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ABSTRACT

The growing threat of antibiotic-resistant bacteria necessitates the development of alternative antimicrobial agents. Gallium oxyhydroxide
(GaOOH) is a promising candidate, though its direct antibacterial efficacy is unexplored. This study provides the first direct evidence of
GaOOH microparticles exhibiting cytotoxic effects against both Gram-positive Staphylococcus aureus (S. aureus) and Gram-negative
Escherichia coli (E. coli). Orthorhombic GaOOH particles were synthesized hydrothermally, with their morphology influenced by the pH of
the synthesis process, as confirmed by scanning electron microscopy and x-ray diffraction analysis. Antibacterial assays revealed that cyto-
toxicity against E. coli increases with a higher synthesis pH, a trend we demonstrate to be associated with the enhanced defect density in par-
ticles, as supported by photoluminescence spectra and FTIR analysis. The study underscores the significant influence of synthesis
conditions on the morphology and crystallinity of the resulting GaOOH microparticles, highlighting the influence of surface characteristics
on antibacterial agents.
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I. INTRODUCTION

Due to the looming crisis of antibiotic-resistant bacteria, there
exists a need for antimicrobial modalities to supplement or sup-
plant traditional antibiotics for usage in sanitation, food storage,
and biological therapeutics. Such antibiotic-resistant bacteria are
reported to be responsible for over 35000 deaths in the United
States in 2019 per the Center for Disease Control and Prevention
and 33000 deaths per year in the European Union based on an
investigation by the European Commission."” Such new antimicro-
bial agents should not only exhibit the bactericidal characteristics

These properties may result from size effects and surface-specific
processes unlike the bulk-dominated behaviors observed at macro-
scopic scales.™

In recent years, nano- and micro-structured materials, includ-
ing those containing gallium, emerged as promising candidates for
antibacterial agents due to the potentially multifaceted mechanisms
of action.”™"* Of these, gallium oxide (Ga,0O3), and specifically the
beta polymorph (B-Ga,03), is of interest for biomedical applica-
tions owing to material properties such as high thermal and chemi-
cal stability, as well as biomimetic action.”'"'*'* This biomimetic
action may contribute toward the antibacterial properties of

of traditional antibiotics but must also prevent the development of
antibacterial resistance. It is desirable that these materials provide
enhanced selectivity against both Gram-positive and Gram-negative
strains as well as integration into novel technologies. Nano- and
micro-scale inorganic materials are attracting attention in this
regard, as they possess relatively low toxicity, adequate selectivity,
and robust efficacy against the existing antibiotic-resistant strains.™"
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B-Ga,O; by allowing clear pathways for internalization and meta-
bolic/enzymatic disruption.”” The general antibacterial properties
of B-Ga,O5 have been demonstrated in various studies, suggesting
efficacy against a broad spectrum of bacterial pathogens."”
Importantly, B-Ga,O; nano- and micro-particles can be synthe-
sized using a variety of methods, allowing for tailored optimization
of their antibacterial performance.'®™'® In most synthesis methods,
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elevated temperature and/or pressure conditions are required to sta-
bilize the B-Ga,Oj5 structures.'”*’

For example, B-Ga,0O3 is commonly produced by high temper-
ature calcination of a precursor material such as gallium oxyhydr-
oxide (GaOOH).'”” In this regard, a question arises whether
GaOOH may share some of the same advantages of B-Ga,0O; with
a more cost-effective production and scalable integration into the
existing antibacterial systems.'”*' GaOOH can be readily produced
via, among others, hydrothermal, solvothermal, and
microwave-assisted synthesis,””~** rendering it very accessible in
both research and applications. Moreover, B-Ga,0O; exhibits chemi-
cal similarities to GaOOH due to a straightforward conversion
process, so that both materials offer the advantage of tunable sizes
and morphologies of the particles."” Accurate control of size, mor-
phology, and surface characteristics could be crucial in optimizing
the performance in biomedical applications.

