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A B S T R A C T

Staphylococcus aureus is a bacterial pathogen that causes bloodstream infections, pneumonia, and skin abscesses 
and is the primary pathogen responsible for medical devices associated with biofilm infections, accounting for 
approximately 70 % of cases. Therefore, the World Health Organization (WHO) has designated this microor-
ganism as a top priority due to its role in causing over 20,000 bacteremia-related deaths in the US each year. The 
issue of pathogen resistance to antibiotics, mainly by a biofilm, further complicates these infections since bio-
films render the bacterial colony impervious to antibiotics. However, many natural and synthetic substances also 
induce bacterial biofilm formation. Therefore, we investigated whether the most common active pharmaceutical 
ingredients (APIs) could induce biofilm formation in two clinical isolates of extended-spectrum beta-lactamase 
Staphylococcus aureus, one of them also methicillin-resistant (A2M) and two medical devices.

We detected biofilm inducers, inhibitors, and destabilizers. Microbial strain, medical devices, API structure, 
and concentration influenced the modulatory effects of biofilm. In all devices tested, including microplates, FR18 
duodenal probe, and respiratory probe, the clinic isolate methicillin-resistant S. aureus A2M exhibited lower 
susceptibility to biofilm formation than S. aureus A1. The anti-inflammatory acetaminophen, the hypo-
cholesterolemic lovastatin, and the diuretic hydrochlorothiazide all induced biofilm. However, verapamil, an 
antihypertensive, and cetirizine, an antihistamine, inhibited biofilm on S. aureus A2M, while propranolol, 
another antihypertensive, inhibited biofilm on S. aureus A1. Additionally, diclofenac, an analgesic, and cetirizine 
destabilized the biofilm, resulting in more free bacteria and possibly making them more susceptible to external 
agents such as antibiotics. Nonetheless, further epidemiologic analyses and in vivo assays are needed to confirm 
these findings and to establish a correlation between drug use, the onset of bacterial infections in patients, and 
the use of medical devices.

This work provides information about the probable clinical implications of drugs in patients using medical 
devices or undergoing surgical procedures. Inhibitory APIs could also be used as drug repurposing or templates to 
design new, more potent biofilm inhibitors.

1. Introduction

Staphylococcus aureus is a Gram(+) pathogen that can infect the 
bloodstream, skin, soft tissues, and respiratory tract. It is one of the main 
causative agents of nosocomial and community infections [1] associated 
with medical device invasion and severe diseases such as endocarditis 
and osteomyelitis [2]. Furthermore, it is a penicillin and 
methicillin-resistant bacteria (MRSA) with high mortality rates [3]. In 
the European Union, approximately 25,000 deaths have been reported 

due to resistant bacteria, including S. aureus MRSA [4]. It is also resistant 
to vancomycin, linezolid, and daptomycin. These antibiotics are the last 
choice for treating these infections [1]. Bacterial resistance is considered 
a public health problem worldwide because it increases the length of 
hospital stays for affected patients and costs to the healthcare system. 
Several factors can generate this resistance, one of the most important 
being the formation of a biofilm. The biofilm is a heterogeneous struc-
ture formed by an extracellular polymeric matrix composed of poly-
saccharides, proteins, enzymes, and bacterial DNA [5]. This structure 
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acts as a barrier that allows the pathogen to persist in host tissues or 
implanted materials such as catheters [6], probes, prostheses, and 
valves, among others, becoming unmanageable and challenging to 
eradicate [7].

Biofilm formation is part of microbial communication called Quorum 
Sensing, which is modulated in Gram-negative bacteria mainly by 
autoinducer peptides [8]. However, many natural and synthetic prod-
ucts have also been shown to induce this modulatory effect [9]. People 
are exposed to many types of chemicals in food, beverages, cosmetics, 
and even drugs that could induce biofilm and recurrent infections due to 
persister bacterial cells. All this could constitute a risk to human health, 
especially for elderly, immunosuppressed, or surgical patients. For 
example, ibuprofen and acetaminophen have already been reported to 
induce bacterial resistance [10]. Therefore, using two medical devices, 
we studied the biofilm-inducing potential of 12 common Active Phar-
maceutical Ingredients (APIs) and mixtures in two clinical isolates of 
S. aureus-ESLB, one of them methicillin-resistant (A2M). Moreover, the 
presence of persister cells and biofilm morphology were also analyzed 
by microscopy.

2. Materials & methods

2.1. Chemical and reagents

The active pharmaceutical ingredients (APIs) naproxen, diclofenac, 
acetaminophen, ibuprofen, metformin, lovastatin, loratadine, propran-
olol, hydrochlorothiazide, verapamil, captopril, and cetirizine were 
obtained following procedures published by the United States Pharma-
copeia [11] and identified by NMR and mass spectrometry.

