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The opportunistic pathogen Pseudomonas aeruginosa (P. aeruginosa) causes infections that are difficult
to treat, which is due to the bacterial natural resistance to antibiotics. The bacterium is also able to form a
biofilm that protects the bacterium from clearance by the human immune system and leads to chronic
infection. Herein, we synthesized and characterized a novel gallium compound that interferes with both the
iron metabolism and quorum sensing system of P. aeruginosa to achieve a significant bactericidal activity.
The compound could substantially reduce the secretion of bacterial virulence factors as well as eliminate
biofilm formation. Integrative omics analysis indicates that this compound can significantly disturb the gene
transcription and metabolism of P. aeruginosa. The effectiveness of the gallium compound was further
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validated in mammalian cell and murine skin infection models. Our study offers a new strategy to design

rsc.li/rsc-chembio new gallium-based antimicrobials to combat P. aeruginosa infection.
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Introduction

Pseudomonas aeruginosa (P. aeruginosa) is a major opportunistic
human pathogen, which is a critical priority 1 pathogen as listed
by the WHO in 2017."? The bacterium usually causes severe and
persistent infections in immune-compromised individuals and
cystic fibrosis (CF) patients.®* The infections caused by P. aerugi-
nosa are usually resistant to treatment of multiple antibiotics,
which is resulted from the bacterium’s intrinsic drug resistance
and additional acquired resistance.”> The antimicrobial tolerance
of P. aeruginosa is even enhanced via the formation of biofilm,
which protects the bacterium from the detrimental effects of host
immunity and antibiotic treatment.”® Moreover, P. aeruginosa
secretes a series of virulence factors, including pyocyanin, elastase,
and alkaline protease (AprA), which exert important pathological
roles in the colonization, survival, and infection of the
bacterium.'®"" The biofilm formation and virulence factor produc-
tion of P. aeruginosa are coordinately regulated by a mechanism
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termed quorum sensing (QS)."” The bacteria produce and release
small chemical signals when rich at a high population density. The
accumulated signals could bind with cognate receptors to induce
virulence factor expression and biofilm formation.**** Given the
critical role of the QS system, development of small molecules that
block quorum sensing circuits is considered as a promising
strategy to combat bacterial pathogenicity.">'® The flavonoids
are a group of natural products, which exhibit broad biological
activities ranging from anti-microbial to anti-inflammatory."” Par-
ticularly, recent studies indicated that flavonoids specifically inhib-
ited the P. aeruginosa QS system as antagonists of the autoinducer-
binding receptors, LasR and RhIR."*>!

Like the vast majority of pathogens, P. aeruginosa requires iron
for its growth. Moreover, iron depletion prevents biofilm for-
mation of the bacterium.*>?* Therefore, interfering with P. aerugi-
nosa iron homeostasis may serve as a potential therapeutic strategy
for bacterial eradication. Recent studies demonstrated that gal-
lium (Ga*") could be used as a “Trojan horse” to disrupt bacterial
iron metabolism due to its iron-mimetic properties. It was reported
that Ga®* had anti-biofilm activity and could effectively eradicate P.
aeruginosa in two animal models, indicative of a potential ther-
apeutic option for P. aeruginosa infection.*°

Due to the emerging and sustained resistance to currently
available antibiotics, the development of new antibacterial
agents is urgently needed. One promising strategy is the devel-
opment of dual-action antibacterial agents, which inhibit dis-
tinct bacterial targets at the same time. The synergistic effects
could enhance antibacterial activity and reduce potential for
the development of drug resistance. Herein, we report the
synthesis and evaluation of antimicrobial activities of a series

© 2023 The Author(s). Published by the Royal Society of Chemistry
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of novel gallium-flavonoid compounds, among which gallium-
naringenin (G6) exhibits the highest bactericidal activity
against P. aeruginosa with relatively low cytotoxicity to mamma-
lian cells. Importantly, the compound exhibits dual-targeted
anti-bacterial activities, i.e., disrupting both the QS system and
iron metabolism of P. aeruginosa, resulting in significant
attenuation of bacterial virulence factor secretion and biofilm
formation.

Results and discussion

Synthesis and characterization of gallium-flavonoid
compounds

Six target flavonoid ligands (Fig. 1(a)) were chosen to provide
structural diversity in the composition of the gallium compounds.

Chrysin (G1), baicalein (G5), and naringenin (G6) have
already been identified to be antagonists against P. aeruginosa
QS system."®*® The other three analogs (apigenin, G2; luteolin,
G3; quercetin, G4) have varying hydroxyl groups at different
flavonoid rings. The synthesis and structural characterization of
the gallium compounds are described in the ESL{ Typically, all
the six flavonoids coordinate Ga** via the 4-carbonly-5-hydroxyl
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Fig. 1 Anti-bacterial activity of gallium-flavonoid compounds in vitro.
(@) The chemical structures of flavonoid ligands and gallium compounds.
(b) The minimum inhibition concentration (MIC) of gallium-flavonoid
compounds and antibiotics against P. aeruginosa. (c) Diameters of
inhibition zones of gallium compounds, Ga(NOs)s, and DMSO. (d) Representa-
tive figures of the agar diffusion test. (e) Bacterial viability assay for gallium-
flavonoid compounds and Ga(NOs)s. The ICsq values of G1, G2, G6 and
GalNOs)s are 152, 359, 0.65, and 3.11 pg mL™%, respectively. All experiments
are performed in triplicates, and data are presented as mean =+ SD. (f) Resistance
development of P. aeruginosa PAO1 toward G6 and ciprofloxacin. Values are
fold changes in minimal inhibitory concentration (MIC) relative to the MIC of the
first passage.
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site of the flavonoid (4, 5 sites) and form 1:2 Ga®" flavonoid
compounds. These gallium compounds were stable at room
temperature for at least one week as validated by UV-vis spectro-
scopy and HPLC analysis (ESIT).

