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ABSTRACT: Pathogenic microorganisms pose a serious threat to global public health
due to their persistent adaptation and growing resistance to antibiotics. Alternative
therapeutic strategies are required to address this growing threat. Bactericidal antibiotics
that are routinely prescribed to treat infections rely on hydroxyl radical formation for their
therapeutic efficacies. We developed a redox approach to target bacteria using
organotransition metal complexes to mediate the reduction of cellular O2 to H2O2, as a
precursor for hydroxyl radicals via Fenton reaction. We prepared a library of 480 unique
organoruthenium Schiff-base complexes using a coordination-driven three-component
assembly strategy and identified the lead organoruthenium complex Ru1 capable of
selectively invoking oxidative stress in Gram-positive bacteria, in particular methicillin-
resistant Staphylococcus aureus, via transfer hydrogenation reaction and/or single electron
transfer on O2. This strategy paves the way for a targeted antimicrobial approach
leveraging on the redox chemistry of organotransition metal complexes to combat drug
resistance.
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Pathogenic bacteria are one of the main causes of human
suffering, constituting the majority of emerging infectious

diseases worldwide.1 The misuse, inappropriate use, and
overuse of antibiotics to fight diseases caused by pathogenic
bacteria have only exacerbated the problem, leading to the
evolution of antibiotic resistance and limiting the effectiveness
of the drugs.2 This challenge necessitated the development of
new antimicrobial strategies with novel modes of action
(MOAs) to tackle evolving bacterial adaptation and mutation.
Oxidative stress, arising from the imbalance between
accumulated reactive oxygen species (ROS) and the
detoxification ability of cells, is frequently involved in
antimicrobial therapies as the canonical redox MOA.3 ROS,
particularly superoxide (O2

•−), hydrogen peroxide (H2O2),
and hydroxyl radical (HO•), are endogenously produced
during metabolic respiration, and their levels are regulated via
multiple enzymatic pathways involving superoxide dismutase
(SOD) and catalase.4 If uncontrolled, ROS are highly
deleterious to cells as they directly and/or indirectly damage
various cellular components.5−7 The prevailing hypothesis is
that HO• generated by bactericidal antibiotics exerts
antibacterial efficacy in part due to the lack of effective cellular
detoxification mechanisms for HO• in bacteria.8−10 In contrast,
bacteriostatic antibiotics reduce cellular respiration and do not
produce HO•.3 It is therefore evident that regulating and
tuning ROS generation selectively within a bacterial cellular

environment could be important toward the discovery of new
antimicrobial treatments.11

Metal-based complexes, through the versatility of their
coordination chemistry, may open the door to new MOAs not
found in organic scaffolds, such as ligand exchange, redox- or
photoactivation, catalysis, or depletion of essential metabo-
lites.12−19 To date, several metal-based complexes have been
investigated in clinical trials and approved by the U.S. Food
and Drug Administration for cancer, malaria, and neuro-
degenerative diseases.20−22 However, antimicrobial interven-
tions remain a largely unexplored territory for metal-based
complexes.13 We previously developed the coordination-driven
three-component assembly (C3A) strategy to rapidly produce
a diverse library of water-stable metallocompounds, Ru-arene
Schiff-base (RAS) complexes, for the discovery of metal-
lotherapeutic agents.23−25 From a panel of 768 unique RAS
complexes, we also uncovered several leads that could
selectively activate a sulfonylazide antibiotic prodrug within
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formate-dependent bacteria via transfer hydrogenation (TFH)
using endogenous formate as the hydride source.26

Since most antibiotics rely on ROS generation, specifically
HO•, to induce bactericidal activities, we posited that it might
be possible to uncover selective antibiotic metal complexes that
could induce ROS by acting directly on intracellular O2 to
produce H2O2, a precursor for HO• via Fenton reaction,3,4

using endogenous formate as a hydride source for targeted
antibacterial therapy. However, O2 TFH by traditional
homogeneous catalysts is challenging particularly at low
catalyst concentrations (μM) and ambient conditions.27

