
Citation: Andrade, A.L.; Pinheiro,

A.A.; Malveira, E.A.; Azevedo, I.M.F.;

Gondim, A.C.S.; Batista, A.A.; Neto,

J.H.A.; Castellano, E.E.; Holanda,

A.K.M.; Vasconcelos, M.A.; et al. The

Effect of a Photoactivated Ruthenium

Nitrocomplex [RuCl(NO2)(dppb)

(4,4-2 Mebipy)] on the Viability of

Eukaryotic and Prokaryotic Cells,

Including Bacterial Biolms. Processes

2024, 12, 2841. https://doi.org/

10.3390/pr12122841

Academic Editor: Qibin Li

Received: 19 October 2024

Revised: 28 November 2024

Accepted: 9 December 2024

Published: 11 December 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

The Effect of a Photoactivated Ruthenium Nitrocomplex
[RuCl(NO2)(dppb)(4,4-2 Mebipy)] on the Viability of Eukaryotic
and Prokaryotic Cells, Including Bacterial Biolms
Alexandre L. Andrade 1, Aryane A. Pinheiro 1, Ellen A. Malveira 1, Isa M. F. Azevedo 1 , Ana C. S. Gondim 2,
Alzir A. Batista 3, João H. A. Neto 3 , Eduardo E. Castellano 4, Alda K. M. Holanda 2, Mayron A. Vasconcelos 1,5,*
and Edson H. Teixeira 1,*

1 Laboratório Integrado de Biomoléculas, Departamento de Patologia e Medicina Legal, Universidade Federal
do Ceará, Fortaleza 60430-160, CE, Brazil; alexandre.andrade@uece.br (A.L.A.);
pinheiroaryane@hotmail.com (A.A.P.); ellenmalveira11@gmail.com (E.A.M.);
isamferreiraa@gmail.com (I.M.F.A.)

2 Laboratório de Bioinorgânica, Departamento de Química Orgânica e Inorgânica, Universidade Federal do
Ceará, P.O. Box 12200, Fortaleza 60440-900, CE, Brazil; acgondim3@gmail.com (A.C.S.G.);
aldakarine@dqoi.ufc.br (A.K.M.H.)

3 Departamento de Química, Universidade Federal de São Carlos, P.O. Box 676, São Carlos 13565-905, SP, Brazil;
daab@ufscar.br (A.A.B.); honoratoneto10@gmail.com (J.H.A.N.)

4 Departamento de Física e Informática, Instituto de Física de São Carlos, Universidade de São Paulo,
P.O. Box 369, São Carlos 13560-970, SP, Brazil; pino@ifsc.usp.br

5 Faculdade de Educação de Itapipoca, Universidade Estadual do Ceará, Itapipoca 62500-000, CE, Brazil
* Correspondence: mayronvasconcelos@gmail.com (M.A.V.); edson@ufc.br (E.H.T.)

Abstract: Antimicrobial resistance (AMR) is a critical global public health problem. Many bacterial
pathogens use biolm formation as their main pathogenicity mechanism, a practical tactic for sur-
viving in natural settings and colonized host tissues. Research using ruthenium(II) complexes has
demonstrated antibacterial action linked to photodynamic therapy, an alternate method of microbial
control. Thus, in this work, the photosensitive nitro complex [RuCl(NO2)(dppb)(4,4-Mebipy)] (I)
was prepared and the X-ray structure was determined. Then, we investigated the antibacterial and
antibiolm activities, antibiotic-associated effects, and cytotoxicity. The results showed that complex
I exhibited promising antimicrobial activity with MIC values ranging from 4 to 256 µg/mL and MBC
from 4 to 32 µg/mL. The antimicrobial activity of this nitro complex was signicantly enhanced
with blue light irradiation, as conrmed by agarose gel electrophoresis of the pBR322 DNA, which
must be related to the DNA cleavage promoted by the photorelease of NO. A synergistic effect
against Staphylococcus aureus and Staphylococcus epidermidis strains was observed when combined with
ampicillin, which exhibited FICI values from 0.186 to 0.311. Interestingly, complex I associated with
tetracycline showed a synergistic effect only on Escherichia coli. Regarding biolms, the irradiated
complex I showed antibacterial activity against biolm formation and mature biolms. Furthermore,
SEM and confocal analyses revealed changes in cell morphology and damage to the wall and plasma
membrane. Complex I presented a percentage of hemolysis between 2 and 4%, and no cytotoxic effect
was observed against murine dermal broblasts. In conclusion, the photoactivated ruthenium(II)
complex showed antibacterial and antibiolm activity against relevant bacteria.

Keywords: antibacterial activity; biolm; ruthenium complex; photoirradiation

1. Introduction

Antimicrobial resistance (AMR) is responsible for a growing global public health crisis
and represents one of the most serious health challenges of the 21st century [1]. Recent
estimates showed that in 2019, 4.95 million people died from diseases in which AMR
played a signicant role [2]. Furthermore, predictions for a worst-case scenario suggest
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that this number will increase to 10 million by 2050 if we continue on the current path, a
fact that could send humanity toward one death every three seconds if urgent measures
are not taken immediately [3]. AMR is an escalating issue in hospital settings, particularly
in intensive care units (ICUs), where continuous exposure to antimicrobials creates intense
selective pressure. In hospitals, AMR-associated infections are frequently reported in
high-risk areas such as ICUs and surgical wards, where immunocompromised patients and
invasive procedures increase susceptibility to infections [4]. Common infections associated
with AMR in these settings include respiratory tract infections, urinary tract infections, and
bloodstream infections [2]. Methicillin-resistant Staphylococcus aureus (MRSA), Escherichia
coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, and Acinetobacter baumannii are some of
the most problematic strains. These strains are of particular interest for this study due to
their high prevalence and potential for resistance in hospital environments, accounting for
more than 80% of the million deaths directly attributed to AMR in 2019 [2,5]. Staphylococcus
epidermidis, a representative of coagulase-negative staphylococci (CoNS), is also considered
one of the main causes of healthcare-associated infections (HAIs) of the bloodstream, whose
frequency is around 30 to 40% [6].

Among the ways to resist and tolerate exposure to antimicrobials, the formation of
biolms is one of the main virulence factors associated with AMR and plays an important
role in survival, colonization of environments, and establishment of microbial infections [7].
Bacterial biolms are estimated to contribute to over 80% of bacterial illnesses, with 65%
of hospital infections linked to biolm formation on implantable medical devices [8].
Biolms have been associated with numerous chronic and refractory disorders, including
endocarditis, cystic brosis, pneumonia, periodontitis, chronic rhinosinusitis, and otitis
media, among others [9–12].

In this context, novel antimicrobial agents, some of which exhibit effective penetration
into biolms, have been suggested as alternatives to conventional antibiotics [13]. Regard-
ing strategies to combat AMR, natural and synthetic compounds have emerged as the most
promising candidates for new antimicrobial drugs [14].

Among the antimicrobial alternatives, ruthenium complexes have been investigated
as promising antimicrobial agents or as adjuvant alternatives to more traditional antibi-
otics [15–18]. The mechanism of ruthenium complexes primarily involves: (i) their func-
tional and structural roles, wherein the Ru metal center binds to biological targets; (ii) the
metal center serving as a carrier for active ligands to enhance pharmaceutical efcacy;
(iii) the metal complex functioning as a catalyst for glutathione oxidation and the induction
of reactive oxygen species (ROS); and (iv) acting as a photosensitizer to produce singlet
oxygen [19,20].