Antibacterial activity of gallium-flavonoid compounds

To examine the anti-bacterial activities of the synthesized
compounds, we first measured the minimal inhibitory concentra-
tions (MIC) of these compounds against Gram-positive bacterium
Staphylococcus aureus Newman (S. aureus), Gram-negative bacteria
Escherichia coli DH5a. (E. coli) and P. aeruginosa PAO1 (Table S1,
ESIt). The compounds exhibit low and moderate inhibitory activ-
ities against E. coli (MIC > 128 pg mL™ ") and S. aureus (MIC >
64 pg mL ™). In contrast, all the compounds have significantly
higher inhibitory activities against P. aeruginosa with MIC values
ranging from 0.5 to 16 pug mL ™', which are comparable with some
commonly used antibiotics, such as Ofloxacin (Fig. 1(b)). The agar
plate diffusion test was subsequently applied to further examine
the antimicrobial activities of the gallium compounds. In brief,
approximately 10 pL of an aqueous solution of the compounds
were loaded onto filter paper discs and implanted on the surface of
agar plates inoculated with P. aeruginosa. The plates were incu-
bated at 37 °C for 24 h and the diameters of the inhibition zones
were measured. In consistent with the obtained MIC results, G6
had the largest inhibition zones at all four different dilutions,
followed by G1 and G2, while the negative control DMSO did not
affect bacterial growth (Fig. 1(c) and (d)). As shown in Fig. 1(e), the
two most potent compounds G6 and G1 had even higher anti-P.
aeruginosa activity (with ICs, values of 0.65 and 1.52 pg mL %,
respectively) than the Ga®* alone (Ga(NOs); with ICs, value of
3.11 pug mL™Y). In addition, the bactericidal effect of the gallium-
flavonoid compounds was observed using agar plate counting
method (Fig. S1, ESIT).

Since resistance development is a major concern for anti-
bacterial agents, we subsequently assessed the ability of P. aerugi-
nosa to develop resistance to the most potent gallium compound G6
as described previously.”” As shown in Fig. 1(f), no drug resistance
was developed in P. aeruginosa after the serial passage of the bacteria
in the presence of a sub-inhibitory concentration of G6 (with almost
the same MIC value of 0.5 pg mL ™" at the first and 16th
passages). In contrast, exposure to the antibiotic ciprofloxacin
led to a rapid increase in MIC after the 16th passage (with MIC
value rising from 1 to 24 pg mL™"). The results indicate that
P. aeruginosa fails to develop resistance against the G6 compound.

Gallium-flavonoid compounds inhibit biofilm formation

To investigate the effects of gallium compounds on P. aerugi-
nosa biofilm development, we first examined biofilm formation
under static growth conditions in microtiter dish wells. The
bacteria were cultured for 48 h and the adherent biofilms were
stained with crystal violet and quantified (Fig. 2(a)). In consis-
tence with a previous report, the presence of 0.08 uM Ga(NO3);
reduced biofilm formation by approximately 50% compared to
the negative control. Among all the gallium compounds, G6,
G1, and G2 were the most potent inhibitors, which attenuated
biofilm formation by approximately 90%, 70%, and 50%,
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Fig. 2 Gallium-flavonoid compounds inhibit biofilm formation and era-
dicate established biofilm in P. aeruginosa. (a) Representative photograph
of biofilm formation of Pseudomonas aeruginosa incubated with gallium
compounds and Ga(NOs)s. (b) Quantitative analysis of biofilm formation
after 48 h in the absence or presence of a sub-inhibitory concentration of
gallium compounds and Ga(NOs)s. (c) Scanning electron microscope
(SEM) images of P. aeruginosa biofilms in the presence of a sub-lethal
concentration of gallium compounds and Ga(NO3)s. (d) Growth curves of
P. aeruginosa in the presence of a sub-lethal concentration of gallium
compound G6 and Ga(NOs)s. Photograph of P. aeruginosa biofilm eradi-
cation by gallium compound G6 and Ga(NOs)s. The remained biofilms
were stained by crystal violet after 2 days (e) and 3 days (f) incubation,
respectively. (g) Biofilm eradication assay. 48 hours-old mature biofilms
were incubated with gradient amounts of G6 compound and Ga(NO3)s.
The biofilm was stained with crystal violet and quantified. The percentages
of remaining mature biofilms in the control group are set to 100%. The
biofilms in the experiment group are normalized to that in the control
group. All experiments are performed in triplicates, and data are presented
as mean + SD. Two-tailed ratio paired t test was used to determine
statistical significance; **p < 0.01, ***p < 0.001, ****p < 0.0001.

respectively (Fig. 2(b)). In contrast, all the flavonoid ligands had
no evident effects on biofilm formation (Fig. S2, ESI}). Further-
more, the alternation in the structure of the biofilms was also
characterized by field emission scanning electron microscopy
(FE-SEM). The bacterial culture conditions were the same
except that a glass slide was implanted in the microtiter well.
The biofilms were harvested after growing for 1 and 5 days and
prepared for SEM data collection as described previously.”®
Clear biofilm formation was observed in the control well, which
contained dense intracellularly fiber-like structures consisting
of polysaccharides and DNA.* Incubation of compounds G3,
G4, and G5 had little or no obvious effects on the biofilm
formation. In contrast, compounds G1, G2, G6, and Ga(NOj3)3
significantly reduced the interconnecting fiber-like structures
of the biofilms. Compound G6 was particularly potent since no
fiber-like structures were observed in P. aeruginosa culture even
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after 5 days (Fig. 2(c)). Typically, the bacterium was cultured in
the absence or presence of gallium compounds with sub-
inhibitory concentration at 0.08 pM, which do not affect
planktonic growth of P. aeruginosa (Fig. 2(d)). The results
indicate that the sub-inhibitory concentration of gallium com-
pounds is sufficient to prevent P. aeruginosa biofilm formation.

To examine whether the gallium compounds could eradicate
established biofilms, we further used the microtiter-well bio-
film assay and applied the gallium compound G6 and Ga(NO3);
after the biofilm was formed. In brief, P. aeruginosa was
cultured for 48 h in a 6-well microtiter plate to allow biofilm
formation. The matured biofilm was subsequently incubated
with gradient amounts of G6 compound or Ga(NO;); (0, 10, 20,
and 40 pM), respectively. The remained biofilm contents were
quantified by crystal violet staining after an additional 2 or 3
day incubation (Fig. 2(e) and (f)). As shown in Fig. 2(g), 40 uM
G6 compound could abrogate approximately 50% of estab-
lished biofilms after 2 day incubation. On the third day, both
the G6 compound and Ga(NOj3); could significantly abolish pre-
formed biofilms with G6 compound exhibiting higher activity,
since only 10% of biofilms remained after treatment of 40 pM
G6 compound compared to 30% for 40 pM Ga(NO3;);. Collec-
tively, the results demonstrate that gallium compound G6 is
particularly effective to prevent biofilm formation as well as
eradicating established biofilms.