Rauchfuss and Heiden developed a Noyori-type Ir catalyst
for O2 TFH with dihydrogen.28 Sadler et al. developed potent
anticancer organoiridium catalysts that produced H2O2 via O2
TFH harnessing the coenzyme NADH.29 Do and Nguyen
recently reported a quinone-functionalized organoiridium
complex that significantly accelerated H2O2 generation in a
formate-supplemented aqueous phase via TFH and radical
chemistry.30 Finding new metal-based catalysts that can
reliably reduce O2 under biocompatible conditions remains a
significant challenge. Herein, we present an organoruthenium
complex Ru1 that could efficiently reduce O2 via unprece-
dented multiple pathways, specifically TFH in the presence of
a hydride donor and direct electron transfer. Furthermore, Ru1
boosted ROS production for selective antiproliferation of
Gram-positive bacteria, especially methicillin-resistant Staph-
ylococcus aureus (MRSA), compared to Gram-negative
pathogens and normal mammalian cells, paving the way for a
novel metal-mediated antibiotic strategy offering a new redox-
based targeted antimicrobial therapy (Figure 1).

We assembled a library of 480 RAS complexes using C3A by
combining different 4×A, 6×B, and 20×C components (Figure
2, left). Crude RAS solutions, prepared at 5 mM concen-
trations, were randomly assayed using ESI-MS and HPLC to
ensure product formation. We devised a reaction screen using a
H2O2-responsive fluorogenic probe based on 4-methylumbelli-
ferone (4-MU) to identify RAS complexes for the O2 reduction
compatible with an aqueous environment via TFH with
formate.31 The probe 4-MU* comprised 4-MU but with the
hydroxyl group replaced with boronpinacolate. The reaction
screen compared the relative efficacy of H2O2 formation by
RAS complexes (100 μM) in phosphate buffer/DMSO (9:1 v/

v, pH 7.9) at room temperature with excess HCOONa as the
hydride source. End point fluorescence measurements of 4-
MU (λex/λem = 350/450 nm) were monitored after 24 h
(Figure 2, right). The 10 lead RAS complexes with the highest
activation levels were identified as Ru1 (A3B6C5), Ru2
(A3B6C8), Ru3 (A3B2C8), Ru4 (A2B6C8), Ru5 (A2B3C8), Ru6
(A3B1C8), Ru7 (A3B6C4), Ru8 (A1B6C8), Ru9 (A4B1C8), and
Ru10 (A2B2C8) (Figure 3, left). These efficacious RAS
complexes contained arene ligands with multiple alkyl
substituents, in particular A2 and A3, which suggested that an
electron-rich metal center promoted reactivity.
We thus surmised that these lead RAS complexes could

selectively inflict ROS on pathogenic bacteria to achieve
antimicrobial effects by harnessing native formate. To validate
this hypothesis, we selected five types of microorganisms
involving two formate-abundant bacteria, S. aureus32 (Gram-
positive) and Escherichia coli33 (Gram-negative), and three
formate-deficient bacteria, Mycobacterium smegmatis34 (Gram-
positive), Bacillus subtilis35 (Gram-positive), and Pseudomonas
aeruginosa36 (Gram-negative), as well as one normal
mammalian cell line, HEK293, possessing limited formate
availability. We examined the cytotoxicities of these RAS
complex hits against six selected living species to investigate if
they demonstrated targeted antibacterial potency. Gratifyingly,
Ru1, which exhibited the highest efficacy of H2O2 production,
also displayed remarkable antimicrobial selectivity toward
Gram-positive bacteria, in contrast to Gram-negative patho-
gens and mammalian cells. In particular, Ru1 was the only
compound active against pathogenic S. aureus which
maintained high intracellular formate levels and was highly
dependent on formate for growth, in keeping with our
hypothesis. Other RAS complexes, with the exception of
Ru2, displayed either no antibacterial effects or random
cytotoxicities without targeted attributes. However, both Ru1
and Ru2 also exhibited significant antibacterial activities
against M. smegmatis and/or B. subtilis which were Gram-
positive bacterial species that were formate-deficient and not
relying on formate for growth (Figure 3, right).
We therefore synthesized and characterized Ru1 and Ru2