Although GaOOH-containing biomedical compounds have
been recently reported, the role of GaOOH has been rather indirect.
Biocompatibility and ease of synthesis have made it a component
in the preparation of composite materials for osteogenic, antitumor,
and antibacterial applications, although these applications primarily
leveraged GaOOH as an intermediate material in the synthesis of
B-Ga,O; or other gallium-based compounds.”” >’ As such, its
direct role as an antibacterial agent has not been addressed to the
best of our knowledge. Moreover, some studies suggested that the
presence of GaOOH may compromise the antimicrobial properties
of gallium compounds.'"*** Sun et al.”® attributed this to the appar-
ent insolubility of GaOOH leading to a reduction in endocytosis,
whereas Bonchi et al.”” suggested that the presence of GaOOH may
lead to a reduction in Ga>" release, as metal cation release has been
seen to be important to the antibacterial action of other metal
oxides.””*’" Thereby, there exists a substantial uncertainty regard-
ing the capabilities and role of GaOOH in antibacterial action and
this issue requires further investigation. Literature reveals no inves-
tigations into the intrinsic antibacterial properties of GaOOH and
their direct effects on bacterial pathogens. Possible antibacterial
activity of GaOOH could be attributed to the photocatalytic genera-
tion of reactive oxygen species (ROS), release of gallium cations,
direct surface interactions, and cell internalization, as has been sug-
gested for Ga,Os5 in the literature.’ 1:16:27:28 Thys, there is a need for
systematic studies of GaOOH as an antibacterial agent to elucidate
possible mechanisms and to assess its potential. This knowledge is
vital to optimizing the therapeutic benefits of gallium-based materi-
als in biomedical applications. In this context, it is important to
investigate the relationship between the antibacterial capabilities of
GaOOH and its physicochemical and optoelectronic properties.

In our studies, we use hydrothermally grown GaOOH parti-
cles of microscale dimensions to prevent their intracell internaliza-
tion as they are of comparable size to both Staphylococcus aureus
(S. aureus) (~1um’)** and Escherichia coli (E. coli)
(~2%0.5%0.5um’).”” We implement a continuous inversion of
the solution during incubation to prevent loss of the effective
surface area. In particular, we perform growth inhibition assays
with GaOOH microparticles grown at different pH against E. coli
and S. aureus. We demonstrate effectiveness against both bacterial
strains and correlate antibacterial mechanisms with GaOOH
growth conditions, particle morphology, as well as optoelectronic
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properties of GaOOH. Our findings suggest a crystal defect-
mediated antibacterial action of GaOOH.

Il. MATERIALS AND METHODS
A. GaOOH microparticle (MP) synthesis

The GaOOH MPs used here were synthesized via a bottom-up
hydrothermal growth method which was modified from Ref. 17. A
60 mM solution of gallium nitrate nonahydrate [Ga(NO3);-9H,0]
(Sigma Aldrich, St. Louis, MO, USA) was heated at 60 °C while 1M
ammonium nitrate (Sigma Aldrich, St. Louis, MO, USA) was
dripped in until the target pH (6, 7, 8, 9, 9.5, or 10) was reached.
This solution was then mixed for 2h at 60 °C before being placed
into a Teflon container within a stainless-steel autoclave (Huanyu,
Zhejiang, China). This container went through heat treatment at
140°C for 10h in a Stabletemp forced air drying oven (Across
International, Sparks, NV, USA). Following this baking period,
GaOOH was washed with de-ionized water for eight cycles and
dried in the force air drying oven at 70 °C for 6 h.

B. Particle characterization

The morphology of the resulting GaOOH MPs was deter-
mined via scanning electron microscopy (SEM) images using a
JEOL FE-SEM instrument (JEOL, Peabody, MA, USA) at an oper-
ating voltage of 15.0 kV. Particle lengths were determined by SEM
image analysis using IMAGE] software (version 1.51) performed on
>35 particles per sample. X-ray diffraction (XRD) analysis was per-
formed on a Rigaku Smart Lab SE (Tokyo, Japan) system, operating
at 40kV and 44 mA.

