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Clearance of mixed biofilms
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resistant Staphylococcus aureus
by antioxidants N‑acetyl‑l‑cysteine
and cysteamine
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Biofilm-associated infections are of great concern because they are associated with antibiotic
resistance and immune evasion. Co-colonization by Staphylococcus aureus and Streptococcus
pneumoniae is possible and a threat in clinical practice. We investigated the interaction between S.
aureus and S. pneumoniae in mixed biofilms and tested new antibiofilm therapies with antioxidants
N-acetyl-l-cysteine (NAC) and cysteamine (Cys). We developed two in vitro S. aureus–S. pneumoniae
mixed biofilms in 96-well polystyrene microtiter plates and we treated in vitro biofilms with Cys and
NAC analyzing their effect by CV staining and viable plate counting. S. pneumoniae needed a higher
proportion of cells in the inoculum and planktonic culture to reach a similar population rate in the
mixed biofilm. We demonstrated the effect of Cys in preventing S. aureus biofilms and S. aureus–S.
pneumoniae mixed biofilms. Moreover, administration of 5 mg/ml of NAC nearly eradicated the S.
pneumoniae population and killed nearly 94% of MSSA cells and 99% of MRSA cells in the mixed
biofilms. The methicillin resistance background did not change the antioxidants effect in S. aureus.
These results identify NAC and Cys as promising repurposed drug candidates for the prevention and
treatment of mixed biofilms by S. pneumoniae and S. aureus.
Streptococcus pneumoniae colonizes the nasopharyngeal tract asymptomatically of 5–10% of adults and 20–40% of
children1,2. The burden of disease by S. pneumoniae is substantial as it is the main bacterial cause of communityacquired pneumonia, acute otitis media (AOM), bacterial meningitis, and a major cause of bacterial sepsis3,4.
Antibiotics are essential players against pneumococcal infections, but the emergence of multidrug-resistant
strains5–7 makes preventive measures such as vaccines one of the best cost-effective strategies to ameliorate the
impact of antibiotic resistance in the epidemiology of S. pneumoniae6. Pneumococcal vaccines have decreased the
incidence of invasive pneumococcal disease (IPD) worldwide, but the emergence of non-vaccine serotypes, due
to serotype replacement and capsular switch phenomena, is worrisome in most of the European c ountries8–11. In
addition, the impact of pneumococcal vaccines against colonization of the nasopharynx seems to be moderate
in the pediatric p
 opulation12.
Nasopharyngeal colonization, a critical step in IPD, is associated with biofilm formation, where the capsular
polysaccharide (CPS) of S. pneumoniae, can be an impediment. The expression of CPS is detrimental for biofilm
formation13,14. At least 101 different pneumococcal serotypes are known demonstrating the high variability of CPS
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within this pathogen15,16. The serotype 19A, which is a good biofilm former in vitro, is also a good colonizer with
a significant incidence of I PD9–11,17,18. The important rise in the last years of antibiotic-resistant strains of serotype
19A since the introduction of the P
 CVs19–21 makes this particular serotype an ideal candidate for biofilm studies.
Staphylococcus aureus frequently colonizes the skin of the human population (> 30%) but can be found in the
nasopharynx up to 80% of individuals being serotypes 5 and 8 among the most frequent producing staphylococcal infections22–25. S. aureus is well known for producing implant-associated infections, where the biofilm state is
essential for promoting persistence, evasion of the immune system, and antimicrobial resistance26. Furthermore,
this pathogen can produce secondary episodes of bacterial pneumonia after influenza virus i nfection22,27,28, which
is a frequent trait shared with S. pneumoniae29. In addition, the emergence of methicillin-resistant Staphylococcus
aureus (MRSA) is worrisome in the hospital environment because it is associated with high mortality r ates30. This
situation can get worse when the infection is linked to biofilms due to the increased resistance and competence,
leading to the dissemination of antibiotic resistance genes between MRSA and methicillin-susceptible Staphylococcus aureus (MSSA) strains and even with non-related microorganisms in a mixed b iofilm26. In 2004, Cryer
et al. when studying patients with recalcitrant chronic rhinosinusitis demonstrated the existence of biofilms on
the sinus mucosa31. In addition, mixed infections between S. aureus and other pathogens such as S. pneumoniae
producing biofilm-associated pathologies including otitis, rhinitis, and sinusitis have been r eported32–35.
During the pre-vaccine era and after the introduction of PCV7, several studies have shown a negative association between S. aureus and S. pneumoniae carriage, describing that carriage of PCV7 vaccine serotypes impairs
the colonization by S. aureus2,36–38. The mechanism described for this negative association was observed using
in vitro studies and was related to the killing of S. aureus with hydroxyl radicals (·OH) released by the presence
of pneumococcus, which induces DNA degradation, leading to the death of S. aureus strains39. In contrast, cocolonization in vitro and in vivo studies have demonstrated that this negative association does not occur in a
mixed biofilm over a cell l ayer4 and in animal m
 odels40,41. In this sense, epidemiological studies showed that up
to 24% of patients were colonized by both s pecies42–44 and that vaccination with the conjugate vaccine did not
modify the nasopharyngeal carriage by S. aureus45,46.
Due to discrepancies in the literature described above, the interaction between S. pneumoniae and S. aureus in
biofilm-related diseases needs to be investigated in more detail. The physiological interactions between bacteria
involved in multispecies biofilms include the exchange of genetic material and antibiotic resistance f actors47.
Recalcitrance is a common characteristic of a biofilm in which the concentration of antibiotics necessary to clear
the bacteria can be up to 1,000 times higher in the biofilm than against planktonic microorganisms48. Moreover,
there are insufficient data supporting potential therapies that can target both microorganisms causing infection in a biofilm state. In this sense, several evidences suggest that antioxidants compounds such as N-acetyll-cysteine (NAC) and cysteamine (Cys) might have the potential as antimicrobial drugs against individual
biofilms of certain species, although their activity against polymicrobial biofilms of S. aureus and S. pneumoniae
is unknown49–54.
In this work, we describe two in vitro models of an MSSA-S. pneumoniae (Sp) and MRSA-Sp mixed biofilms
that can be useful to understand the dynamics of the interaction between these two pathogens and to test antibiofilm therapies. Hence, the antimicrobial activity of NAC and Cys has been explored in both mixed biofilm
models.

