the HAp and Ga@HAp concentrations
below 0.1 g/LL show a distinct growth curve, while absence
of such curve at higher concentrations represents a complete
inhibition of growth (Fig. 4a). Hence, it is evident that the
MIC for the Ga@HAp is at 0.1 g/L. For comparison, a
nanocomposite of silver nanoparticles and hydroxyapatite
(Ag@HAp; its morphology is presented in Supplementary
Fig. S3) was also tested on the same bacteria and in the

same conditions (Fig. 4b). The obtained MIC value for
Ag@HAp (0.2 g/L or 0.4 mM Ag) was higher than the MIC
value of Ga@HAp (0.1 g/L or 0.2 mM Ga). The 1000x
diluted bacterial suspensions above the sedimented
Ga@HAp samples after the microdilution test were spread
onto a Mueller-Hinton agar plate and the grown colonies
after a 24-h incubation at 37 °C were counted. A bacter-
icidal effect was observed above the MIC value with a
significant (1000x) reduction in the number of bacteria
above 0.5 g/L (Fig. 5).

Ga®* ions were released from the Ga@HAp nano-
composite in different physiological media during the 24-h
shaking incubation at 37 °C and the ion release depended a
lot on the medium (Fig. 6a). About 50 % of the contained
Ga were released in the ionic form in the MH growth
medium. By taking this fraction into account, about 0.1 mM
concentration of Ga** ions emerged during the bacterial
growth in the presence of 0.1 g/ of the Ga@HAp nano-
composite. Hence, the microdilution antibiogram of this
sample was compared to the antibiograms of a similar
concentration (137 pM) of Ga>* ions only (released from
the Ga@HAp in the MH medium) and a similar con-
centration of Ga(NOj3); (141 uM, Fig. 6b). This concentra-
tion of Ga** ions alone, without the Ga@HAp sample, was
not sufficient for the inhibition of growth. The MIC value
that we obtained for Ga(NOj); against our P. aeruginosa
MW1 strain, was 211 pM, while the MIC value for the
released Ga®* ions was 215 uM. Hence, the antibacterial
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Fig. 4 Dilution antibiogram assay of a Ga@HAp and b Ag@HAp
nanocomposite against P. aeruginosa MW1. Mueller-Hinton (MH)
growth medium without any material (0 mg/mL) and 0.5 mg/mL HAp
were taken as the controls

action of the Ga@HAp is not only a consequence of the
released ions and nanoparticles are required to achieve the
high efficiency of the Ga@HAp.

3.3 Cytotoxicity

After confirmation of the antimicrobial activity of the
Ga@HAp biomaterial, the next task was the investigation of
its interactions with mammalian cells. For that purpose in-
vitro cell viability tests on IMR-90 human lung fibroblasts
and L1929 mouse fibroblasts (Fig. 7) were done. Different
concentrations from 0.1 to 1 g/L. were tested and the results
for the Ga@HAp nanocomposite were compared with the
HAp and the Ag@HAp and the minimal inhibitory con-
centrations of the Ga@HAp and the Ag@HAp. IMR-90 cell
viability is high even for 0.5 g/ Ga@HAp, which is five
times higher than MIC, and above 60 % at 0.75 g/L, while it
drops to 50 % at 1 g/LL (Fig. 7a). On the other hand, L929
survived very well also in the presence of the 1g/L
Ga@HAp (Fig. 7b). By contrast, the Ag@HAp nano-
composite (containing the same chemical amount of anti-
bacterial substance) revealed toxic properties already very
near its MIC value and decreased the survivability of L929
below 50 % at 0.25 g/L. (Fig. 7b). Evidently higher toxicity
of Ag@HAp in comparison with Ga@HAp was observed
also for the IMR-90 cell line with around 60 % survivability
at 0.25g/L and below 50% at 0.5g/L (Fig. 7a). The
observed cytotoxicity of the Ag@HAp is in agreement with
the previously reported toxicity for Ag nanoparticles and
Ag@HAp nanocomposite against 1.929 [56] and IMR-90
fibroblasts [20, 57]. All in all, Ga@HAp shows the desired

