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ARTICLE INFO ABSTRACT

Keywords: Rapidly growing mycobacteria (RGM) are found in non-sterile water and often associated with severe post-
Rapidly growing mycobacteria surgical infections and affect immunocompromised patients. In addition, RGM can prevent the host’s immune
Sulfonamides response and have the ability to adhere to and form biofilms on biological and synthetic substrates, making
EZ;]; pharmacological treatment difficult because conventional antimicrobials are ineffective against biofilms. Thus,
- di-GMP there is an urgent need for new antimicrobial compounds that can overcome these problems. In this context,

sulfonamides complexed with Au, Cd, Ag, Cu, and Hg have shown excellent activity against various microor-
ganisms. Considering the importance of combating RGM-associated infections, this study aimed to evaluate the
activity of sulfonamide metal complexes against RGM biofilm. The sulfonamides were tested individually for
their ability to inhibit mycobacterial formation and destroy the preformed biofilm of standard RGM strains, such
as Mycobacterium abscessus, M. fortuitum, and M. massiliense. All sulfonamides complexed with metals could
reduce, at subinhibitory concentrations, the adhesion and biofilm formation of three RGM species in polystyrene
tubes. It is plausible that the anti-biofilm capacity of the compounds is due to the inhibition of c-di-GMP syn-
thesis, which is an important signal for RGM biofilm formation. Hence, the impacts and scientific contribution of
this study are based on the discovery of a potential new therapeutic option against RGM-associated biofilm
infections. Sulfonamides complexed with metals have proven to be a useful and promising tool to reduce mi-
crobial adhesion on inert surfaces, stimulating the improvement of methodologies to insert compounds as new
antibacterial and coating agents for medical and hospital materials.

1. Introduction

Rapidly growing mycobacteria (RGM) have been gaining promi-
nence in clinical laboratories, being the species M. abscessus,
M. chelonae, M. fortuitum, and M. smegmatis the most clinically reported
RGM Misch et al. [24]. Associated with post-surgical, post-traumatic,
and device-related infections, these organisms tend to form biofilms in
surgical equipment, catheters, and prostheses, thus increasing disease
resistance [31]. Moreover, research has demonstrated that 75% of pa-
tients with disseminated infections on the skin have been infected by
M. fortuitum and M. chelonae. Similarly, M. abcessus was recently isolated
from an infection related to knee prosthesis placement in a postoperative
procedure [22]. The most common cutaneous or subcutaneous mani-
festations are caused by  disseminated infections in
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immunocompromised patients, skin and soft tissue, and post-surgical
infections [18].Table 1.

RGM-associated skin and soft tissue infections are deep and can
result in progressive tenosynovitis. Traumatic injuries, surgical wounds,
and environmental exposures (e.g., water) are major causes of RGM
infections [18]. Despite RGM infections being common in immuno-
compromised patients and those with antecedent chronic diseases,
recent studies have shown that RGM infections can occur in healthy
patients with a history of surgical procedures such as liposuction and fat
grafting [20].

Contributing factors may include using alternative medicine and
procedures performed in freestanding surgical outpatient facilities that
are not routinely monitored by infection-control committees or equiv-
alent supervisory bodies. These establishments typically use tap water
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Values of the minimum inhibitory concentration (MIC) for the standard strains of rapidly growing mycobacteria.

Compound M. fonuitum M. abscesses M. massiliense
MIC (pg/ml)
Sulfadiazine Au-PPh3 19.53 9.76 9.76
Sulfadiazine Ph2P-Au-Au-PPh2 19.53 9.76 9.76
Sulfamethoxazole Au-PPh3 39.06 19.53 19.53
Sulfamethoxazole Ph2P-Au-Au-PPh2 39.06 19.53 19.53
Sulfamethoxazolate Au 19.53 19.53 9.76
Sulfamethoxazole Ag 39.06 19.53 9.76
Sulfamethoxazole Cd 19.53 4.88 4.88
Sulfamethoxazole Hg 9.76 4.88 4.88
Sulfamethoxazole Cu 9.76 39.06 19.53
Sulfamethoxazole 32 8 64
Trimethoprim 256 16 1

(non-sterile) for medical procedures and inappropriate instrument
cleaning methodsDe Groote and Huitt [12].