Transcriptomics and metabolomics analysis of P. aeruginosa

To further investigate the anti-bacterial mechanism of G6 com-
pound, we examined the transcriptomic profiles of P. aeruginosa
after exposure to the G6 compound. RNA-seq data revealed that
1527 genes in total were differentially expressed when the
P. aeruginosa PAO1 strain was incubated with 4 yM G6 compound
for 4 h, among which 749 genes were upregulated and 778 genes
were downregulated (Fig. 3(a)). Gene ontology analysis showed that
significantly altered genes were enriched in several major biologi-
cal processes, including metabolic process, cellular process, cell
localization, single-organism process, response to stimulus, etc.
Meanwhile, 9 GO terms involved in molecular function including
catalytic activity, especially for the oxidoreductase activity, nucleic
acid binding transcription factor activity, transporter activity, and
electron activity were significantly enriched (Fig. 3(b)), implying
that the cellular redox process, protein biosynthesis, and nucleo-
tide metabolism were disturbed after the treatment of G6 com-
pound. According to the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database, the significantly altered genes could
be classified into several different pathways, such as oxidative
phosphorylation, TCA cycle, fatty acid biosynthesis, and biofilm
formation (Fig. S3, ESIT). Further analysis demonstrated that G6
compound could significantly changed the transcription of genes
involved in quorum sensing (QS) and virulence factor (VF)
(Fig. 3(c)). For example, the genes involved in las (lasAB), rhl (rhIR
and rhiIAB) and pgs (pqsE, pqsH, pqsR, and pgsBCD) signaling
circuits were significantly down-regulated, and the virulence-
related genes, such as those participating in phenazine biosynth-
esis (phzA, phzB, phzM, phzG, and phzS), alkaline protease secretion
(aprDEF) and exotoxin A (toxA) also decreased in G6 compound

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Transcriptomic and metabolic analysis of P. aeruginosa exposed to different concentrations of G6 compound. (a) Volcano plot of differentially
expressed genes in transcriptomic analysis. (b) GO analysis of molecular function, cellular component, and biological process of significantly different
genes. (c) Hierarchically clustered heatmaps for changes in gene transcript levels between G6 treated and control groups. Values reported as log,-fold
changes over untreated control in the expression of the quorum sensing system, virulence factor, and iron metabolism. (d) PCA analysis of GC-MS
profiles obtained from the control, 4 uM and 16 uM G6 treated (for 4 h) P. aeruginosa metabolite extracts. Each dot represents metabolite profiling data
from one individual sample and colors indicate samples in different treatment groups. (e) KEGG pathway enrichment was analyzed of the differential
P. aeruginosa metabolites after 16 uM G6 treatment. (f) Z-score plots of the differential metabolites based on control. Each point represents one

metabolite in one biological repeat (grey: control; blue: 4 uM G6 treatment;

treated bacteria. Collectively, the results suggested that the G6
compound significantly abrogated the QS system and the virulence
secretion of P. aeruginosa. The RNA-seq data were also verified by
quantitative PCR (qPCR) analysis (Fig. S4, ESIT). In consistence
with the RNA-seq results, only lasR gene in the QS system was
significantly upregulated, whereas all other genes were down-
regulated after G6 treatment.

Since Ga®** was reported to target P. aeruginosa iron meta-
bolism to exert antimicrobial functionality, the transcription
levels of the corresponding genes involved in iron homeostasis
were also examined. Indeed, 37 among the 38 related genes
were downregulated, including the genes involved in the bio-
synthesis of two siderophores, i.e., pyoverdine (pvd operon) and
pyochelin (pch operon) and some iron transporters (has operon,
fep operon). The previous study suggested that the antibacterial
activity of Ga was attributed to the effect on the uptake,
transport, and metabolic process of iron, especially interfering

© 2023 The Author(s). Published by the Royal Society of Chemistry

orange: 16 uM G6 treatment).

with bacteria for the synthesis of siderophores in an iron
deficiency environment.**~*

The expression level of iron-sensing global regulatory pro-
tein (fur) increased by almost 2-fold, while genes involved in
three siderophores, i.e., pyoverdine (pvd operon), pyochelin (pch
operon), and heme acquisition protein (has operon) biosynth-
esis were significantly down-regulated (Fig. 3(c)). To further
verify the interference of gallium on bacterial iron metabolism,
inductively coupled plasma mass spectrometry (ICP-MS) was
used to detect the iron content in bacteria before and after G6
treatment. Indeed, the iron content in bacteria decreased after
G6 treatment (Fig. S5, ESIt), indicating that gallium has impact
on the iron content in bacteria. All the data demonstrated that
the G6 compound disturbed the iron metabolism of P. aerugi-
nosa. Furthermore, we also performed metabolomic analysis to
observe the changes in bacterial metabolites after G6 treat-
ment. The results of PCA analysis showed a clear separation
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between the control group and the G6 treatment group
(Fig. 3(d)). Among the 92 identified metabolites, the abundance
of 50 metabolites in the 4 uM G6 treatment group and 61
metabolites in 16 pM G6 were significantly changed, including
amino acids, carbohydrates, fatty acids, nucleotide acids, and
others. Z-Score displayed variations of the differential metabo-
lites based on the control group (Fig. 3(e)). The Z-scores for the
4 pM G6 treatment group were —12.5 to 132.2, with 37 meta-
bolites at the higher abundance and 13 at the lower abundance.
Meanwhile, the Z scores of the 16 uM G6 treatment group were
—13.6 to 231.8, with the abundance of 31 metabolites up-
regulated and 30 metabolites down-regulated. KEGG enrich-
ment analysis revealed that the changed metabolites could be
classified into various pathways, including alanine, aspartate,
and glutamate metabolism, glutathione metabolism, TCA cycle,
and nitrogen metabolism (Fig. 3(f)).