2.2. Clinic bacterial isolates

Clinical isolates of Staphylococcus aureus were donated by the 
"Institución Prestadora de Salud" (IPS) Universitaria, Medellín, 
Colombia. They were cultured on Baird-Parker and nutrient agar, fol-
lowed by incubation at 37 ◦C for 24 h. Bacterial inocula were prepared in 
sterile saline by superficial scraping with a microbiological loop, and the 
bacterial inoculum was quantified spectrophotometrically at a wave-
length of 600 nm using sterile saline as a blank. The absorbance of the 
inoculum was adjusted to an optical density of 0.05 to give a final cell 
density of 1.0 × 106 CFU/ml.

The antibiotic resistance profile was determined using the automated 
VITEK 2 system (BioMérieux®, Marcy I’Etoile, France) at the Institución 
Prestadora de Salud (IPS), with a bacterial inoculum adjusted to the 
MacFarland scale (0.50–0.63). Antibiotics routinely used to determine 
the resistance profile included ceftaroline, ciprofloxacin, clindamycin, 
daptomycin, erythromycin, levofloxacin, linezolid, nitrofurantoin, 
oxacillin, penicillin G, rifampicin, tetracycline, trimethoprim/sulfa-
methoxazole, vancomycin, and detection of beta-lactamase, cefoxitin, 
and inducible clindamycin resistance.

2.3. Determination of the minimum inhibitory concentration of the APIs

Clinical isolates of S. aureus A1 and A2M were grown on Baird-Parker 
agar overnight at 37 ◦C. The standard broth dilution method determined 
minimum inhibitory concentrations (MICs) [12]. A culture of S. aureus at 
a cell density of 1.0 × 106 CFU/ml was exposed to different concen-
trations of drugs in 96-well microplates (Merck, St. Louis, Mo., USA) and 
then incubated at 37 ◦C for 20 h. Quantification was performed spec-
trophotometrically at a wavelength of 600 nm. The blank and growth 
control consisted of wells without bacteria or drugs.

2.4. Assessment of biofilm formation

Biofilm formation under static conditions was performed in 96-well 
plates and on 0.5 cm2 FR18 duodenal and respiratory probes purchased 

from a local pharmacy. The plates contained sterile saline and LB me-
dium containing the active ingredients of the drugs at concentrations of 
50-5 μM. The plates were then incubated at 37 ◦C for 24 h. After incu-
bation, the wells and medical probes were washed three times with 
sterile saline. The biofilm associated with the wells and medical probes 
was treated with 0.05 % crystal violet and eluted with 200 μl of ethanol. 
Crystal violet was quantified by spectrophotometry at a wavelength of 
575 nm. Wells and duodenal probes without bacteria or drugs were used 
as blank and growth control, respectively. Results were normalized to 
the biofilm in the growth control, representing 100 %.

2.5. Effect of a mixture of APIs on S. aureus biofilm

A culture of S. aureus A1 and A2M at a cell density of 1.0 × 106 

colony forming units (CFU/ml) was exposed to a mixture of drugs in 96- 
well plates. S. aureus A1 was incubated with a mixture of propranolol at 
50 μM with hydrochlorothiazide, naproxen, metformin, and diclofenac 
at concentrations of 50-5 μM prepared in LB medium. On the other hand, 
for S aureus A2, the mixture consisted of diclofenac at 50 μM with lor-
atadine, captopril, metformin, and acetaminophen at concentrations of 
50-5 μM. The plates were incubated at 37 ◦C for 24 h. The wells were 
then washed three times with sterile saline. Biofilm was treated as 
described above.

2.6. Effect on S. aureus persister cells

Cruz et al., 2018 [13] followed the protocol previously described 
with some modifications. A bacterial inoculum of S. aureus A2M 
adjusted to a cell density of 1.0 × 106 CFU/ml, was cultured in LB broth 
in 96-well plates at 37 ◦C for 20 h. The supernatant was discarded, and 
the resulting biofilm was washed thrice with 200 μl of sterile saline. To 
the biofilm, 200 μl of drugs at a concentration of 25 μM dissolved in LB 
broth were added and incubated at 37 ◦C for 4 h. The supernatant was 
collected, and the bacteria in the biofilm were suspended in 200 μL of LB 
broth by vigorous pipetting and scraping of the surface. Both bacterial 
suspensions were transferred to a new 96-well microplate. In both cases, 
a tenfold serial dilution was made in sterile saline, and the dilutions 
were plated onto the surface of nutrient agar. Plates were incubated at 
37 ◦C for 24 h, and colonies were counted. Assays were performed with 
two replicates of independent cultures.

2.7. Biofilm analysis by scanning electron microscopy (SEM)

Small pieces (0.5 cm2) of duodenal and respiratory probes were 
placed in the wells of a 96-well microplate. Then, 100 μL of bacterial 
inoculum with a final cell density of 1.0 × 106 CFU/ml of S. aureus A2M 
and 100 μL of drugs prepared in LB broth at defined concentrations were 
added and incubated at 37 ◦C for 24 h. The probes were then rinsed three 
times with 200 μL of sterile saline and placed in 1.5 ml Eppendorf tubes 
for fixation with 1 mL of 2.5 % glutaraldehyde. After fixation, they were 
dried with CO2 and coated with gold for visualization by scanning 
electron microscopy (JEOL JSM-6490 L variable-pressure SEM, Akish-
ima Tokyo, Japan). Probes with bacterial inoculum, no treatment, and 
probes without bacterial inoculum were used as controls.

