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Fluorination in enhancing photoactivated antibacterial activity of Ru(i) complexes with photo-labile ligands
was studied. Ru(i) polypyridine complexes containing a di-fluorinated dppz (dipyrido(3,2-a:2,3'-c]
phenazine) or mono-trifluoromethylated dppz bidentate ligand and four pyridine monodentate ligands
(complexes 3 and 4) were found to show potent photoactivated antibacterial activity against methicillin-
resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococcus (VRE), and Escherichia coli
(E. coli) in both normoxic and hypoxic conditions. The bactericidal effect of complexes 3 and 4 under
hypoxic conditions may stem from the fluorine-containing Ru(i) aqua species after photo-induced

pyridine dissociation, and DNA may be the potential antibacterial target. Photosensitized singlet oxygen
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Accepted 29th June 2020 may also account for their antibacterial activity under normoxic conditions. Moreover, negligible
hemolysis rates as well as low dark- and photo-cytotoxicity toward human normal liver cells (L-O2) were

DOI: 10.1035/d0ra01806f also observed for both complexes. Our work may provide new insights into the development of novel

rsc.li/rsc-advances and efficient Ru(i) complex based photoactivatable antibacterial agents against antibiotic-resistant bacteria.
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Introduction

Antibiotic resistance is an enormous threat to public health
globally. In recent years, various types of drug-resistant
bacteria have been reported, such as Methicillin-resistant
Staphylococcus aureus (MRSA),”> vancomycin-resistant Entero-
coccus (VRE),? etc., leading to an urgent call for totally new
antibacterial agents as well as novel antibacterial strategies.
Metal complexes, such as Ru(u) polypyridyl complexes with
various structures and functions to interact with biomolecules,
may act with different antibacterial mechanisms compared with
the currently long used organic antibiotics.* The antibacterial
properties of inert lipophilic Ru(u) polypyridyl complexes were
first reported over 60 years ago,” and were more extensively
studied in recent years due to increasing antibiotic resistance.®

In addition to seeking for new antibacterial agents, devel-
opment of novel antibacterial strategies which will not induce
or slow down drug resistance is also important. Among them,
photoactivation strategy is particularly attractive,” and Ru(u)
complexes are also good candidates because of their rich
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photophysical and photochemical properties.® According to the
different antibacterial mechanisms upon irradiation, the re-
ported Ru(u) complexes for photoactivation antibacterial
therapy can be mainly divided into two kinds. One kind of Ru(u)
complexes can generate reactive oxygen species (ROS, mainly
singlet oxygen '0,) to kill bacteria upon irradiation,” which is
well known as antimicrobial photodynamic therapy (aPDT).
Bacteria can not generate resistance to aPDT due to the non-
specific damage by highly toxic ROS. An oxygenated microen-
vironment is necessary for aPDT, however, this is not the case
for all the infected sites. Thus aPDT may lost its efficacy against
anaerobes or facultative anaerobes in hypoxic conditions. The
other kind of Ru(u) complexes contain antibacterial agents as
the photolabile ligands,' which can be released upon irradia-
tion. The spatial and temporal release of antibacterial agents by
light irradiation can avoid off-target side effects, and also slow
down the development of resistance. Moreover, the oxygen-
independent manner renders these complexes applicable even
in a hypoxic environment. However, only antibacterial agents
with coordinate groups can be applied in this strategy, which is
not the case for most currently used antibiotics.

For the second kind of Ru(u) complexes mentioned above,
the Ru(u) moieties only served as drug carriers, and the bacte-
ricidal effect stemmed exclusively from the released ligands
rather than the Ru(un) aqua species generated after photo-
induced ligand dissociation. The antibacterial activity of the
Ru(u) aqua species may be underestimated, especially consid-
ering the well-known fact that they can covalently bind with

This journal is © The Royal Society of Chemistry 2020
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biomolecules, such as DNA.'* One possible reason for the lack
of antibacterial activity of these common Ru(u) aqua species
may lie in their poor uptake by bacteria, and/or weak interaction
with targeting biomolecules. Thus through proper structure
design and modification on the non-labile ligands, the resulted
Ru(u) complexes themselves may also have good antibacterial
property. The related studies may lead to new Ru(u) based
photoactivatable antibacterial agents that are not dependent on
the known antibiotics, as well as ideal platforms for realizing
multidrug combination therapy against antibiotic-resistance
bacteria. However, to the best of our knowledge, no such an
exploration has been reported yet.