using 1H NMR, 13C{1H}-NMR, ESI-MS, and RP-HPLC
analyses to validate the screening results and to carry out
mechanistic investigations. Single crystal X-ray diffraction
analyses provided additional structural information on Ru1.
The complex adopted the classical “piano-stool” structure with
the hexamethylbenzene (A3) ligand facially bonded to the Ru
atom at 1.7106 Å from the centroid. The Schiff-base ligand was
rotated slightly about N2−C11 to yield a “twisted”
conformation with a torsion angle of 63.7° about C10−N2−
C11−C20, presumably to reduce steric encumbrance with A3
(Figure 3, left). Selected crystallographic and structural data
are presented in Tables S1 and S2. Both Ru1 and Ru2 also
exhibited good stability in DMSO/H2O (1:1 v/v) over 24 h as
determined by UV−vis and 1H NMR spectroscopy (Figures
S1−S3).
We investigated the model H2O2 formation reaction using

Ru1 and Ru2 with 4-MU* as the probe under various
conditions. Reaction yields were determined against a standard
curve of 4-MU (Figure S4). In control experiments where
either Ru1/Ru2 or formate was excluded, only basal levels
(<6% yields) of H2O2 were detected by the probe after 24 h.
However, when both Ru1/Ru2 and formate were added,
strong fluorescence enhancement was observed. In particular,
Ru1 manifested superior performance compared to Ru2 with

Figure 1. Proposed intracellular ROS induction via reduction of O2
mediated by the RAS complex.
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approximately 3-fold higher efficiency in H2O2 production
under TFH conditions (Table S3) in keeping with earlier
findings. This catalytic efficacy persisted even under high
dilution conditions (0.1−1.0 mol % Ru vs formate). NADH
exists as a ubiquitous cofactor and a possible hydride source at
micromolar levels within the cellular environment.37 In place
of formate, however, NADH only yielded marginal levels of

H2O2, indicating that it was not a substrate for Ru1 or Ru2
(Table S3). We further confirmed that Ru−H was formed
upon exposure of Ru1 to formate. Using 1H NMR, a
characteristic resonance peak at −3.32 ppm was observed
after 1 h from a mixture of Ru1 with HCOONa in phosphate
buffer:D2O/DMSO-d6 (1:1 v/v, Figure S5). This peak
diminished after 24 h, presumably due to exchange with

Figure 2. (Left) Ligand set in C3A panel. (Right) Screening results plotted as C3A combinations versus fluorescence intensities.

Figure 3. (Left) Lead RAS complexes identified in reaction-based screening and molecular representation of Ru1 containing Cl− as the
counteranion. (Right) Cell viability of S. aureus, B. subtilis, M. smegmatis, E. coli, P. aeruginosa, and HEK293 after 16 h treatment with crude RAS
complexes Ru1−Ru10 at the fixed concentration of 25 μM.
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D2O or reactivity with dissolved O2.
38,39 These findings

demonstrated that Ru1 and Ru2 were able to directly generate
H2O2 from dissolved O2 using formate as the hydride source,
with Ru1 being significantly more efficient.
Yet the antibacterial activity of Ru1 and Ru2 in formate-

deficient M. smegmatis and/or B. subtilis suggested other
potential mechanisms in play. H2O2 could also be produced in
a radical-mediated pathway via consecutive single electron
transfer (SET). For example, Do conjugated quinone to an
organoiridium complex to promote H2O2 production in vitro
via SET.30 To investigate if a radical intermediate was involved,
we coadministered various quenchers and studied their effects
on 4-MU* decaging. As the positive control, sodium pyruvate
effectively suppressed fluorescence turn-on by reacting with
generated H2O2 at its α-keto carboxylic position (Table S4,
entry 2).40 Thiourea, a nonspecific ROS scavenger, was also
highly effective in quenching fluorescence turn-on, implying
the involvement of a radical intermediate (Table S4, entry
3).3,41,42 However, when trolox and tiron were used,
scavengers for ROO•43 and O2