2.8. Statistical analysis

Biofilm formation data were expressed as mean and standard devi-
ation (SD). All results showed a normal distribution and homoscedas-
ticity, so differences were evaluated by one-way ANOVA. The 
experiments with persister cells were assessed using an unpaired two- 
tailed t-test. A significance level of p < 0.05 was considered statisti-
cally significant.
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3. Results

3.1. Minimum inhibitory concentration

The results indicated that loratadine was the only API that inhibited 
the growth of S. aureus A1, with a MIC <25 μM. Conversely, the majority 
of drugs induced the growth of S. aureus A2M, with naproxen, diclofe-
nac, acetaminophen, and ibuprofen at 50 μM showing significant growth 
induction (p-value <0.0001) of 53 %, 63 %, 42 %, and 36 %, respec-
tively, while the growth of S. aureus A1 was unaffected by APIs in the 50- 
5 μM concentration range, with bacterial growth rates varying from 85 
to 115 %. At the same concentration, lovastatin increased growth by 58 
%, propranolol by 32 %, and loratadine by 41 % at 5 μM. The antibio-
gram revealed the presence of β-lactamase in both clinical isolates. 
However, S. aureus A1 exhibited higher antibiotic susceptibility and was 
only resistant to penicillin G. In contrast, S. aureus A2M was resistant to 
methicillin, benzylpenicillin, erythromycin, oxacillin, and tetracycline 
and tested positive for cefoxitin (Supplementary Material #1).

3.2. Effect of APIs on S. aureus biofilm formation in 96-well plates

In microplate wells, most APIs increased biofilm formation on the 
clinical isolate S. aureus A1. So, loratadine exhibited a strong induction 
of biofilm formation (109 %) at 5 μM, while ibuprofen showed an in-
duction of 74 % at the same concentration. Acetaminophen promoted 
biofilm formation by up to 57 % at all concentrations tested (Fig. 1).

Only four active pharmaceutical ingredients (APIs) (Fig. 2) induced 
the biofilm of the clinic isolate S. aureus A2M. Diclofenac significantly 
increased the biofilm by 119 % at 50 μM, while naproxen induced a 61 % 
increase at the same concentration. Acetaminophen increased the bio-
film at all concentrations up to 44 %.

3.3. Effect of drugs on S. aureus biofilm formation in the duodenal probe

The biofilm of S. aureus A1 isolate formed in duodenal probe FR18 
was promoted by lovastatin, loratadine, verapamil, and captopril, 
finding induction effects up to 80 %, only naproxen decreased the bio-
film by 33 % at 5 μM (Fig. 3).

Ibuprofen, lovastatin, hydrochlorothiazide, and verapamil induced 
the biofilm of S. aureus A2M formed in the duodenal probe FR18, 
resulting in effects of up to 92 % (Fig. 4).

3.4. Effect of drugs on the formation of S. aureus biofilm in respiratory 
probes

Acetaminophen and hydrochlorothiazide promoted the formation of 
S. aureus A1 biofilm on the respiratory probes by 48 % and 54 %, 
respectively, at a concentration of 50 μM. In contrast, propranolol 
inhibited biofilm formation by up to 36 % at all concentrations evalu-
ated (Fig. 5).

The biofilm formed by S. aureus A2M in the respiratory probe was 
enhanced by 31 % with a 5 μM acetaminophen concentration, while 
captopril was promoted by 38 % at 50 μM. Verapamil and cetirizine 
showed inhibitory effects, with a 21 % and 40 % reduction in biofilm, 
respectively (see Fig. 6).

3.5. The effect of drug mixtures on biofilm formation of S. aureus A1 on 
different medical devices

The drug combination enhanced the biofilm of both bacterial clinic 
isolates. Specifically, the mixture of propranolol at 50 μM and hydro-
chlorothiazide increased the biofilm formed in 96-well plates by up to 
263 %. Additionally, naproxen and diclofenac showed a significant in-
crease of 115 % and 68 %, respectively (Fig. 7).

The hydrochlorothiazide and naproxen mixture’s inductive effect 
was maintained at 35 % on FR18 duodenal probes, which was lower 

Fig. 1. Biofilm formation of S. aureus A1 in 96-well plates treated with different APIs at 50, 25, and 5 μM concentrations. Data represent the mean and standard 
deviation (±SD), with statistical significance indicated by asterisks: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 2. Biofilm formation in S. aureus A2M in 96-well plates treated with different APIs at 50, 25, and 5 μM concentrations. Data represent the mean and standard 
deviation (±SD), ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

Fig. 3. Biofilm formation in S. aureus A1 in duodenal probe FR18 treated with different APIs at 50, 25, and 5 μM concentrations. Data represent the mean and 
standard deviation (±SD), ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 4. Biofilm formation of S. aureus A2M in duodenal probe FR18 treated with different APIs at 50, 25, and 5 μM concentrations. Data represent the mean and 
standard deviation ± SD), ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