Detection of mycobacteria in biofilm samples from different water
systems have been reported, and rapidly growing species such as
M. fortuitum and M. chelonae have been described as part of these pol-
ymicrobial biofilms [31,14]. Furthermore, biofilm development capac-
ity is related to the pathogenicity of these bacteria and antimicrobial
resistance. The RGM can form biofilms in vitro, with differences
regarding the importance of biofilms in the pathogenesis of human
diseases [26].

Most bacteria can shift between two modes of action: single cells
(planktonic mode) and biofilm (a sessile microbial community). Biofilm
and planktonic cells differ significantly in their physiology, gene
expression, and morphology. Biofilm cells are characterized by high
production of adhesion factors and extracellular polysaccharides (EPS),
lower sensitivity to antibiotics, and high resistance to environmental
stress [13].

Mycobacteria in biofilms resist high antibiotic concentrations, unlike
their planktonic counterparts [32,9]. Biofilms formed by RGM were

treated with amikacin, ciprofloxacin, clarithromycin, doxycycline, and
sulfamethoxazole, and none of the antimicrobials could completely
eradicate the bacterial biofilms. Furthermore, M. fortuitum was the
microorganism that showed resistance to the antimicrobial inhibitory
action when applied before the formation of mature biofilms [15].

Metal complexes with sulfamethoxazole have shown promising re-
sults against gram-positive and gram-negative bacteria and fungiAna-
cona and Osorio [3]. Furthermore, new sulfonamides complexed with
metals have demonstrated in vitro activity against Mycobacterium tuber-
culosis, M. abscessus, M. fortuuitum, and M. massiliense, and its effects
were potentiated with the combination trimethoprim [1], in addition to
showing inhibitory activity against Escherichia coli biofilms [25]. These
results are significant because they demonstrate that the coordination of
antimicrobials with metals may be a promising new strategy to discover
new anti-infective agents, especially with antibiofilm efficacy. Thus,
these new sulfonamides were tested, for the first time, against RGM
biofilms.
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Fig. 1. Structures of sulfonamide-derived compounds.
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Fig. 2. Biofilms formed on the liquid-air interface in polystyrene tubes by Mycobacterium abscessus (A), Mycobacterium fortuitum (B) and Mycobacterium massiliense
(C). Viewed by microscope (Olympus Fluwil FV 10i) without using dyes and only with the autofluorescence produced by mycobacteria (upper images) and photos of

the biofilm in the tubes (lower images).

2. Materials and methods
2.1. Compounds

Compounds sulfadiazine Au-Psg, sulfadiazine syP-Au-Au-Psy, sulfa-
methoxazole Au-Pes, sulfamethoxazole wsyP-Au-Au-Psy, sulfamethox-
azolato Au, sulfamethoxazole Ag, sulfamethoxazole Hg, sulfamethoxazole
Cd and sulfamethoxazole Cu were synthesized in Laboratério de Materiais
Inorganicos (LMI) of Departamento de Quimica of Universidade Federal de
Santa Maria [23]. The Fig. 1 shows the structures of the compounds. Sulfa-
methoxazole and trimethoprim were purchased from Sigma Chemical
Company. Initial stock solutions of these drugs and sulfonamide compounds
were dissolved in dimethyl sulphoxide (DMSO) at 50 mg/ml.

Dilutions were made in Mueller Hinton (Merck) broth (39.06 — 0.153
pg/ml for sulfonamides e 64 — 0,125 pg/ml for sulfamethoxazole). These
concentration range were used in the tests based on the results of the
minimum inhibitory concentrations (MICs) of the isolated compounds
and in combination with the metals obtained by [2].

2.2. Strains and growth media

Three ATCC strains of Rapidly Growing Mycobacteria (RGM) were
used, including M. abscessus (ATCC 19977), M. fortuitum (ATCC 6841)
and M. massiliense (ATCC 48898). Standard strains were maintained on
Lowenstein-Jensen (HiMedia Laboratories Pvt. Ltd, India) agar until
needed.