Gallium-flavonoid compounds inhibit virulence factors
expression of P. aeruginosa

P. aeruginosa produces numerous virulence factors, which con-
tribute to its ability to colonize, penetrate and survive the host’s
immune defense.**?*> For example, pyocyanin, a secondary
metabolite secreted by P. aeruginosa can target a wide range of
cellular pathways and therefore can kill mammalian lung cells
upon bacterial infection.*® Given the prominent anti-biofilm
activities of G1, G2, and G6 compounds, we further investigated
the effects of these three gallium compounds on the expression
of bacterial virulence factors, including elastase, pyocyanin, and
pyoverdine (Fig. 4(a)). Phenazines are nitrogen-containing redox-
active pigments produced by P. aeruginosa. The secreted pigment
is recognized as an important bacterial virulence factor and plays
an important role in establishing chronic and acute infections.*
As shown in Fig. 4(b), the secretion of pyocyanin was significantly
suppressed in the presence of a sub-inhibitory concentration of
gallium compounds (0.08 pM). In particular, G6 led to the most
significant decrease (91%) in pyocyanin secretion. While com-
pounds G1, G2, and Ga(NOs); reduced the pyocyanin production
by 67%, 50%, and 47%, respectively. Elastase is a major virulent
metalloprotease of P. aeruginosa that is believed to cause exten-
sive tissue damage in the host during infection.*” Similarly,
compound G6 exhibited the highest activity to inhibit the secre-
tion of elastase by 89% (Fig. 4(c)). In contrast, compounds G1 and
G2 were less potent, which caused 81% and 53% decrease in
elastase, respectively. While siderophore pyoverdine is not only
required for bacterial iron uptake but also contributes to the
regulation of other virulence factors.*® G6 is again the most
potent compound and reduced the secretion of pyoverdine by
87%. While treatment of G1 and G2 caused 64% and 52%
decrease in pyoverdine, respectively (Fig. 4(d)).

Moreover, the hemolytic activity of P. aeruginosa was also
significantly suppressed in the presence of gallium compounds.
The residual hemolytic activity of the bacterium was only 5%
after incubation with the 0.08 uM G6 compound (Fig. 4(e)). All
these results demonstrate that compound G6 has the highest
inhibitory activity against virulence factor secretion among the
gallium compounds. It is probably due to the different cell

778 | RSC Chem. Biol., 2023, 4, 774-784

View Article Online

Paper
a : 48 h
= @7FE @ uExcretion
ﬁ”"”%\ﬂ
1 1 1 1
Elastase Pyocyanin Pyoverdine Hemolysis
b c
c,\?}10(‘3 5100
= 75 75
5 3 E
> 50 + 50 =
Q 7]
<] 8
& 25 o 25 - -

0
FCFEF VI
N
2100 9
2 s 2
T >
o 50 [}
S 5
& T
g Q>
FCFEF VIS
N
O’D

Fig. 4 (a) Schematic illustration of virulence factors assay procedures.
Quantitative analysis of secreted pyocyanin (b), elastase (c), pyoverdine (d),
and hemolytic activities (e) of P. aeruginosa culture supernatant in the
presence of 0.08 uM gallium compounds, Ga(NOs)s and flavonoid ligands
for 20 h. For hemolytic assay. Complete lysis of rabbit red blood cells with
0.1% SDS was used as a positive control. M9 medium was used as a negative
control. All experiments are performed in triplicates, and data are presented
as mean + SD. Two-tailed ratio paired t test was used to determine
statistical significance; **p < 0.01, ***p < 0.001, ****p < 0.0001.

membrane permeability since compound G6 had the highest
lipophilicity among all the compounds with a log P value of 1.86
(Table S2, ESIf). Kinetics studies also confirmed that the
gallium internalization rate of P. aeruginosa was faster when
incubated with G6 than that with G1, G2, or Ga(NO;);. (Fig. S6,
ESIY). It should be noted that the expression of virulence factors
pyocyanin, elastase, and pyoverdine are all under the control of
the P. aeruginosa QS system.’**' Therefore, the results are
consistent with the RNA-seq data that the gallium compounds
could paralyze the QS system, thereby leading to the decreased
expression of virulence factors. Our previous studies showed that
the conserved P. aeruginosa HitABC transporter was responsible for
the Ga(NO;); uptake.”® To further examine the internalization
pathway of the gallium-flavonoid compound, both wild-type (WT)
P. aeruginosa and hitAB gene knockout P. aeruginosa mutant (AhitAB)
were treated with G6 compound and Ga(NOj;); with the concen-
tration of 0.16 uM and the intracellular gallium contents were
measured by ICP-MS in the course of time. Consistent with previous
studies, Ga(NOs); uptake rate of AhitAB-mutant was significantly
abrogated (Fig. S7, ESIt). In contrast, the AhitAB-mutant showed a
slower but still significant gallium internalization rate compared to
the WT strain when incubated with the G6 compound. The results
indicated that the HitABC transporter is probably involved in G6
uptake. However, P. aeruginosa might be also utilizing alternative
pathways to internalize the G6 compound.
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Mammalian cell and animal infection model