Results

Mixed biofilms of S. pneumoniae and S. aureus require a higher proportion of pneumococcal
cells and a short incubation period. We first examined the influence of different proportions of pneu-

mococcal and MSSA/MRSA bacterial cells in the inoculum to establish the optimal conditions for the survival
of both species in the mixed biofilm (Fig. 1). We measured the biomass using a CV assay measuring the optical
density (A595) and viable count cells determined as CFU/ml in mixed biofilms (Fig. 1). To obtain a similar level
of both species (S. pneumoniae and S. aureus) in the mixed biofilm at the final time, the proportion of S. pneumoniae in the inoculum had to be much higher than S. aureus regardless of the susceptibility profile (MSSA or
MRSA) (Fig. 1A,B). Moreover, we found a significantly increased pattern in the biofilm biomass (A595) when
the proportion of S. pneumoniae in the inoculum was higher (proportions 1:2, 1:5, 1:7, 1:8, 1:11, and 1:16) in
comparison to greater levels of S. aureus in the inoculum (proportions 5:1 and 2:1) in both systems (***P < 0.001,
one-way ANOVA) (Fig. 1C,D).
For further experiments, we chose the proportions 1:1 and 1:11 for all the mixed biofilms (MSSA:Sp and
MRSA:Sp) and the incubation period of 5 h because individual biofilms of both species showed a reduction in the
viability after 5–6 h (Fig. S1). The choice of the 1:1 proportion was useful to test NAC and Cys in an inhibition
assay because, at the early phase of biofilm formation, both populations in the inoculum are equal, an ideal condition to test antioxidants as a preventive measure. On the other hand, the proportion 1:11 was selected to test the
therapeutic effect in a preformed mature mixed biofilm where both populations are equal at 4–5 h (Figs. 1, 2, 3).
Once the experimental conditions were established, we found that the MSSA-Sp and MRSA-Sp mixed biofilms
grew at similar rates in comparison to individual biofilms (Figs. 2, 3, and Fig. S1). At the 1:1 proportion, MSSA
and MRSA showed a higher ability to adhere to the polystyrene plates and form biofilms in comparison to S.
pneumoniae 19A, whereas in planktonic cultures, the proportions of both species were similar (Figs. 2A and 3A).
Our results confirm that S. pneumoniae needs an initial advantage, with a higher proportion of the inoculum
size, to achieve a similar population level in the mixed biofilm after 4 h (Figs. 2B and 3B). In addition, a higher
proportion of S. pneumoniae was necessary for the planktonic culture to maintain a similar population rate of
both bacterial species in the mixed biofilm (Figs. 2B and 3B), whereas S. aureus can maintain a higher population
in the mixed biofilm with a similar proportion in the planktonic culture (Figs. 2A and 3A).
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Figure 1.  Influence of bacterial proportions in the inoculum on MSSA/MRSA-Sp mixed biofilm formation
in vitro. S. pneumoniae and S. aureus were mixed in different proportions, and aliquots of 200 µl final volume
containing from 4 × 105 to 4 × 106 CFU/ml were dispensed into 96-well polystyrene microtiter plates and
incubated 5 h at 34 °C. (A,B) The viability of MSSA (squares), MRSA (circles) and S. pneumoniae (triangles) was
determined by plate counting. (C,D) Grey bars indicate mixed biofilm formation determined by CV staining
(biomass). Data represent the average of at least three experiments. Standard deviation bars are shown.

Effects of cysteamine in S. aureus monospecific biofilms. The antimicrobial activity of Cys in the
prevention and treatment of S. aureus biofilms was analyzed because it has never been reported for this pathogen
(Figs. S2 and S3). We used strains of both serotypes 5 and 8. In the inhibition assays (prevention), we observed a
significant antimicrobial effect when Cys was used with doses over the MIC showing a dramatic reduction in the
total biomass and biofilm biomass of both MSSA and MRSA strains from both serotypes (Fig. S2). In the case of
the MRSA strain of serotype 5, exposure to concentrations around the MIC (0.1 mg/ml of Cys) had a stronger
effect (***P < 0.001) both in the total and biofilm biomass (Fig. S2B) in comparison to the MSSA strain and both
strains of serotype 8, where we only could observe a reduction in the total biomass but not in the biofilm formation (Fig. S2).
Treatment of S. aureus biofilms with Cys showed antimicrobial activity with concentrations ≥ 2.5 mg/ml
(***P < 0.001, one-way ANOVA) with a greater effect in the strains of serotype 8 (Fig. S3). Lower concentrations
were tested but did not show any effect in the preformed biofilm (data not shown). In the case of strains of serotype 5, this reduction after Cys treatment showed a plateau with increasing concentrations of Cys (Fig. S3A,B),
and similar reduction levels were obtained even with higher doses such as 20 mg/ml (data not shown). However,
in strains of serotype 8, higher doses such as 5 and 10 mg/ml of Cys reduced, even more, the viability of the
population within the biofilm (Fig. S3C,D). In both serotypes, Cys effect was stronger in the MRSA strain than
in the MSSA strain (Fig. 3). Overall, treatment with Cys was effective against the biofilm of S. aureus reaching
from a 45% reduction in the MSSA strain of serotype 5 (Fig. S3A) to a 93% reduction in the MRSA strain of
serotype 8 (Fig. S3B).
Antibiofilm effects of NAC and Cys in MSSA‑Sp and MRSA‑Sp mixed biofilms.

