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ARTICLE INFO ABSTRACT
Keywords: The binding ability of 8-hydroxyquinoline-2-carboxylic acid (8-HQA) towards Ga®>" has been investigated by
Stability constants ISE—H" (lon Selective Electrode, glass electrode) potentiometric and UV/Vis spectrophotometric titrations in
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Human microbiota
Anti-inflammatory action
Tonizing radiation

KCl(aq) at I = 0.2 mol dm™3 and at T = 298.15 K. Further experiments were also performed adopting both the
metal (with Fe3* as competing cation) and ligand-competition approaches (with EDTA as competing ligand).
Results gave evidence of the formation of the [Ga(8-HQA)]™, [Ga(8-HQA)(OH)], [Ga(8-HQA)(OH),] ™ and [Ga(8-
HQA),]™ species, the latter being so far the most stable, as also confirmed by ESI-MS analysis. Experiments were
also designed to determine the stability constants of the [Ga(EDTA)]™ and [Ga(EDTA)(OH)]?>~ in the above
conditions. Due to the relevance of Ga®" hydrolysis in aqueous systems, literature data on this topic were
collected and critically analyzed, providing equations for the calculation of mononuclear Ga®* hydrolysis con-
stants at T = 298.15 K, in different ionic media, in the ionic strength range 0 < I/ mol dm~2 < 1.0. The synthesis
and characterization (by ElectroSpray Ionization — Mass Spectrometry (ESI-MS), Attenuated Total Reflectance -
Fourier-Transform Infrared Spectroscopy (ATR-FTIR) and ThermoGravimetric Analysis (TGA)) of Ga>*/8-HQA
complexes were also performed, identifying [Ga(8-HQA);] ™ as the main isolated species, even in the solid state.
Finally, the potential effects of 8-HQA and Ga®"/8-HQA complex towards human microbiota exposed to ionizing
radiation were evaluated (namely Actinomyces viscosus, Streptococcus mutans, Streptococcus sobrinus, Pseudomonas
putida, Pseudomonas fluorescens and Escherichia coli), as well as their anti-proliferative and anti-inflammatory
properties. A radioprotective effect of Ga®*/8-HQA complex was observed on Actinomyces viscosus, while
showing a potential radiosensitizing effect against Streptococcus mutans and Streptococcus sobrinus. No cytotox-
icity on RAW264.7 murine macrophage cells was observed, neither for the free ligand or Ga>*/8-HQA complex.
Nevertheless, Ga>*/8-HQA complex highlighted potential anti-inflammatory properties.

1. Introduction contrast-enhancing agents in diagnostic imaging, radiopharmaceuticals
or chelating agents. However, their use in chelation therapy does not

Scientists are still looking for new ligands characterized by high end with their ability to remove metals from the body. Some ligands
selectivity towards metal ions and with preferable high stability con- could also play an important role in uptaking essential microelements by
stants because they could find potential applications in medicine, e.g., as bacteria and some eukaryotes. An example could be siderophores,
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chelating agents with a high affinity for iron, which bacteria synthesize
to uptake this element from the environment [1].

8-Hydroxyquinoline-2-carboxylic acid (8-hydroxyquinaldic acid, 8-
HQA) (Scheme 1) is a Tryptophan metabolite (TrpM) showing very
interesting properties, such as antiproliferative and anti-migratory ef-
fects on colorectal cancer cells [2]. Furthermore, is one of the products
of the so-called kynurenine pathway [3], which is related to the immune
system through the inflammatory response [4]. 8-HQA was also recently
recognized as a siderophore and identified in high concentrations
(0.5-5.0 x 103 mol dm3) in the digestive tract (gut) of several Noctuid
larvae and other lepidopterans [3].

Studies have shown that, in insects, iron and other microelements are
absorbed in the digestive tract, and more precisely in the gut, through
microorganisms that create a rich and complex microflora community
[5,6]. Moreover, it was found that the amount of iron in the diet of in-
sects directly impacts the population of microflora in their gut [5]. Gama
et al. [7] investigated the chelation properties of 8-HQA towards Fe?*
and Fe* and the thermodynamic study of the complexes has shown that
8-HQA may act as a natural chelator for iron ions and may be potentially
used to regulate the intestinal microbiota or act as an antimicrobial
agent.

Iron is an essential microelement, crucial for the growth of all or-
ganisms, including bacteria. Interestingly, when an iron-dependent
process needs to be interrupted or inhibited, Ga>* cation can be used
[8,9]. An example is the “Trojan horse” approach described in the
literature as an antimicrobial strategy, which relies in “tricking” bacteria
so that they take up a metal resembling Fe>*, but toxic, which cannot
effectively replace it in the cell [10]. This may result into the failure of
fundamental biological processes, either due to lack of iron or to the
toxicity of the uptaken metal, and the consequent cell death. For
example, exposure to gallium may inhibit bacterial growth and biofilm
formation [9].

Since the 1970s, the mimicry between gallium and ferric iron has
been deeply investigated. The general coordination chemistry of Ga>*
and Fe®" is quite similar. This includes their charge (43), ionic radius
(GasJr ~0.62 [D\, Fe3t ~ 0.65A [8-111), coordination number (six) [11].
Both cations undergo comparable reactions in aqueous solution as both
of them are strong Lewis acids. This is also valid when considering hy-
drolytic processes, which deeply affect the speciation of the systems.
Due to all the mentioned points, Ga®>" usually presents similar binding
abilities as Fe>", including binding with macromolecular components of
serum, e.g., transferrin, albumin and globulins [12,13] or with side-
rophores, e.g pyochelin [14]. Furthermore, gallium’s relevance in
biology and medicine is also related to the fact that ®’Ga and %8Ga
complexes are used as radiotracers in nuclear medicine for diagnostic
imaging procedures [11]. Several gallium radiopharmaceuticals are
already used worldwide for imaging of tumor cells, multiple types of
cancer, heart diseases, and even brain disorders, as well as infection
radiotracers. For the latest, 7/%8Ga-siderophores are being exploited
[15-22].

Due to the proven action of 8-HQA as a siderophore [7], and
following our previous studies on this metal chelator, its evaluation as
Ga®" chelating agent is worth of investigation. This paper presents the
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Scheme 1. Structure of 8-hydroxyquinoline-2-carboxylic acid (8-HQA)
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results of research, based on a multi-technique approach [23], aimed at
obtaining a comprehensive set of information necessary to assess the
chemical speciation of the Ga>*/8-HQA system.

As such, the binding ability of 8-HQA towards Ga®' has been
investigated by ISE-H™ (Ion Selective Electrode, glass electrode) poten-
tiometric and UV/Vis spectrophotometric titrations in KCl(aq) at I = 0.2
mol dm~2 and at T = 298.15 K. The data obtained from ISE-H* poten-
tiometric titrations were supported by the results acquired by the
application of both the metal (with Fe3* as competing cation) and
ligand-competition approaches (with EDTA as competing ligand)
[24-27]. The latter also allowed a more thorough investigation of the
Ga®'/EDTA system under the experimental conditions given above,
typically used in biological studies, providing an accurate dataset of
stability constants for the Ga,(EDTA)¢H; species.

Considering the importance of Ga>* acid-base properties for its so-
lution behavior, a critical literature data analysis on its hydrolysis has
also been performed, providing all the tools necessary to calculate its
hydrolysis constants at T = 298.15 K in different ionic media in the ionic
strength range 0 < I/ mol dm~3 < 1.0.