•−,44,45 respectively, only tiron
quenched fluorescence turn-on, suggesting a O2

•− intermediate
(Table S4, entries 4 and 5). We further verified that the
quenching effect did not arise from the direct reactivity
between Ru1 and thiourea or tiron through 1H NMR and
UV−vis spectroscopic analyses (Figures S6 and S7).
In order to validate this finding, we carried out an electron

paramagnetic resonance (EPR) investigation using DMPO
(5,5-dimethyl-1-pyrroline N-oxide) as a spin trap. DMSO was
used as a cosolvent to stabilize O2

•− formation in water,46

while MeOH was added to suppress HO•, which could
interfere with interpretation of the EPR spectra.47,48 Both EPR
spectra of Ru1 and Ru1 + formate incubated at 37 °C for 40
min in phosphate buffer/MeOH/DMSO (49:49:2 v/v/v)
depicted a mixture of spin-trapped species which we assigned
as DMPO-CH2OH and DMPO-H. In contrast, we did not
observe any trapped radical species in the absence of either
Ru1 or O2 (Figure S8). We attributed •CH2OH to H atom
abstraction on MeOH by HO•, arising from the well-
documented degeneration of O2

•− in water.48,49 Because
these species only occurred in the presence of both Ru1 and
O2, we surmised that this was due to O2

•− formation via Ru1-
induced SET on O2. Spin-trapped H• observed was likely
owing to the SET of Ru1 to protons in the analyzed
solutions.50,51 Taken together, we posited that Ru1 could

generate ROS from multiple pathways, via either TFH of O2
from a Ru−H intermediate or direct O2 reduction through
electron transfer (Figure S9).
We corroborated these observations by carrying out cell

viability assays of Ru1 and Ru2 against the panel of selected
living species (Figures S10 and S11, Tables 1 and S5). As
expected, Ru1 exhibited poor inhibitory potency to Gram-
negative bacteria and normal mammalian cells presumably due
to the deactivation by GSH or other bionucleophiles. Crucially,
Ru1 showed excellent cytotoxicities against Gram-positive
bacteria including S aureus, B. subtilis, and M. smegmatis, in
keeping with our findings of its potent ROS induction
capabilities via TFH and SET. In contrast, Ru2 was only
able to exert inhibition of bacterial cell viability in formate-
deficient M. smegmatis, consistent with its poorer TFH efficacy.
In order to probe the efficacy window of Ru1, we carried out
antimicrobial susceptibility assays on four subspecies of MRSA
in comparison to vancomycin (van) and ampicillin (amp), two
common antibiotics used in the clinic. Ru1 consistently
demonstrated antibacterial potency against investigated viru-
lent MRSA strains, indicating Ru1 could bypass the drug
resistance with its unique MOA. Ru1 was superior to amp,
which exhibited resistance in three of the tested strains, and
comparable to van, the drug of last resort against MRSA
(Figure S10, Tables 1 and S5).
In order to ascertain whether Ru1 was bactericidal or

bacteriostatic, we determined its minimum bactericidal
concentrations (MBC) against three selected strains, namely,
S. aureus RN4220, wound isolated S. aureus ATCC BAA-1768
(MRSA), and B. subtilis 168 versus its corresponding MIC
values. In these instances, Ru1 exhibited a [MBC]/[MIC]
factor of <4 (Table 1), indicating bactericidal activity. This was
consistent with other antibacterial agents which acted via ROS
generation.3 Notably, Ru1 was more potent against the MRSA
strain, with a 2-fold higher MBC, compared to drug-sensitive S.
aureus (Figure S13, Table 1). To demonstrate that the ROS
induction was important to the bactericidal activity of Ru1, we
supplemented the culture media with ROS scavengers thiourea
and tiron. In keeping with earlier findings, the presence of ROS
scavengers significantly attenuated the activities of Ru1 in all
Gram-positive bacteria, S aureus, B. subtilis, and M. smegmatis,
and in particular MRSA strains, leading to ca. 2−5-fold
reduction in antibacterial potency (Figure S14, Tables 1 and
S5). We also carried out confocal fluorescence microscopy in S.