We evaluated the
antibiofilm activity of NAC and Cys in the prevention of mixed biofilms by S. aureus and S. pneumoniae grown
in the 1:1 proportion (Fig. 4). The preventive effect of NAC in both models was lower than the effect of Cys. The
use of sub-inhibitory concentrations of NAC in the mixed biofilm reduced the total biomass (adhered and not
adhered cells) and biofilm biomass of both systems (Fig. 4A,B), but only after 2.5 mg/ml of NAC this effect was
greater, achieving the biofilm biomass at 10 mg/ml of NAC in both systems (***P < 0.001, one-way ANOVA)
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Figure 2.  Time course of MSSA-Sp mixed biofilm formation using two proportions. (A) Mixed biofilm
MSSA-Sp 1:1. (B) Mixed biofilm MSSA-Sp 1:11. In the top panel is represented MSSA (red) and S. pneumoniae
(green) viable cells within the biofilm. In the middle panel is represented MSSA viable cells (light red) and S.
pneumoniae (light green) viable cells in the planktonic culture. In the bottom panel is represented the total
biomass (black bars) and biofilm biomass (grey bars) determined by CV staining. The data represent the average
of six experiments. Standard deviation bars are shown.
(Fig. 4A,B). The use of concentrations of Cys around the MIC in the mixed biofilm reduced the total biomass
and biofilm biomass, being higher in the MRSA-Sp mixed biofilm at 0.1 mg/ml (***P < 0.001) (Fig. 4D) than
in the MSSA-Sp mixed biofilm (Fig. 4C). These results confirm previous findings with individual biofilms of S.
aureus and Cys (Fig. S2A,B). Moreover, when using concentrations of Cys over the MIC, the biofilm biomass was
nearly eradicated (***P < 0.001, one-way ANOVA) (Fig. 4C,D). These results, confirm Cys as an ideal candidate
to prevent S. aureus–S. pneumoniae mixed biofilms.
Treatment or disaggregation of mixed biofilms (MSSA/MRSA:Sp, 1:11) with NAC was effective in reducing both populations (***P < 0.001, one-way ANOVA) (Fig. 5A,B). Mixed biofilms treated with 0.5 mg/ml of
NAC showed a clearance of MSSA cells (around 50%), MRSA cells (over 20%), and a marked reduction of S.
pneumoniae cells (99%) (Fig. 5A,B). At 5 mg/ml, NAC killed nearly 94% of MSSA cells, 99% of MRSA cells and
practically eliminated S. pneumoniae indicating that NAC could be a promising option for the treatment of S.
aureus–S. pneumoniae mixed biofilms.
Treatment with Cys showed a marked clearance of pneumococcal population within the mixed biofilm with
up to 99% reduction of S. pneumoniae using a concentration ≥ 2.5 mg/ml in the mixed biofilms with MSSA or
MRSA (***P < 0.001, one-way ANOVA) (Fig. 5C,D). However, treatment with Cys was not as effective in decreasing the viability of S. aureus within the mixed biofilm (Fig. 5C,D), obtaining a similar level in the reduction
of the populations in comparison to the individual biofilm of MSSA or MRSA of serotype 5 described above
(***P < 0.001, one-way ANOVA) (Fig. S3A,B). The use of higher concentrations of Cys (levels around 20 mg/
ml) cleared the pneumococcal population within the mixed biofilm but the reduction of S. aureus was similar
to the lower doses (data not shown).
To confirm the effect of both antioxidants, CLSM was performed in MSSA-Sp and MRSA-Sp biofilms formed
in glass-bottom dishes (Fig. S4). Images confirmed the killing effect of 2.5 mg/ml of NAC and Cys in the mixed
biofilm system, being greater the effect of NAC in both systems in agreement with viable counts. Figure S4 shows
that adding NAC kills the bacterial cells in the biofilms, but does not have a marked effect on the density of the
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Figure 3.  Time course of MRSA-Sp mixed biofilm formation using two proportions. (A) Mixed biofilm
MRSA-Sp 1:1. (B) Mixed biofilm MRSA-Sp 1:11. In the top panel is represented MRSA (patterned red) and S.
pneumoniae (green) viable cells within the biofilm. In the middle panel is represented MSSA viable cells (light
patterned red) and S. pneumoniae (light green) viable cells in the planktonic culture. In the bottom panel is
represented the total biomass (black bars) and biofilm biomass (grey bars) determined by CV staining. The data
represent the average of six experiments. Standard deviation bars are shown.
biofilm. Moreover, the lethal effect of 2.5 mg/ml of Cys in the mixed biofilm MSSA-Sp was higher than in the
mixed biofilm of MRSA-Sp (Fig. S4).

Impact of cefditoren against mixed biofilms of MSSA‑Sp and MRSA‑Sp.

The antimicrobial activity of cefditoren (CEF) was used against MSSA-Sp and MRSA-Sp biofilms. The reason for using this 3rd generation oral cephalosporin is because we have recently demonstrated that it has been the most active β-lactam
against S. pneumoniae clinical isolates during the last 16 years, demonstrating the lowest MIC50 and MIC90
throughout the period 2004–202055,56. For biofilm treatment, we used double the MIC90 of previous studies of
both S. pneumoniae clinical isolates and MSSA clinical isolates55,56. Our results demonstrated that CEF reduces
the pneumococcal population within the mixed biofilm and showed a partial effect against the MSSA strain
(Fig. 6). In the case of the mixed MRSA-Sp biofilm, this antibiotic only killed the pneumococcal population
within the mixed biofilm without effect against the MRSA strain. These results confirm that this antibiotic could
be a good choice to ameliorate the impact of pneumococcal resistant strains even when forming complex polymicrobial biofilms, but it is not as effective against the polymicrobial biofilms as the antioxidants NAC and Cys
(Figs. 4 and 5).