Besides the studies performed in aqueous solution, Ga>*/8-HQA
complexes were also synthesized and fully characterized by ESI-MS
(electrospray ionization mass spectrometry), ATR-FTIR (attenuated
total reflectance-Fourier transform infrared) spectroscopy, and TGA
(thermogravimetric analysis).

Finally, considering the above-cited importance of both 8-HQA and
Ga®* from a biological and medical point of view, some tests were also
performed to investigate the anti-proliferative and anti-inflammatory
properties of 8-HQA and its Ga®>" complexes, as well as their potential
protective effect on human microbiota exposed to ionizing radiation.
This can be particularly important to our study as it is demonstrated that
the human gut microbiome plays a role in the development of radiation
resistance in cancer patients under radiotherapy treatment [28].

2. Experimental
2.1. Chemicals

8-hydroxyquinoline-2-carboxylic acid (8-HQA) solutions were pre-
pared by weighting the pure compound. A minimum known amount of
ethanol (EtOH <2.0% v/v) was used to promote initial ligand solubili-
zation in water. Ethylenediaminetetraacetic acid (EDTA) standard so-
lutions were prepared from the Na,H,EDTAe2H,0 salt and standardized
against calcium carbonate, previously dried in an oven at T = 383.15 K
for at least 2 h. Ga®* and Fe3* solutions were prepared from their salts,
GaNOsexH,0 and FeCl3e6H>0 respectively, and standardized against
EDTA [29]. Potassium chloride aqueous solutions were prepared by
weighting the pure salt, previously dried in an oven at T = 383.15 K for
at least 2 h. HCl and KOH solutions were prepared by diluting concen-
trated ampoules and were standardized against tris(hydroxymethyl)
aminomethane and potassium hydrogen phthalate, respectively, previ-
ously dried in an oven at T = 383.15 K overnight. KOH solutions were
kept in dark, plastic bottles and preserved from atmospheric COy by
means of soda lime traps. All solutions were prepared using grade A
glassware and analytical grade water (R = 18 MQ cm ™) and were used
immediately after preparation. For the synthesis of Ga3*/8-HQA com-
plexes, MeOH was also used as solvent, triethylamine (EtsN) to adjust
pH, and diethyl ether (Ety0) during purification. All chemicals and
solvents were purchased from Sigma-Aldrich (Europe) and its sub-
brands at the highest available purity.

2.2. Apparatus and procedure for potentiometric measurements

The potentiometric apparatus consisted of two Thermo Scientific™
Orion Star™ T910 pH titrators, equipped with Orion 8102BNUWP ROSS
Ultra Combination glass electrodes. The Orion Star T900 Series Titrator
software (version V3.4.0) was used to control all the parameters of
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automatic titration, the titrant delivery, data acquisition and e.m.f.
stability. The estimated precision was +0.2 mV and 0.005 cm® for the e.
m.f. and titrant volume readings, respectively. Potentiometric titrations
were performed at T = 298.15 £ 0.1 K in thermostatted cells under
magnetic stirring. Purified Ar gas was bubbled through the solution to
exclude O, and CO,. Due to the expected high stability of the Ga3*/8-
HQA complexes, the ligand-competition approach was additionally
applied, using EDTA as competing ligand. The titrand solutions con-
sisted of different amounts of 8-HQA (0.9 < ¢, / mmol dm3 < 1.3),
EDTA (0 < ¢,/ mmol dm3< 1.0), metal cation (0.9 < cg, / mmol dm™2
< 1.3), HCI (3.9 < ¢y / mmol dm3< 5.2), and KClaq) to reach an ionic
strength of I = 0.2 mol dm ™3,

Since the stability of analogous Fe>*/8-HQA complexes is already
known exactly in the same conditions as the system under study, some
measurements were also performed according to the cation competition
approach [30]. To this aim, titrand solutions consisted of 8-HQA (1.0 <
¢,/ mmol dm~3 < 1.2), Fe®" (0.4 < cge / mmol dm~3 < 1.1), Ga®" (0.4
< ¢cga / mmol dm* < 1.1), HCI (2.0 < ¢y / mmol dm ™2 < 3.6), and
KCl(yq) to reach an ionic strength of I = 0.2 mol dm~3,

Solutions were prepared in 50 cm® volumetric flasks. Measurements
were performed considering different concentration ratios of ligands
and metals. Further experimental details are reported in Table S1. For
each of those ratios, at least two potentiometric titrations were per-
formed, applying minor changes in the concentrations of reactants.
Potentiometric measurements were carried out by titrating 25 cm® of the
titrand solution with standard KOH solutions up to the observation of a
precipitate formation (pH ~ 7.0-7.5). If precipitation was not observed,
measurements were stopped at pH ~ 10.5-11.0. Before each experi-
ment, independent titrations of HCl with standard KOH were performed
to calibrate the electrode under the same medium and ionic strength
conditions as the investigated systems, determining the electrode po-
tential (E®) and the acidic junction coefficient (j,). By this procedure, the
PH scale used is the free scale, pH = — log[H+], where [H'] sets for the
free proton concentration (not activity). The reliability of the electrode
calibration in the alkaline pH was checked by determining pK,, values,
which resulted in pK;, = 13.76 + 0.02 (+ standard deviation). During
each titration, around 80-100 data points were collected, and the
equilibrium state during titrations was checked by adopting the usual
precautions, i.e., checking the time required to reach equilibrium and
performing back titrations.

2.3. Apparatus and procedure for UV/Vis spectrophotometric
measurements

Spectrophotometric titrations were carried out using a double-beam
Thermo Scientific EVOLUTION One Plus UV/Vis spectrophotometer
equipped with quartz cuvette with a fixed 1 cm path length. Data of
absorbance vs. wavelength (1 / nm) were collected by the Insight™ Pro
(version 3.0.0.109) software. Measurements were performed in a ther-
mostatted cell at T = 298.15 + 0.1 K in the 200 < 1 / nm < 800
wavelength range. E.m.f. measurements and titrant additions were made
using the previously described potentiometric equipment. When the
solution in the cell was titrated by a competing cation solution, it was
added to the cell by Eppendorf Research® plus single-channel pipette
with variable volume setting (20-200 mm?). Solutions were kept under
magnetic stirring and Ar gas was bubbled to avoid the presence of COx(g)
and Oy(y) in samples.

UV/Vis spectrophotometric measurements were carried out by
titrating 30 cm® of the titrand solution with standard KOH solution, up
to pH ~ 10.5-11.0. The measured solutions consisted of different
amounts of 8-HQA (0.02 < ¢, / mmol dm—3 < 0.33), Fe3t 0 < cpe/
mmol dm ™2 < 0.20), Ga®* (0 < CGa/ mmol dm™3< 0.20), HC1 (0.39 < ¢y
/ mmol dm~2 < 11.00), and KCl(aq) to reach the pre-established ionic
strength of I = 0.2 mol dm™3, in suitable concentrations to achieve
desired molar ratios (reported in Table S2). During each titration ca.
30-45 data points were collected, along with recorded spectra. Metal
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competition UV/Vis spectrophotometric measurements were also done,
by titrating Ga®>*/8-HQA solutions at a fixed pH ~ 3.5-4.0 with Fe3",
and vice versa (see Table S2).