Fig. 5. Biofilm of S. aureus A1 formed in a respiratory probe treated with different APIs at 50, 25, and 5 μM. Data represent the mean and standard deviation (±SD), 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.
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Fig. 6. S. aureus A2M biofilm formed on respiratory probes with APIS at 50, 25, and 5 μM concentrations. Data represent the mean and standard deviation (±SD), 
****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

Fig. 7. Biofilm formed in 96-well plates, FR18 duodenal probe, and respiratory probe in S. aureus A1 treated with propranolol at 50 μM and mixtures with hy-
drochlorothiazide, naproxen, metformin, and diclofenac at 50, 25 and 5 μM. Data represent the mean and standard deviation (±SD), ****p < 0.0001, ***p < 0.001, 
**p < 0.01, *p < 0.05.
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than the effect observed in 96-well plates. On this surface, the mixture of 
propranolol and metformin increased the biofilm by 42 %, while 
diclofenac was inactive. However, the biofilm of S. aureus A1 in respi-
ratory probes increased by 45 % with the mixture of propranolol and 
naproxen.

Regarding S. aureus A2M in microplates, significant increases were 
observed with the mixtures of diclofenac and loratadine (152 %) and 
captopril (135 %), and to a lesser extent with metformin (56 %) at the 
lowest concentration (Fig. 8).

However, in the FR18 probe, this effect was only significant with 
loratadine at the two highest concentrations of 50 and 25 μM (50 % and 
38 %, respectively). In the respiratory probe, captopril was the most 

effective biofilm promoter at all concentrations, with increases of up to 
59 %. At the highest concentration, loratadine also showed a high % 
induction effect of 51 %

3.6. Effect on persister cells in S. aureus A2M

Persister cells were determined by CFU counting from a 24-h biofilm 
(Fig. 9). Most drugs at 25 μM did not change the free-to-embedded cells 
ratio in the biofilm, except for diclofenac and cetirizine, for which there 
was a 100-fold difference in the cell ratio.

Fig. 8. Biofilm formed in 96-well plates, FR18 duodenal probe, and respiratory probe in S. aureus A2M treated with diclofenac at 50 μM and mixtures with lor-
atadine, captopril, metformin, and acetaminophen at 50, 25 and 5 μM. Data represent the mean and standard deviation (±SD), ****p < 0.0001, ***p < 0.001, **p <
0.01, *p < 0.05.

Fig. 9. S. aureus A2M persister cells treated with APIs at a concentration of 25 μM. Data represent the mean and standard deviation (±SD), ****p < 0.0001.
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3.7. SEM analysis of S. aureus A2M biofilm formed on medical devices

SEM analysis showed that verapamil increased biofilm production on 
the FR18 duodenal probe, resulting in a denser structure and greater 
secretion of the extracellular polymeric matrix (Fig. 10B) compared to 
the untreated control (Fig. 10A). On the other hand, lovastatin resulted 
in even more significant biofilm production, with a larger colonized 
surface and a more compact structure (Fig. 10C).

S. aureus A2M formed an isolated biofilm when treated with cetir-
izine (Fig. 11B) compared to the untreated control (Fig. 11A). However, 
a better-structured biofilm was observed when treated with acetamin-
ophen, with a larger colonized surface area and extracellular polymeric 
matrix (Fig. 11C).

4. Discussion

S. aureus is the primary pathogen responsible for catheter-associated 
biofilm infections, accounting for approximately 70 % of cases [14]. The 
World Health Organization (WHO) has designated this microorganism 
as a top priority due to its role in causing over 20,000 bacteremia-related 
deaths in the US each year [15,16]. Infections caused by this pathogen 
are commonly associated with medical devices or implants, such as 
prostheses, duodenal, and respiratory catheters. These devices facilitate 
bacterial adhesion, forming an antibiotic-resistant biofilm and making it 
an ideal surface for infection [17]. Thus, intravascular catheters 

commonly cause bloodstream infections [17]. The issue of pathogen 
resistance to antibiotics, mainly by a biofilm, further complicates these 
infections. Methicillin-resistant S. aureus MRSA infections are resistant 
to various antibiotics, including β-lactams, aminoglycosides, quino-
lones, and macrolides [18], and a significant concern at the clinical level 
due to their high morbidity and mortality rates [19].

Biofilm formation is a significant cause of bacterial resistance, 
rendering most antibiotics ineffective and responsible for nosocomial 
and recurrent infections, and its production is driven by a complex 
biochemical process involved in microbial communication called 
quorum sensing, which is related to bacterial virulence. Several natural 
and synthetic molecules have been shown to modulate this communi-
cation and biofilm production. However, the best known are the anti-
biotics themselves, such as ampicillin, β-lactam antibiotics, and 
aminoglycosides, among others, at low concentrations [20]. The same 
effect on QS could explain the generation of resistance and the very 
different outcomes when treating a biofilm infection from medical de-
vices with antibiotics [21].