The cytotoxicity of these compounds to mammalian cells is
subsequently investigated. The ICs, values of the gallium com-
pounds against human hepatocyte LO2 cell lines were measured
based on MTT assays (Fig. S8 and Table S3, ESIt). All the gallium
compounds exhibited low cytotoxicity towards mammalian cells
with ICs, values higher than 200 pM (>122.2 pg mL™Y).
P. aeruginosa is known to cause a cytotoxic effect on eukaryotic
cells via the translocation of bacterial effectors into the host
cells.*? To further examine the anti-bacterial effect of gallium
compounds, the human alveolar basal epithelial cells, A549 cells
were co-cultured with P. aeruginosa PAO1 strain in the absence or
presence of gallium compound G6 (Fig. 5(a)). The cytotoxic
effects of P. aeruginosa were examined based on A549 cell
morphology after 2 h incubation. As shown in Fig. 5(b), healthy
A549 cells exhibited a pebble-like shape and formed a well-spread
monolayer. Upon infection with P. aeruginosa, the majority of
A549 cells retracted into round shapes with drastically reduced
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surface area and gradually detached from the culture plate. With
increasing concentrations of the G6 compound, the cytotoxic
effect of P. aeruginosa on A549 cells was gradually reduced.
Approximately 1.0 ug mL ™ G6 compound (approximately twice
the MIC value against P. aeruginosa) was sufficient to protect A549
cells from bacterial cytotoxicity, while the compound alone had
no significant effects on the A549 cell morphology. In consistent,
MTT assay also verified that G6 exhibited low cytotoxicity towards
A549 cells with ICs, value higher than 200 pM (Fig. S9, ESIt).
The above results prompted us to further investigate
whether the gallium compound G6 could eradicate P. aeruginosa
in an animal infection model (Fig. 5(c)). To this end, we used a
mouse wound infection model to assess the anti-P. aeruginosa
efficacy of compound G6 as described previously.** The details
were described in the ESL{ In brief, an excisional wound
(~2 mm x 2 mm) was created on the flank of each mouse.
Approximately 5 x 10® CFU of P. aeruginosa in an aliquot of 10 uL
was dropped into the wound to induce infection. Twice-daily
treatment of Ga(NO3); (2 mg kg™ ") or compound G6 (2 mg kg™ )
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Fig. 5

(a) Schematic illustration of bacteria-mammalian cells co-culture model to examine the anti-P. aeruginosa efficacy of G6 compound. (b) G6

compound protects the mammalian cells from the cytotoxic effect of P. aeruginosa. Human lung epithelial A549 cells were co-cultured with P.
aeruginosa PAOL in the absence and presence of different concentrations of the G6 compound. Scale bar: 50 pm. (c) Schematic illustration of mouse
wound infection model to compare the anti-P. aeruginosa efficacy of Ga(NOs)s and G6 compound. (d) Representative photographs of the lesions of the
mice at 2 day and 10 days. (e) The bacterial load of local infection sites induced by P. aeruginosa PAO1 was enumerated in control, DMSO-treated, gallium
nitrate-treated, and G6 compound-treated groups (20 mg kg™ for gallium nitrate and compound G6) after 10 days. The log (CFU per tissue) values are
presented as the mean + sem. The statistical difference is determined by the Mann—Whitney U test. **p < 0.01, ****p < 0.0001.
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was applied to the wounds. The infection sites were excised 48 h
post-infection, homogenized, and serially diluted for CFU quan-
tification. Representative close-up photographs of the lesions of
the entire dorsal back are shown in Fig. 5(d), and the wound on
the surface of the mouse was significantly better after 48 hours of
G6 compound treatment. Furthermore, in the control group,
wound models treated with vehicle had an average of 2.6 x
10" CFU of P. aeruginosa per wound model. Treatment with
Ga(NO3); caused a significant 2-log lower number of CFU of
P. aeruginosa. Whereas, compound G6 exhibited higher activity
and caused an almost 3-log lower number of bacterial CFU
compared to the control group (Fig. 5(e)). The results demon-
strate that compound G6 is more potent than Ga(NOs); to inhibit
P. aeruginosa growth in a mouse wound infection model. It
should be noted that we used a bacterial skin infection model
in this study. However, P. aeruginosa also causes soft tissue
infections, such as lung infections in patients with cystic fibrosis.
Given its high anti-bacterial efficacy and low cytotoxicity, we
envision that the G6 compound could also be applied to treat
P. aeruginosa-caused soft tissue infections. Similar to gallium
nitrate, intravenous injection of G6 might be a possible way for
drug administration. Therefore, the anti-bacterial efficacy of the
gallium compound G6 to treat soft tissue infections warrants
further investigation.

Experimental
Reagents and instruments

All reagents were used as received without further purification.
The solvents, methanol, and ethanol used in this work were
obtained from Aladdin (HPLC Grade). GaCl; was purchased
from Sigma-Aldrich and handled in a glove box (Mikrouna). 'H
and "*C NMR spectra were recorded on a Bruker Advance III 400
MHz or 500 MHz NMR spectrometers at ambient temperature.
All chemical shifts (0) are reported in parts per million (ppm)
with tetramethylsilane (TMS) as an internal standard. ESI-MS
was performed on a Thermo LTQ XL linear ion trap mass
spectrometer. C and H elemental analysis was carried out on
an Elementar Vario EL analyzer. Metal contents were analyzed
on a Thermo iCAP RQ inductively coupled plasma mass spec-
trometry (ICP-MS). Fourier transforms infrared (FT-IR) spectra
were recorded on a Bruker EQUINOX 55 spectrometer using the
KBr pellet method. Thermogravimetric (TG) and differential
thermal analysis (DTA) was performed on a Netzsch TG 209 F1
libra instrument with a sample weight between 5-10 mg
over the temperature range of 25-800 °C and a heating rate of
10 °C min~ ' under a nitrogen atmosphere. UV-vis spectra were
recorded on a SHIMADZU UV-2600 spectrophotometry.

Synthesis of gallium compounds

The gallium compounds were synthesized according to a
modified procedure as described previously.** In brief, flavo-
noid ligands (1.0 mmol) and GaCl; (0.5 mmol) were added
slowly into 20 mL mixed solvent of ethanol and methanol
(volume ratio of 1:2). After refluxing for 6 h under a nitrogen
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atmosphere at 70 °C, the reaction mixture was allowed to cool
to room temperature. The precipitate was collected by filtration
and washed several times with cold ethanol. The yellow pro-
ducts were recrystallized from ethanol and dried via P,04,
overnight.

Bacterial strains and growth condition

Pseudomonas aeruginosa strain PAO1 (P. aeruginosa) was grown
in M9 minimal medium (1.0 g L™" NH,CI, 0.5NaCl, 6.0 g L™
Na,HPO,, 3.0 g L~ " KH,PO,) supplemented with 1.0 mM MgSO,,
1.0 mM ZnSO,, 0.2 mM CacCl,, 0.4% (w/v) glucose and 0.2% (w/v)
casein hydrolysate. Gram-negative Escherichia coli strain K-12
(E. coli) was cultured in Luria-Bertani (LB) medium (5 g L™ yeast
extract, 10 g L™ tryptone, 10 g L™ " sodium chloride). The Gram-
positive Staphylococcus aureus strain Newman (S. aureus) was
grown in Tryptic Soy Broth (TSB) medium (17 ¢ L ™" Tryptone,
3 g L' Phytone, 5 g L™" sodium chloride, 2.5 g L~ " dipotassium
phosphate and glucose 2.5 g L™7).