Having the strongest electronegativity, the fluorine atom
displays a variety of marvelous properties. Incorporation of
fluorine atoms into a structure often gives rise to enhanced
chemical and thermal stability and additional hydrogen bond
interactions. These potentials make the fluorine atom an
important pharmacophore in boosting activities of drugs
ranging from antitumor to antibacterial.’” Very recently, we re-
ported on three fluorinated dppz ligand coordinated Ru(m)
complexes (complexes 2-4 in Scheme 1, dppz = dipyrido[3,2-
a:2',3'-c]phenazine) containing four monodentate pyridine
ligands.”® They exhibited much diminished cytotoxicity than
their parent un-fluorinated complex (complex 1) in the dark, but
much improved cytotoxicity against human cervical cancer
(HeLa) cells and human ovary cancer (SKOV-3) cells rather than
human normal liver cells (L-O2). The promising results prompt
us to explore their possibility as new photoactivatable antibac-
terial agents. The studies herein show that these fluorinated
Ru(u) complexes, especially for complexes 3 and 4, can effec-
tively photoinactivate MRSA and VRE, two kinds of resistant
bacteria that have caused increasing incidence of infection with
unsuccessful treatment and high fatality rates.»® The bacteri-
cidal effect of complexes 3 and 4 mainly stems from the
fluorine-containing Ru(un) aqua species after photo-induced
pyridine dissociation, and DNA may be the potential antibac-
terial target. Their photoactivated bactericidal activities
remained well in hypoxic conditions, indicating their all-
weather capability.

Experimental section
CFU counting

Suspensions (1 mL) of bacteria (~10%/mL) at exponential phase
were dispersed in PBS in transparent plastic centrifugal tubes.
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Scheme 1 Chemical structures of complexes 1-4.

Il

2Cr

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

Then, the bacteria was treated with gradient concentrations of
complexes 1-4 in the dark for 30 min. Afterwards, the light
groups were exposed to LED irradiation (470 nm, 22.5 mW
em™?) for 20 min, while the dark groups were remained in the
dark. The treated samples were spread on 3M Petrifilm Aerobic
Count Plates after diluted into the proper concentration, and
continually incubated in the incubator for 24 h.

As for the experiments in hypoxic condition, the transparent
plastic centrifugal tubes were immediately transported and
sealed in AnaeroGen™ 2.5L bio-bags produced by MITSUBISHI
GAS CHEMICAL CO. to generate anaerobic conditions (0,% <
0.1%) for 30 min. The light groups were irradiated in hypoxia for
20 min, and spread to count plates as described. Each experi-
ment was performed at least three independent times.

MIC/MBC measurements

Serial two-fold dilutions of each drug (128-0.5 uM or 0.25-0.002
uM) were made with the LB media in 96-well plates containing
~10° bacteria per well. Cultured with complexes 1-4 for 30 min
in the dark, the samples were exposed to LED irradiation
(470 nm, 22.5 mW cm™?) for 20 min. Samples with methicillin
or vancomycin were incubated in the dark all along. Incubating
for 24 h, MIC and MBC were obtained by measuring the optical
density of each sample at 570 nm on a microplate reader or by
resazurin tests, respectively. The percentage of bacterial cells
survival was calculated from the equation: cell growth% = (A —
Ag)/(Ac — Ag), Ay stands for the optical density (ODs;,) of each
well in the presence of tested compounds, A stands for the OD
of the wells with only the LB medium, and A¢ stands for the OD
of the wells with bacteria cells in the LB medium. MIC90 values
were used in our manuscript, and were the lowest concentra-
tions at which cell growth was inhibited to about 10%. MBC
values were estimated by resazurin tests. The color of resazurin
will be transformed from blue into pink in the presence of live
bacteria, and MBC values are the lowest concentrations of
tested compounds at which the color of resazurin is still blue.