Discussion

The existence of polymicrobial biofilms with bacterial species such as S. aureus and S. pneumoniae is worrisome.
Bacteria in biofilms are more recalcitrant to antibiotic treatments and the immune system, therefore facilitating
the colonization process. The close contact in the biofilm state contributes to the interchange of virulence factors
and resistance genes increasing the relevance of biofilms in clinical p
 ractice26,57–59. The step from nasopharynx
colonization to diseases such as AOM, sinusitis, and bacterial pneumonia is hypothesized by host changes after
suffering a viral upper respiratory infection60–62. Moreover, epidemiological studies showed a co-colonization
in the nasopharynx of humans by S. aureus and S. pneumoniae despite being traditionally seen as contrasting
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Figure 4.  Prevention with antioxidants of MSSA/MRSA-Sp mixed biofilms (Inhibition of mixed biofilms).
Mixed biofilms were distributed in the wells of a microtiter plate, which was then incubated for 5 h at 34 °C in
the presence of different concentrations of NAC (A,B) or Cys (C,D). The MIC of NAC for the S. pneumoniae
strain was 2.5 mg/ml and 5 mg/ml for both MSSA /MRSA strains whereas the MIC of Cys for the S. pneumoniae
strain and both S. aureus strains was 0.156 mg/ml. Absorbance levels after CV staining of mixed biofilms (A)
and (C) MSSA-Sp (B) and (D) MRSA-Sp. Dark grey bars represent total biomass (adherent plus non-adherent
cells) and white bars represent mixed biofilm biomass. Data represent the average of at least three experiments.
Standard deviation bars are shown, and asterisks mark statistically significant results (two-tailed Student’s t test:
*P < 0.05; **P < 0.01; ***P < 0.001) when comparing the treatment versus the non-treated biofilm. For multiple
comparisons, we performed one-way ANOVA obtaining ***P < 0.001 in all the cases.
s pecies42–44. This antagonistic relationship has been described p
 reviously39,63 but our study demonstrates a suitable
interaction by both species. The establishment of an in vitro model using 96-well polystyrene plates containing
S. pneumoniae and S. aureus forming a mixed biofilm supports previous works describing the possibility of the
interaction between both p
 athogens4,40,41.
In this in vitro model, S. aureus has an advantage in the growth as biofilm compared to S. pneumoniae,
which needs a higher proportion of the inoculum and a higher rate in the planktonic culture to achieve a final
concentration within the mixed biofilm similar to the obtained with S. aureus. This may happen because of the
innate nature of the pathogen that forms biofilms easily in both biotic and non-biotic s urfaces64. In the case of
abiotic surfaces, where electrostatic and hydrophobic interactions play an important role in static biofilm assays,
S. aureus also uses negatively charged teichoic acids and its major autolysin AltA to attach to polystyrene and
glass surfaces65–67. In the case of S. pneumoniae, the initial attachment to abiotic surfaces has been only reported
to be mediated by weak electrostatic and hydrophobic interactions58,68. Moreover, the CPS of the pneumococcal strain used, despite expressing the CPS of a good biofilm former serotype18, could interfere with the initial
attachment and biofilm formation, and therefore, S. aureus could take advantage and dominate the attachment
and formation within the mixed biofilm.
In this study, we have used two strains with different backgrounds, including MSSA and MRSA clinical
isolates, to see if the antibiotic susceptibility profile interferes in the interaction between S. pneumoniae and S.
aureus. Our results demonstrated that both strains had a similar biofilm pattern individually or mixed with S.
pneumoniae.
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Figure 5.  Treatment with antioxidants of MSSA/MRSA-Sp mixed biofilms (Disaggregation of mixed biofilms).
Mixed biofilms were first incubated for 4 h at 34 °C, then washed with sterile H
 2Od and incubated with different
concentrations of NAC (A,B) or Cys (C,D) for 1 h at 37 °C. The MIC of NAC for the S. pneumoniae strain was
2.5 mg/ml and 5 mg/ml for both MSSA /MRSA strains whereas the MIC of Cys for the S. pneumoniae strain and
both S. aureus strains was 0.156 mg/ml. (A,C) Viability of MSSA-Sp mixed biofilm. (B,D) Viability of MRSA-Sp
mixed biofilm. Black bars correspond to MSSA, grey bars correspond to S. pneumoniae, and grey patterned bars
represent MRSA viable cells within the mixed biofilms. Data represent the average of at least three experiments.
Standard deviation bars are shown, and asterisks mark statistically significant results (two-tailed Student’s t test:
*P < 0.05; **P < 0.01; ***P < 0.001) when comparing the treatment versus the non-treated biofilm. For multiple
comparisons, we performed one-way ANOVA followed by a Dunnett’s post hoc test obtaining ***P < 0.001 in all
the cases.
One of the main challenges in the outcome of the infection caused by S. aureus biofilms is the loss of efficacy
of the antibiotic treatment, especially when these biofilms are formed by MRSA s trains26,69. It is common that
conventional antibiotic therapy does not work in recalcitrant MSSA and MRSA biofilms. This could aggravate
the situation, imposing a positive selection pressure for the emergence of resistant s trains6,70. Treatment with
the thiol antioxidant NAC (a precursor of glutathione synthesis), has been used to prevent and disrupt S. aureus
biofilms, as a single treatment or in combination with other enzymes and a ntibiotics49. Different mechanisms
have been reported for the antimicrobial activity of NAC50,71,72. Among them, competitive inhibition of cysteine
uptake with microbial strains is of great importance. In addition, reaction of the NAC sulfhydryl group with bacterial proteins leading to reduction of disulfide bonds affecting bacterial attachment within the biofilm has been
found to reduce bacterial viability. Moreover, modification of the intracellular redox equilibrium also confers
antimicrobial activity50,71. In addition, NAC could be acting as a weak acid on the biofilm, penetrating the matrix
and the cell wall. In this sense, NAC dissociates and acidifies the cytoplasm, denaturing bacterial proteins and
causing DNA damage inside the b
 acteria72. Cys is an aminothiol that deprotonates and forms thiol anions (−S−)
that are able to disrupt intermolecular and intramolecular disulfide bonds of bacterial proteins73. In this case,
cleavage of disulfide bonds of bacterial proteins not only denatures key bacterial enzymes that play important
roles in their metabolism and survival but also impairs the structural integrity of the extracellular matrix of
biofilms52. As a consequence of these antimicrobial mechanisms, Cys prevents the formation and disrupts the
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Figure 6.  Treatment with CEF of MSSA/MRSA-Sp mixed biofilms (Disaggregation of mixed biofilms). Mixed
biofilms were first incubated for 4 h at 34 °C, then washed with sterile H
 2Od and incubated with 2 µg/ml of
CEF for 1 h at 37 °C. The MIC of CEF for the S. pneumoniae strain was 0.12 µg/ml, for the MSSA strain was
1.25 µg/ml and for the MRSA strain was 2.5 µg/ml. Black bars correspond to MSSA, grey bars correspond to
S. pneumoniae, and grey patterned bars represent MRSA viable cells within the mixed biofilms. Data represent
the average of at least three experiments. Standard deviation bars are shown, and asterisks mark statistically
significant results (two-tailed Student’s t test: ***P < 0.001) when comparing the treatment versus the non-treated
biofilm.