2.4. Apparatus and procedure for ESI-MS measurements of aqueous
samples

ESI-MS measurements of aqueous samples were carried out using an
ESI-LC-MS/MS system (Shimadzu 8040, Japan), equipped with a LC-30
CE pump and a SIL-30 AC autosampler. Nebulizing gas (N2) flow was 3
dm® min~!, drying gas (N5) flow was 15 dm® min~!, desolvation line
(DL) temperature T = 493.15 K, heat block temperature T = 503.15 K.
Elution was in isocratic mode with the mobile phase consisting of: A:
MeOH (95%), B: HCOOH in Hy0 (5%), scanning mode (ESI+ and ESI-),
flow of mobile phase: 0.3 cm® min~!, sample volume: 5 mm®. Analyzed
aqueous solutions consisted of different amounts of 8-HQA and Ga®' in
suitable concentrations to reach the desired concentration ratios (1:1 <
C8-HQA:CGa < 3:1), EtOH at 2% v/v and HCI or KOH to adjust pH (4, 7 and
10). Samples were freshly prepared and injected immediately after
preparation.

2.5. Synthesis and characterization of Ga>t/8-HQA metal complexes

The synthesis of 8-HQA metal complexes was performed in MeOH in
two variants: a) with, and b) without the addition of EtsN. Three aliquots
of 8-HQA (~ 50 mg) were placed in Erlenmeyer flasks (50 cm3), fol-
lowed by the addition of MeOH (20 cm3), with and without the addition
of EtsN (0.5 cm3). The mixtures were placed on a magnetic stirrer and
covered with parafilm to restrain MeOH evaporation. The solutions were
left on the magnetic stirrer until the complete dissolution of 8-HQA,
after which Ga®" solution was added. Three aliquots of Ga
(NO3)3exH20 (x = 7.6 according to TGA measurements, using a Netzsch
STA 409 PC/PG, data not shown) were accurately weighted and dis-
solved in MeOH (5 cm®). The metal salt was not easily dissolved in
MeOH, so metal suspensions prepared this way were quantitatively
added to the ligand solution and the mixtures were closed with parafilm
and left stirring overnight. The mass of metal salt was strictly dependent
on the mass of the weighted ligand, to achieve three different molar
ratios (1:1 < ngpga:Nga < 3:1). On the next day, the solutions were put
off the magnetic stirrer and divided into two further aliquots. The first
part was left in the Erlenmeyer flasks covered with riddled parafilm and
put under the crystallization hood. The second part of the solutions was
left in the fridge (at T = 278.15 K). Both solutions were kept under strict
observation, focusing on signs of crystallization. The pH of the samples
was checked with a pH-meter and its value was always around 10,
ensuring that 8-HQA was in its fully deprotonated form [31]. All the
steps were repeated as described above for the system without addition
of Et3N, except for the addition of the base itself. In this system pH value
was always around 4.

The obtained precipitates were characterized by ATR-FTIR, ESI-MS
and TGA. The acquisition of the IR spectra was carried out using a
Bruker Vertex 70 with a Specac Golden Gate ATR bridge and the data
obtained were processed by OPUS software. Further characterization
was pursued by TGA and the thermogravimetric curves were recorded
using a Netzsch STA 409 PC/PG. For ESI-MS measurements (ESI+ and
ESI-), isolated precipitates were re-dissolved in MeOH. The apparatus
was a Bruker maXis impact (QTOF) Mass Spectrometer, coupled to a
Thermo Ultimate 3000 quaternary UHPLC system with autosampler,
double column changer and DAD (diode array detector). Nebulizing gas
was No.

2.6. Thermodynamic calculations and potentiometric and
spectrophotometric data analysis

Experimental data from the potentiometric titrations were analyzed
by the BSTAC [32] computer program, to determine the electrode
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calibration parameters (i.e., Ky, E® and Jja), as well as the stability con-
stants of the species determined. Similarly, experimental spectropho-
tometric data were analyzed by the HypSpec program from the
Hyperquad suite [33]. Noteworthy, both the procedures allowed by
HypSpec were followed: i.e., reporting spectra as a function of pH (read
after equilibrium reached after each base addition, and before the
recording of each spectrum) or directly using total cy as input (not pH).
The distribution diagrams were then obtained by the PyES program
[34].

Within the manuscript, if not differently specified, the hydrolysis
constants of Ga®* (@ =0, r < 0), the protonation constants of the ligands
(L*, p = 0) and the complex formation constants are given according to
the overall equilibrium, with M™* = Fe3* or Ga®* and L> = 8-HQA2™ or
EDTA*":

pM™ 4+ qL” +rH" = MLH™ ™™ log o (1)

Ligands protonation constants may also be given according to the
stepwise equilibrium:

H" + LHE™ = LH¥ " log Koir (2)

Protonation, hydrolysis and complex formation constants, concen-
trations and ionic strengths are expressed in the molar (c, mol dm™3)
concentration scale. Errors are reported as + standard deviation. Where
not strictly relevant, charges of various species are omitted for
simplicity.

2.7. Microbial susceptibility assays

The ligands were weighted and solubilized in MilliQ-H20 under
alkaline pH (using 0.1 mol dm~3 KOH solution). For the 2:1 ligand-to-
metal complexes, a known amount of the solution of the correspond-
ing metal salt was added, and the final pH of the solutions was adjusted
to ~7-8. The bacterial isolates used in this study were representatives of
the oral cavity (Actinomyces viscosus, Streptococcus mutans and Strepto-
coccus sobrinus from clinical isolates), and the gut microbiota (Pseudo-
monas putida ATCC12633, Pseudomonas fluorescens ATCC 13525 and
Escherichia coli ATCC 8739). The susceptibility assessment of the com-
pounds towards each bacteria was accomplished by the disk diffusion
method [35]. Briefly, a bacterial suspension of 10° cells ecm 2 was
inoculated onto Tryptone Soya Agar (TSA, Oxoid Lta., Basingstoke, UK)
plates (one plate per concentration of the compound to be tested). An
aliquot of 10 mm? of compounds at concentration of 6 mg cm™>, 3 mg
em 2 and 1.5 mg cm ™3 was soaked on sterile filter disks (6 mm) and
distributed on the surface of TSA plates. As controls, the same volume of
the metal salt solution, Milli-Q water and Streptomycin solution (100 pg
cm_g, Hyclone, Cytiva, UT, USA) were applied in the disks. The plates
were incubated for 48 h at T= 310.15 K. The diameter of inhibition zone
(around each filter disk) was measured using a caliper.

2.8. Irradiation experiments and microbial inactivation studies

A Co-60 experimental chamber (Precisa 22, Graviner Manufacturing
Company Ltd., UK) was used for samples irradiation. During the irra-
diation procedure, the sample vials (1 cm®) were placed in a rotating
support positioned inside the chamber at 19.0 cm depth and 26.0 cm
height, allowing absorbed dose uniformity. The dose rate was 0.6 kGy
h~!, and the doses absorbed by the samples (0.17-0.53 kGy) were
estimated using routine Perspex dosimeter (Harwell Company, Didcot,
Oxfordshire, UK). The microbial inactivation studies were performed
using bacterial suspensions (10° cells cm™>) in physiological serum
(0.9% NaCl) and in compounds solutions at 1 mg cm 3. The microbial
inactivation kinetics was assessed in four substrates (physiological
serum, 8-HQA, [Ga(8-HQA),], and Ga(NO3)3) to evaluate the effect of
ligand and its complex on the bacterial isolates radioresistance. The
number of viable bacterial cells in non-irradiated and irradiated samples
was estimated using the direct plating method by inoculation in tripli-
cate of aliquots of serial decimal dilutions onto TSA. The inoculated Petri
dishes were incubated at T = 310.15 K during seven days, and the results
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were expressed as logarithm of Colony Forming Units per cm® (log CFU
cm~%). Non-irradiated suspensions in the same substrates followed all
the experiments and were used as controls and termed as 0 kGy. The D1
values for each bacterial isolate in each substrate, representing the dose
required for 90% inactivation of the initial bacterial population, were
determined as the negative reciprocal of the slope of the survival curve
(log CFU em 3 vs. absorbed dose) [36]. When possible, three indepen-
dent irradiation batches were performed.