Antimicrobial activity

The minimal inhibitory concentration (MIC) values of the
gallium compounds were determined using a standard broth
dilution method as described previously.*” In brief, the com-
pounds were two-fold serially diluted to concentrations from
512 to 0.25 pg mL~'. Approximately 50 pL of the compound
solution was added to a 96-well microtiter plate and mixed with
50 uL of bacteria culture in the log phase (10° CFU mL™"). The
bacterial culture was further incubated at 37 °C for 22-24 h. The
ODyg, value for each well was recorded on a microplate reader.
The MICs value was defined as the lowest compound concen-
tration that inhibited 95% of the bacterial growth. The ICs,
values of gallium compounds G1, G2, G6, and Ga(NO3); against
P. aeruginosa were measured similarly except that the
compound concentrations were from 0.5 to 6 ug mL~" with
0.5 pg mL ™' intervals. Each well was done in duplicates.

The inhibition zone values of the gallium compounds were
measured by agar plate diffusion test as described previously.*®
Typically, different concentrations of the gallium compounds
were prepared in a 2% DMSO solution. And approximately
10 pL of the solution was loaded onto a sterilized filter paper
disk (6.0 mm in diameter). After drying, the discs were
implanted on the surface of the agar plates inoculated with
P. aeruginosa. The agar plates were subsequently incubated at
37 °C for 24 h for bacterial growth. The zone of inhibited
bacterial growth was measured in millimeters. DMSO solution
was used as a negative control and Ga(NO;); was used as a
positive control. All experiments were performed in triplicates.

Resistance development

Development of resistance to the gallium compound G6 and
the clinically relevant antibiotics ciprofloxacin were assessed as
described by Habets and Brockhurst.*” Approximately 50 pL of
bacterial suspension (10° CFU mL™ ') in M9 medium was mixed
with 50 pL gallium compound G6 or ciprofloxacin in the same
medium (with the final concentration of 0.25 to 128 ug mL ™"
for both G6 and ciprofloxacin) and incubated at 37 °C for 24 h.
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On the next day, the MIC was recorded as the minimal
concentration that completely inhibited growth. Thereafter, a
new passage MIC measurement assay was prepared using
diluted bacterial cells grown at 0.5-fold MIC suspension. This
was repeated for 16 passages and the MIC values for G6 and
ciprofloxacin were recorded for each passage.

P. aeruginosa biofilm assay

P. aeruginosa was cultured in a 6-well microtiter plate (Corning,
NY, USA) for static biofilm formation. For biofilm inhibition
assay, approximately 3 mL of bacterial overnight culture were
diluted in fresh M9 medium with a final ODgy, value of
0.05 and transferred into each well of a microtiter plate in the
absence or presence of a sub-lethal concentration of gallium
compounds (0.08 pM). The plate was further incubated at 37 °C
for 48 h. For biofilm eradication assay, 3 mL of bacteria were
first cultured in M9 medium in a 6-well microtiter plate at 37 °C
for 48 h to allow matured biofilm formation. Gradient amounts
of Ga(NOj3); or G6 compound were then added to bacterial
culture with concentrations of 10, 20, and 40 uM. The bacteria
were allowed for further culture for 2 or 3 days.

The P. aeruginosa biofilm was quantified according to a
procedure described previously.*® In brief, weakly adherent
planktonic cells were removed from the microtiter plate by
washing with phosphate-buffered saline (PBS) three times. The
adherent biofilms were dried and stained with 0.1% (w/v)
crystal violet for 15 min. Excess dye was removed by rinsing
the plate three times with PBS. Crystal violet was solubilized
from the stained biofilms by adding 30% acetic acid and the
biofilms were quantified by measuring the 595 nm absorbance.
Each experiment was performed in triplicates.

Field emission scanning electron microscopy

Images of P. aeruginosa biofilms were recorded on a JSM-6330F
(JEOL) field emission scanning electron microscopy as pre-
viously reported.*® In brief, P. aeruginosa was cultured in a
6-well microtiter plate with a sterile glass coverslip in each well.
Approximately 3 mL of bacterial suspension (10° CFU mL™") were
incubated in the presence and absence of 0.08 pM gallium com-
pounds at 37 °C for 36 h to allow biofilm formation on the coverslip.
Thereafter, weakly adherent planktonic cells were removed by
washing with phosphate-buffered saline (PBS) three times. The
biofilm samples were fixed using 2.5% (v/v) glutaraldehyde in PBS
buffer at 4 °C overnight. After rinsing twice with PBS bulffer, the
samples were subsequently exposed to ethanol dehydration series of
30%, 50%, 70%, 90% for 10 min, and 100% for 30 min. All the
samples were finally air-dried in a vacuum desiccator and sputter-
coated with palladium-gold thin film before data collection.

Elastase activity assay

P. aeruginosa secreted elastase activity was examined by Elastin-
Congo red assay.”® Secreted elastase could cleave the substrate
and release the soluble Congo red dye, which has a typical
absorption at 495 nm. In brief, P. aeruginosa overnight culture
was diluted with fresh M9 medium to ODggy, value of 0.05.
The bacteria were then further cultured at 37 °C for 20 h in the
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presence of 0.08 uM gallium compounds, Ga(NO3)s, or flavonoid
ligands. Thereafter, the bacterial supernatant medium was col-
lected by centrifugation at 10 000g for 20 min. The medium was
further concentrated using centrifugal filter units (Ultracel-3k,
Millipore), and protein concentration in the medium was deter-
mined by BCA kit. The concentrated medium was diluted with PBS
buffer to a final protein concentration of 10 mg mL™". Subse-
quently, 1 mL diluted medium was mixed with 1 mL of reaction
buffer (100 mM tris-HCl, 10 mM CaCl,, pH 7.5) supplemented
with 20 mg Elastin-Congo red elastase substrate and incubated at
37 °C for 6 h with shaking. Then 0.2 mL EDTA was added to a final
concentration of 10 mM to stop the cleavage. Insoluble pellets
were removed by centrifugation and the absorbance of the super-
natant at 495 nm was measured.