biofilm of several pathogens including Pseudomonas aeruginosa, Enterococcus faecalis, Haemophilus influenzae,
and S. pneumoniae51–53. In this work, we have demonstrated the antimicrobial effect of different concentrations
of Cys in S. aureus biofilms, confirming that this compound prevented the biofilm formation of a MSSA and a
MRSA strain. Moreover, treatment of S. aureus biofilms with doses of Cys over 2.5 mg/ml resulted in a ≈ 50–90%
reduction of the viable bacteria of the biofilm, showing a lower effect than NAC for this kind of biofilms49. One
of the main advantages of this study is the use of relevant clinical isolates of S. aureus confirming that both
antioxidants are effective against MSSA and MRSA strains. We could observe that methicillin resistance does
not change the effect of the mucolytic agent, as it had been previously reported with NAC49. To this date, the
identification of S. aureus strains associated with resistance or even tolerance to NAC/Cys has not been shown.
Prevention of mixed biofilms by these two pathogens and the treatment of polymicrobial biofilms associated with certain diseases such as AOM and sinusitis are strategies to be prioritized. NAC and Cys have been
confirmed as good candidates to treat polymicrobial biofilms of S. pneumoniae and non-typeable H. influenzae53, making them ideal to treat biofilms where S. aureus, and specifically MRSA, is involved. In this work, we
describe the antimicrobial effect of both antioxidants against mixed biofilms of S. aureus and S. pneumoniae,
demonstrating that the pneumococcal population was practically eradicated with only 0.5 mg/ml of NAC and
2.5 mg/ml of Cys. In the case of S. aureus in the mixed biofilm, NAC markedly reduced the viability and this
effect was independent of the methicillin susceptibility pattern. Moreover, we observed that the treatment with
NAC of mixed biofilms does not disperse the bacterial cells within the biofilm. This is an advantage in clinical
practice as the not dispersing effect avoids the potential colonization of a new habitat within the host. The antimicrobial activity of Cys against S. aureus in the mixed biofilm was similar to the treatment of individual biofilms
of the same serotype, preventing mixed biofilms with concentrations around the MIC. Our results showed a
weaker effect of Cys compared to NAC, which has been already seen in the treatment of polymicrobial biofilms
of non-typeable H. influenzae and S. pneumoniae53. We also used a 3rd generation oral cephalosporin to test
a classical antibiotic against polymicrobial biofilms, observing only an effect in the S. pneumoniae population
using a concentration 16 times over MIC, a mild effect against MSSA population, and non against the MRSA
population within the mixed. This confirms that the use of alternative therapies against polymicrobial biofilms
such as antioxidants is necessary.
The search for new treatments against bacteria multiplying as biofilms is an urgent matter, and of great importance in the clinical practice which is a growing research field. The development of new drugs is an expensive
and slow process, but drug repurposing has been adopted successfully and is a current priority by the National
Institutes of Health54. Our results contribute to the knowledge supporting the use of NAC and Cys as promising
repurposed drugs candidates for the prevention and treatment of individual S. aureus biofilms and against mixed
biofilms by S. pneumoniae and S. aureus including MRSA strains.