In addition, photodynamic therapy (PDT), demonstrating reduced vulnerability to bac-
terial antimicrobial resistance mechanisms owing to its free-radical-generating capabilities,
is particularly noteworthy. PDT has proven to be effective against microbial proliferation
when utilized in conjunction with compounds possessing biologically signicant properties
upon light irradiation, such as ruthenium complexes [21]. Furthermore, the therapeutic
uses of nitric oxide (NO) as antibacterial agents have spurred signicant research interest
in NO donor chemicals and associated materials that can effectively deliver NO to targeted
locations [22–24]. Transition-metal nitrosyl compounds, like those of ruthenium (Ru-NO),
serve as photolabile nitric oxide donors, enabling the controlled release of nitric oxide
through light application. The majority of Ru-NO complexes demonstrate photoactivation
under UV light (<400 nm), accompanied by comparatively poor quantum yields for NO
release [17,25]. The photorelease of nitric oxide using visible light remains a difculty. In
photolysis, certain ruthenium nitro complexes may also emit NO due to the disproportion-
ation of other nitrogen oxides [26,27]. For example, da Silva and co-workers have shown
that nitrite ion (NO2

−) bound to a Ru(II) center could act as a photochemical source of
NO, using light as a stimulus (at 355 nm), in complexes of the type cis-[Ru(NO2)L(bpy)2]+,
where L = pyridine or picoline [28].
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We prepared and investigated the reactivity of [RuCl(NO2)(dppb)(4,4-Mebipy)] named
complex I, where dppb = 1,4-bis(diphenylphosphino)butane and 4,4′-Mebipy = 4,4′-dimethyl-
2,2-bipyridine. Recently, the synthesis and characterization of complex I were published by
Silva et al. [29]. However, the X-ray structure has not been previously reported. Herein, the
crystal structure of the nitro complex (I) was successfully elucidated using X-ray crystallogra-
phy. In addition, the photochemical behaviors of complex I along with the efficiency of DNA
photocleavage, cytotoxicity, and antibacterial and antibiofilm activities were investigated.

2. Materials and Methods
2.1. Chemicals

Crystal violet, methanol, acetic acid, dimethyl sulfoxide (DMSO), and LIVE/DEAD™
BacLight™ (L7007) were purchased from Sigma-Aldrich (Darmstadt, Germany). Tryptic
soy broth (TSB) and tryptic soy agar (TSA) were purchased from KASVI (Padova, Italy).
Ultrahigh-purity water from a Millipore system (model: Millipore Direct Qs 3UV) was
used throughout the experiments. All chemicals used were of reagent grade or comparable
purity. All chemicals used in the synthesis of the nitro complex were purchased from
Sigma/Aldrich/Merck (St. Louis, MO, USA) and were used as received.

2.2. Synthesis of the Nitro Complex [RuCl(NO2)(dppb)(4,4-Mebipy)]

The nitro complex [RuCl(NO2)(dppb)(4,4-Mebipy)] was prepared according to a pre-
viously published procedure [29]. First, the complex was synthesized by adding 0.050 g
(0.0639 mmol) of the precursor [RuCl2(dppb)(4,4′-Mebipy)] to 15 mL of previously deaer-
ated methanol in a 50 mL ask. Subsequently, 0.013 g (0.192 mmol) of the sodium nitrite
ligand (NaNO2) was added in a 1:3 precursor/ligand ratio to ensure excess. After 1 h
of reaction under magnetic stirring and an inert atmosphere, an orange precipitate was
formed, which was ltered and washed with deaerated methanol and distilled water to
remove the excess nitrite and then with ether. Yield was 82.88% (0.045 g). Furthermore,
all remnants of the reagents utilized in the manufacture of compound I (methanol and
distilled water) were entirely eliminated after ltration, rotary evaporation, and vacuum
drying. Figure 1 illustrates the chemical structure of the ruthenium nitro complex.

Figure 1. Structure of the nitro complex [RuCl(NO2)(dppb)(4,4-Mebipy)], designated complex I.

2.3. X-Ray Structure Determination

X-ray diffraction experiments were conducted on a Rigaku XtaLAB mini II diffrac-
tometer with a graphite monochromator using Mo Kα radiation (λ = 0.71073 Å) at room
temperature (293 K). Cell renement, data integration, and reduction were performed using
CrysAlisPro Version 1.171.35.15 (Agilent Technologies, Oxfordshire, UK) [30]. The crystal
structures were solved by SHELXT2014 and rened by SHELXL2014 [31], from the OLEX2
suite [32]. The multiscan method was used for the absorption corrections [33]. Tables
and structure representation were generated by OLEX2 and MERCURY [34], respectively.
In this complex, the NO2

− and chloride ligands are disordered in the asymmetric unit.
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All these disordered groups were observed in two positions (PART1—NO2 trans to the
phosphorous atom of dppb/Cl trans to nitrogen atom of dppb 4,4-Mebipy, PART2—NO2
trans to nitrogen atom of 4,4-Mebipy/Cl trans to phosphorous atom of dppb) which were
rened with anisotropic displacement parameters. At the end of the renement, the oc-
cupancy factors for all these disordered moieties were xed to 0.8 for PART1 and 0.2 for
PART2. Some geometric restraints (eADP) were employed to make the disordered atoms
more reasonable. CCDC 1908652 contains the supplementary crystallographic data for this
paper, these data can be obtained from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif (accessed on 18 October 2024). The main crystal
data collection and structure renement parameters are summarized in Tables 1 and 2.

Table 1. Crystal data and structure renement parameters obtained for complex I.

Empirical formula Ru1C42H48ClN3O4P2

Formula weight 857.29

Temperature/K 293 (2)

Crystal system Monoclinic

Space group P21/n

a/Å 12.3962 (2)

b/Å 19.0198 (3)

c/Å 16.9362 (3)

α/◦ 90

β/◦ 92.645 (2)

γ/◦ 90

Volume/Å3 3988.85 (11)

Z 4

ρcalcg/cm3 1.428

µ/mm−1 0.586

F(000) 1776.0

Crystal size/mm3 0.545 × 0.218 × 0.208

Radiation MoKα (λ = 0.71073)

2Θ range for data collection/◦ 5.27 to 53.998

Index ranges −15 ≤ h ≤ 15, −24 ≤ k ≤ 24, −21 ≤ l ≤ 21

Reections collected 52,577

Independent reections 8703 [Rint = 0.0256, Rsigma = 0.0164]

Data/restraints/parameters 8703/0/502

Goodness-of-t on F2 1.199

Final R indexes [I > =2σ (I)] R1 = 0.0329, wR2 = 0.0739

Final R indexes [all data] R1 = 0.0449, wR2 = 0.0865

Largest diff. peak/hole/e Å−3 0.60/−0.45

Table 2. Selected angle and bond lengths for complex I.

Bond Angles (◦) Bond Lengths (Å)

P1-Ru1-P2 97.70 (2) Ru1-P2 2.3540 (6)

N2-Ru1-N3 76.58 (8) Ru1-P1 2.3269 (6)
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Table 2. Cont.

Bond Angles (◦) Bond Lengths (Å)

P2-Ru1-N2 173.49 (6) Ru1-N2 2.121 (2)

N1b-Ru1-Cl1b 91.8 (7) Ru1-N3 2.115 (2)

N1a-Ru1-Cl1a 93.7 (4) Ru1-N1a 2.084 (2)

O1a-N1a-O2a 120.2 (10) Ru1-N1b 2.085 (2)

O1b-N1b-O2b 111.6 (17) Ru1-Cl1a 2.453 (1)

- - Ru1-Cl1b 2.372 (2)

N1a-O1a 1.197 (17)

N1a-O2a 1.225 (15)

N1b-O2b 1.25 (2)

N1b-O1b 1.23 (3)

2.4. Continuous Photolysis

Continuous photolysis was conducted utilizing a blue LED (λmax = 463 nm).

2.5. Electrochemical Experiments

Electrochemical tests were conducted using an Epsilon type E2-818 potentiostat (BAS
Inc., West Lafayette, IN, USA) at 25 ◦C. The measurements were conducted in a 0.10 M
Na(CF3CO2) aqueous solution (pH 7.0) with a standard three-electrode glass cell, including
a glassy carbon electrode (about 0.13 cm2 in geometrical area), a platinum foil, and an
Ag/AgCl reference electrode, serving as the working, auxiliary, and reference electrodes,
respectively.

2.6. Carboxy-PTIO Reaction to Identify NO

Carboxy-PTIO (2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide)
was employed to investigate nitric oxide production, shown by distinct alterations in the
UV-vis spectra. This organic spin-trap was utilized at concentrations of 100–200 µM in a
0.1 M phosphate buffer at pH 6.3, in conjunction with the [RuCl(NO2)(dppb)(4,4-Mebipy)]
complex and under light irradiation.