Pyocyanin and pyoverdine assay

The secreted virulence factors pyocyanin was quantified as
described previously.”* P. aeruginosa was cultured in the presence
of 0.08 pM gallium compounds, Ga(NO3);, or flavonoid ligands at
37 °C for around 20 h until ODg, reached 2. Approximately 10 mL
of bacterial supernatant medium was collected by centrifugation.
Subsequently, 3 mL chloroform was added into medium to extract
the pyocyanin and pyoverdine. The pyocyanin was reextracted into
1 mL of 0.2 M HCI to give a pink to the deep red solution after
approximately 30 min. The pyocyanin concentration was deter-
mined by measuring the absorbance at 520 nm. For pyoverdine
quantification, the collected bacterial culture supernatant med-
ium was diluted in 100 mM tri-HCI (pH 8.0) and measured as
OD,o5 normalized by the cell density of bacterial culture.*>

Hemolysis assay

The hemolytic activity of the P. aeruginosa secreted virulent factor
was examined using rabbit erythrocytes hemolysis assay.>
P. aeruginosa was cultured in the presence of 0.08 pM gallium
compounds, Ga(NO;);, or flavonoid ligands for approximately
20 h until ODgq, value reached 2. The bacterial supernatant
medium was collected by centrifugation. The fresh rabbit ery-
throcytes were washed three times with PBS buffer and diluted 50
times in M9 medium. Thereafter, approximately 1.4 mL of the
prepared erythrocyte solution was mixed with 0.6 mL of the
bacterial medium. Meanwhile, 0.1% SDS solution and M9 med-
ium were used as a positive and negative control, respectively.
The mixtures were incubated at 37 °C for an additional 30 min.
The supernatant of the mixture was collected by centrifugation at
10000g for 10 min. The released hemoglobin in the supernatant
was determined by measuring the absorbance at 595 nm. The
percentage of erythrocyte lysis was calculated using the following
equation: [(S — N)/(P — N)] x 100%, in which N is the ODsg5 value
for negative control M9 medium, P is the ODsy5 value of 0.1% SDS
positive control and S is the ODsy5 value of the analyzed speci-
men. The assays were performed twice independently and each
assay was measured in duplicate.

Lipophilicity of gallium compounds

The lipophilicity of gallium compounds was examined by
calculating the octanol/water partition-coefficient (Log P) value
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of gallium compounds using the shake-flask method.>* Octanol-
saturated water (OSW) and water-saturated octanol (WSO) were
prepared from PBS (pH 7.4) and octanol (250 rpm, 37 °C over-
night shaking). Different concentrations of gallium compounds
(0,0.5,1, 2, 4, 8, 16, and 32 ug mL™") were dissolved in OSW or
WSO. And the absorbance of compounds in OSW or WSO was
recorded to obtain the standard curves. Compounds G1-G6 were
dissolved in 5 mL of WSO to a final concentration of 5 pg mL ™',
centrifuged and supernatants were collected. Approximately 2 mL
of the obtained WSO solutions of gallium compounds were added
to OSW (2 mL) and shaken for 12 h at 250 rpm, 37 °C. After that, the
mixtures were centrifuged, and the octanol and aqueous layer were
separated carefully. The absorbance of compounds in the OSW and
WSO layer was recorded and the concentrations were calculated
from the standard curves. The log P = log(Cyso/Cosw) equation was
used for the partition coefficients calculation. The experiments were
performed in triplicate.

Gallium uptake assay

The amount of gallium uptake by P. aeruginosa was quantified
by ICP-MS as described previously.>® P. aeruginosa overnight
culture was diluted to ODg of 0.1 in the presence of 0.16 pM of
gallium compounds or Ga(NO3);. Approximately 5 mL aliquot
of bacterial culture was removed and collected every hour, up to
5 h. The collected cell pellet was washed three times in PBS
supplemented with 1 mM EDTA to remove surface-bound
gallium. The pellet was subsequently digested by 70% nitric
acid at 60 °C for 2 h and diluted with double-distilled H,O to a
final HNO; concentration of 2%. The prepared samples were
analyzed on an iCAP RQ ICP-MS.

Total RNA isolation and preparation for qPCR and RNA-seq

P. aeruginosa PAO1 cultures were grown to early log phase
(ODggp = 0.3) and the G6 compound was added to a final
concentration of 4 uM the bacteria were further cultured for
4 h at 37 °C. The Gé6-treated and untreated bacteria were
harvested by centrifugation. And total RNA was isolated from
the cultured P. aeruginosa cells using an SV Total RNA isolation
kit (Promega) according to the manufacturer’s instructions.
And RNA was quantified by NanoDrop spectrophotometer.
For qPCR analysis, cDNA was generated by reverse transcription
using GoScript Reverse Transcriptase (Promega). The transcrip-
tion levels of detected genes were subsequently determined by
real-time PCR using the GoTaq qPCR Master Mix kit (Promega)
on a StepOne Plus Real-time PCR system (Life Technologies).
The primer pairs used to perform qPCR are listed in Table S4
(ESIY). In brief, the reaction mixtures consisted of 2 pL ¢cDNA
and 0.2 pM primers in a final volume of 20 pL. Each reaction
cycle consisted of denaturation at 95 °C for 10 s, annealing at
50 °C for 20 s, and extension at 72 °C for 30 s, and a total of
35 cycles was performed. Melting curve analyses were per-
formed to verify the amplification specificity. The rrsA gene
(16S rRNA) was used as the internal reference gene, and the
relative quantification of gene transcription was performed
according to the 27T method.*® For RNA-seq analysis, the
quality of the isolated RNA was examined by Agilent 2100
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Bioanalyzer (Agilent). Paired-end, strand-specific RNA-seq was
performed using the dUTP method.>” The ribosomal RNAs were
removed with Ribo-Zero rRNA Removal Kit (Illumina). Sub-
tracted RNAs were fragmented and reverse-transcribed. The
sequencing library was loaded on an Illumina HiSeq instru-
ment according to manufacturer’s instruction. RNA-seq experi-
ments were performed in triplicates.