before growth
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Fig. 5 Colony counting after dilution antibiograms. Bacterial
concentrations on the left-hand image for the growth medium without
any material (0), HAp and Ga@HAp concentrations below 0.1 mg/mL
were calculated by multiplying the OD600 values with 1x10° cfu/mL. For
higher Ga@HAp concentrations the bacterial concentration was obtained
by diluting the liquids above these samples after the 24-h microdilution
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assay (Fig. 4) 10% times, smearing 50 uL onto the Mueller-Hinton (MH)
agar plates and colony counting after incubation for 24h. The
representative agar plates with colonies are shown in the right-hand image.
Sterile MH growth medium (sterile), growth medium with P. aeruginosa
and without material (0 g/L) before (5x10° cf/mL) and after the
microdilution antibiogram, and 0.5 g/LL HAp are put for comparison
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Fig. 6 Ion release assay. a Fraction of the contained Ga in the
Ga@HAp that was released after 24-h shaking at 37 °C in three dif-
ferent media: 0.9 % NaCl, PBS and Mueller-Hinton (MH) broth; b a
comparison of the antibacterial action of the released ions in (MH
broth) from the Ga@HAp nanocomposite, Ga(NOs); and the accord-
ing Ga@HAp that releases a similar amount of Ga®* ions. Similar
molar concentrations of Ga** were chosen for all three samples and a
50 % release of Ga>* was assumed for the Ga@HAp sample

properties of antibacterial action and low cytotoxicity in the
concentration range from 0.1 to 1 mg/mL and it proved a
better option than the Ag@HAp nanocomposite with anti-
bacterial action and low cytotoxicity in the concentration
range from 0.2 to 0.25 mg/mL.

4 Discussion

Since we wanted to keep the desired properties of the
hydroxyapatite, such as its nanocrystallinity, bioactivity,
and the active surface for the attachment of nanoparticles,
the high temperature, high vacuum and water-sensitive
reducents were avoided. Therefore, we found the ultrasonic
emulsification method the most suitable for developing the
Ga@HAp nanocomposite. To isolate the antibacterial
activity of the Ga NPs from any possible antibacterial
activity of a surfactant and to avoid any toxicity induced by
such surface modification, the use of any surface-active
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Fig. 7 Cytotoxicity assays. a Survivability of IMR-90 human lung
fibroblasts after 24-h growth in the presence of the HAp (green or first
columns from the left), Ga@HAp (blue or the middle columns) and
Ag@HAp (red or third columns from the left) materials; b Surviva-
bility of L929 mouse fibroblasts after 24-h growth in the presence of
the HAp (green or first columns from the left), Ga@HAp (blue or the
middle columns) and Ag@HAp (red or third columns from the left)
materials. Minimal inhibitory concentration (MIC) at 0.1 g/L for P.
aeruginosa MW1 of the Ga@HAp nanocomposite is circled and
indicated in blue while the MIC of the Ag@HAp at 0.2 g/L is indi-
cated in red

agent was deliberately avoided. This resulted in a relatively
wide size distribution, yet the antibacterial action and bio-
compatibility was confirmed. The characterization revealed
that the Ga particles were generally smaller than 100 nm
(with a unimodal size distribution and the majority of par-
ticles in the range of 22 + 11 nm), liquid/amorphous, coated
by a thin amorphous oxide/hydroxide shell and well sepa-
rated due to weak attachment to the surface of the
hydroxyapatite.