2.3. Biofilm inhibition test

The sulfonamides were tested individually for their ability to inhibit
biofilm formation of a mycobacterial species. The concentrations of the
sulfonamides used were equal and lower than the MICs. The biofilm
formation was adapted to macro-technique, maintaining the proportions
of medium, antibacterial and inoculum. In polystyrene test tubes with a
5 mL capacity were added 1 mL of Middlebrook 7H9 medium containing
1x107 CFU /mL of each bacterial species to be tested and 1 mL of the
dilution of the sulfonamides to be evaluated. The tubes were covered
with parafilm® and incubated at 30 °C for 7 days [8].

2.4. Biofilm destruction test

Using the adapted technique, 1 mL of Middlebrook 7H9 medium
containing 1x107 CFU/mL of the bacterial species were added in poly-
styrene tubes, which were covered with parafilm ® and incubated at
30 °C for 7 days [8]. After biofilm formation, 1 mL of sulfonamides was
added to each tube in concentrations equal or higher than the MICs. The
tube was covered with parafilm® and it was incubated at 30 °C for 24 h.

2.5. Biofilms quantification
The biofilm was quantified as described, adapted to macro-technique

[6]. The cells that were weakly adhered to the biofilm were removed by
the rinsing with saline and the remainder was dried at room temperature
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Fig. 3. Optical densities (OD) of biofilms formed by a semi-quantitative technique using a violet crystal. The images show the differences in biofilm formation by
M. abscessus, M. fortuitum, and M. massiliense at increasing concentrations of sulfadiazine Au-Ps3 (upper images) and sulfadiazine syP-Au-Au-Ps; (lower images). (*)
Statistically significant difference between the positive control and the corresponding concentration. (#) No statistically significant difference between the negative

control and the corresponding concentration.

for a few minutes. After this, it was added 2 mL of a suspension of 0.1%
crystal violet and the tubes were kept at rest for 10 min to further rinsing
with saline to remove remaining planktonic cells and the excess dye. 2
mL of 95% ethanol were added to each test tube, kept for 15 min, and
transferred to disposable cuvettes for a later reading in optical density
(OD) of 570 nm. The biofilm formation was determined by the signifi-
cant difference between the averages of absorbance obtained in the
positive control (culture medium and bacteria) and the average obtained
by the negative control (culture medium only). The experiments were
performed in triplicate in three different times.

2.6. Statistical analysis

The optical density readings obtained in the biofilm formation assay
was recorded as mean + SE and submitted to the t test (compared with
the positive control). A P value < 0.05 was considered to indicate sta-
tistical significance. Graphs were prepared using GraphPad Prism
version 5.01 (GraphPad Software, La Jolla, CA).

3. Results and discussion

Bacterial biofilms can be formed in vivo and in vitro on biotic or
abiotic surfaces, such as minerals, dead organisms, air-water interfaces,
medical devices, plants, and other microbes and animals. This fact
causes great concern, especially for health areas, due to the limited ef-
ficacy of antimicrobial treatments against biofilm infections Costerton

etal. [11].

Several mycobacterial species are known to form biofilms and lipids
in their cell wall, including mycolic acid, lipooligosaccharides, phyto-
coldoldiocycearates, phenolic glycolipids, lipoarabinomannans (LAM),
and glycopeptidolipids (GPL), which are closely related to biofilm for-
mation and influence colony morphology, antibiotic resistance, and
mycobacterial virulence [32,9,15]. Moreover, in hydrophobic microor-
ganisms, such as those of the genus Mycobacterium, biofilm formation is
a successful survival strategy Costerton et al. [11].

In this study, the three species of RGM could form highly dense and
compact biofilms on the air-liquid interface and surface of polystyrene
tubes (Fig. 2). Biofilms formed by mycobacteria have been reported in
environmental studies, mainly in water systems. In addition, acute in-
fections caused by microorganisms of the genus Mycobacterium are
usually associated with contamination by planktonic organisms, while
chronic infections appear to be closely associated with biofilm formation
Maunders and Welch [21].

In this sense, genes responsible for biofilm formation and metabolic
and signal transduction pathways are potential targets for new drugs. In
addition, these inhibitors can be used alone or in combination with
conventional antimicrobial agents [19]. Therefore, we tested the sul-
fonamides associated with metals since they can enhance sulfonamide
action, which is a class of drugs that damages bacterial metabolism and
is safe, despite being ineffective against biofilms if used alone.