2.7. DNA Photocleavage Assay

The tests were conducted utilizing electrophoresis in agarose gel (0.8% w/v in TAE
buffer, pH 8.0). In all investigations, supercoiled pBR322 DNA (21 mmol/L in nucleotide
base pairs) was utilized in a 10 mmol/L Tris–HCl solution (pH 8.0), which was combined
with complex I and subjected to blue light irradiation for 1 h or incubated in the dark
for 1 h. The samples underwent analysis post-electrophoresis by staining with GelRed
(1 mg/mL, Biotium, Hayward, CA, USA) for 30 min, and images were captured utilizing
a Gel Doc XR + System (Bio-Rad, Hercules, CA, USA). All irradiation studies utilized a
Basetech Conrand, 1.7 W (λmax = 463 nm) blue light source.

2.8. Bacterial Strains and Culture Conditions

In this study, the Gram-positive strains Staphylococcus aureus ATCC 25923 (susceptible
to methicillin), Staphylococcus aureus ATCC 700698 (resistant to methicillin—MRSA), Staphy-
lococcus epidermidis ATCC 12228, and Staphylococcus epidermidis ATCC 35984 (resistant to
methicillin—MRSE) and Gram-negative strains Pseudomonas aeruginosa ATCC 27853 and
Escherichia coli ATCC 11303 were used.

Bacterial stocks were preserved in a tryptic soy broth (TSB) solution with 20% glycerol
at −80 ◦C. Petri dishes with tryptic soy agar (TSA) were inoculated with bacteria and
incubated for 24 h at 37 ◦C. Bacterial suspensions were calibrated to a nal concentration of
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1 × 106 colony-forming units per milliliter (CFU/mL) utilizing turbidimetry (620 nm) and
established calibration curves for each strain.

2.9. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration
(MBC) Determination

The microdilution technique was employed to ascertain the minimum inhibitory
concentration (MIC) in accordance with the Clinical and Laboratory Standards Institute
M07-A10 [35]. Complex I was diluted in CAMHB medium containing 4% DMSO at
concentrations from 128 to 2 µg/mL for Gram-positive bacteria and from 512 to 4 µg/mL
for Gram-negative bacteria. Subsequently, 100 µL was distributed into 96-well plates
alongside 100 µL of a bacterial suspension previously adjusted to 5 × 105 CFU/mL in
CAMHB. The negative control comprised CAMHB medium with 4% DMSO, excluding
complex I. Ampicillin and tetracycline were evaluated at doses of 1024 to 0.250 µg/mL and
256 to 0.250 µg/mL, respectively. The plates underwent exposure to light irradiation using a
96-array of LED blue light (λmax = 463 nm; power = 8 mW/cm2) for 1 h or were maintained
in darkness for 1 h, followed by incubation for 24 h at 37 ◦C. An LED light system was
employed, specically modied as a 96-well plate top, featuring a dedicated lamp within
each well to guarantee homogeneous irradiation of all samples (Figure 2). The MIC
value was established as the minimum concentration of the chemical that exhibited 100%
suppression of observable bacterial growth. The optical density of the contents in each well
was assessed at 620 nm utilizing a microplate reader (SpectraMax® I3, Molecular Devices,
Sunnyvale, CA, USA). The minimum bactericidal concentration (MBC) was assessed by
extracting 10 µL of an aliquot from each well exhibiting no apparent growth on agar plates
incubated at 37 ◦C. The MBC was identied as the minimal chemical concentration at
which no colony development occurred [36].

Figure 2. (A,B) LED light system used for uniform irradiation of samples in a 96-well plate. The
system features a dedicated lamp for each well (λmax = 463 nm; power = 8 mW/cm2).

2.10. Checkerboard Assay

The evaluations of the resultant effects of the combinations of complex I and antibiotics
(ampicillin or tetracycline) were evaluated by checkerboard assay [37]. The MIC, 1/2 ×MIC,
1/4 ×MIC, 1/8 ×MIC, and 1/16 ×MIC of both were tested in the combination of complex
and antibiotic. The plates were irradiated with blue light (λmax = 463 nm) for 1 h and then
incubated for 24 h at 37 ◦C. The combination effect was evaluated by calculation of the
fractional inhibitory concentration index (FICI). The FICI was determined as:

FICI = FIC(A) + FIC(B)

where:
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FIC(A) = [(minimum concentration of complex in combination)/(minimum con-centration of complex alone)];

FIC(B) = [(minimum concentration of antibiotics in combination)/(minimum concentration of antibiotics alone)].

The FICI values were interpreted as ≤ 0.5, synergistic (S); >0.5 to ≤4, no interaction
(NI); or >4, antagonism (A) effect.

2.11. Biolm Susceptibility Assay

The biolm susceptibility assays were conducted on 96-well polystyrene plates follow-
ing the methodology of Andrade et al. [16], with changes. To assess the effect of the complex
on biolm formation, the wells were lled with 100 µL of each strain at a concentration of
1 × 106 cells/mL, along with 100 µL of the complex at concentrations varying from 256 to
2 µg/mL in TSB containing 4% DMSO. The negative control comprised TSB medium with
4% DMSO, excluding complex I. The plates were exposed to blue light (λmax = 463 nm) for
1 h and thereafter incubated for 24 h at 37 ◦C. Subsequent to biolm formation, the wells
were rinsed thrice to eliminate loosely adhered cells, and the biolms were assessed using
total biomass measurement and viable cell enumeration.

2.11.1. Quantication of Total Biomass

The biomass of the biofilm was assessed utilizing the crystal violet (CV) technique.
Following 24 h of incubation, the plates were washed thrice with sterile distilled water to
eliminate loosely attached cells. Thereafter, the wells were filled with 200 µL of 95% methanol
for 5 min. Subsequently, 200 µL of 1% crystal violet was introduced to the wells and incubated
for 5min at 25 ◦C. The surplus color was eliminated, and the plates were washedwith distilled
water. The residual dye was solubilized in a 33% acetic acid solution. The eluted stain from
each well was quantified by assessing the optical density at 590 nm (OD590) with a microplate
reader (SpectraMax® I3, Molecular Devices, Sunnyvale, CA, USA).

2.11.2. Viable Cell Count

Subsequent to biolm formation, the culture media was discarded, and the plates were
washed twice with sterile distilled water to eliminate loosely adhering cells. Subsequently,
200 µL of sterile distilled water was introduced into each well, and the plate was sonicated
(Cristófoli/EQM-CF, Cristófoli Equipamentos de Biossegurança LTDA, PR, Brazil) for 8 min
to dislodge the cells encapsulated in the biolms. Serial decimal dilutions of the bacterial
solution were inoculated into TSA medium and incubated at 37 ◦C for 24 h. The CFU count
was quantied, and the results were presented as log10 CFU/mL.

2.12. Effect of Complex I on Mature Biolms

The effect of complex I onmature biofilmswas assessed as outlined byAndrade et al. [16].
The wells were initially filled with 200 µL of a bacterial suspension (1 × 106 CFU/mL) and
incubated for 24 h at 37 ◦C. Subsequently, the supernatant was removed, and the wells were
rinsed twice with 200 µL of sterile distilled water to exclude non-adherent cells. Subsequently,
200 µL aliquots of complex I at concentrations varying from 256 to 2 µg/mL were introduced
into the wells. The plates were incubated for 24 h at 37 degrees Celsius. Subsequently, the
medium was eliminated, and each well was rinsed three times with 200 µL of sterile distilled
water. The impact of the ruthenium complex on mature biofilms was assessed using biomass
quantification and viable cell enumeration, as detailed in Section 2.11.

2.13. Scanning Electron Microscopy (SEM)

To evaluate the effects of complex I on bacterial cell structures and biolm, experiments
were conducted using one Gram-positive and one Gram-negative strain. The biolms of
S. aureus ATCC 700698 (MRSA) and E. coli ATCC 11303 were assessed in 24-well plates
as outlined by Andrade et al. [16]. To examine the inhibition of biolm formation, the



Processes 2024, 12, 2841 8 of 26

plates with biolms were incubated for 24 h with complex I at concentrations of 32 µg/mL
for S. aureus and 256 µg/mL for E. coli, followed by 1 h of blue light irradiation. The
plates were taken out of incubation, weakly adhered cells were eliminated by rinsing with
sterile ultrapure water, and the plates were permitted to dry at 25 ◦C. Wells containing
biolms were dehydrated in succession using escalating concentrations of ethanol (70% for
10 min, 95% for 10 min, and 100% for 20 min) and permitted to dry at ambient temperature.
Before observation, cells were positioned on aluminum holders, coated with gold particles,
and subsequently examined using a scanning electron microscope (Quanta 450 FEG, FEI,
Waltham, MA, USA).