2.9. Anti-proliferative and anti-inflammatory assays

The effects of compounds solutions on cell viability were assessed by
the anti-proliferative WST-1 assay using the murine monocyte macro-
phage RAW264.7 cell line (TIB-71™). This assay is based on the
cleavage of the tetrazolium salt WST-1 to formazan by cellular mito-
chondrial dehydrogenases [37]. Compounds’ solutions were prepared in
sterile ultra-pure water and filtered, with the concentrations to be tested
as 100 pmol dm~2, 10 pmol dm~3, 1 pmol dm~3, and 0.1 pmol dm~3,
Briefly, RAW 264.7 cells were seeded at a density of 1.0 x 10° cells/well
in 96-well plates in Dulbecco’s modified eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS) and incubated at T =
310.15 K and 5% CO,, for 24 h. The culture media was removed, and the
cellular monolayer was washed twice with phosphate-buffered saline
(PBS) solution. After removal of the PBS, 100 mm? of minimum essential
media (MEM) 2x supplemented with 2% FBS, and 100 mm? of the
prepared samples were added to each well, and the plates were incu-
bated for 24 h at T = 310.15 K, 5% CO, conditions. The inoculum was
removed from the wells and 100 mm?® of DMEM 10% FBS and 10 mm® of
WST-1 (Roche, Switzerland) were added to each well. Cells were incu-
bated for 6 h under the same conditions. The absorbance at 4 = 450 nm
was measured using a A = 620 nm reference wavelength, on a microplate
reader (EZ Read 800, Biochrom, Cambridge UK). The cell viability was
determined as the percentage of the average absorbance resulting from
triplicate runs of treated cells relative to untreated control cells, with
absorbances of corresponding controls subtracted to address possible
matrix interferences, using the following equation:

treated cells — culture medium

0 Cpe
Vocell viability untreated cells — culture medium x 100 3

To test the anti-inflammatory activity, the Griess assay was used,
which is an in vitro test that uses the RAW264.7 cells to generate the pro-
inflammatory molecule nitric oxide (NO) [38]. It consists of a two-step
diazotization reaction based on the reaction of NO; with sulphanila-
mide and N-(1-naphthyl)ethylene-diamine, which generates a purple-
azo-dye product that can be spectrophotometrically monitored at 1 =
540 nm [39]. RAW264.7 cells were seeded at a density of 1.0 x 105 cells
/ well in a 96-well plate in DMEM supplemented with 10% FBS and
incubated at T = 310.15 K and 5% CO for 24 h. The culture media were
removed, and cells washed with PBS and incubated for 4 h at T=310.15
K and 5% CO, with different concentrations of 8-HQA (0.25-2.5 mmol
dm~2) and [Ga(8-HQA)2] ™ (0.3-2.4 mmol dm_s). After removal of the
compounds’ solutions, the cells were stimulated with 0.5 pg cm™ of
lipopolysaccharide (LPS, from Escherichia coli) for 20 h. The supernatant
was transferred to a new 96-well plate and Nitrite Assay kit (Griess re-
agent; MAK367, Sigma-Aldrich) was used to determine nitrite concen-
tration, following manufacturer instructions. The absorbance at 1 = 540
nm was measured at room temperature using the same microplate
reader. The concentration of nitrite in control and test samples was
determined from a sodium nitrite standard curve performed according
to the assay kit. Experiments were carried out in triplicate. The % of
inhibition of nitrite production was estimated as expressed in the
equation:

Control — Test

Inhibition (%) = ~ Control x 100 4)
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in which Control is the nitrite concentration of the control (from un-
treated cells in culture media), while Test is the nitrite concentration of
test samples.

2.10. Statistical analysis on biological tests

Results were expressed as mean + standard deviation. For both the
irradiation experiments and microbial inactivation studies and the anti-
proliferative and anti-inflammatory assays, the differences among sub-
strates were analyzed using the one-way analysis of variance (ANOVA)
followed by Tukey’s HSD test with o = 0.05.

3. Results and discussion
3.1. Chemical speciation studies in aqueous solution

3.1.1. Acid-base behavior of cations and ligands

For an accurate speciation study, it is necessary to know the acid-
base properties of all the elements involved in the complexation (8-
HQA, EDTA, Fe3* and Ga®") in the exact conditions of the experiments.
Protonation and hydrolysis constants of 8-HQA, EDTA and Fe** at T =
298.15 K and I = 0.2 mol dm ™~ were taken from previous work and are
reported in Table 1 together with other constants used in the speciation
model [7,31]. Concerning spectrophotometric measurements, the spe-
cific molar absorbances of 8-HQA and its protonated species were re-
determined in the same experimental conditions of this work (spectra
in Fig. S1 in the wavelength range 200 < 4 / nm < 500).

Concerning Ga®>" hydrolysis, the analysis of main stability constants
databases [40-42], as well as specific collections dedicated to the hy-
drolysis of metal cations [43], revealed wide discrepancies in both the
nature of species formed and their stability, as also detailed by Baes and
Mesmer [44] and Brown and Ekberg [45]. For this reason, we decided to
perform a comprehensive literature data analysis to obtain some reliable
values, at least for the main species. To this aim, all main publications
reporting hydrolysis constants and solubility products of Ga* in
aqueous ionic media at different ionic strengths and temperatures were
collected and critically analyzed together with data already present in
the above databases and collections [40-45]. Available data allowed the
modelling of the dependence on medium and ionic strength of only the
four mononuclear species (i.e., [Ga(OH)1®", [Ga(OH),]*, [Ga(OH)3(aq)]

Table 1
Stability constants of species included in the speciation model for data analysis,
atI=0.2 mol dm > in KCl(,q) and T = 298.15 K.

Equilibrium 1og fpqr
OH~ ~13.76 £ 0.02 > ?
8-HQA? + H' = (8-HQA)H 9.562 ©
8-HQA?™ + 2H" = (8-HQA)H, 13.520 ¢
EDTA*~ 4+ H* = (EDTA)H®~ 9.354 ¢
EDTA*" + 2H' = (EDTA)H3 15.447 ¢
EDTA*™ 4 3H' = (EDTA)H3 18.160 ©
EDTA*" + 4H* = (EDTA)H, 20.304 ©
Ga®* + H,0 = Ga(OH)*" + H* -3.41°
Ga®* + 2H,0 = Ga(OH)3 + 2 H" -7.15°
Ga®* + 3H,0 = Ga(OH); + 3 H' -10.69°
Ga®" + 4H,0 = Ga(OH); + 4 H* -16.78 °
Fe®" + H,0 = Fe(OH)*" + H' —2.27 ¢
Fe3* + 2H,0 = Fe(OH)3 + 2 H' —6.40 ¢
Fe3* + 3H,0 = Fe(OH); + 3 H* ~14.36 ¢
Fe3* + 4H,0 = Fe(OH); + 4 H' —22.71°¢
2 Fe®* + 2H,0 = Fe,(OH)3™ + 2 H —2.86 ¢
3 Fe®* + 4H,0 = Fe3(OH);" + 4 H™ —5.98°¢
Fe3* + 8-HQA?™ + H" = [Fe(8-HQA)H]** 16.14 ¢
Fe®* + 8-HQA?™ = [Fe(8-HQA)]" 13.9°¢
Fe3* + 8-HQA?™ = [Fe(8-HQA)(OH)] + H 11.58 ¢
Fe* + 8-HQA2?™ = [Fe(8-HQA)(OH),]~ + 2H" 3.67°¢
Fe®" + 2 8-HQA?™ = [Fe(8-HQA),]~ 26.95 ©