Sulfamethoxazole is a broad-spectrum sulfonamide and highly rele-
vant in controlling infections caused by different pathogens, including
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Fig. 4. Optical densities (OD) of biofilms formed by a semi-quantitative technique using a violet crystal. The images show the differences in biofilm formation by
M. abscessus, M. fortuitum, and M. massiliense at increasing concentrations of sulfamethoxazole Au-Ps3 (upper images) and sulfamethoxazole s;P-Au-Au-Ps, (lower
images). (*)Statistically significant difference between the positive control and the corresponding concentration. (#) No statistically significant difference between

the negative control and the corresponding concentration.

RGMBrasil [7]. The clinical indication for sulfamethoxazole alone also
persists, although activity decreases significantly when the infectious
agent is in the form of biofilms or inside host macrophages [15].

Subinhibitory sulfonamide concentrations were used for testing in
order to maintain bacterial cell viability. Therefore, the inoculum mi-
croorganisms remained after treatment with the drugs and were avail-
able to adhere to the tube surface and form the sessile structure.

All sulfonamides complexed with metals showed activity and
inhibited biofilm formation to some degree when used at subinhibitory
concentrations. In addition, free sulfamethoxazole did not inhibit bio-
film formation, while the sulfadiazine s2P-Au-Au-Ps2 and sulfameth-
oxazole Au-Ps3 completely inhibited M. fortuitum biofilm formation at
some concentrations (Figs. 3-7). Nonetheless, sulfonamides complexed
with metals could not destroy the previously formed biofilm (data not
shown).

High antimicrobial activity coordinated with the ions Ag, Au, and Hg
is shown in Figs. 5 and 6. These complexes prevented mycobacterial
biofilm formation even at the lowest concentrations tested, with values 5
times lower than the MIC of the strains under study. This higher per-
formance may have occurred due to the slow release of these ions to the
environment, which allowed a more significant interaction with the
different bacterial macromolecules and, consequently, resulted in
possible changes in the metabolism, damage to cellular structures such
as membranes, proteins, and DNA, affecting adhesion and biofilm for-
mation [16,17].

Moreover, our results demonstrate that, for all strains evaluated,
sulfamethoxazole showed low effectiveness in inhibiting biofilm for-
mation (Fig. 7). The drug presented moderate and irregular inhibition
for the M. abcessus biofilm, effectiveness at one of the concentrations for
M. fortuitum, and only the highest concentrations were effective for
M. massiliense. These data corroborate findings in the literature that
report the low efficacy of sulfamethoxazole in inhibiting the sessile
structure formed by M. abcessus, M. fortuitum, and M. massiliense and
confirm that sulfamethoxazole is ineffective in destroying biofilm
[15,29].

In this context, it is known that biofilm formation is often regulated
by a coordinated process called quorum sensing (QS), a cell to cell
communication and involved in modulating the social behavior of
bacteria. A variety of small molecules mediate QS, such as cyclic-di-GMP
(c-di-GMP) [28], discovered in 1987 by Benziman and coworkers, and
an activator of cellulose synthesis in Acetobacter xylinus. Since then,
several other bacterial species have been discovered, including myco-
bacteria. The cellular level of c-di-GMP in M. smegmatis may also be
involved in biofilm formation under specific growth conditions [28].

Intracellular levels of c-di-GMP are determined by two classes of
enzymes with opposite activities: diguanylate cyclases (DGC), which
synthesize c-di-GMP, and c-di-GMP phosphodiesterase (PDE), which
hydrolyze it into the inactive diguanylate phosphate (pGpG) form [28].
Genes involved in c-di-GMP biosynthesis and the number of molecules
are conserved in all eubacteria while absent in animal species,
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suggesting that enzymes involved in c-di-GMP biosynthesis may be
interesting targets for anti-biofilm agents [19]. A screening study of
compounds capable of interfering with c-di-GMP synthesis demon-
strated that sulfathiazole could inhibit c-di-GMP biosynthesis and pre-
vent biofilm formation at subinhibitory concentrations in E. coli [4].