Morphology studies

Scanning electronic microscopy (SEM) was employed to observe
the morphology of bacterial cells with or without treatment by
the complexes. S. aureus cells were harvested at exponential
phase, washed by PBS and divided into 2 parallel groups. The
treated group was incubated with 5 uM of complex 4 for 30 min,
followed by 20 min of irradiation (470 nm, 22.5 mW cm2).
Control group was left untreated all along. Then, the cell pallets
were obtained and subjected to fixation with 2% glutaraldehyde
at 4 °C for 12 h. After washed by PBS, samples were dehydrated
for 15 min in a graded ethanol series (30%, 50%, 70%, 90% and
95%) and 15 min in 100% ethanol. Finally the dried specimens
were coated with gold and observed by SEM.

Co-culture experiments

L-O2 and S. aureus cells were employed in co-culture experi-
ments to test the selectivity of complex 4. ~4 x 10> L-O2 cells
were incubated in 35 mm culture dishes (Corning) for 24 h. The
medium was replaced by 1 mL of S. aureus (10° cells per mL) in
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PBS suspension, and 5 uM of complex 4 was added to the
system. After incubation for 30 min, the sample was exposed to
irradiation (470 nm, 22.5 mW cm™?) for 20 min. Then the
bacteria and L-O2 cells were washed by PBS, before cultured in
fresh DMEM for another 4 h. Washed by PBS, the samples were
stained with PI and Hoechst and observed with Nikon N-C2-SIM
inverted fluorescent microscope.

Results and discussion

Antibacterial performance of complexes 1-4 against S. aureus
and MRSA are presented in Fig. 1, neither the irradiation alone
(Fig. S1t) nor complexes 1-4 in the dark did not inhibit the
growth of bacteria. In contrast, concentration-dependent
bactericidal abilities were observed upon light irradiation at
470 nm for 20 min (LED, 22.5 mW cm™>). Complexes 3 and 4 led
to a colony forming unit (CFU) reduction larger than 4 log units
against both S. aureus and MRSA at 10 uM, much higher than
complexes 1 and 2 in the same conditions, indicating the
important role of the F atoms. Minimum inhibitory concen-
trations (MIC) and minimum bactericidal concentrations
(MBC) of 1-4 were also measured upon 470 nm irradiation,
using methicillin and vancomycin as controls (Table 1). The
MIC and MBC values of 3 and 4 against planktonic S. aureus and
MRSA are 1-2 uM, much better than methicillin especially
toward MRSA, and comparable to vancomycin, an antibiotic
regarded as the last resort for MRSA.?

Morphology studies were also conducted along with the CFU
measurements by SEM (Fig. 2). Complex 4 without irradiation
caused little effect on the morphology of S. aureus, consistent
with its little antibacterial activity in the dark. Upon 470 nm
LED irradiation for 20 min, most of S. aureus cells turned
deformed, and the leaking intracellular components may indi-
cate the death of the bacteria.

Additionally, VRE, a bacterial strain highly resistant against
both vancomycin and methicillin (Table 1), had little resistance
against complex 4. A CFU reduction of 3.45 log units was ob-
tained by 10 uM of 4 under irradiation condition (Fig. 3).
Besides Gram-positive bacteria, complexes 3 and 4 can photo-
inactivate Gram-negative ones with a similar potency. As shown
in Fig. 3, E. Coli cells had a CFU reduction of 3.24 log units by 4
at 10 pM upon light irradiation.

As reported in our previous research, complexes 1-4 con-
taining monodentate pyridine ligands can undergo photo-
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Fig. 1 Antibacterial activity of 1-4 against S. aureus (left) and MRSA
(right) in the dark or under light irradiation (470 nm LED, 22.5 mW
cm™2, 20 min).
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Table 1 MIC and MBC values (uM) of 1-4 upon irradiation (470 nm
LED, 22.5 mW cm™2, 20 min) against E. coli, S. aureus, MRSA, and VRE