Methods

Bacterial strains and culture conditions. In mixed biofilms, we tested the following strains: S. pneu-

moniae YNM4 (serotype 19A)8, MSSA 60031/19 strain (serotype 5), and MRSA 60061/19 strain (serotype 5).
For individual biofilms of S. aureus testing Cys, we also used MSSA 60335/19 strain (serotype 8) and MRSA
60221/19 (serotype 8). The pneumococcal strain was cultured in 5% Mueller–Hinton blood agar plates and incubated at 37 °C under 5% C
 O2. S. aureus strains were cultured in Tryptic Soy Agar plates and incubated at 37 °C.
In mixed infections, we used blood agar plates with 5 µg/ml of gentamicin and plates containing Salt Mannitol
Agar to select S. pneumoniae and S. aureus respectively.
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Mixed biofilm formation assay. Biofilm formation was characterized using a crystal violet (CV) assay
as previously d
 escribed14. Briefly, cells were grown in a C + Y medium to an A550 of ≈ 0.5–0.6 (≈ 4 × 108 CFU/
ml) and diluted 100-fold in C + Y medium. S. pneumoniae and S. aureus suspensions were used individually or
combined in different proportions, and aliquots of 200 µl containing from 4 × 105 to 4 × 106 CFU/ml were added
into 96-well polystyrene plates (Costar 3595, Corning). The biofilms were incubated from 2 to 6 h at 34 °C and
the A595 of the total growth was measured using the BioTek Epoch2 (BioTek Instruments). This temperature
was chosen because it mimics the environment found in the upper respiratory tract when temperatures are a
bit cooler due to higher ventilation in this location74. CV (0.2%) was used to stain the biofilm followed by three
washes with distilled water to eliminate non-adherent bacteria and solubilization with 95% ethanol. Absorbance (A595) was quantified in the mentioned reader. The number of viable cells (biofilm and planktonic cells)
was determined in the different cultures in order to isolate S. pneumoniae from S. aureus using specific selective
plates described above. Briefly, after incubation, the planktonic culture was separated, and the biofilm was rinsed
twice with phosphate buffer saline (PBS), then gently disaggregated using a pipette and tenfold dilutions were
prepared in PBS. Viable cells were quantified and expressed as CFU/ml.
Susceptibility testing and antibiofilm therapy.

The susceptibility of S. aureus and S. pneumoniae
strains growing as planktonic cultures to the compounds NAC (Sigma-Aldrich) and Cys (Sigma-Aldrich) were
determined using the broth microdilution method following CLSI g uidelines75. The MIC of NAC for the S.
pneumoniae strain was 2.5 mg/ml and 5 mg/ml for both MSSA /MRSA strains whereas the MIC of Cys for the
S. pneumoniae strain and for all S. aureus strains was 0.156 mg/ml. The MIC of CEF for the S. pneumoniae strain
was 0.12 µg/ml, for the MSSA strain was 1.25 µg/ml and for the MRSA strain was 2.5 µg/ml.
For the antibiofilm therapy, bacterial cells were grown in a C + Y medium to an A550 of ≈ 0.5–0.6. Cells were
centrifuged and resuspended in an equal volume of C + Y, using a 100-fold dilution in C + Y medium for further
work. The suspensions of S. aureus were used individually or mixed with S. pneumoniae in the proportion 1:1 (for
inhibition assays, prevention) or 1:11 (for disaggregation assays, treatment) of MSSA:Sp and MRSA:Sp. 200 µl
of the different bacterial suspensions were added to each well using 96 wells of polystyrene microtiter plates.
For inhibition assays (prevention), different concentrations of NAC and Cys were added to the initial biofilm
with the inoculum followed by 5 h incubation at 34 °C. Absorbance (A595) of the total growth was determined
using the BioTek Epoch2. Biofilm staining with CV and quantification was performed as described above.
For disaggregation assays (treatment), after 4 h incubation at 34 °C, the planktonic cells were aspirated and the
biofilm was rinsed with PBS. Different concentrations of NAC and Cys were added and biofilms were incubated
for 1 h at 37 °C, rinsed twice with PBS, disaggregated, and tenfold dilutions were prepared in PBS. Viable cells
were quantified and expressed as CFU/ml.

Confocal laser scanning microscopy (CLSM) of biofilms. To evaluate the effect of the antioxidants
NAC and Cys in the mixed biofilms, we used CLSM to visualize the cells as previously described53. Briefly, biofilms were grown on glass-bottomed dishes (WillCo-dish; WillCo Wells B.V., The Netherlands) for 4 h at 34 °C.
The supernatant was removed and the biofilm was rinsed with PBS, and treated with 2.5 mg/ml of NAC or Cys
for 1 h at 37 °C. Non-adherent bacteria were removed from biofilms by washing with sterile water, and bacterial
viability within the biofilm was assessed using the LIVE/DEAD BacLight kit (Invitrogen). CLSM observations
were made with a Leica spectral SP5 confocal microscope and analyzed with the LAS AF software. Images represent the x–y from XYZ-stacks at 0.5-µm intervals and x–z projections from XZY stacks at 5-µm intervals planes.
Statistical analysis. Data were obtained from different independent experiments, containing at least three
replicates in each experiment. A two-tailed Student’s t test was used for two groups’ comparisons, whereas for
multiple comparisons we choose a one-way ANOVA test and a Dunnett’s post hoc test. GraphPad InStat version
8.0 was used for every analysis. We consider P < 0.05 (*) as significant whereas P < 0.01 (**) and P < 0.001 (***)
were considered as highly significant.