2 value obtained from electrode calibrations, + standard deviation; ® this

work; € from ref. [7].
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and [Ga(OH)4] ) at T=298.15 K, but not the simultaneous modelling of
the temperature dependence. In fact, available data at variable tem-
peratures were mainly obtained at infinite dilution or single ionic
strengths, thus not ensuring sufficient variability for a comprehensive
data treatment. Collected data (hydrolysis constants of [Ga(OH)r](s'r)
species, with 1 < r < 4, are reported in Tables S3-S6), as well as the
detailed description of both the model used (i.e., the so-called Pure Water
Model [34]) and results obtained (Table S7), are reported as supple-
mentary information. Here we just report, in Table 1, the hydrolysis
constants calculated in chloride media at I = 0.2 mol dm 3 and T =
298.15 K (i.e., those used in this work). Worth mentioning here is also
the fact that a global analysis revealed the lack of systematic studies on
Ga3* acid-base properties, highlighting the necessity of further dedi-
cated experimental studies. This is particularly relevant, for example, for
the values relative to [Ga(OH)4] species, which is probably over-
estimated, due to its formation upon redissolution of the sparingly sol-
uble [Ga(OH)3(s)] at alkaline pH. From our experience, this phenomenon
is quite common for results obtained during solution studies for species
formed immediately before or after the formation of solid species, since
precipitation, if not immediately identified during experiments, results
in the overestimation of the stability of those species in successive data
analysis. Considering that, it is also important to emphasize that stability
constants obtained, also in this work, are affected, and strictly depen-
dent, on the values of other constants used in models: though the
speciation (in terms of relative formation percentages of various species)
of a studied system should be unaltered and only determined by ex-
periments, the values of the constants obtained numerically depend on
“numbers” used as input. As such, self-consistency of stability constants
datasets is essential to obtain reliable speciation models.

3.1.2. Formation and stability of Ga>*/8-HQA species

The formation and stability of the Ga>*/8-HQA species was deter-
mined through potentiometric measurements under various conditions
(see Table S1). Due to the expected high stability of the species formed,
further measurements using EDTA or Fe' as competing ligand and
metal, respectively, were also performed. Noteworthy, due to the sys-
tem’s complexity, all measurements detailed in Table S1 were analyzed
together, to maximize the variability of the conditions and to reduce any
systematic errors. This approach unavoidably increased the level of
uncertainty of the system, leading to higher errors associated with the
refined parameters (i.e., stability constants and overall quality-of-fit
parameters, e.g., standard and mean deviations), but led to more reli-
able results. As such, the file for data analysis by BSTAC [32] software
consisted of all measurements performed as reported in Table S1, thus
including as input also the species formed by EDTA (i.e., protonation
constants) and Fe>* (i.e., its hydrolysis and stability constants of Fe3*/8-
HQA complexes), as reported in Table 1. Like that, the only adjustable
parameters were the stability constants of both Ga®*/8-HQA and Ga*/
EDTA complexes, as detailed below. Concerning the latter, it is worth
mentioning that their stability constants were determined here for the
first time in the exact conditions of this work.

Noteworthy, the stability constants of Fe>'/EDTA complexes were
not considered, since there were no titrations in which Fe>* and EDTA
were simultaneously present. The overall data analysis was performed
considering the possible formation of species similar to those of the
analogous Fe3*/8-HQA system (i.e., [Ga(8-HQA)H]*", [Ga(8-HQA)],
[Ga(8-HQA)(OH)], [Ga(8-HQA)(OH)21™, [Ga(8-HQA)2]™ and [Ga(8-
HQA)3]3_). The best model was that considering the formation of only
the [Ga(8-HQA)]™, [Ga(8-HQA)(OH)], [Ga(8-HQA)(OH),]™ and [Ga(8-
HQA)2]1™ species, whose stability constants are reported in Table 2,
together with those obtained also for Ga>*/EDTA complexes, namely
[Ga(EDTA)] and [Ga(EDTA)(OH)]? . The determination of the sta-
bility constants of these two species was possible because, as EDTA
competes with 8-HQA towards Ga®" complexation, it also works the
other way round. Further discussion of this topic follows. As observed in
the speciation diagram of Ga>*/8-HQA system (Fig. 1), the main species
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Table 2

Stability constants of Ga,(8-HQA)qH; and Ga,(EDTA) H; species at I = 0.2 mol

dm 2 in KCl,q) and T = 298.15 K.

Equilibrium 10g fogr *
Ga®" + 8-HQAZ™ = [Ga(8-HQA)]™ 13.18 + 0.03
Ga®" + 8-HQA?™ = [Ga(8-HQA)(OH)] + H* 9.13 + 0.08
Ga®" + 8-HQA?™ = [Ga(8-HQA)(OH),]™ + 2H* 4.78 + 0.04
Ga®" + 2 8-HQA?™ = [Ga(8-HQA),]~ 26.04 + 0.02
Ga®>" + EDTA*™ = [Ga(EDTA)]~ 20.22 + 0.04
Ga®>" + EDTA*" = [Ga(EDTA)(OH)]*>~ + H* 14.70 + 0.03

# 4 standard deviation.

1.0

[Ga(8-HQA),|
0.8 1
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0.6

0.5
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Fig. 1. Distribution diagram of Ga,(8-HQA)(H; species as a function of pH. cs.
Hoa = 1 x 1073 mol dm 3, cg, = 0.5 x 107> mol dm>.

over a wide pH range is [Ga(8-HQA)] ™. The formation of other species
is highly dependent on the applied c;:cy ratios.

The analysis of spectrophotometric data proved the formation of
three species, namely [Ga(8-HQA)]1™, [Ga(8-HQA)(OH),]™ and [Ga(8-
HQA),] ™. It was not possible to determine the stability constant of the
[Ga(8-HQA)(OH)] species since its formation percentage was too low in
the conditions of spectrophotometric measurements, thus not allowing
its detection. The stability constants obtained from UV/Vis measure-
ments were 13.23 £ 0.03, 5.58 &+ 0.02 and 26.71 + 0.01, for [Ga(8-
HQA)]", [Ga(8-HQA)(OH),;]~ and [Ga(8-HQA)2] , respectively. As
observed, these values are slightly higher than those obtained by
potentiometry, especially for the last two species. This can be ascribed to
the wider pH range investigated during spectrophotometric measure-
ments (with respect to potentiometric experiments), in which the Ga
(OH); species becomes dominant. In this case, the above-cited over-
estimated value of its hydrolysis constant determines its higher forma-
tion, thus affecting all refined values of the stability constants of species
formed in that pH range. In fact, just lowering the input value of this
hydrolysis constant from log f = —16.78 (that is used in the model and
comes from literature data analysis as described above) to log f = —18
gives a refined value of log # ~ 4.9 &+ 0.1 for the [Ga(8-HQA)(OH)5]™
species, which is perfectly in line with potentiometric findings. In fact,
during potentiometric measurements, in which most of titrations were
stopped at pH ~ 7.5, the formation of the [Ga(OH)4] ™~ species is lower,
thus leading to a less marked effect during data analysis and more
reliable values of the refined constants. Spectrophotometric data anal-
ysis also allowed the calculation of the specific molar absorbances of the
observed species, plotted in Fig. 2 in the 200 < 1/ nm < 500 wavelength
range.
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Fig. 2. Specific molar absorbances of Gap(8-HQA)H, species at different
wavelengths, at.
I=0.2 mol dm ™ in KCl,q) and T = 298.15 K.