2.14. Confocal Laser Scanning Microscopy

The effects of complex I treatment on biolms were also analyzed using confocal laser
scanning microscopy according to the methodology described by Castelo Branco et al. [38].
The activity of complex I on biolm formation and mature biolms of S. aureus ATCC
700698 (MRSA) was investigated. S. aureus strain 700698 biolm was chosen because it
demonstrated higher susceptibility in the biolm assays to the complex. In addition, this
strain was chosen due to its resistance prole (MRSA) and relevance to clinical settings.

S. aureus biolmswere grown directly on the surface of round glass coverslips (K5-2020,
Olen, Kasvi, São José dos Pinhais, PR, Brazil) in a 24-well culture plate and treated with
complex I at concentrations of 32 or 64 µg/mL, respectively, and subsequently subjected
to irradiation with blue light for 1 h and incubated at 37 ◦C for 24 (biolm formation) or
48 h (mature biolm). After incubation, the plates were washed twice with PBS (pH 7.4),
and, subsequently, the biolms were stained with the LIVE/DEAD uorescent reagent kit
(Invitrogen, Eugene, OR, USA). The coverslips were evaluated using a Nikon C2 confocal
microscope at 488 nm for the detection of the SYTO9 dye, which identies viable cells (in
green), and at 561 nm for the detection of propidium iodide, which identies dead cells or
cells with membrane damage.

2.15. Hemolytic Activity Assay

The hemolytic activity assay was conducted according to Jiang et al. [39]. Recently
obtained human blood samples (O+) were combined with a heparin anticoagulant solution
(0.2 mL). To obtain a pure red cell suspension, the blood samples underwent six washes
with sterile 0.15 M NaCl (centrifuged at 3500 RPM for 5 min at 25 ◦C), resulting in the
preparation of a 3% blood solution. Three aliquots of 100 µL each were combined with
100 µL of complex I solubilized in 0.15 M NaCl and 4% DMSO, at concentrations varying
from 128 to 2 µg/mL. The tubes were incubated at 37 ◦C for 1 h while being exposed to
blue light irradiation. A positive control for hemolysis (1% SDS) and negative controls of
0.15 M NaCl and 4% DMSO were employed. Subsequent to the incubation period, the
tubes were subjected to centrifugation at 3000 RPM for 5 min at ambient temperature.
From the liquid supernatant, 150 µL was aliquoted into a 96-well at-bottom microplate,
and the absorbance was assessed by measuring the optical density at 450 nm (OD450)
using a microplate reader (SpectraMax® I3, Molecular Devices, Sunnyvale, CA, USA). The
percentage of hemolysis was calculated by the following equation:

Percentage hemolysis =

OD450 o f compound treated sample−OD450 of 0.15 M NaCl

OD450 of 1% SDS−OD450 of 0.15 M NaCl


× 100

2.16. Cytotoxicity Activity
2.16.1. Cell Line and Culture Conditions

Murine dermal broblasts (L929—CCL1™) were acquired from ATCC®. L929 was
cultured in T-75 asks with DMEM, enriched with 10% FBS, 1% L-glutamine, 100 U/mL
penicillin, and 100 µg/mL streptomycin (Gibco), at 37 ◦C in a humidied environment with
5% CO2. The medium was systematically altered every third day or upon cells attaining
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90% conuence, and cells were subcultured using trypsinization (0.05% trypsin/0.1%
EDTA). In all assays, cells were utilized between the fourth and tenth passage.

2.16.2. Cell Viability Assay

The viability of L929 cells was assessed using a colorimetric approach involving the
chemical tetrazolium (3-(4,5-dimethylthiazol-2-yl)-2,5-(diphenyltetrazolium bromide), MTT),
specifically the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega,
Madison, WI, USA). To assess cell viability and proliferation, 5 × 104 cells resuspended
in DMEM with 10% FBS were plated per well in 96-well flat-bottom plates and incubated
overnight. Complex I was solubilized in culture fluid (DMEM/10% FBS) containing 1%
DMSO and diluted to concentrations ranging from 128 to 2 µg/mL, followed by irradiation
with blue light for 1 h or incubation in darkness for 1 h. Control cells were cultured in
DMEM supplemented with 10% FBS and 1% DMSO only. Three different experiments were
conducted, each consisting of three replicates. The MTT assay was conducted according
to the manufacturer’s guidelines, and the optical density was measured at 570 nm using a
microplate absorbance reader (SpectraMax® I3, Molecular Devices, Sunnyvale, CA, USA) after
24 and 48 h of treatment. The viability was determined using the following equation:

Cell viability (%) =
Abs570 nm (Complex)
Abs570nm (control)

× 100%

2.17. Statistical Analysis

The tests were conducted in triplicate across three separate experimental setups. The
disparities between the mean ± SD of the triplicates were assessed utilizing one-way
ANOVA accompanied by a Bonferroni post-test. The statistical analyses were conducted
utilizing GraphPad Prism version 8.0 for Windows (San Diego, CA, USA). In all studies, p
values of ≤0.05 were deemed statistically signicant.

3. Results
3.1. Synthesis of the Nitro Complex

Nitro complex I was synthesized according to procedures previously described by
Silva et al. [29]. It is important to mention that although the synthesis of the complex has
already been described, the X-ray structure has not been previously reported. During the
synthesis, crystals of the compound were obtained, and we nally successfully described
the crystal structure of the compound. Molecular geometries for complex I are shown in
Figure 3.

3.2. Photochemistry

The complex exhibited stability in the solid state and in water for a minimum of
1 h, provided it was shielded from light. Upon blue light irradiation, this compound
can release NO in an aquatic environment. The conrmation of NO as a photoproduct
of compound I was initially achieved by differential pulse voltammetry (DPV). Figure 4
illustrates the differential pulse voltammogram acquired before and immediately following
blue light irradiation of complex I. The anodic process noted at 0.80 V was attributed to
the oxidation of the liberated NO, as detailed in prior studies [40,41]. This electrochemical
reaction was not detected when complex I was maintained in darkness, even after one
hour. This behavior was observed in other comparable nitro compounds documented in
the literature [26,27].
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Figure 3. Molecular geometries for complex I showing the two isomers generated by the disordered
NO2

− and Cl− ligands (ellipsoids at 30% of probability). For the sake of clarity, two methanol
molecules as solvate were omitted.

Figure 4. Differential pulse voltammogram of complex I in NaTFA solution, pH 7.0; µ = 1 mol/L at
a glassy carbon electrode, utilizing a platinum wire as the auxiliary electrode and Ag/AgCl as the
reference electrode. The voltammogram was obtained following light irradiation at 463 nm. Solid
line: initial substance in the absence of light; dashed line: subsequent to irradiation. The potential
scan commenced at 0.3 V with an anodic sweep.

3.3. Carboxy-PTIO Reaction to Identify NO

Carboxy-PTIO was utilized to investigate nitric oxide generation following the irra-
diation of compound I, as evidenced by distinct alterations in their UV-vis spectra. This
organic spin-trap served as a probe for nitric oxide detection, demonstrating the pres-
ence of NO under light irradiation. Spectroscopic monitoring under blue light irradiation
(λmax = 463 nm) has demonstrated the creation of an aqua-complex, implying the release
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of NO0. UV-vis spectroscopic alterations (Figure 5) were noted, characterized by a char-
acteristic reduction in the bands at 360 and 560 nm, accompanied by the emergence of
a faint shoulder at approximately 440 nm. Carboxy-PTIO is extensively utilized by the
scientic community not only for the detection of nitric oxide (NO) but also for its capac-
ity to differentiate NO from HNO. The interaction of Carboxy-PTIO with NO produces
Carboxy-PTI species, which do not exhibit a band at 560 nm but display another near
440 nm. Conversely, the reaction of HNO with Carboxy-PTIO typically yields c-PTIO-H,
which lacks any absorption bands between 420 and 700 nm. Thus, we can ascertain that the
spectroscopic prole of Carboxy-PTIO during the photolysis of complex I was characteristic
of a reaction with NO.