Therefore, as previously suggested herein, the sulfonamides com-
plexed with metals prevent biofilm formation at concentrations that do
not affect planktonic cell growth. These sulfonamides exert their effects
by inhibiting the dihydropteroate synthase (DHPS), the target of sul-
fonamides. Furthermore, increasing the antimicrobial activity of the
compounds coordinated with metal ions occurs is likely due to the
presence of an electron donor present in the system in coordination
compounds. These donor groups and the relocation of electrons within
the chelate reduce the polarity of the complexed metal. The chelation
process increases the lipophilic character of the central metal atom,
favoring the penetration of the complex through the lipid layer of the
cell membrane of the microorganism [10].

Sulfathiazole belongs to the sulfonamide class and is an inhibitor of
di- and tetrahydrofolate biosynthesis via DHPS interactionVilcheze and
Jacobs [30]. The depletion of intracellular tetrahydrofolate, in turn,
affects various metabolic pathways, including purine nucleotide
biosynthesis. The antimicrobial activity of sulfonamides can be over-
come by growing bacteria in complex media, thus providing tetrahy-
drofolate metabolism products. Furthermore, sulfathiazole affects
tetrahydrofolate biosynthesis and nucleotide metabolism. Nevertheless,
it is probable that c-di-GMP biosynthesis inhibition by sulfathiazole does
not occur through direct inhibition of DGC activity but indirect effects,
such as alteration of nucleotide pools, affecting the availability of the
DGC substrate [4].

Nucleotide biosynthesis inhibition can block the production of
modified nucleotides that act as signaling molecules for biofilm forma-
tion, such as c-di-GMP. This fact stimulates the degradation of nucleo-
tides and recycling triphosphate for DNA and RNA production. Another
possibility is partial nucleotide biosynthesis inhibition, as seen at sub-
inhibitory concentrations of sulfathiazole and fluorouracil, and may
result in failure to deoxyribonucleotides for DNA replication. The bac-
terial cell may react by suppressing “non-essential” DNA synthesis, such
as extracellular DNA production [19]. Extracellular DNA is an essential
component of the RGM biofilm matrix; thus, the DNase treatment can
prevent biofilm formation, which must be explored in future studies [5].

The resistance of bacterial biofilms to antimicrobials limits thera-
peutic options. Thus, biofilm inhibition and dispersion are interesting
research topics for the scientific community. Innovative methods that
explore biosynthesis and biofilm dispersion mediated by c-di-GMP
should elucidate new targets for action, resulting in a more significant
number of biofilm inhibitors that can be used directly or provide the
starting material to develop new drugs [19].

In this context, we suggest that sulfonamide complexes with metals
prevent biofilm formation, probably by inhibition of c-di-GMP synthesis.
These results are significant and suggest that the coordination of metals
with sulfonamides seems to be a new strategy for discovering new
antimicrobial agents. The coordination of the metal with the sulfon-
amides should be well explored since there is a possibility of drug
development, mainly for topical use, as in the case of coordinated silver
ions for sulfadiazine [27].

Since many persistent infections occur due to biofilm formation in
medical devices, formulations of metal sulfonamides may be incorpo-
rated as coating agents on the surfaces of medical-hospital materials,
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Fig. 7. Optical densities (OD) of biofilms formed by a semi-quantitative technique using a violet crystal. The images show the differences in biofilm formation by
M. abscessus, M. fortuitum, and M. massiliense at increasing concentrations of sulfamethoxazole Cu (upper images) and sulfamethoxazole free (lower images). (*)
Statistically significant difference between the positive control and the corresponding concentration.

acting as prophylactic agents of microbial adhesion [32]. Hence, this
study provides substantial results that complement the scientific basis
for future research to combat persistent infections caused by RGM.

4. Conclusion

The present study demonstrated that all metals complexed with
sulfonamides inhibited, to some degree, RGM biofilm formation at
concentrations below the MIC values. However, none of the metal
complexed sulfonamides could destroy RGM formed biofilms at con-
centrations above MIC values. Thus, these preliminary results justify
further studies to elucidate the mechanisms of biofilm formation in
mycobacteria and present new effective therapeutic possibilities to
combat infections associated with the adhesion of these
microorganisms.
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