Table 1. Minimum Inhibitory Concentrations (MIC, μM) of Ru1, Ru2, Vancomycin (van), and Ampicillin (amp) against the
Panel of Cell Lines with/without ROS Scavengers and Minimum Bactericidal Concentrations (MBC, μM) of Ru1 against
Selected Gram-Positive Bacteria

MIC (μM) MBC (μM)

cell lines Ru1 +thioureaa +tirona Ru2 vanb ampb Ru1c

S. aureus RN4220 12.5 25.0 (2×) 25.0 (2×) >100 1.6 0.25 25.0 (2.0)
S. aureus ATCC BAA-40 (MRSA) 12.5 25.0 (2×) >100 (>5×) >100 3.1 [2×] >50 [>200×] N.D.
S. aureus ATCC BAA-1768 (MRSA) 12.5 50.0 (4×) >100 (>5×) >100 1.6 [1×] 12.5 [50×] 12.5 (1.0)
S. aureus ATCC BAA-1680 (MRSA) 12.5 25.0 (2×) >100 (>5×) >100 3.1 [2×] >50 [>200×] N.D.
S. aureus ATCC BAA-1688 (MRSA) 12.5 25.0 (2×) >100 (>5×) >100 1.6 [1×] 0.8 [3×] N.D.
B. subtilis 168 25.0 50.0 (2×) >100 (>5×) >100 0.25 0.125 25.0 (1.0)
M. smegmatis MC2155 3.1 6.3 (2×) 6.3 (2×) 50 12.5 >50 N.D.
E. coli MC4100 >100 N.D. N.D. >100 N.D. N.D. N.D.
P. aeruginosa PAO1 >100 N.D. N.D. >100 N.D. N.D. N.D.

aValues in brackets refer to fold-change in MIC with respect to Ru1 upon addition of either thiourea or tiron. bValues in brackets refer to fold-
change in MIC of MRSA strains treated with van or amp with respect to drug-sensitive strain RN4220. cValues in brackets refer to [MBC]/[MIC]
factor of Ru1 as indicator of bactericidal activity.
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aureus using 4-MU* (100 μM) as the probe. Coincubation of
Ru1 (10 μM) led to significant fluorescence enhancement
(1.8-fold) that was localized in individual S. aureus cells,
indicating increased intracellular H2O2 production. This was in
contrast to uncaged 4-MU which was poorly taken up into S.
aureus at identical concentration levels (Figure 4). Taken
together, these findings elucidated that Ru1 exerted strong
bactericidal activities against normal and drug-resistant S.
aureus, B. subtilis, and M. smegmatis via in situ ROS induction.
In conclusion, we discovered an aqueous-stable organo-

ruthenium complex for efficacious O2 reduction from a C3A
library of 480 RAS complexes, based on our established
approach to harness endogenous formate for targeted
antibacterial activity. The lead organoruthenium complex
Ru1 could exert direct oxidative stress on aerobic Gram-
positive bacteria, in particular MRSA with high virulence,
through intracellular ROS induction with ultimate generation
of HO•. We demonstrated that this Ru-mediated O2 reduction
to ROS could proceed in unprecedented dual pathways within
bacteria, namely, TFH using a Ru−H intermediate or SET via
a radical species. This strategy offers a new redox-based
targeted antimicrobial chemotherapy and paves the way for the
development of unique metal-based antimicrobial agents with
novel mechanisms of action to combat antibiotic resistance.
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