Our hypothesis for the antibacterial properties of Ga
nanoparticles was based on the known antibacterial action
of gallium ions, the connection between antibacterial
nanometals and their antibacterial ions, and the thermo-
dynamically favorable oxidation of Ga to Ga**. However,
since the oxidation of Ga ends within a thin oxide layer, it
was questionable as to whether the observed antibacterial
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action is really connected to the release of gallium ions, or
whether the gallium nanoparticles have a different
mechanism for the prevention of bacterial growth. Our ion-
release study has shown that 1/3 of Ga in the nanocompo-
site is dissolved during 24-h shaking incubation at 37 °C in
PBS, while 1/2 of the contained Ga is released as Ga** ions
during a similar incubation in the MH growth medium. This
proves the expected release of ions. The next question that
arises is whether Ga nanoparticles or only the released ions
are antimicrobial. Since there are many different MIC
values against P. aeruginosa reported for ionic gallium [58,
59], depending on the strain, the growth medium and the
gallium species, we rather compared the MIC for Ga@HAp
with the MIC value of the released ions and the MIC value
of Ga(NOs;); that were obtained in our study. The MIC for
the Ga@HAp nanocomposite is at 0.1 mg/mL, which cor-
responds to about 0.2 mM Ga. This agrees well with the
MIC of Ga(NO3); at 211 uM. However, our ion-release
study revealed that only 50 % of the contained Ga in the
Ga@HAp is released as ions after 24 h of incubation, which
yields 0.1 mM concentration of Ga®* that alone is not suf-
ficient for the complete inhibition of growth. Therefore, the
antibacterial action of the Ga@HAp nanocomposite cannot
be explained only by the antibacterial action of the released
ions. There are three possible antibacterial sources: the Ga
nanoparticles, the oxide shell or the Ga ions formed by the
dissolution of the Ga nanoparticles (Fig. 8).

If the antibacterial properties come only from the release
of ions, then the mechanism of antibacterial action is known
and the Ga nanoparticles serve as reservoirs and deliverers
of Ga ions, while their dissolution would also be a way for
their elimination from the body. The observed large extent
of dissolution of Ga NPs in the absence of any cells and the
fact that the antibacterial and cytotoxicity properties were
well repeatable despite the wide Ga size distribution go in
favour of this mechanism.

However, although the contribution of the nanoparticle
to the antibacterial action apart from the ion release is still
debatable in metallic nanoparticles, such as Ag nano-
particles [60], this possibility should not be excluded.
Especially, because it obviously contributes at least to
improved transport of Ga®® ions into bacteria. The
destruction of bacteria (the holes in cell membranes of the
dead bacteria), observed under SEM, is an indication of the
effect of nanoparticles, which is often (but not always)
connected with the generation of reactive oxygen species
(ROS) [61]. However, non-selective extracellular release of
ROS is not expected for Ga nanoparticles under the studied
conditions and the observed low cytotoxicity is also an
indication against such mechanism. A recent investigation
has proven that Ga,O5; nanoparticles do not produce any
ROS in water without direct ultraviolet or visual light illu-
mination [62]. Moreover, unlike Ag or Cu [63-65], Ga
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Fig. 8 A graphical summary of the diverse properties of the Ga@HAp
biomaterial and the proposed sources of its antibacterial action

cannot undergo Fenton-like reactions that lead to ROS.
Instead, the endocytosis, fusion and dissolution of Ga
nanoparticles without causing cytotoxicity could occur in a
similar way as was observed for the Galn eutectic nano-
particles in HeLa cells [31]. On the other hand, intracellular
ROS could be caused indirectly by the released Ga®* ions as
a consequence of the Ga’>*-Fe* substitution inside the cells,
as was shown for gallium nitrate and citrate, the FDA
approved drugs, in Pseudomonas bacteria as well as human
lymphoma cells [66, 67]. Since avoiding non-selective
extracellular toxic ROS might be the greatest advantage of
Ga nanoparticles over the existing antimicrobial nanoma-
terials in search of an efficient antibacterial protection that
would not be harmful to mammalian cells, a more detailed
insight into the mechanism of antibacterial action of Ga
nanoparticles and generation of ROS seems a reasonable
task in further investigation.

Finally, if the gallium oxide layer is responsible for
bacterial inhibition, the main question is whether the
Ga,03-coated Ga NPs have any advantages over Ga,O3
NPs, which have not yet been shown to prevent the
planktonic growth of P. aeruginosa.