Optical investigations were made using the excitation at
325nm produced by a Kimmon IK HeCd continuous wave laser
and an accompanying optical train. The resulting photolumines-
cence (PL) spectra were collected by a Horiba Jobin Yvon T64000
Triple Raman Spectrometer (Horiba, Piscataway, NJ, USA) with a
Synapse CCD. The results are presented as normalized to the near
band-edge (NBE) emission peak maximum. Each PL spectrum is
an average of three scans. Fourier Transform Infrared (FTIR) spec-
troscopy was performed using the ATR mode of the Thermo
Nicolet Nexus 670 FTIR (Thermo Fisher, Waltham, MA, USA).
The resulting spectra were the average of 4000 scans taken at a res-
olution of 2cm™". This gives a data spacing of 0.964 cm™". Peak
centers are determined via the best fit with a Voigt profile.

C. Bacterial growth inhibition assays

GaOOH MPs at pH 5, 7, 8, 9.5, and 10 were dissolved in
dimethyl sulfoxide (DMSO) (DMSO Store, FL, USA) to a concen-
tration of 5 mg/ml. Stock broths of S. aureus and E.coli were cul-
tured in 5 ml of nutrient broth (NB) (Fisher Scientific, NH, USA)
for 24 h.

For controls, 225 ul of DMSO, 2.5 ml of NB, and 2.25 ml of
phosphate-buffered saline (PBS) were added to 15 ml conical cen-
trifuge tubes. To the experimental tubes, 225ul of the GaOOH/
DMSO solution at pH 5, 7, 8, 9.5, or 10; 2.5 ml of NB; and 2.25 ml
of PBS were added to 15ml conical centrifuge tubes that
were numbered. Then, 25 ul of E. coli or S. aureus stock broth was
added to each tube to achieve a final GaOOH concentration of
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FIG. 1. SEM images of the as-grown GaOOH microparticles synthesized via the hydrothermal growth method at (a) pH 5, (b) pH 8, and (c) pH 10.

0.25 mg/ml. The solution had a final pH of ~7.2. The tubes were
mixed using a VWR Vortex-Genie 2 (Avantor, PA, USA) and incu-
bated with constant shaking (200 RPM) at 37 °C. After 17 h, before
the cultures exited the log phase, the tubes were removed from the
incubator and immediately placed into an ice bath to halt growth.
Tubes were removed from the ice bath sequentially to read the
results.

Each sample was prepared by centrifugation at 5500 RCF for
60s in a Costar Mini Centrifuge (COSTAR, TX, USA) to remove
the GaOOH particles from the broth.” The supernatant was trans-
ferred into cuvettes, and optical density (OD) at 600 nm (OD600)
was measured using a Unico 1100 Spectrophotometer (Unico,
Dayton, NJ, USA). A blank was prepared using a solution contain-
ing 2.5ml of NB, 225ul of DMSO, and 2.525ml of 1X PBS to
mimic the starting conditions of each test sample.

The assay was conducted in triplicate. The results were aver-
aged and recorded as a bar graph with statistical significance
(p < 0.05). These data can be found in the supplementary informa-
tion (Figs. SI and S2 in the supplementary material).

lll. RESULTS AND DISCUSSION

Microcrystalline GaOOH particles were synthesized via a
hydrothermal growth method at varying pH as described above.
SEM images illustrate the range of morphologies achieved and the
impact of synthesis pH on the final product (Fig. 1), as has been
widely reported for B-Ga,05 "~ It must be noted that there exists
a clear shift in morphology with the synthesis pH. For a lower pH,
we observe rods having well-defined rhombohedral surfaces,
whereas for a higher synthesis pH, we observe more disjointed,
layered structures. This deviation has been attributed to excess
hydroxyl groups in the growth environment in conjunction with
the action of NH,OH, which also forms during our chosen synthe-
sis method, as both reducing agent and capping ligand.”*”’

A parameter of interest in application is the length of the par-
ticles. We demonstrate our ability to control this parameter as there
exists a clear dependence of the microrod length on the synthesis
pH, with increasing pH resulting in significantly longer particles
(Fig. 2). We observe a near fourfold increase from the samples syn-
thesized at pH 5 to those grown at pH 10. This trend is in good
agreement with that observed for B-Ga,0O5” Such a dependence of
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particle length on the synthesis pH is likely due to favorable
adsorption of the hydroxyl groups on facets along the c-axis as
described in Ref. 37. This explains the nonlinearity in our observed
trend as pH depends logarithmically on the concentration of OH™
species.