Thus, daily exposure to food, beverages, cosmetics, and even drugs 
poses a significant microbial risk because these substances may also be 
inducers of quorum sensing and biofilm. It is important to recognize this 
biofilm-modulating effect of exogenous molecules such as drugs to avoid 
their consumption or contact, to rationalize drug therapies, and to 
design new inhibitory molecules based on their structure. Therefore, this 
study investigated the effect of 12 commonly used APIs on biofilm 

Fig. 10. Effect of APIs on S. aureus A2M biofilm in a FR18 probe A. Control experiment. B. With the addition of verapamil at 25 μM in FR18 (induction). C. With 
lovastatin at 5 μM.
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formation in two clinical isolates of S. aureus on two medical devices 
frequently associated with recurrent infections. Although most drugs 
were tested at plasma concentrations, acetaminophen, naproxen, 
ibuprofen, and metformin were tested at concentrations lower than 
those in plasma (Supplementary Material #2).

Drug effects (Table 1). The results considered the type of clinical 
isolate, the medical device or bacterial support surface, the substance 
tested, and its concentration. Most APIS-induced biofilm formation in 
ESBL S. aureus isolates A1 and ESBL and methicillin-resistant S. aureus 
strains (A2M). Next, acetaminophen, lovastatin, and captopril were the 
most potent inducers. Verapamil and cetirizine were biofilm inhibitors 
on S. aureus isolate A2M, whereas propranolol was on S. aureus isolate 
A1 respiratory probes. Analysis by SEM microscopy revealed that 
cetirizine produced more biofilms isolated on the respiratory probe 
surface in S. aureus A2M (Fig. 11B).

The clinic isolates of S. aureus exhibited differential behaviors. Thus, 
the biofilm induced by acetaminophen in S. aureus A1 was increased by 
57 % and 48 % in microplates and respiratory tubes, respectively, while 
in S. aureus A2M was 44 % and 31 %. Previous reports suggest that the 
mechanism of action of the drugs and the determination of the clonal 
lineages of each microorganism can explain the results obtained [22].

Medical devices. Regarding medical devices, the respiratory tube was 
less susceptible to bacterial biofilm formation, which may be attributed 
to its more uniform structure than the duodenal tube. Patients who 
depend on medical devices risk acquiring bacterial infections due to the 
potential contamination of these devices’ external and internal surfaces 

[23].
Thus, biofilm has become a target, and significant progress has been 

made in S. aureus [24–26]. The combination of antibiotics with QS in-
hibitors has been proposed to overcome microbial resistance [27] by 
biofilm formation or resistance-associated events such as β-lactamase 
activity and efflux pumps. Similarly, miconazole and phenothiazine 
reduced P. aeruginosa biofilm, hemolytic and protease activity, among 
other effects [28], and daptomycin, a new antibiotic, in addition to its 
biocidal impact on S. aureus, was also able to eradicate up to 96 % of 
biofilm cells, acting as a potent clearing agent. Microbiana [24].

Drug mixtures. On the other hand, drug combinations containing both 
an inducer, such as diclofenac and an inhibitor, such as propranolol, are 
intended to mimic commonly used polyvalent pharmacotherapies and to 
identify synergistic combinations. Surprisingly, when combined with 
inducers and other drugs, propranolol has a strong inducing effect, 
mainly when used with hydrochlorothiazide and naproxen in S. aureus 
A1, and the same pattern was detected with diclofenac, especially with 
loratadine in S. aureus A2M. Even drugs that do not induce biofilm 
formation can act synergistically, increasing the risk for frequent users. 
However, drug mixtures have also been studied as biofilm eradicators on 
Gram-negative and Gram-positive biofilms [29].

Persister cells. Concerning persister cells, diclofenac and cetirizine 
cause a significant difference between free and embedded cells in the 
biofilm; this makes the biofilm more unstable due to the release of cells 
from its surface, making it more susceptible to conventional antibiotic 
treatments [30,31]. However, this contrasts with the strong inducing 

Fig. 11. Effect of drugs on biofilm S. aureus A2M in a respiratory probe A. Control experiment. B. With cetirizine (biofilm inhibitor) C. With acetaminophen at 5 μM 
(biofilm inducer).
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effect of diclofenac, as it induces a strong biofilm but is not very stable. 
In contrast, cetirizine has an exciting profile as an inhibitor that de-
stabilizes biofilm and exposes bacteria to the environment. However, the 
difference in persister cells may be caused by an instability in the biofilm 
that supports them, probably acting as an eradicator, and possibly the 
mechanism of cetirizine and verapamil in this work.