3.1.3. UV/Vis spectrophotometric competition measurements between Ga>+
and Fe3*

In order to check the reliability of stability constants determined,
especially in relation to the main [Ga(8-HQA).] ™ species and in com-
parison with analogous Fe,(8-HQA)H; species, we also performed some
metal competition UV/Vis measurements (details given in Table S2), by
titrating Ga®/8-HQA solutions at pH ~ 3.5-4.0 with Fe>*, and vice
versa. Two examples of curves are shown in Fig. 3. In these conditions,
only [M(8-HQA)]™ and [M(8-HQA),]~, with M = Ga or Fe, can be
formed according to the speciation models obtained for both cations.
The data analysis by HypSpec software required the preliminary deter-
mination of the specific molar absorbances of [Fe(8-HQA)] " and [Fe(8-
HQA)2] ™ species to be used as input. Dedicated measurements were thus
performed, resulting in refined stability constants in agreement with
already published data (i.e., log # = 13.91 £ 0.01 and 26.26 + 0.02 for
[Fe(8-HQA)]™ and [Fe(8-HQA),]1 ™, respectively, vs. log # = 13.9 and
26.95 of ref. [7]) and the specific molar absorbance spectra, shown in
Fig. S2. Afterwards, data analysis of metal competition experiments
gave, as result, log f = 26.23 + 0.01 for the main [Ga(8-HQA),]  spe-
cies, which is in very good agreement with the analogous value obtained
by potentiometry. A speciation diagram of 8-HQA in the presence of
both Ga®* and Fe®* is presented in Fig. S3.

1.2

Absorbance

350 400 450 500
A/nm

Fig. 3. UV/Vis spectrophotometric titrations of Ga®>*/8-HQA solutions at pH ~
3.5-4.0 with Fe>* (blue) and vice versa (orange). Blue spectra: cgpoa = 2 X Cga
=3.0 x 107> mol dm 3, cge = 4.0 x 10~* mol dm 2 as titrant. Orange spectra:
Cg.HoA = 2 X Cpe = 3.0 X 10~° mol dm 3, cga = 4.0 x 10~* mol dm ™3 as titrant.
(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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3.1.4. Formation and stability of Ga>*/EDTA species

As previously stated, the expected high stability of the Ga®'/8-HQA
complexes imposed additional application of the ligand-competition
approach. According to this method, potentiometric titrations were
also performed for the investigated system in the presence of EDTA as
competing ligand in the complexation equilibria. There are two impor-
tant conditions for such approach to be applied. First, the stability
constants of the complexes between the competing ligand and the metal
cation under study must be comparable to those of the ligand of interest.
In this way, the competition between the two ligands hampers the
complete proton displacement from the investigated ligand, causing its
potentiometric titration by ISE-H' to be reliable. Second, it is crucial
that the stability constants of the competing ligand are known in the
exact conditions of the system under investigation, and are as accurate
as possible, since the values of refined constants depends on those
values.

In the case of Ga®"/8-HQA complexes, it is worth mentioning that
this approach would not strictly be needed, since even water acts as a
competing ligand, due to the strong hydrolysis of Ga®>* cation that
already occurs at low pH values. Furthermore, it was essential to know
the stability constants of Ga>*/EDTA complexes under the experimental
conditions applied (i.e., I = 0.2 mol dm3in KCl(aq) and T = 298.15 K).
Despite a thorough literature search, it was not possible to find any data
for these particular conditions [40], though they are often used for
studies of biologically relevant systems. As such, it has been decided in
this work to follow the same approach previously adopted for the study
of the Fe?*/8-HQA and Fe3*/8-HQA systems [7], i.e., to design a set of
experiments in which the simultaneous determination of both Ga,(ED-
TA)¢H; and Gay(8-HQA)qH, species was possible, thanks to a high
number of experiments planned in a wide range of 8-HQA, EDTA and
Ga®* concentrations and ratios (Table S1). In fact, as it is true that EDTA
competes with 8-HQA towards Ga>* complexation, the same holds for 8-
HOQA with EDTA.

The stability constants of the [Ga(EDTA)]™ and [Ga(EDTA)(OH)]*~
species, determined for the first time at I = 0.2 mol dm ™2 in KClagand T
= 298.15 K and reported in Table 2, resulted in good agreement with
literature values, if the different conditions are taken into account. To
better visualize competition between the two ligands, a speciation dia-
gram of the Ga>*/8-HQA/EDTA system is presented in Fig. S4.

3.1.5. ESI-MS analysis of Ga®>*/8-HQA system in aqueous solution

The analysis of the stability constants of Ga>*/8-HQA complexes
reported in Table 2, and the speciation diagram in Fig. 1, clearly indicate
that [Ga(8-HQA),] ™ is the predominant species. ESI-MS measurements
were performed on several samples, using different c;:cy ratios, and in
both positive and negative polarity modes. Mass spectra obtained in the
negative mode (Fig. 4) show the formation of a peak at m / z = 443.05,
with the isotopic pattern consistent with the presence of this species
([Ga(8-HQA)]1 ™, CaoH10GaN20g, m / z = 442.98).

3.2. Solid state studies: Synthesis and physicochemical characterization of
Ga®t/. 8-HQA complexes

For comparative purposes, and for a better insight on the coordina-
tion mode of 8-HQA towards Ga>* ions, the synthesis of the Ga®*/8-
HQA complexes was performed. A complete physicochemical charac-
terization of the synthesized metal complexes has been performed to
confirm metal complex formation in solid state and to identify the
formed species. The change in colour of the solutions after addition of
metal suspension was the first indication of the coordination process.
From the different experimental conditions tested (see dedicated sec-
tion), the formation of an amorphous precipitate was observed, only
after (slow) evaporation of the reaction solvent. After isolation, washing
and drying, the obtained precipitates were analyzed. The colors of ob-
tained precipitates were different, depending on the addition (orange/
light brown) or the absence (dark brown) of EtsN in the reaction
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Fig. 4. Superimposed ESI-MS spectra of Ga®*/8-HQA solutions at different cg.
HQA:CGa ratios, at pH = 4. Black lines: cgpoa:cga = 1:1; red lines: cg.poaiCga =
2:1; green lines: cg.ygaiCga = 3:1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

mixture. No formation of crystals was observed.