Confirmation of the expected orthorhombic crystalline struc-
ture of the as-grown samplers was made via powder XRD measure-
ments (Fig. 3). The prominent diffraction peaks for the (110) and
(111) planes confirm the formation of well-defined GaOOH crys-
tals. The intensity and sharpness of the XRD peaks indicate a high
degree of crystallinity.’® "’ The assessment of strain and defects
within the crystal structure with regard to the synthesis pH is

N
beyond the scope of this paper but merits future investigation as 7
such crystallographic information is essential for correlating the g
structural properties of GaOOH with its potential functional appli- <
cations, including its role as a precursor for Ga,O5 synthesis and §
its intrinsic antibacterial activity. 3
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FIG. 2. Average length of the as-grown GaOOH microparticles synthesized via
the hydrothermal growth method plotted vs synthesis pH. Data are presented as
the mean * standard deviation (SD) of >35 particles per sample.
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FIG. 3. XRD spectrum of GaOOH microparticles synthesized via the hydrother-
mal growth method at pH 7.

GaOOH particles synthesized here were then employed in
assays to determine their effect on bacteria (Fig. 4). One can see
that despite the previously claimed detrimental impact of GaOOH
on the antibacterial efficacy of other compounds,'"*" there exists a
direct, innate effect of GaOOH microparticles. This is significant

ARTICLE pubs.aip.org/avs/bip

Gram-positive  bacterium S. aureus compared to the
Gram-negative bacterium E. coli. This discrepancy could be attrib-
uted to the structural differences in their cell walls. Gram-negative
bacteria possess an outer membrane that acts as a barrier to exter-
nal substances, unlike Gram-positive bacteria that lack this outer
membrane.”' For S. aureus, it is difficult to differentiate the effects
between different GaOOH morphologies as a significant cytotoxic
behavior was observed for all samples [Fig. 4(b)]. The results of
the assays containing E. coli illustrate the enhanced inhibitory
effect of GaOOH microparticles synthesized at higher pH, indicat-
ing that synthesis conditions significantly influence the antibacte-
rial activity.

As all particles are too large to be internalized, this is not
purely a size effect. To better understand the underlying reason for
this trend, we conducted optical studies of our material to elucidate
the effects of synthesis pH on the crystalline properties of hydro-
thermally grown GaOOH microparticles. For optically active mate-
rials, such as GaOOH, the PL spectra provide crucial insight into
the electronic structure and defect states, which have been shown
to be influential in the antibacterial behaviors of other
materials.”**~** It is also well known that the intensity and position
of the PL peaks can vary depending on the synthesis conditions,
such as pH, which influence the defect density and distribution.'”*’
Typically, the PL spectrum of GaOOH exhibits broad emission
bands in the visible to the near-UV range, indicative of various
recombination processes occurring within the material with the
lower energy emissions attributed to intrinsic defects such as

Published under an exclusive license by the AVS

as, in addition to being the first direct demonstration of antimicro- oxygen vacancies, gallium interstitials, and hydroxyl group-related =
bial behavior, it is observed for microscale particles, which are too states.”** The PL spectra of GaOOH microparticles grown at dif- g
large to be internalized indicating either surface-surface interac- ferent pH [Fig. 5(a)] have been normalized to the maximum of the §
tions or release/generation of bactericidal molecular/ionic species. NBE peak at ca. 3 eV to highlight the differences in the defect emis- é
We also observe a differential inhibition of bacterial growth sion intensity and, consequently, the defect density in these &
between bacterium types, showing greater effectiveness against the particles. 8
g
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FIG. 4. Optical density of bacterial inhibition assays performed for (a) E. coli and (b) S. aureus in the GaOOH solutions. Data are presented as mean + SD of three
independent trials. Statistical significance determined by one-way analysis of variance (ANOVA) evaluated with Tukey's Honestly Significant Difference (HSD) confidence
interval; p < 0.05. Independent groups are denoted by the number of (a) * symbols or (b) # symbols.
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FIG. 5. (a) PL spectra for hydrothermally grown GaOOH microparticles synthesized at differing pH normalized to the near band-edge emission peak maximum. (b) The
ratio of intensities of the near band-edge peak and the defect emission band (at ca. 2.4 eV) plotted vs growth pH.
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We show the ratio of intensities of the NBE peak and a defect
emission band at ca. 2.4 eV, plotted vs growth pH [Fig. 5(b)]. This
figure demonstrates that the synthesis pH of GaOOH microparti-
cles significantly influences their PL properties by enhancing the
defect-related emission with the rising synthesis pH. The increasing
defect emission indicates a greater defect density in samples grown
at a higher pH value. This observation contextualizes the observed
effects as more defective crystals possess an increased number of
interaction sites for bacteria or media components and may be less
stable, leading to the potential release of Ga>* ions exhibiting toxic
and biomimetic properties."”**