Received: 14 October 2021; Accepted: 7 April 2022

References

1. van Hoek, A. J. et al. Pneumococcal carriage in children and adults two years after introduction of the thirteen valent pneumococcal
conjugate vaccine in England. Vaccine 32, 4349–4355. https://doi.org/10.1016/j.vaccine.2014.03.017 (2014).
2. Spijkerman, J. et al. Long-term effects of pneumococcal conjugate vaccine on nasopharyngeal carriage of S. pneumoniae, S. aureus,
H. influenzae and M. catarrhalis. PLoS One 7, e39730. https://doi.org/10.1371/journal.pone.0039730 (2012).
3. Bogaert, D., De Groot, R. & Hermans, P. W. Streptococcus pneumoniae colonisation: The key to pneumococcal disease. Lancet
Infect. Dis. 4, 144–154. https://doi.org/10.1016/s1473-3099(04)00938-7 (2004).
4. Reddinger, R. M., Luke-Marshall, N. R., Sauberan, S. L., Hakansson, A. P. & Campagnari, A. A. Streptococcus pneumoniae modulates
Staphylococcus aureus biofilm dispersion and the transition from colonization to invasive disease. MBio https://doi.org/10.1128/
mBio.02089-17 (2018).
5. Aguinagalde, L. et al. Emergence of amoxicillin-resistant variants of Spain9V-ST156 pneumococci expressing serotype 11A correlates with their ability to evade the host immune response. PLoS One 10, e0137565. https://doi.org/10.1371/journal.pone.01375
65 (2015).
6. Domenech, M., Sempere, J., de Miguel, S. & Yuste, J. Combination of antibodies and antibiotics as a promising strategy against
multidrug-resistant pathogens of the respiratory tract. Front. Immunol. 9, 2700. https://d
 oi.o
 rg/1 0.3 389/fi
 mmu.2 018.0 2700 (2018).