Figure 5. UV/Vis/NIR spectroelectrochemical response of complex I during reduction at a negative
potential of −1.0 V for 210 min.

3.4. DNA Photocleavage

To elucidate the correlation between the chemical structure and the bactericidal mech-
anism of nitro complex I, we examined the interaction of these molecules with DNA. We
conducted agarose gel electrophoresis of pBR322 DNA combined with complex I, subjected
to blue LED irradiation (λmax = 463 nm) or incubated in darkness. The [Ru(bpy)3]2+
complex (TBP) served as a control for DNA photocleavage under identical conditions
(Figure 6). The DNA control lanes, with or without the [Ru(bpy)3]2+ complex, exhibited
intact supercoiled pBR322 plasmid (form I; Figure 6), unless the complex was subjected to
light irradiation. Complex I, in the absence of light, exhibited no signs of DNA cleavage,
even at concentrations of up to 100 µM of this nitro complex (Figure 6). Conversely, under
blue light irradiation, complex I facilitated effective DNA cleavage, resulting in the creation
of nicked DNA (form II).

3.5. Antibacterial Activity

The antimicrobial activity results of complex I are summarized in Table 3. In general,
the complex demonstrated both bacteriostatic and bactericidal effects against Gram-positive
bacteria. In contrast, only bacteriostatic activity was observed against Gram-negative
bacteria. When exposed to blue light irradiation, the MIC values ranged from 4 to 8 µg/mL,
and the MBC values ranged from 4 to 16 µg/mL for Gram-positive bacteria. For Gram-
negative bacteria, the MIC values observed were 256 µg/mL. In the absence of blue light,
the MIC values for Staphylococcus strains ranged from 8 to 16 µg/mL, with corresponding
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MBC values between 8 and 32 µg/mL. For Gram-negative bacteria, the MIC values without
blue light also remained at 256 µg/mL.

Figure 6. DNA cleavage assay. Lane 2 shows only pBR322 DNA. Plasmid DNA with complex I at
concentrations of 100, 50, and 30 µM was incubated in the dark or exposed to blue light for 1 h. The
[Ru(bpy)3]2+ complex served as a positive control for TBP.

Table 3. Antimicrobial susceptibility of Gram-positive and Gram-negative bacteria by complex I
and antibiotics.

Complex I Ampicillin Tetracycline
LED OFF LED ON

MIC MBC MIC MBC MIC MBC MIC MBC

S. aureus
(ATCC 25923) 8 16 4 4 0.25 S 0.5 0.25 S 4

S. aureus
(ATCC 700698) 16 32 8 16 64 R 64 128 R 128

S. epidermidis
(ATCC 12228)

8 8 4 4 2 S 2 0.25 S 4

S. epidermidis
(ATCC 35984)

16 32 4 8 1024 R 1024 1 S 4

E. coli
(ATCC 11303) 256 ND 256 ND 1 S 2 1 S 4

P. aeruginosa
(ATCC 27853) 256 ND 256 ND 128 R ND 64 R 128

MIC and MBC (µg/mL). (S) Sensitive; (R) Resistant; (ND) Not Determined at the highest concentration tested.

3.6. Synergistic Effect of Complex I Combined with Antibiotics

The synergistic effect of complex I was assessed in combination with ampicillin and
tetracycline, as detailed in Table 4. The combination of complex I and ampicillin exhibited
a synergistic effect against all Staphylococcus strains, with FICI values ranging from 0.186
to 0.375. However, no synergistic effects were observed against Gram-negative bacteria
for this combination. On the other hand, the combination of complex I and tetracycline
showed no interaction effects against Staphylococcus strains, with FICI values ranging from
0.562 to 1.063. Interestingly, the combination of complex I and tetracycline displayed a
synergistic effect against Gram-negative bacteria such as E. coli and P. aeruginosa. Notably,
the synergistic effect between complex I and tetracycline led to a 1/16 reduction in the MIC
values for the complex and a 1/8 reduction in the MIC values for the antibiotic. These
results highlight the potential of these combinations to enhance antibacterial efcacy.
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Table 4. Effect of complex I combined with ampicillin and tetracycline against Gram-positive and
Gram-negative bacteria.

Complex I/Ampicillin Complex I/Tetracycline
MIC a MIC b FICI MIC a MIC b FICI

S. aureus
(ATCC 25923)

0.24 0.09 0.311 (S) 1.9 0.04 0.625
(NI)

S. aureus
(ATCC 700698)

0.98 12.5 0.375 (S) 0.48 50 0.562
(NI)

S. epidermidis
(ATCC 12228) 0.24 0.39 0.311 (S) 1.9 0.04 0.625

(NI)
S. epidermidis
(ATCC 35984) 0.24 125 0.186 (S) 3.9 0.04

1.063
(NI)

E. coli
(ATCC 11303) 250 0.02

1.063
(NI) 15.6 0.19 0.311 (S)

P. aeruginosa
(ATCC 27853)

500 252 4.0 (A) 15.6 16 0.311 (S)

MIC a = novel MIC value of complex I combined antibiotic; MIC b = novel MIC value of antibiotic com-
bined complex I; (S) Synergistic; (NI) No interaction; (A) Antagonistic; I = Complex I; Amp = ampicillin;
Tetra = tetracycline. MIC values in µg/mL.

3.7. Effect of Complex I on Biolm Formation

Figures 7 and 8 show the results of the antibiolm activity of complex I irradiated by
blue light against S. aureus, S. epidermidis, E. coli, and P. aeruginosa biolm. The antibiolm
effect was evaluated by the crystal violet (CV) assay and counting the number of viable
cells in the biolm. As shown in Figure 7, complex I reduced the biomass of biolms of all
bacterial species with percentages ranging from 13% to 99.9% (Figure 7A–F). The strains S.
aureus ATCC 700698 and S. epidermidis ATCC 35984, despite being resistant to ampicillin
and other β-lactams, were sensitive to this complex, presenting a reduction of more than
65% of their biomass at a concentration of 4 µg/mL and 99.8% at its highest concentration
(128 µg/mL) (Figure 7B,D). For the bacteria E. coli and P. aeruginosa, we observed biomass
reduction percentages of around 90% at 256 µg/mL and more than 40% at subinhibitory
concentrations, as can be seen in Figure 7E,F.

Regarding the viable cell count assay of the biolms, all strains tested were susceptible,
with a reduction in the number of CFU that varied from one to four orders of magnitude
on the logarithmic scale (Figure 8A–F). Among the strains used in this assay, once again
S. aureus ATCC 700698 and S. epidermidis ATCC 35984, already reported in the literature
as resistant to methicillin and designated MRSA and MRSE, proved to be sensitive to
treatment with complex I, as a reduction was observed of more than four orders in the
logarithmic scale in the number of viable cells at a concentration of 32 µg/mL (Figure 8B–D),
which represents a 10,000-fold decrease in the quantity of these cells within the biolm. E.
coli and P. aeruginosa exhibited about a one-order-of-magnitude reduction compared to the
control when subjected to complex I at a concentration of 256 µg/mL (Figure 8E,F).

3.8. Effect of Complex I on Mature Biolm

Complex I was able to induce a reduction in the total biomass of the strains evaluated
in this study (Figure 9A–F). The biolms of S. epidermidis ATCC 35984 and P. aeruginosa
ATCC 27853 were more sensitive to treatment with complex I, with a reduction in biomass
of approximately 65% at the lowest concentrations (2 µg/mL for S. epidermidis and 4 µg/mL
for P. aeruginosa) on both bacteria (Figure 9D,F).

Relative to the number of viable cells in mature biolms (Figure 10A–F), complex
I reduced the number of CFU by at least two orders of magnitude on the logarithmic
scale at the highest concentrations (128 µg/mL for Gram-positive and 256 µg/mL for
Gram-negatives) except P. aeruginosa biolm. The biolms of the S. aureus ATCC 700698
and S. epidermidis ATCC 12228 strains showed the highest levels of CFU reduction, as they
exhibited a decrease of three and four orders of magnitude, respectively (Figure 10B,C), in
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comparison to the control. It was observed that S. aureus ATCC 700698 showed a signicant
difference in the smallest concentration (between 16 and 2 µg/mL); however, there was an
increase in the number of CFU, which implies an increase in cell density. In general, E. coli
and P. aeruginosa biolms exhibited a signicant difference (p < 0.0001) after treatment with
different concentrations of complex I in comparison to the control (untreated biolms).