The results of our FTIR experiments on hydrothermally
grown GaOOH microparticles provide further information on their
chemical composition and interatomic bonding. In the FTIR
spectra of GaOOH specimens, several characteristic absorption
bands can be observed, corresponding to the vibrational modes of
the constituent atoms and the functional groups. Of particular
interest are the sharp peaks in the vicinity of 1000 cm™ ", corre-
sponding to the Ga-O and Ga-OH bending vibrations."””" These
bands are indicative of the GaO, tetrahedral units and provide
crucial information about the local structure and coordination
environment of gallium atoms within the microparticles.”””" The
position of these peaks for GaOOH microparticles grown at
varying pH conditions is shown [Figs. 6(a) and 6(b)]. The lower
frequency band exhibits little spread in the center frequency
[Fig. 6(c)] whereas a clear trend exists for the higher frequency
band [Fig. 6(d)]: an increase in pH results in an increase in the
peak center frequency. This result is interesting as we attribute the
lower frequency peak to Ga—O bending and the higher frequency
one to Ga-OH bending. The synthesis pH may selectively affect the
Ga-OH bending vibration frequency due to Ga-O bending vibra-
tions being part of the stable core structure of GaOOH. Therefore,
the Ga-OH bending modes are susceptible to surface-specific
changes such as increased incorporation of hydroxyl groups, depro-
tonation of such hydroxyl groups, or formation of defect sites
introducing local strain and distortion around these groups. An
increase in defect formation probability agrees well with the
reported herein changes in the SEM images, trends in PL defect
emission, as well as the results of the previously discussed assays.

IV. CONCLUSION

We have, for the first time, demonstrated results that suggest
the direct antibacterial behavior of GaOOH microparticles against
both Gram-positive S. aureus and Gram-negative E. coli. SEM and
XRD analyses confirm the formation of orthorhombic GaOOH
particles whose morphology varies with the synthesis pH. These
morphologies are shown to impact the antibacterial action of the
GaOOH particles on E. coli as OD600 absorbance is decreased
with increasing synthesis pH. This enhancement in antibacterial
efficacy is likely related to the increased defect density in particles,
evidenced by PL spectra and FTIR analysis. In summary, the
hydrothermal synthesis of GaOOH microparticles at varying pH
levels revealed significant effects on the particles’ morphology, crys-
tallinity, and suggested antibacterial properties. The correlation
among synthesis pH, structural defects, and antibacterial activity
suggests that optimization of the growth conditions can be crucial

ARTICLE pubs.aip.org/avs/bip

in tailoring GaOOH microparticles for specific functional applica-
tions. Future work should focus on the detailed investigation of
strain, defects, and their influence on the material’s reactivity and
solubility in biological environments to better understand the
underlying mechanisms driving these observed effects.

SUPPLEMENTARY MATERIAL

See the supplementary material for one-way analysis of vari-
ance (ANOVA) done through the statsmodels 0.15.0 python
package with pairwise comparisons performed and evaluated with
Tukey’s Honestly Significant Difference (HSD) confidence inter-
vals. This was performed to verify whether there are significant dif-
ferences between the mean values of our optical density results,
which serve as independent groups.
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