3.2.1. ATR-FTIR analysis

All obtained precipitates were first analyzed by ATR-FTIR. The main
differences between the ATR-FTIR spectra of 8-HQA and those of the
isolated precipitates are observed in the region of the O—H vibrations
(see Fig. S5). The attribution of the bands was based on information
given in refs. [46-48]. In particular, the bands registered for the free
ligand at 3267 cm™! and 3043 cm ™!, characteristic of the O—H
stretching of the phenol group and the carboxylic acid, respectively, in
the case of the isolated precipitate are changed into a large and not
defined band, centered at around 2900 cm™'. Even the characteristic
band of the quinolinic N (3147 cm’l) is part of the mentioned broad
band. Worth of mention is also the shift observed in the C=0 stretching
band (from 1807 em~ ! to 1725 cm’l). This is a clear evidence of the
formation of the Ga>*/8-HQA metal complex, with the carboxylic, the
phenol and the heterocyclic N involved.

3.2.2. ESI-MS analysis

After confirmation that the isolated precipitates correspond to the
Ga3* complexes, the samples were investigated by ESI-MS. Fig. S6 shows
an example of the obtained ESI-MS spectra. In all the ESI- spectra we
could observe the presence of a peak at m / z ~ 443, corresponding to
the [Ga(8-HQA)2] ™ species (CooH10GaN20g, m / z = 442.98). On ESI+
spectra, the observed peak at m / z ~ 489 corresponds to the Na* adduct
([Ga(8-HQA)2(Na),1, CaoH10GaNoNasOg, m / z = 488.96). Other ad-
ducts were also identified, as indicated in Table 3.

Table 3

Proposed formulas of species identified by ESI-MS in the isolated precipitate of
the synthesis at cg.oa:Cga = 2:1 ratio, without the addition of Et3N, based on the
calculated and experimental m / z values.

Adduct Formula Molecular formula exp.m/ cale. m /
z 2
[Ga(8-HQA),]~ (C20H10GaN20g) 442.89 442.98
ESI- [Ga(8-HQA) _
C12H;13GaNO 399.97 399.98
(HCOO0)5(H50)3] (C12H13GaNO1p)
[Ga(8-HQA)2(Na)2] * (C20H10GaNoNay0O)  488.91 488.96
[Ga(8-HQA)(HCOOH) "
ESL+ (O (C11HyGaNOg) 319.80 319.97
[(8-HQAXH,) (C1oH12NOR) 225.92 226.07

(H20)o(H)1*
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3.2.3. TGA

The same precipitates were also analyzed by thermogravimetric
analysis (see Fig. S7). The residual mass was 17.75%, and the only stable
species up to 1273.15 K is Gay0O3 oxide. The calculation of the experi-
mental molar mass determined from the residual solid was based on the
following equation:

Miesiauar sotia X Stoichiometric factor of the metal content x 100%
residual mass%

My =

)

Different species were hypothesized, considering the presence of
solvent molecules in the isolated solid, evidenced by the loss of mass
observed at low temperature range. With that in mind, [Ga(8-
HQA)2(H20)2]-MeOH-0.5H50 presented the lowest difference (~ 1.1%)
between the experimental and the calculated molar mass (i.e., 528.01 g
mol ™! vs. 522.1 g mol~?, respectively), which is in agreement with
estimated accuracy of the technique (1-2%). The high temperature
needed for the release of the H;O molecules led us to consider that they
are partially coordinated to the metal center.

3.3. Effect of 8-HQA and its Ga®>" complexes on microbiota
radiosensitivity

Considering the presence of 8-HQA as a tryptophan metabolite in the
human gut and to get a better insight into their action in the microbiota,
we studied the possible protection effect of 8-HQA and its Ga>* complex
on different bacteria submitted to ionizing y-radiation. The bacterial
isolates used in this study included Actinomyces viscosus, Streptococcus
mutans, Streptococcus sobrinus, isolated from human oral cavity, and
Pseudomonas putida, Pseudomonas fluorescens and Escherichia coli, char-
acteristic of the gut microbiota.

The study started by the assessment of the susceptibility of each
microbe to the compounds of interest and it was accomplished by the
disk diffusion test method [35], as described in the dedicated experi-
mental section. There was no evidence of antibacterial activity by the
compounds against the analyzed bacteria, at the tested concentrations,
with the exception of Ga(NOs)3 over Streptococcus spp., which presented,
nevertheless, a very small susceptibility effect (¢ < 1.0 cm). These results
allowed us to proceed with the irradiation experiments, as the observed
results would only be a direct consequence of the radiation exposure.

When ionizing radiation is absorbed by biological material, it in-
teracts with critical cellular targets. Large biomolecules like DNA, RNA,
and proteins may be ionized or excited through direct energy deposition,
initiating a chain of events that can lead to cell inactivation, a process
known as the direct effect of radiation. Another major target of ionizing
radiation in the cell is water, the most abundant molecule. This inter-
action leads to the formation of highly reactive free radicals as a result of
water radiolysis. The radicals formed, including solvated electrons (e; ),
hydrogen atoms (H®), hydroxyl radicals (OH®), hydrogen molecules
(Hy), and hydrogen peroxide (H203), react with DNA and other critical
biological targets, which can also result in cell inactivation. This process
is known as the indirect effect of radiation. The sensitivity of microor-
ganisms to radiation depends on both biotic (intrinsic) and abiotic
(extrinsic) factors. Biotic factors include differences between species and
strains of the organisms, cell wall compositions, growth phase, and
intrinsic mechanisms to recover from radiation injuries (e.g, enzymatic
repair of DNA breaks). Abiotic factors comprise external influences such
as from temperature, atmosphere and substrate. Part of the effect of
ionizing radiation on microorganisms is due to indirect action mediated
through radicals. The medium (substrate) in which microorganisms are
suspended plays a crucial role in determining the dose required for a
given microbicidal effect. In more complex media, competition from
media components for the free radicals formed by irradiation within the
cell increases, thereby “sparing” or “protecting” the microorganisms.
Some chemical components of the substrate medium can increase
radioresistance (protective effect), while others can lower it (sensitizing
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effect). The presence of scavengers that react with free radicals liberated
from water radiolysis will protect or reduce the radiation damage to cells
normally attacked by these radicals. Further details can be found in ref.
[49].

The samples containing the bacterial suspension (3-4 x 10° cell
cm’3) and the compound of interest (~ 1 mg cm’3) were divided in four
groups: non-irradiated (0 kGy), 0.175 kGy, 0.35 kGy, and 0.525 kGy
irradiated samples. The Dj( values (ie., the dose required for 90%
inactivation of the initial population) were determined according to the
surviving curves presented in Fig. 5 for A. viscosus and Figs. S8-S12 for
other tested bacteria. In practical terms, the loss of colony-forming
ability by cells when they are grown on nutrient medium is commonly
assumed as a criterion of radiation-induced damage; cells that have lost
this competence are reported to be inactivated or non-viable by the
action of ionizing radiation.

In fact, surprisingly, the substrate of Ga®*/8-HQA complex suggested
to have an antibacterial effect against tested Streptococcus strains, as no
viable colony of S. mutans was detected and only a few S. sobrinus col-
onies were observed in the non-irradiated sample, while all the irradi-
ated samples did not present growth viability (Figs. S11 and S12). These
results are contrary to those obtained with the disk diffusion method. A
possible explanation could be the fact that the conditions used in both
procedures are different (suspension vs. soaked disk), which may induce
a different effect of the metal complex towards the bacteria. Further-
more, for Streptococcus isolates, a possible radiosensitizing effect of
metal could be considered. It is worth of mention that, for E. coli and
P. putida, a deviation from the linear correlation was observed for higher
doses of radiation, as the result of the high sensitivity of these strains to
radiation. Therefore, the experiment was redesigned using a lower
absorbed doses (0.07 and 0.14 kGy) for the determination of D1 values.