Figure 7. Effect of Complex I on the biolm formation (24 h) of S. aureus, S. epidermidis, E. coli,
and P. aeruginosa. Quantication of biomass (A–F) by crystal violet (CV) staining assay. White
columns denote biolm subjected to different concentrations of Complex I, while black columns
indicate untreated biolm (control, medium containing 4% DMSO). **** p < 0.0001 represent statistical
difference in relation to the control.

3.9. Scanning Electron Microscopy (SEM)

As shown in Figure 11A,B, the untreated S. aureus biolms showed morphology in
the shape of a coconut, and the integrity of the cell wall and membrane is visible. The
electron micrographs of the untreated biolm also showed high cell density embedded
in the polymeric matrix of the biolm, which was growing in the form of tulips or cell
clusters. On the other hand, it is possible to observe the morphological changes in S. aureus
cells treated with complex I irradiated with blue light at a concentration of 32 µg/mL
(Figure 11C,D), an indication that this complex can act on the wall axis/cell membrane
and the surface of the cells is also rougher. Notably, post-treatment S. aureus cells show
some type of elongation in cellular morphology. Damage to the plasma membrane is also
observed, as disruptions in cellular integrity are also observed, as shown in Figure 11D.
Low cell density and scattered cells were also observed on the surface where the biolm
was formed (Figure 11C).

Regarding E. coli, in the untreated biolms (Figure 11E,F), a high cell density can be
seen constituting the biolm and cells with preserved integrity, as the presence of bacilli is
noticeable, the characteristic cellular morphology of the species. In the group treated with
complex I at a concentration of 256 µg/mL and irradiated with blue light (Figure 11G,H),
low cell density and practically no biolm formation were observed. Furthermore, the cells
have completely altered their morphology, and compromise of the cell wall and plasma
membrane is also noted.
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Figure 8. Effect of Complex I on the number of viable cells present in biolm formation (24 h) of
S. aureus, S. epidermidis, E. coli, and P. aeruginosa. Counting the number of viable cells (A–F). White
columns denote biolm subjected to different concentrations of Complex I, while black columns
indicate untreated biolm (control, medium containing 4% DMSO). **** p < 0.0001 represent statistical
difference in relation to the control.

Figure 9. Effect of Complex I on the biomass of mature biolms (48 h) of S. aureus, S. epidermidis, E. coli,
and P. aeruginosa. Quantication of biomass (A–F) through crystal violet (CV) staining assay. White
columns denote biolm subjected to different concentrations of Complex I, while black columns
indicate untreated biolm (control, medium containing 4% DMSO). * p < 0.05, **** p < 0.0001 represent
statistical difference in relation to the control.
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Figure 10. Effect of Complex I on the number of viable cells present in mature biolms (48 h) of
S. aureus, S. epidermidis, E. coli, and P. aeruginosa. Counting the number of viable cells (A–F). White
columns denote biolm subjected to different concentrations of Complex I, while black columns indi-
cate untreated biolm (control, medium containing 4% DMSO). * p < 0.05, ** p < 0.01, **** p < 0.0001
represent statistical difference in relation to the control.

3.10. Confocal Laser Scanning Microscopy Analyses

To investigate the effects of complex I on the viability of biolm-forming cells and
mature biolms of S. aureus, investigations were conducted using confocal laser scanning
microscopy. In the analyses, viable cells (stained with SYTO9) exhibited green uores-
cence, while non-viable cells (stained with propidium iodide) displayed red uorescence.
Figure 12 shows the effects of complex I on the viability of biolm-forming S. aureus at
a concentration of 32 µg/mL. Complex I reduces the number of viable cells of S. aureus
in biolms (Figure 12A), while high cell density is observed in the untreated biolm
(Figure 12B). Regarding mature biolm, a high density of red-stained dead cells was
observed after treatment with complex I at a concentration of 64 µg/mL (Figure 12D),
indicating the internalization of propidium iodide and its binding to cytoplasmic DNA,
caused by damage to the integrity of the cell membrane. In untreated biolms (Figure 12C),
a high density of viable cells with marked green uorescence is visible, as well as the
maintenance of a very robust biolm.

3.11. Hemolytic Activity

Regarding hemolytic activity, complex I exhibited a low percentage of hemolysis
(between 2% and 4%) at higher concentrations of 64 and 128 µg/mL, as shown in Figure 13.
No hemolysis was detected at concentrations ranging from 2 to 32 µg/mL. Additionally,
no hemolysis was observed in the negative controls, which included 0.15 M NaCl and 4%
DMSO. In contrast, 1% SDS caused 100% hemolysis. These ndings indicate that complex I
has low hemolytic potential, especially at lower concentrations, demonstrating its potential
safety for therapeutic applications.
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Figure 11. Electron micrographs obtained by SEM illustrating the impact of Complex I on biolm
development of S. aureus ATCC 700698 (A–D) and E. coli ATCC 11303 (E–H) following 24 h of
treatment. Electron micrographs show untreated biolms of S. aureus (A,B) and E. coli (E,F) at
magnications of 20,000× and 65,000×, respectively. Electron micrographs show biolms of S. aureus
(C,D) and E. coli (G,H) treated with Complex I at a concentration of 32 µg/mL and 256 µg/mL,
respectively, at magnications of 20,000× and 65,000×.
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Figure 12. Micrographs of the evaluation of the effect of Complex I on biolm formation (24 h) andma-
ture biolms (48 h) of S. aureus ATCC 700698. (A) Untreated S. aureus ATCC 700698 (MRSA) biolms.
(B) S. aureus ATCC 700698 (MRSA) biolms treated with Complex I at a concentration of 32 µg/mL.
(C) Untreated S. aureus ATCC 700698 (MRSA) mature biolms. (D) S. aureus ATCC 700698 (MRSA)
mature biolms treated with Complex I at a concentration of 64 µg/mL. Magnitude: 600× (A–D).
Lasers: 488 nm for SYTO9 detection and 561 nm for propidium iodide detection.

Figure 13. Hemolytic activity of Complex I on human erythrocytes. **** p < 0.0001 represents
statistical differences concerning the total hemolysis control (SDS 1%).
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3.12. Cytotoxic Activity

The cytotoxic effect of complex I on murine dermal broblasts was assessed and the
ndings are encapsulated in Figure 14. On L929 cells, excluding the highest concentration
(125 µg/mL), the results indicate that there was no statistical difference between the
control and the groups treated with different concentrations of complex I in the rst 24 h
(Figure 14A). After 48 h (Figure 14B), no cytotoxic effect was observed since the reductions
in cell viability were between 20 and 35%.

Figure 14. Cytotoxicity of nitro complex I against murine broblast L929 cell line. The cell viability
was determined by MTT assay. After (A) 24 h and (B) 48 h of treatment. Error bars indicate standard
error of the mean (SEM). *** p < 0.001, ** p < 0.01, * p < 0.05 compared to control (medium with
1% DMSO).

4. Discussion

For many decades, antimicrobials have been effective in treating or preventing a wide
range of infectious diseases. However, their effectiveness is being put at risk due to the
progressive emergence of microorganisms more resistant to traditional antibiotics [42].
Pathogens such as P. aeruginosa, E. coli, S. aureus, and S. epidermidis are at the top of global
concerns for research and development of new antimicrobial agents, which represents an
important step in the ght against AMR [2,43,44].

Recently, considerable research into the design and development of new antimicrobials
has been carried out, and although a large number of new molecules or compounds,
both of natural and synthetic origin, have been investigated to combat multiresistant
microorganisms, few demonstrate an effective antimicrobial effect or can progress to
clinical trials [45–48].

The emergence of resistance to antimicrobials poses a serious threat to public health
worldwide. In this context, metal complexes have been recognized as promising sources
for new classes of antimicrobial agents. A key target for antimicrobial drugs such as metal
complexes is their ability to interact with the DNA molecule, which constitutes a relevant
signal about their biological potential [49]. In this sense, considering the DNA-binding
properties of Ru compounds and their ability to induce the production of singlet oxygen
and/or other ROS, it is paramount to elaborate and synthesize a biologically active compound.