Mechanism of action. Defining a mechanism of action in this work is 
challenging because the 12 APIs have very different structures and show 
little similarity with the known autoinducers. Moreover, to have a sys-
tem close to natural conditions, the assays were performed on two 
clinical isolates, with two medical devices on which biofilm formation is 
frequent, and the drugs were tested at plasmatic concentration and, in 
some cases, sub-plasmatic. Moreover, QS induction and biofilm forma-
tion mechanisms are very diverse and complex. For example, some an-
tibiotics such as azithromycin, imipenem, cefepime, and piperacillin/ 
tazobactam at sub-MIC bacteriostatic concentrations significantly 
reduced the virulence of Pseudomonas aeruginosa [32], affecting biofilm 
production, proteases, hemolysin, and pyocyanin, among others. 
Furthermore, the same virulence reduction was found in Proteus mirabilis 
with subMIC doses of ciprofloxacin [33]. Flufenamic acid, a potent 
anti-inflammatory in MRSA infections, inhibited peptidoglycan biosyn-
thesis, β-lactam resistance, and biofilm formation [34]. Similarly, at low 
concentrations, the antihypertensive felodipine enhanced the efficacy of 
gentamicin, blocked MRSA resistance protein expression, and eradi-
cated biofilm and persister cells [35].

5. Conclusions

Using some normal-like conditions, this paper studied the effect of 12 
APIs on biofilm formation and stability in two clinical isolates of 
S. aureus. Most were potent inducers, although the response depended 
on several factors, including clinical isolate, compound, concentration, 
and type of medical device. Propranolol, verapamil, and cetirizine were 
inhibitory in respiratory probes, and the latter also modified the popu-
lation of biofilm-embedded cells. This work, therefore, provides infor-
mation about the probable clinical implications of drugs in older people 
and patients using medical devices or undergoing surgical procedures. 
However, using inhibitory drugs as drug repurposing or templates also 
makes designing new and more potent biofilm inhibitors possible. 
Nonetheless, further epidemiologic analyses and in vivo assays are 
needed to confirm these findings and to establish a correlation between 
drug use, the onset of bacterial infections in patients, and the use of 
medical devices.

In addition, it is essential to recognize that antibiotic activity studies 
cannot be reduced to determining the minimum inhibitory concentra-
tion of their growth and their effects on the biofilm and other processes 
associated with QS, such as lytic enzymes and siderophores.

CRediT authorship contribution statement

Maria L. Carmona-Orozco: Writing – review & editing, Writing – 
original draft, Methodology, Investigation, Conceptualization. 

Table 1 
Total APIs effects on S. aureus A1 and A2M biofilm in 96-well microplates, duodenal and respiratory 
probes, and persister cells.

*% of biofilm effect: inhibitor (blue) or inducer (red).
**Persister cells: Inducing impact of the population of free cells (+).
WE: Without effect; NT: Not evaluated.

M.L. Carmona-Orozco and F. Echeverri                                                                                                                                                                                                    Microbial Pathogenesis 195 (2024 ) 106863 

10 



Fernando Echeverri: Writing – review & editing, Writing – original 
draft, Validation, Supervision, Methodology, Funding acquisition, 
Formal analysis, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgments

This research was supported by Universidad de Antioquia, Medellin- 
COLOMBIA, through Convocatoria Programatica: 2020, project Drugs as 
the source of microbial resistance.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.micpath.2024.106863.

References

[1] J. Jia, M. Zheng, C. Zhang, B. Li, C. Lu, Y. Bai, Q. Tong, X. Hang, Y. Ge, L. Zeng, 
M. Zhao, F. Song, H. Zhang, L. Zhang, K. Hong, H. Bi, Killing of Staphylococcus 
aureus persisters by a multitarget natural product chrysomycin A, Sci. Adv. 9 
(2023) eadg5995.

[2] S. Lakhundi, K. Zhang, Methicillin-resistant Staphylococcus aureus: molecular 
characterization, evolution, and epidemiology, Clin. Microbiol. Rev. 31 (2018) 
e00020, 18.

[3] D.M. Wolk, M.J. Struelens, P. Pancholi, T. Davis, P. Della-Latta, D. Fuller, E. Picton, 
R. Dickenson, O. Denis, D. Johnson, K. Chapin, Rapid detection of Staphylococcus 
aureus and methicillin-resistant S. aureus (MRSA) in wound specimens and blood 
cultures: multicenter preclinical evaluation of the Cepheid Xpert MRSA/SA skin 
and soft tissue and blood culture assays, J. Clin. Microbiol. 47 (2009) 823–826.

[4] Z. Tang, J. Feng, S.R. Rowthu, C. Zou, H. Peng, C. Huang, Y. He, Uncovering the 
anti-biofilm activity of Ilicicolin B against Staphylococcus aureus, Biochem. Biophys. 
Res. Commun. 684 (2023) 149138.

[5] J.L. Lister, A.R. Horswill, Staphylococcus aureus biofilms: recent developments in 
biofilm dispersal, Front. Cell. Infect. Microbiol. 4 (2014) 178.

[6] D.E. Moormeier, K.W. Bayles, Staphylococcus aureus biofilm: a complex 
developmental organism, Mol. Microbiol. 104 (2017) 365–376.

[7] F. Verbeke, S. De Craemer, N. Debunne, Y. Janssens, E. Wynendaele, C. Van de 
Wiele, B. De Spiegeleer, Peptides as quorum sensing molecules: measurement 
techniques and obtained levels in vitro and in vivo, Front. Neurosci. 11 (2017) 183.