The calculated D;( values obtained for each bacterium, presented in
Table 4, indicate that, among the analyzed isolates, the most radiosen-
sitive is E. coli (lower D1 values). The D¢ values of Pseudomonas and
E. coli strains indicated no statistical difference (P > 0.05) among the
physiological serum, 8-HQA and Ga®'/8-HQA substrates, suggesting
that the ligand and its Ga>* complex have no effect on their radiosen-
sitivity. This lack of substrate effect was also observed for S. sobrinus
when comparing physiologic serum and ligand compounds. Although,
for A. viscosus and S. mutans, a significant (P < 0.05) increase of Do
value was observed when suspended in Ga>*/8-HQA complex and 8-
HQA solutions, respectively, expressing a radioprotective effect of
these substrates. This could highlight a scavenging effect of the complex
on the highly reactive species formed by water radiolysis, preventing
their capacity to cause damage on microbial cells.

Actinomyces viscosus
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Fig. 5. Survival curves for Actinomyces viscosus in physiological serum sus-
pensions and in the presence of 8-HQA and Ga>'/8-HQA complex. Error bars
represent 95% confidence interval.
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Table 4
Average D1 values (required dose for 90% inactivation of the initial population)
calculated for each bacterium®

Physiological 8-HQA Ga®/8-HQA Ga
serum complex (NO3)3
Actinomyces 0.24 +
viscosus 0.229 + 0.05 * 0.01 * 0.551 + 0.006 n.d.
Streptococcus 0.134 +
mutans 0.100 + 0.002 * 0.006 n.s. n.d.
Streptococcus 0.128 +
sobrinus 0.11 £+ 0.01 0.003 n.s. n.d.
0.072 +
Escherichia coli 0.0608 + 0.0009  0.003 0.068 + 0.005 n.s.
Pseudomonas 0.12 +
putida 0.09 £ 0.01 0.03 0.15 £ 0.01 n.s.
Pseudomonas 0.11 +
fluorescens 0.136 + 0.003 0.03 0.119 + 0.008 n.s.

2 4 standard deviation; n.d.: not determined; n.s.: no cellular survival. Values
with asterisks (*) are significantly different (P < 0.05) from others.

3.4. Anti-proliferative and anti-inflammatory assays

Taking into account that, as above-stated, the kynurenine pathway is
related to the immune system through the inflammatory response [4],
we also evaluated the anti-inflammatory activity of 8-HQA and its Ga>"
complex. For that purpose, the Griess assay was used, following the
procedure described in the experimental section. The Griess reaction is a
straightforward spectrophotometric method (at 4 = 540 nm) for
analyzing nitrites (NO3) in aqueous solutions. The implemented meth-
odology must begin by confirming that the compounds under investi-
gation have no anti-proliferative effect on the cell line used (RAW 264.7
murine macrophage cells), utilizing the WST-1 assay. In fact, no anti-
proliferative activity on RAW 264.7 cells was observed for any of the
tested compounds (Fig. S13), at the tested concentrations (cell viability
ca. 100%), pointing out the absence of compounds’ cytotoxicity. With
this result, it was possible to proceed for the anti-inflammatory assays,
knowing that 8-HQA and its Ga®" complex will not affect the cells
growth.

The inflammatory process is recognized as protective reaction to-
wards trauma, infection, tissue injury or noxious stimuli. During this
process, activated inflammatory cells (e.g., neutrophils, eosinophils,
mononuclear phagocytes, and macrophages) release elevated levels of
nitric oxide (NO), prostaglandin E2 (PGE2), and cytokines, including
interleukin (IL)-1B, IL-6, and tumor necrosis factor (TNF). These sub-
stances not only cause cell and tissue damage, but also activate macro-
phages in diseases like rheumatoid arthritis and chronic hepatitis. LPS
stimulation alone has been shown to induce Nitric Oxide Synthases
(NOS), transcription and protein synthesis in murine macrophage RAW
264.7 cells, leading to a corresponding increase in NO production [39].
Considering all this, the anti-inflammatory results are shown in Fig. 6,
where it can be observed that 8-HQA has actually an increasing effect on
the production of NO3, statistically significant (P < 0.05) for the con-
centrations of 2 and 4 mmol dm™> compared to control, which could
indicate of a higher inflammation ability. On the contrary, Ga>*/8-HQA
complex seems to lead to a significant decrease (P < 0.05) of ca. 30% on
NO3 production for the concentration of 0.5 mmol dm ™3, These results
indicate that Ga3*/8-HQA complex may suppress NO generation activ-
ity, without inducing cytotoxicity, probably by inhibiting the NOS,
showing anti-inflammatory potential.

4. Conclusions

The chemical speciation of Ga>* in the presence of 8-hydroxyquino-
line-2-carboxylic acid (8-HQA) has been investigated. Among all the
formed species, [Ga(8-HQA),] is the most stable in a wide pH range, as
also confirmed by ESI-MS analysis. The chemical speciation of the Ga®*/
8-HQA system is similar to the analogue Fe>*/8-HQA, in terms of both
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Fig. 6. Anti-inflammatory assay using RAW264.7 cells in the presence of 8-
HQA and Ga®"/8-HQA complex. Error bars represent 95% confidence inter-
val. * Significantly different (P < 0.05) from control.

nature and stability of formed complexes. However, this is not reflected
in the sequestering ability of 8-HQA towards both cations. In fact,
calculated pLg 5 (an empirical parameter used, for comparison purposes,
to quantify the sequestering ability of a ligand towards a given cation in
particular conditions) are 4.79 and 8.42 at pH = 7.4 (and in the
experimental conditions of this work), for Ga®" and Fe®* (from ref. [7]),
respectively, indicating a great preference of 8-HQA towards Fe3* (the
higher the pLys, the higher the sequestering ability). Further details
about the meaning, calculation and use of pLg 5 are given in refs. [50,
51]. This is due to the slightly different hydrolytic behavior of both
cations, since the formation of Ga> hydroxo species compete with 8-
HQA in a higher extent than those of Fe3*. This is also reflected in a
significant decrease of the sequestering ability of 8-HQA towards Ga>*
with increasing pH, as depicted in Fig. 7 (pLg.s vs. pH). This behavior is a
strong confirmation of the relevance of the use of a correct data set of
hydrolysis constants. For this reason, a critical literature analysis of Ga>*
hydrolysis constants has been performed in this work, providing equa-
tions for their calculation in a wide range of experimental conditions.
Noteworthy, thanks to a proper experimental design, the stability con-
stants of [Ga(EDTA)] ™ and [Ga(EDTA)(OH)]z’ were also determined,
for the first time in the conditions of this work. The solid-state studies
here presented also show that [Ga(8-HQA);]  is the main complex
species formed. Regarding the effects of this species in human micro-
biota response to ionizing radiation, it can be highlighted a radiopro-
tective effect in Actinomyces viscosus, and a potential radiosensitizing
effect against Streptococcus mutans and Streptococcus sobrinus. When
exploring additional biological properties, the obtained results sug-
gested no cytotoxicity of tested compounds on RAW264.7 murine
macrophage cells stressing an anti-inflammatory potential of Ga>*/8-

7.0

6.0

5.0

4.0

pLys

3.0

2.0

0.0

25 35 45 5.5 6.5 7.4 8.1 9.5
pH

Fig. 7. Sequestering ability (pLos) of 8-HQA towards Ga>*, as a function of pH.
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