In this context, we prepared complex I, and the crystal structure of this nitro complex
was successfully elucidated using X-ray crystallography. The X-ray crystallographic studies
conrmed the presence of one NO2

− and one chloride group coordinated as monodentate
ligands. The structures formed a slightly distorted octahedral geometry, highlighted by
the bond angles around the metal centers, such as the N2-Ru-N3 bond angle (Table 2),
which are far from the expected value of 90◦ due to the tension of the ve-membered
chelate ring of the 4,4-Mebipy ligand. The N1b-Ru1-Cl1b and N1a-Ru1-Cl1a bond angles
are close to 90◦, as expected to the cis geometry presented by complex II. The dimensions
of the nitrite ion in NaNO2 at 293 K were N–O = 1.240 Å and O–N–O = 114.9◦ [50]. In
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nitro complex I, the O–N–O angle was 120.6◦, within the range generally observed for M-
NO2 complexes (113–127◦) and N–O bond length values of ≈1.22 Å, close to characteristic
double-bond distances similar to the ct-[Ru(NO2)2(dppb)(5,5′-Mebipy)] complex previously
described in the literature [51]. The Ru-N(6)(NO2) interatomic distance (≈2.10 Å) in the
ct-[RuCl(NO2)(dppb)(4,4′-Mebipy)] complex was slightly longer but comparable to the
values observed for other ruthenium nitro compounds, for example, 2.073(2) Å in [(p-
cym) Ru(bpy)NO2]PF6 [52], 2.082 Å in ct-[Ru(NO2)2(dppb)(5,5′-Mebipy)] [51], and 2.075
in cis-[Ru(bpy)2(4-bzpy)(NO2)](PF6) [53]. Additionally, it was observed that Ru-N (4,4′-
Mebipy) and Ru-P (dppb) bond lengths are within ranges found for other similar complexes,
mainly those from the same Ru(II) precursors [29,51,54]. The crystal structure renement
showed disordered groups in the expected positions of NO2

− and Cl− ligands, identied
as a positional disorder for these ligands. Two positions with different occupancies were
determined, as presented in Figure 3. The rst structure, containing the N1a trans to N3 and
Cl1a trans to P1, was found with 80% occupancy, while the other, containing the N1b trans
to P1 and Cl1b trans to N3, displayed 20% occupancy. This result shows the presence of
two geometric isomers resulting from crystals obtained from a methanolic solution, which
supports the occurrence of isomerization in solution.

Complex I, in the absence of light, exhibited no signs of DNA cleavage, even at
concentrations of up to 100 µM of this metal complex (Figure 6). Conversely, under
blue light irradiation, the complex facilitated effective DNA cleavage, resulting in the
creation of nicked DNA (form II). Recent investigations indicate that the nitrosyl complex
[RuCl(NO)(dppb)(4,4-Mebipy)]2+ facilitates effective DNA cleavage in the absence of light,
while this degradation is further amplied in the presence of light [17]. This phenomenon
may be elucidated by the fact that no bound nitrogen monoxide in this chemical may be
released spontaneously within hours, but the process is expedited by light. The diaqua
complex [Ru(H2O)2(dppb)(4,4-Mebipy)]2+, generated following NO release, can rapidly
degrade DNA and may be partially accountable for this outcome. Moreover, nitric oxide
(NO) can, either directly or indirectly, through reactions with O2 or superoxide (O2

−),
inict DNA damage, impede various enzymatic functions, and provoke lipid peroxidation,
leading to membrane impairment, which is the primary mechanism of NO’s antibacterial
effects [55].

These findings provide a compelling contrast in terms of the potential mechanism under-
lying the antibacterial activity of the nitrosyl complex [RuCl(NO)(dppb)(4,4-Mebipy)]2+ [17]
and the nitro complex I described here, and we conclude that these species kill bacteria in the
dark through different mechanisms. However, the DNA degradation observed after irradia-
tion of the nitro complex may also be related to light-induced NO release since this compound
is capable of releasing NO after irradiation with blue LEDs. Considering that NO photorelease
may be responsible for DNA cleavage and consequently improve the antimicrobial activity of
complex I, leading to a decrease in the experimentally observed MBC values after blue light
irradiation, we conducted some qualitative photochemical experiments to investigate this
photoreaction, such as electrochemical experiments and detection of NO photorelease using
the Carboxy-PTIO probe. Both experiments confirmed the release of NO after irradiation of
complex I.

It is established that, during photolysis, certain nitro complexes may liberate NO due
to the disproportionation of other nitrogen oxides. De Lima et al. [28] demonstrated that the
nitrite ion (NO2

−) coordinated to a Ru(II) center can function as a photochemical generator
of nitric oxide in complexes of the form cis-[RuII(NO2)L(bpy)2]+ (bpy = 2,20-bipyridine and
L = pyridine, 4-picoline, and pyrazine) and [RuII(NO2)(bpy)(terpy)]+ (terpy = terpyridine).
Their ndings indicate that bound nitrite experiences photochemical disproportionation to
generate NO in an aqueous solution, as illustrated in Equation (1).

RuII-(NO2) + H2O + hn→ RuIII−(OH) + NO + OH−

However, the release of NO from the irradiation of polypyridine–phosphine mixed
ligand complexes has never been explored.
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Regarding antimicrobial activity, our results indicated an apparent preference of
complex I to act against Gram-positive bacteria since low MIC values were observed
(between 4 and 8 µg/mL), which may be related to the fact that the complex exhibits
lipophilic characteristics, which would facilitate its penetration into the bacterial cell.

Some ruthenium complexes containing 2,2′-bipyridine (bipy) and its derivatives [41,56,57]
as well as polypyridine–phosphinemixed ligands [17] have been tested as antimicrobial agents
against different pathogens and shown to be promising antimicrobial compounds. These
results have encouraged us to explore these kinds of systems, not only because of the promis-
ing results but also because it is possible to investigate the structure–activity relationship of
the complexes.

Currently, a wide variety of ruthenium complex formulations are being studied as
potential antimicrobial agents to combat the imminent threat of antimicrobial resistance. In
the literature, studies that evaluated the joint antimicrobial effect of ruthenium complexes
and antibiotics are still scarce. Aiming to potentiate the antimicrobial effect of complex I
and the antibiotics ampicillin and tetracycline, in this study we evaluated the interaction
between different concentrations of the mentioned compounds. As shown in Table 4, the
combination of complex I and ampicillin resulted in a synergistic effect when evaluated against
Staphylococcus spp., something interesting and that leads us to expand the understanding of
possible mechanisms of action of the nitro complex. Interestingly, no interaction and even
an antagonistic effect were observed when complex I was evaluated against Gram-negative
bacteria, something that may be related to the presence of the outer membrane [56] in this
group of bacteria or even to resistance mechanisms such as the flow pump.

The combination of complex I and tetracycline showed two different results: (1) no
interaction against Gram-positive bacteria; (2) synergistic effect against Gram-negative
bacteria. These results may reinforce the idea that complex I is absorbed and accumulated
in the bacterial cytoplasm and interacts reversibly with intracellular targets, such as DNA,
RNA, proteins, membranes, or other metabolites, causing damage and consequently cell
death, as demonstrated by Sousa et al. [15]. In this study, we suggested that the combination
with tetracycline would allow better absorption of the nitro complex, facilitating the release
of intracellular NO and interaction with the biomolecules and structures already mentioned.

Biolms are responsible for up to 80% of all chronic and recurrent bacterial infections
in humans [57], and the presence of biolms has been conrmed on more than 90% of
dry surfaces in intensive therapy units [58]. Currently, the presence of antibiotic-resistant
bacteria and the infections they cause constitute a huge threat to public health [59], a
problem that is aggravated by the presence of bacteria in biolms, a microbial survival
mechanism that becomes up to 1000 times more resistant to dehydration, phagocytosis,
metal toxicity, and exposure to acids and antibiotics than the planktonic form [60].