E. coli S. aureus MRSA VRE

MIC MBC MIC MBC MIC MBC MIC MBC
1 16 32 8 16 16 32 16 32
2 16 32 4 4 4 8 8 8
3 8 8 2 2 2 2 2 4
4 4 8 1 1 1 2 2 4
Methicillin >128 >128 4 8 >128 >128 >128 >128
Vancomycin 128 >128 2 2 2 4 >128 >128

induced one pyridine dissociation, and the resulted Ru(u)
aqua complexes are toxic towards cancer cells.”* For the anti-
bacterial experiments here, the resulted Ru(u) aqua complexes
upon irradiation may also be the active species, which can kill
bacteria in an O,-independent pathway. As shown in Fig. 4, the
antibacterial performance of complexes 1-4 against S. aureus
and MRSA in hypoxic conditions (O, < 0.1%) was not compro-
mised, confirming the O,-independent antibacterial mecha-
nism. Moreover, we also examined the antibacterial activity of
the photo-product of complex 4 in the dark (Fig. S21), the results
of which were comparable with that upon photoactivation
(Fig. 1 and 3). Free pyridine (10 uM) did not obviously inhibit
bacterial growth, confirming the important role of Ru(u) aqua
compounds. Ru(i) complexes with weak ligand fields usually
have quite low singlet oxygen generation ability, and complex 1
is such an example (Fig. S37). Interestingly, fluorination
increased the ability of complexes 2-4, thus singlet oxygen may
also partially account for the antibacterial activity in normoxic
conditions.

The steady enhanced bactericidal ability from 1 to 4 may be
mainly ascribed to the gradually increased bacterial cell uptake.
As displayed in Fig. 5, the uptake levels by S. aureus measured by
ICP-MS gradually increased from 1-4 and show a positive
correlation with the F atom numbers (Fig. 5), indicating the
important role of F atoms. Generally, the uptake levels of drugs
are mainly related with their lipophilicity. However, complexes
1-4 display very similar hydrophobicity (Table 2), hinting that
other factors, such as enhanced hydrogen bond interactions by
F atoms, may facilitate cell uptake.

As well studied," the resulted Ru() aqua complexes after
photo-induced ligand dissociation can covalently bind with
DNA like cisplatin, which is the general anticancer mechanism

Fig.2 SEM images of S. aureus cells treated by 4 (5 uM) without (left)
or with (right) irradiation at 470 nm (LED, 22.5 mW cm™2) for 20 min.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Antibacterial activity of 1—4 against VRE (left) and E. coli (right) in
the dark or under light irradiation (470 nm, LED, 22.5 mW cm2, 20
min).
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Fig. 4 Antibacterial activity of 1-4 against S. aureus (left) and MRSA
(right) in hypoxic conditions (O, < 0.1%).
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Fig. 5 Uptake levels of 1-4 (5 uM) by S. aureus measured by ICP-MS.

for these Ru(u) complexes. Bacterial DNAs are mostly nakedly
locates in cytoplasm without the protection of nuclear
membrane, which is more convenient for drug access. More-
over, the well-known DNA intercalation dppz ligand in
complexes 1-4 will facilitate DNA targeting."* Thus DNA may
also be the potential target of these Ru(u) complexes based
antibacterial agents. The DNA targeting ability of complexes 1-4
with and without irradiation were studied by separating DNA
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from cytoplasm using commercial kits. As shown in Fig. 5, the
accumulation of complexes 1-4 onto DNA is obvious, and about
40% of complexes 3 and 4 can bind with DNA with or without
irradiation. In the dark, complexes 1-4 may bind to DNA
through dppz-based noncovalent intercalation interaction.
Upon light irradiation and dissociation of a pyridine ligand, the
resultant Ru(un) aqua complexes may bind DNA covalently,
leading to irreversible DNA damage, and ultimate bacteria
death. The total binding/uptake of bacterial cells and inner DNA
binding levels upon irradiation increased with different extent
for complexes 1-4, possibly due to the enhanced permeability of
bacterial cells and formation of DNA covalent binding after
photo-induced ligand dissociation.

{-potential detection results of S. aureus are also in line with
the binding/uptake measurements. The original {-potential
value of S. aureus was —12.10 mV due to the highly negatively
charged cell walls. After incubation with the examined Ru(u)
complexes, the measured {-potentials all experienced a positive
shift as shown in Table 2. Complex 4 showed the biggest shift,
indicative of its highest cellular binding/uptake further. The
cationic complexes 1-4 may bind with the cell walls by elec-
trostatic interaction, and we also examined the possible uptake
pathways by comparing the binding/uptake levels of complex 4
at 37 °C and 4 °C (Table S1t). No obvious difference was
observed, indicating that complex 4 may enter bacterial cells in
an energy-independent passive diffusion way.