All three suggested mechanisms are probably connected
in the Ga@HAp: the Ga NPs, the gallium oxide/hydroxide
shell and the release of ions, with the major part coming
from the ion release. Sahoo et al. explored the antibacterial
properties of GaN nanoparticles on Pseudomonas strains
and explained their mechanism by local damage of the cell
wall, caused by nanoparticles, which led to leakage of
intracellular components, and a possible release of Ga**
ions inside the bacterial cells [68]. On the other hand, Lu et
al. have shown endocytosis, fusion and degradation of the
eutectic Galn nanoparticles with release of Ga* ions inside
HeLa cells [31]. In this view, the high efficiency and the
low cytotoxicity of the Ga@HAp nanocomposite can also
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be explained only by the local release of Ga>* ions from the
Ga nanoparticles in the vicinity of the nanocomposite and
bacteria or even inside the bacteria. Further investigation
will be needed to confirm or reject these hypotheses. The
investigation of the mechanism will require a narrow size
distribution of the Ga NPs, since the suggested mechanisms
are most likely size-related. It is known that solubility
increases with decreasing size of the particles [69, 70].
However, Ga nanoparticles, coated with amorphous oxide/
hydroxide offer another parameter that affects their dis-
solution, i.e., the thickness of the oxide/hydroxide shell.
Hence, the release of ions might be controlled by the size of
the Ga nanoparticles and the thickness of the oxide/hydro-
xide layer. Based on the ion-release mechanism, the anti-
bacterial action would also be controlled by these two
parameters. We have done some preliminary tests (data not
shown) that revealed higher MIC values for the Ga@HAp
materials with wider size distributions (obtained by shorter
ultrasonication and without separation of particles by cen-
trifugation) at the same Ga content. Thus, we believe that
the narrower size distribution will result in stronger anti-
bacterial action. However, fast release is not always desir-
able and larger particles or a combination of smaller and
larger particles will be required for lower but prolonged
release of Ga®* ions. Moreover, smaller nanoparticles are
often found more toxic for eukaryotic cells below a certain
(optimal) size [71]. On the other hand, the surface of the
biomaterial is also very important, and more homogeneous
Ga distribution on HAp might enable better growth of
mammalian cells on the surface of the Ga@HAp material.
Yarema et al. have recently found a way for creating
monodisperse Ga nanoparticles and controlling the thick-
ness of their oxide shell [33]. However, this synthesis yields
a stable dispersion of Ga NPs in non-polar media, whereas a
stable aqueous suspension is needed for the antibacterial
and toxicity studies. Furthermore, wide size distribution is
actually a better representation of the industrially prepared
and commercially available nanoparticles [72] and also a
better representation of the realistic system that could
evolve in the human body or environment [70, 73]. Hence,
it is very encouraging that despite the inhomogeneous and
wide size distribution of Ga nanoparticles on hydro-
xyapatite, for human lung fibroblasts and 1L.929 mouse
fibroblasts, the inhibitory and also the bactericidal con-
centrations for the Ga@HAp are below cytotoxic con-
centrations, which implies that the Ga@HAp biomaterial
can prevent bacterial growth and enable normal growth of
mammalian cells at the same time in a certain concentration
range. Furthermore, for a human-friendly antibacterial
protection of hydroxyapatite, in this study Ga NPs proved
even better than silver nanoparticles that are most com-
monly used nowadays [13].

5 Conclusion

Using a low-temperature ultrasonic emulsification method
we successfully developed the Ga@HAp nanocomposite, in
which gallium nanospheres are coated with a thin oxide
shell and attached to the hydroxyapatite nanorods. The
antibacterial assay against P. aeruginosa and the cytotoxi-
city assay against human lung fibroblast IMR-90 and mouse
fibroblast 1.929 cells revealed that the minimal inhibitory
concentration of the Ga@HAp for P. aeruginosa was non-
toxic to mammalian cells and a useful range of concentra-
tions, in which the Ga@HAp exhibited high antibacterial
activity and low toxicity, was determined. This range was
much wider than for a comparable nanocomposite of
hydroxyapatite and silver nanoparticles. The ion-release
study confirmed the expected release of Ga>* ions from the
the Ga@HAp, which contributed notably to its antibacterial
action. The obtained results imply that the antibacterial
properties of Ga@HAp are based on a local release of Ga**
ions from the Ga nanoparticles. The high antibacterial
activity and biocompatibility make the Ga@HAp nano-
composite a very promising new biomaterial for future
biomedical applications (tissue engineering, wound healing,
bone fracture repair, prevention of infections during
implantation) and a new direction towards an advanced
biomaterial that can stimulate tissue growth while being
self-protected against infection at the same time.
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