Concerning the antibiolm activity of complex I (Figures 7–10), it was observed that
there was a signicant reduction in the total biomass of forming and mature biolms. At its
highest concentration (128 µg/mL for Gram-positive and 256 µg/mL for Gram-negative),
the complex reduced the biomass of biolms of the bacteria evaluated by at least 90%.
The strains S. aureus ATCC 700698 and S. epidermidis ATCC 35984, despite being resistant
to ampicillin and other β-lactams, were sensitive to this complex, presenting a reduction
of more than 65% of their biomass at a concentration of 4 µg/mL (MIC) and 99.8% at its
highest concentration (128 µg/mL) (Figure 7B,D). Even at subinhibitory concentrations, a
further 40% reduction in the total biomass of E. coli and P. aeruginosa biolms was observed
(Figure 7E,F). The bacteriostatic and bactericidal activity of this complex was observed in
a study published by Andrade et al. [16], and the reduction in biomass may be related to
the decrease in planktonic cells, a result of damage caused to the cell wall and/or plasma
membrane after treatment by complex I, since according to Sharma et al. [61], damage to
bacterial structures such as walls and membranes interferes with the ability of bacteria to
attach to host cells and blocks their ability to attach to initiate the formation of biolms.

Concerning mature biolms, the complex also exhibited antibiolm activity with
statistically signicant reductions (p < 0.0001) in total biomass and the number of viable cells
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in relation to the control of untreated bacteria. Even bacterial strains with a resistance prole
(S. aureus ATCC 700698 and S. epidermidis ATCC 35984) and requiring up to 1000 times
higher concentrations of antibiotics were sensitive to treatment with complex I, which
induced a reduction in total biomass by more than 75% at a concentration of 128 µg/mL.
Similarly, viable cells that, despite being protected inside the matrix against desiccation,
the action of oxidizing biocides, and some antibiotics [62], suffered the action of complex
I showed a decrease between two and four orders on the logarithmic scale at the highest
concentrations (62 and 128 µg/mL).

Jiang et al. [39] showed that a ruthenium polypyridine complex proved to be effective
in reducing biolm formation with signicant levels of reduction that varied between 27%
and 41% at concentrations of 1 µg/mL and 2 µg/mL, respectively, a result that, according
to the authors, indicated an antibiolm effect at subinhibitory concentrations. Moreover,
the authors also carried out an attack assay on mature bacterial biolm, and the results
indicated that the compound can inhibit not only the formation of biolms but also already-
formed bacterial biolms.

Recent studies, such as those involving ruthenium(II) polypyridyl complexes, have
shown enhanced phototoxicity and specicity for bacterial cells, making PDT an increas-
ingly viable option for managing localized infections that are resistant to traditional antibi-
otics. Furthermore, the rapid action of PDT can be particularly benecial in acute infections
where timely bacterial control is critical, potentially preventing complications from biolm
formation and chronic infection [21,43]. PDT has emerged as a promising alternative to
conventional antibiotics, particularly for multidrug-resistant (MDR) infections. PDT op-
erates by utilizing photosensitizers that, upon exposure to a specic wavelength of light,
produce reactive oxygen species (ROS) capable of damaging microbial cellular components
and effectively killing bacteria. This technique is not only effective against a wide range of
pathogens, including the ESKAPE group of MDR bacteria, but also minimizes the risk of
resistance development due to its mechanism of action that generates non-specic oxidative
stress on microbial cells [21,43].

The poor permeability of traditional antibiotics is one of the main reasons for the de-
crease in their therapeutic capacity and the increase in resistant bacteria [63–65]. Therefore,
the ability to damage the plasma membrane of microorganisms should be an important
feature of newly developed antibacterial agents [66]. To evaluate whether complex I can
compromise the integrity of the bacterial membrane or cell wall, analyses using scanning
electron microscopy (SEM) and confocal microscopy were performed. These techniques
provide detailed insights into potential structural damage caused by the complex at the
cellular level.

The electron micrographs obtained by SEM (Figure 11) and the micrographs obtained
by confocal microscopy (Figure 12) showed the action of complex I on the cell wall and
plasma membrane of S. aureus and E. coli. As presented in Section 3, the morphological
change in S. aureus cells is noticeable when treated with complex I at a concentration of
32 µg/mL (Figure 11D), an indication that the complex caused damage to the cell wall.
Furthermore, as one of the functions of the cell wall is to maintain the morphology of
bacterial cells, any interference or even the absence of this structure causes changes in the
shape of the bacteria. There was also low cell density and cells dispersed on the surface
where the biolm was formed (Figure 11C), thus conrming the reduction of the SPE
matrix, a component that corresponds to more than 80% of the organic matter in the mass.
Biolm drought [67], resulting in a reduction in biomass quantication and the number of
viable cells, was also evaluated in this study.

Anderson and O’Toole [68] assert that the matrix safeguards cells from external threats
and serves as a barrier to the transport of tiny substances. The decrease in the matrix
by ruthenium complexes may render cells more vulnerable, as it constitutes a method
of biolm resistance. Electron micrographs of E. coli biolms (Figure 11G,H) revealed
alterations in the shape of the bacterial cell wall, exhibiting cells with uneven, wrinkled,
and fragmented surfaces. Sun et al. [69], examining the antibacterial properties of the ruthe-
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nium(II) RuBP complex and its mechanism against Gram-positive bacteria, determined
that the complex could impede the proliferation of bacterial species such as S. aureus and
M. tetragenus. Scanning electron microscopy (SEM) observations of both bacteria treated
with RuBP revealed damage to the cell wall and membrane integrity, which likely resulted
in growth inhibition and cell death.

Jiang et al. [39] also assessed the morphological characteristics of S. aureus bacterial
samples treated with ruthenium complexes using SEM. The authors noted that the bacteria
in the control group exhibited an intact and smooth cell surface, devoid of rupture. In the
group administered the compound Ru-3 at a concentration of 4 µg/mL for 2 h, most bacte-
rial structures exhibited deformation and collapse, with numerous ripples seen, indicating
that Ru-3 treatment results in physical damage to the cell membrane.

Furthermore, Jiang et al. [39] noted disparities in bacterial growth between the Ru-
3-treated group and the control group when subjected to the uorophores 4′,6-diamino-
2-phenylindole (DAPI) and propidium iodide (PI). DAPI is capable of penetrating both
viable and non-viable cells, emitting blue uorescence, whereas PI exclusively inltrates
cells with compromised membranes, binding to nucleic acids to yield red uorescence [65].
Consequently, the authors noted blue uorescence solely in the control group, implying
the integrity of S. aureus cell membranes. In contrast, both blue and red uorescence were
detected in the Ru-3 groups, signifying that Ru-3 effectively disrupts the membranes of S.
aureus at a concentration of 4 µg/mL.

In our study, we evaluated cytotoxicity by measuring hemolytic activity and cytotoxi-
city on murine broblasts. The toxicity of any compound intended for pharmacological
applications is very important, as information about the interactions between molecules
and biological entities at the cellular level is considered an indicator of general cytotoxicity
for normal cells [45]. In general, the percentage of hemolytic activity of complex I was less
than 5% in all concentrations tested (Figure 13); in this case, the hemolysis assay carried out
in this study showed safety for possible uses of complex I in future therapies, according to
the interest in their activities in biological systems. Another point is that the absence of side
effects, in this case, hemolysis, favors the carrying out of more studies on metal compounds
with potential intravenous administration according to their concentration, since several
drugs used in therapy have been reported to promote hemolysis at a higher rate of up to 5%
and were considered clinically safe [70]. Cytotoxic activity on murine broblasts (Figure 14)
yielded acceptable results, as no concentration diminished cell viability by over 50% during
the assessment period. Nonetheless, certain formulations exist that mitigate the toxicity of
complexes or molecules exhibiting clinically relevant biological activity, thereby ensuring
their safe and effective application.

5. Conclusions

In conclusion, the nitro complex [RuCl(NO2)(dppb)(4,4-Mebipy)] (complex I) irra-
diated with blue light demonstrated signicant antibacterial and antibiolm activities
against both Gram-positive and Gram-negative bacteria. Notably, the antibacterial activity
of the complex was enhanced upon light irradiation, supporting the hypothesis that the
release of free NO plays a crucial role in its antimicrobial effects. Analyses using SEM
and confocal microscopy revealed the impact of complex I on the bacterial cell wall and
plasma membrane, suggesting a dual mechanism of action involving both the complex
itself and the release of NO. Toxicity assays further conrmed that complex I is non-toxic
to human erythrocytes and murine broblasts. These ndings highlight the promising
antimicrobial potential of complex I against clinically relevant bacterial strains, warranting
further investigation into its therapeutic applications.
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