[8] E. Silva, J.A. Teixeira, M.O. Pereira, C.M.R. Rocha, A.M. Sousa, Evolving biofilm 
inhibition and eradication in clinical settings through plant-based antibiofilm 
agents, Phytomedicine 119 (2023) 154973.

[9] T. Verma, C. Bhaskarla, I. Sadhir, S. Sreedharan, D. Nandi, Non-steroidal anti- 
inflammatory drugs, acetaminophen, and ibuprofen induce phenotypic antibiotic 
resistance in Escherichia coli: roles of marA and acrB, FEMS Microbiol. Lett. 365 
(2018) 22.

[10] The United States Pharmacopoeia, The National Formulary, 20.a Edición, 
Rockville, MD, United States Pharmacopoeial Convention, Inc., 1980.

[11] CLSI, Performance Standards For Antimicrobial Susceptibility Testing. 30th Ed. CLSI 
Supplement M100, Clinical Laboratory Standard Institute, Wayne, PA, 2020.

[12] C.D. Cruz, S. Shah, P. Tammela, Defining conditions for biofilm inhibition and 
eradication assays for Gram-positive clinical reference strains, BMC Microbiol. 18 
(2018) 173.

[13] V. Folliero, G. Franci, F. Dell’Annunziata, R. Giugliano, F. Foglia, R. Sperlongano, 
A. De Filippis, E. Finamore, M. Galdiero, Evaluation of antibiotic resistance and 
biofilm production among clinical strain isolated from medical devices, Internet J. 
Microbiol. (2021) 9033278.

[14] A.P. Kourtis, K. Hatfield, J. Baggs, Y. Mu, I. See, E. Epson, J. Nadle, M.A. Kainer, 
G. Dumyati, S. Petit, S.M. Ray, Emerging Infections Program MRSA author group, 
Vital signs: epidemiology and recent trends in methicillin-resistant and methicillin- 
susceptible Staphylococcus aureus bloodstream infections - United States, Ham, D., 
Capers, C., Ewing, H., Coffin, N., McDonald, L. C., Jernigan, J., & Cardo, D. MMWR 
Morb. Mortal. Wkly. Rep. 68 (2019) 214–219.

[15] World Health Organization, Model List of Essential Medicines – 22nd List, 2021, 
World Health Organization, Geneva, 2021 (WHO/MHP/HPS/EML/2021.02).

[16] K. Schilcher, A.R. Horswill, Staphylococcal biofilm development: structure, 
regulation, and treatment strategies, Microbiol. Mol. Biol. Rev. e00026–19 (2020).

[17] Y. Guo, G. Song, M. Sun, J. Wang, Y. Wang, Prevalence and therapies of antibiotic- 
resistance in, Staphylococcus aureus. Front. Cell. Infect. Microbiol. 10 (2020) 107.

[18] G.Y.C. Cheung, J.S. Bae, M. Otto, Pathogenicity and virulence of Staphylococcus 
aureus, Virulence 12 (2021) 547–569.

[19] R.V. Sionov, D. Steinberg, Targeting the holy triangle of quorum sensing, biofilm 
formation, and antibiotic resistance in pathogenic bacteria, Microorganisms 10 
(2022) 1239.

[20] J.B. Kaplan, Antibiotic-induced biofilm formation, Int. J. Artif. Organs 34 (2011) 
737–751.

[21] R.C. Paes Leme, R.B. da Silva, Antimicrobial activity of non-steroidal anti- 
inflammatory drugs on biofilm: current evidence and potential for drug 
repurposing, Front. Microbiol. 12 (2021) 707629.

[22] S. Sharma, J. Mohler, S.D. Mahajan, S.A. Schwartz, L. Bruggemann, R. Aalinkeel, 
Microbial biofilm: a review on formation, infection, antibiotic resistance, control 
measures, and innovative treatment, Microorganisms 11 (2023) 1614.

[23] F.F. Tuon, P.H. Suss, J.P. Telles, L.R. Dantas, N.H. Borges, V.S.T. Ribeiro, 
Antimicrobial treatment of Staphylococcus aureus biofilms, Antibiotics 12 (2023) 
87.

[24] V. Vinodhini, M. Kavitha, Deciphering agr quorum sensing in Staphylococcus 
aureus: insights and therapeutic prospects, Mol. Biol. Rep. 51 (2024) 155.

[25] M. Otto, Critical assessment of the prospects of quorum-quenching therapy for 
Staphylococcus aureus infection, Int. J. Mol. Sci. 24 (2023) 4025.

[26] J. Wang, X. Lu, C. Wang, Y. Yue, B. Wei, H. Zhang, H. Wang, J. Chen, Research 
progress on the combination of quorum-sensing inhibitors and antibiotics against 
bacterial resistance, Molecules 29 (2024) 1674.