Preparation of the GC-MS sample

20 mL of the pseudomonas aeruginosa cells (ODggo = 1.0) were
collected by centrifugation at 4000g for 10 min at 4 °C for
GC-MS analysis. Then, 20 mL of cold methanol were added to
the samples to quench the metabolic process. Metabolites were
extracted with 1 mL of cold methanol containing 10 puL of
0.1 mg mL " ribitol (Sigma) as an analytical internal standard
through high throughput tissuelyser. After centrifugation at
12 000g for 10 min, 800 pL of the supernatant was dried in a
rotary vacuum centrifuge device for further analysis. Each
sample had ten biological replicates.

GC-MS analysis

The dried samples need further derivation for GC-MS
analysis.”® Firstly, 80 uL of 20 mg mL ™' methoxyamine hydro-
chloride (Sigma) in pyridine were added to the dried samples
and incubated at 37 °C for 90 min. Then, the 80 pL of N-methy-
N-trimethylsilyltrifluoroacetamide (MSTFA, Sigma) were added
to the samples with incubation for another 30 min for acidic
protons derivatization. After centrifugation at 12000g for
20 min, 140 pL of the supernatant was transferred to sample
vials for chemical analysis, which was carried out by 78904/
5975C Chemstation (Agilent). 1 pL of the derivatized sample
was injected into a HP-5MS column (30 m length x 250 pm i.d.
x 0.25 pm thickness, Agilent J&W Scientific, Folsom, CA). The
MS source temperature was maintained at 280 °C in the EI
(ionized directly) mode at 70 eV ionization energy. The initial
temperature of the GC oven was programmed at 85 °C for
3 min, followed by an increase to 310 °C at a rate of
20 °C min~ ', and held for 7 min. Helium was used as the
carrier gas at a constant flow of 1 mL min~'. The MS was
operated in a range of 33-550 m/z.

Multivariate statistical analysis

The deconvolution, alignment, and identification of metabolites
were performed using eRah package combined with MSD chem-
station with NIST MS search 2.0 program.”® The abundance of
metabolites was normalized to the mean value of the integrated
peak area of ribitol. The metabolite data matrix was imported to
SIMCA software (version 13.0) for principal component analysis
(PCA) and orthogonal partial least squares-discriminant analysis
(OPLS-DA) to reduce the high dimension of the data set for
observing the difference among groups. Then, the VIP score
(VIP > 1) derived from OPLS-DA models was integrated with
the P value (P < 0.01) calculated by ¢ test to screen the
significantly different metabolites. Z-Score and hierarchical
clustering were used to sort and visualize the differential
metabolites after normalization.”® Finally, MetaboAnalyst 3.0
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(https://www.metaboanalyst.ca/) was employed to analyze the
enrichment pathways over the identified differential metabolites.

Mammalian cell cytotoxicity

The cell cytotoxicity of gallium compounds towards mamma-
lian cells was measured by MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide reduction assay.®® In brief,
human hepatocyte LO2 cell lines were cultured in 96-well plates
(8 x 10? cells per well) for 24 h at 37 °C. Thereafter, the cells
were treated with gradient concentrations (0, 5, 10, 20, 40, 80,
160, 200, and 250 pM) of gallium compounds. The cells were
further incubated at 37 °C for 48 h and 20 pL MTT solution
(5 mg mL ") was added to each well. The plate was incubated at
37 °C for another 4 h. Subsequently, the media were removed
from the wells, and 150 uL. DMSO was added to each well to
dissolve the formazan crystals. The absorbance at 490 nm of
each well was measured with a microplate reader. The ICs,
values were determined by the percentage of cell viability versus
gallium compound concentrations on a logarithmic graph. The
experiments were carried out in triplicates.

Mammalian cell infection by P. aeruginosa

Human alveolar basal epithelial A549 cells were cultured in
1640 medium. And gallium compound G6 was added into
the medium to different final concentrations (0.25, 0.5, and
1.0 pug mL™'). P. aeruginosa overnight culture was diluted
10 times by 1640 medium and incubated at 37 °C for 2 h.
Subsequently, the adapted P. aeruginosa bacterium was added to
the A549 cell culture to a final concentration of 10° CFU mL ™"
and the culture was further incubated at 37 °C for 2 hours. The
morphology of the cells was recorded on a Nikon Eclipse TS100
inverted microscopy. A549 cells with P. aeruginosa or G6 com-
pound alone were used as controls.

Murine skin infection model

Six to eight weeks old, female BALB/c mice (18-22 g) were
purchased from Charles River Laboratories, Inc. and used in
the studies. Animals had free access to food and water and were
randomized to cages for each experiment. In the wound infec-
tion model, static overnight cultures of P. aeruginosa PAO1
strain were harvested and washed with PBS three times before
further use. Mouse hair in the infection site (of area ~2 cm?)
was removed by Veet®™ (according to the manufacturer’s
instruction) and an excisional wound (~2 mm x 2 mm) was
created on the flank of each mouse. About 5 x 10° CFU of
bacteria in an aliquot of 10 pL were dropped to the wound.
Groups (n = 5 for each group) of mice received monotherapy of
Ga(NO;); (2 mg kg™") and compound 6 (2 mg kg™'). All the
compounds were mixed in cream and smeared on the infection
site twice daily post-infection. Mice administrated with the
vehicle were set as the control. All the mice 48 hours post-
infection and the infection site were collected in an aliquot of
0.5 mL PBS and homogenized (Tissue Lyser II, QIAgen, Hilden,
Germany) at a frequency of 30 Hz for 5 minutes. The bacterial
loads per tissue were enumerated by agar plating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Data availability

The authors declare that all the relevant data supporting the
findings of this study are available within the article and its
ESIT files or from the corresponding author on request.

Conclusions

In conclusion, a new class of dual-targeting gallium-flavonoid
compounds, which abrogate both quorum sensing and iron
metabolism pathways of P. aeruginosa, has been synthesized and
characterized. In particular, a gallium-naringenin compound (G6)
exhibited high antimicrobial activity and relatively low cytotoxicity
to mammalian cells both in vitro and in vivo. The G6 compound
could significantly attenuate P. aeruginosa virulence factor secre-
tion, prevent biofilm formation as well as eradicate matured
biofilms. Our results shed light on the development of efficient
Ga-based therapies to combat P. aeruginosa infection in future.
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