As an antibacterial agent, negligible hemolysis is one of the
most critical prerequisites. The hemolysis rates toward rabbit
red blood cells of complexes 1-4 were measured. As shown in
Fig. 6 and Table 2, their hemolysis rates are all lower than 1.2%
at the concentration of 20 uM. For complexes 3 and 4, the
hemolysis rates may be negligible at the concentration (around
5 pM as shown in Fig. 1) where the bactericidal effect (CFU
reduction over 3 log units) may be observed.
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Fig. 6 Hemolysis percentage of 1-4 toward rabbit RBCs.

Table 2 Zeta potential values of S. aureus, oil/water partition coefficients and hemolysis behaviors of 1-4

S. aureus 1 2 3 4
Zeta potential (mV) 12.10 £ 0.57 10.35 £ 0.50 9.74 £ 0.18 8.80 £ 0.13 8.44 £0.14
Log Pq/wa — —1.09 + 0.05 —1.07 £ 0.02 —1.15 + 0.05 —1.14 £+ 0.03
Hemolysis percentage at 20 uM (%) — 0.64 + 0.01 0.65 £ 0.01 1.05 £ 0.04 1.19 & 0.01
Hemolysis percentage at 5 pM (%) — 0.07 £ 0.01 0.06 £ 0.01 0.24 £ 0.02 0.37 £ 0.08

“ Logarithmic values of n-octanol/water partition coefficients.

This journal is © The Royal Society of Chemistry 2020
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Fig.7 CLSM images of the mixed solutions of S. aureus and L-O2, (A)
light irradiation only, (B) addition of 4 (5 pM) only, (C) addition of 4 (5
puM) and light irradiation. For clarity, the L-O2 cells were marked with
white circles, red circles indicated the aggregated S. aureus cells (Scale
bar: 20 um).

Low cytotoxicity toward normal human cells is another
important requirement for an antibacterial agent. Our previous
work has shown that complexes 3 and 4 had negligible dark
cytotoxicity toward human normal liver cells (L-O2) with ICs,
values over 200 uM." The phototoxicity of 3 and 4 were also low
with ICs, values of 30.0 + 2.1 pM and 29.3 + 1.5 uM, respec-
tively. In the presence of 5 uM of 3 or 4 and upon irradiation,
70% and 90% L-O2 cells still survived after incubation for 24 h.

To ensure the safety and selectivity of the examined Ru(u)
complexes, co-culture experiments were conducted using 4 as
an example. Mixtures of L-O2 and S. aureus cells were incubated
with complex 4 (5 uM) for 30 min, then were exposed to irra-
diation (470 nm, 22.5 mW cm™ %) for 20 min. After further
culture in new medium for 4 h, the mixtures of L-O2 and S.
aureus cells were stained with propidium iodide (PI) and
Hoechst 33342, and imaged with confocal laser scanning
microscope (CLSM). PI can stain the dead L-O2 and S. aureus
cells with red fluorescence, and Hoechst 33342 can help to see
L-O2 more clearly. As shown in Fig. 7C, only S. aureus cells were
stained with PI, indicating a selective photoinactivation toward
bacteria by complex 4.

Conclusions

In summary, fluorinated Ru(u) complexes 3 and 4 show potent
photoactivated antibacterial activity against MRSA, VRE, and E.
coli. at a concentration as low as 5 uM. The bactericidal effect

25368 | RSC Adv, 2020, 10, 25364-25369
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stems from both of singlet oxygen and in situ generated Ru(u)
fraction after photo-induced ligand dissociation, and the latter
may still remain active in a hypoxic condition due to its oxygen-
independent manner. To the best of our knowledge, the results
here first disclosed that Ru(u) complexes with photo-labile
ligands can be developed as potent antibacterial agents
against antibiotic-resistant bacteria. Moreover, both 3 and 4
may serve as ideal platforms for further introduction of pho-
tolabile antibacterial ligands to realize more efficient combi-
nation therapy to combat intractable antibiotic-resistant
bacteria.
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