[27] A.I. Gad, A.M. El-Ganiny, A.G. Eissa, N.A. Noureldin, S.I. Nazeih, Miconazole and 
phenothiazine hinder the quorum sensing regulated virulence in Pseudomonas 
aeruginosa, J. Antibiot. 77 (2024) 454–465.

[28] A.K. Bari, T.S. Belalekar, A. Poojary, S. Rohra, Combination drug strategies for 
biofilm eradication using synthetic and natural agents in KAPE pathogens, Front. 
Cell. Infect. Microbiol. 13 (2023) 1155699.

[29] M. Huemer, S. Mairpady Shambat, S.D. Brugger, A.S. Zinkernagel, Antibiotic 
resistance and persistence-Implications for human health and treatment 
perspectives, EMBO Rep. 21 (2020) e51034.

[30] J. Wille, T. Coenye, Biofilm dispersion: the key to biofilm eradication or opening 
Pandora’s box? Biofilms 2 (2020) 100027.

[31] F.S. Aleanizy, F.Y. Alqahtani, E.K. Eltayb, N. Alrumikan, R. Almebki, A. Alhossan, 
T.A. Almangour, H. AlQahtani, Evaluating the effect of antibiotics sub-inhibitory 
dose on Pseudomonas aeruginosa quorum sensing dependent virulence and its 
phenotypes, Saudi J. Biol. Sci. 28 (2021) 550–559.

[32] M.A. Elhosseini, T.E. El-Banna, F.I. Sonbol, M.M. El-Bouseary, Potential 
antivirulence activity of sub-inhibitory concentrations of ciprofloxacin against 
Proteus mirabilis isolates: an in-vitro and in-vivo study, Ann. Clin. Microbiol. 
Antimicrob. 23 (2024) 48.

[33] S. Zhang, H. Tang, Y. Wang, B. Nie, H. Yang, W. Yuan, X. Qu, B. Yue, Antibacterial 
and antibiofilm effects of flufenamic acid against methicillin-resistant 
Staphylococcus aureus. Pharmacol. Res 160 (2020) 105067.

[34] S. Zhang, X. Qu, J. Jiao, H. Tang, M. Wang, Y. Wang, H. Yang, W. Yuan, B. Yue, 
Felodipine enhances aminoglycosides efficacy against implant infections caused by 
methicillin-resistant Staphylococcus aureus, persisters and biofilms, Bioact. Mater. 
14 (2021) 272–289.

M.L. Carmona-Orozco and F. Echeverri                                                                                                                                                                                                    Microbial Pathogenesis 195 (2024 ) 106863 

11 

https://doi.org/10.1016/j.micpath.2024.106863
https://doi.org/10.1016/j.micpath.2024.106863
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref1
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref1
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref1
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref1
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref2
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref2
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref2
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref3
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref3
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref3
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref3
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref3
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref4
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref4
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref4
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref5
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref5
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref6
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref6
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref7
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref7
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref7
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref8
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref8
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref8
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref9
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref9
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref9
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref9
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref10
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref10
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref11
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref11
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref12
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref12
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref12
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref13
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref13
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref13
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref13
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref14
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref15
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref15
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref16
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref16
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref17
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref17
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref18
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref18
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref19
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref19
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref19
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref20
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref20
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref21
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref21
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref21
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref22
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref22
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref22
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref23
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref23
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref23
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref24
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref24
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref25
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref25
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref26
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref26
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref26
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref27
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref27
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref27
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref28
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref28
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref28
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref29
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref29
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref29
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref30
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref30
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref31
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref31
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref31
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref31
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref32
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref32
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref32
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref32
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref33
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref33
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref33
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref34
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref34
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref34
http://refhub.elsevier.com/S0882-4010(24)00330-9/sref34

	Induction of biofilm in extended-spectrum beta-lactamase Staphylococcus aureus with drugs commonly used in pharmacotherapy
	1 Introduction
	2 Materials & methods
	2.1 Chemical and reagents
	2.2 Clinic bacterial isolates
	2.3 Determination of the minimum inhibitory concentration of the APIs
	2.4 Assessment of biofilm formation
	2.5 Effect of a mixture of APIs on S. aureus biofilm
	2.6 Effect on S. aureus persister cells
	2.7 Biofilm analysis by scanning electron microscopy (SEM)
	2.8 Statistical analysis

	3 Results
	3.1 Minimum inhibitory concentration
	3.2 Effect of APIs on S. aureus biofilm formation in 96-well plates
	3.3 Effect of drugs on S. aureus biofilm formation in the duodenal probe
	3.4 Effect of drugs on the formation of S. aureus biofilm in respiratory probes
	3.5 The effect of drug mixtures on biofilm formation of S. aureus A1 on different medical devices
	3.6 Effect on persister cells in S. aureus A2M
	3.7 SEM analysis of S. aureus A2M biofilm formed on medical devices

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