Scientific Reports |

(2022) 12:6668 |

https://doi.org/10.1038/s41598-022-10609-x

9
Vol.:(0123456789)

www.nature.com/scientificreports/
7. Hackel, M. et al. Serotype prevalence and antibiotic resistance in Streptococcus pneumoniae clinical isolates among global populations. Vaccine 31, 4881–4887. https://doi.org/10.1016/j.vaccine.2013.07.054 (2013).
8. Sempere, J., de Miguel, S., González-Camacho, F., Yuste, J. & Domenech, M. Clinical relevance and molecular pathogenesis of the
emerging serotypes 22F and 33F of Streptococcus pneumoniae in Spain. Front. Microbiol. 11, 309. https://doi.org/10.3389/fmicb.
2020.00309 (2020).
9. de Miguel, S. et al. Nationwide trends of invasive pneumococcal disease in Spain from 2009 through 2019 in children and adults
during the pneumococcal conjugate vaccine era. Clin. Infect. Dis. 73, e3778–e3787. https://doi.org/10.1093/cid/ciaa1483 (2021).
10. Ouldali, N. et al. Invasive pneumococcal disease incidence in children and adults in France during the pneumococcal conjugate
vaccine era: An interrupted time-series analysis of data from a 17-year national prospective surveillance study. Lancet Infect. Dis.
21, 137–147. https://doi.org/10.1016/s1473-3099(20)30165-1 (2021).
11. Ladhani, S. N. et al. Rapid increase in non-vaccine serotypes causing invasive pneumococcal disease in England and Wales,
2000–17: A prospective national observational cohort study. Lancet Infect. Dis. 18, 441–451. https://d
 oi.o
 rg/1 0.1 016/s 1473-3 099(18)
30052-5 (2018).
12. Nicholls, T. R., Leach, A. J. & Morris, P. S. The short-term impact of each primary dose of pneumococcal conjugate vaccine on
nasopharyngeal carriage: Systematic review and meta-analyses of randomised controlled trials. Vaccine 34, 703–713. https://doi.
org/10.1016/j.vaccine.2015.12.048 (2016).
13. Domenech, M., Garcia, E. & Moscoso, M. Versatility of the capsular genes during biofilm formation by Streptococcus pneumoniae.
Environ. Microbiol. 11, 2542–2555. https://doi.org/10.1111/j.1462-2920.2009.01979.x (2009).
14. Domenech, M. et al. Emerging, non-PCV13 serotypes 11A and 35B of Streptococcus pneumoniae show high potential for biofilm
formation in vitro. PLoS One 10, e0125636. https://doi.org/10.1371/journal.pone.0125636 (2015).
15. Ganaie, F. et al. A new pneumococcal capsule type, 10D, is the 100th serotype and has a large cps fragment from an oral streptococcus. MBio https://doi.org/10.1128/mBio.00937-20 (2020).
16. Pimenta, F. et al. New pneumococcal serotype 15D. J. Clin. Microbiol. https://doi.org/10.1128/jcm.00329-21 (2021).
17. Laufer, A. S. et al. Capacity of serotype 19A and 15B/C Streptococcus pneumoniae isolates for experimental otitis media: Implications for the conjugate vaccine. Vaccine 28, 2450–2457. https://doi.org/10.1016/j.vaccine.2009.12.078 (2010).
18. Domenech, M., Araujo-Bazan, L., Garcia, E. & Moscoso, M. In vitro biofilm formation by Streptococcus pneumoniae as a predictor
of post-vaccination emerging serotypes colonizing the human nasopharynx. Environ. Microbiol. 16, 1193–1201. https://doi.org/
10.1111/1462-2920.12370 (2014).
19. Liñares, J., Ardanuy, C., Pallares, R. & Fenoll, A. Changes in antimicrobial resistance, serotypes and genotypes in Streptococcus
pneumoniae over a 30-year period. Clin. Microbiol. Infect. 16, 402–410. https://doi.org/10.1111/j.1469-0691.2010.03182.x (2010).
20. Nakano, S. et al. Penicillin-binding protein typing, antibiotic resistance gene identification, and molecular phylogenetic analysis
of meropenem-resistant Streptococcus pneumoniae serotype 19A-CC3111 strains in japan. Antimicrob. Agents Chemother. https://
doi.org/10.1128/aac.00711-19 (2019).
21. Mott, M. P. et al. Emergence of serotype 19A Streptococcus pneumoniae after PCV10 associated with a ST320 in adult population,
in Porto Alegre, Brazil. Epidemiol. Infect. 147, e93. https://doi.org/10.1017/s0950268819000013 (2019).
22. van den Bergh, M. R. et al. Associations between pathogens in the upper respiratory tract of young children: Interplay between
viruses and bacteria. PLoS One 7, e47711. https://doi.org/10.1371/journal.pone.0047711 (2012).
23. Bosch, A. A., Biesbroek, G., Trzcinski, K., Sanders, E. A. & Bogaert, D. Viral and bacterial interactions in the upper respiratory
tract. PLoS Pathog. 9, e1003057. https://doi.org/10.1371/journal.ppat.1003057 (2013).
24. Wertheim, H. F. et al. Risk and outcome of nosocomial Staphylococcus aureus bacteraemia in nasal carriers versus non-carriers.
Lancet 364, 703–705. https://doi.org/10.1016/s0140-6736(04)16897-9 (2004).
25. Esposito, S. et al. Oropharyngeal and nasal Staphylococcus aureus carriage by healthy children. BMC Infect. Dis. 14, 723. https://
doi.org/10.1186/s12879-014-0723-9 (2014).
26. Schilcher, K. & Horswill, A. R. Staphylococcal biofilm development: Structure, regulation, and treatment strategies. Microbiol.
Mol. Biol. Rev. https://doi.org/10.1128/mmbr.00026-19 (2020).
27. Murray, R. J. et al. Community-acquired pneumonia due to pandemic A(H1N1)2009 influenzavirus and methicillin resistant
Staphylococcus aureus co-infection. PLoS One 5, e8705. https://doi.org/10.1371/journal.pone.0008705 (2010).
28. Dawood, F. S. et al. Influenza-associated pneumonia in children hospitalized with laboratory-confirmed influenza, 2003–2008.
Pediatr. Infect. Dis. J. 29, 585–590. https://doi.org/10.1097/inf.0b013e3181d411c5 (2010).
29. Weinberger, D. M., Klugman, K. P., Steiner, C. A., Simonsen, L. & Viboud, C. Association between respiratory syncytial virus
activity and pneumococcal disease in infants: A time series analysis of US hospitalization data. PLoS Med. 12, e1001776. https://
doi.org/10.1371/journal.pmed.1001776 (2015).
30. Cheung, G. Y. C., Bae, J. S. & Otto, M. Pathogenicity and virulence of Staphylococcus aureus. Virulence 12, 547–569. https://doi.
org/10.1080/21505594.2021.1878688 (2021).
31. Cryer, J., Schipor, I., Perloff, J. R. & Palmer, J. N. Evidence of bacterial biofilms in human chronic sinusitis. ORL J. Otorhinolaryngol.
Relat. Spec. 66, 155–158. https://doi.org/10.1159/000079994 (2004).
32. Brook, I. Microbiology of chronic rhinosinusitis. Eur. J. Clin. Microbiol. Infect. Dis. 35, 1059–1068. https://d
 oi.o
 rg/1 0.1 007/s 10096-
016-2640-x (2016).
33. Welp, A. L. & Bomberger, J. M. Bacterial community interactions during chronic respiratory disease. Front. Cell. Infect. Microbiol.
10, 213. https://doi.org/10.3389/fcimb.2020.00213 (2020).
34. Davcheva-Chakar, M., Kaftandzhieva, A. & Zafirovska, B. Adenoid vegetations—Reservoir of bacteria for chronic otitis media
with effusion and chronic rhinosinusitis. Pril (Makedon Akad Nauk Umet Odd Med Nauki) 36, 71–76. https://doi.org/10.1515/
prilozi-2015-0080 (2015).
35. Hamilos, D. L. Biofilm formations in pediatric respiratory tract infection: Part 1: Biofilm structure, role of innate immunity in
protection against and response to biofilm, methods of biofilm detection, pediatric respiratory tract diseases associated with
mucosal biofilm formation. Curr. Infect. Dis. Rep. 21, 6. https://doi.org/10.1007/s11908-019-0658-9 (2019).
36. Regev-Yochay, G. et al. Association between carriage of Streptococcus pneumoniae and Staphylococcus aureus in Children. JAMA
292, 716–720. https://doi.org/10.1001/jama.292.6.716 (2004).
37. Chien, Y. W. et al. Density interactions among Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus aureus in the
nasopharynx of young Peruvian children. Pediatr. Infect. Dis. J. 32, 72–77. https://doi.org/10.1097/INF.0b013e318270d850 (2013).
38. Dunne, E. M., Smith-Vaughan, H. C., Robins-Browne, R. M., Mulholland, E. K. & Satzke, C. Nasopharyngeal microbial interactions
in the era of pneumococcal conjugate vaccination. Vaccine 31, 2333–2342. https://doi.org/10.1016/j.vaccine.2013.03.024 (2013).
39. Wu, X. et al. Interaction between Streptococcus pneumoniae and Staphylococcus aureus generates (·)OH radicals that rapidly kill
Staphylococcus aureus strains. J. Bacteriol. https://doi.org/10.1128/jb.00474-19 (2019).
40. Park, B., Nizet, V. & Liu, G. Y. Role of Staphylococcus aureus catalase in niche competition against Streptococcus pneumoniae. J.
Bacteriol. 190, 2275–2278. https://doi.org/10.1128/JB.00006-08 (2008).
41. Margolis, E. Hydrogen peroxide-mediated interference competition by Streptococcus pneumoniae has no significant effect on
Staphylococcus aureus nasal colonization of neonatal rats. J. Bacteriol. 191, 571–575. https://doi.org/10.1128/JB.00950-08 (2009).
42. Quintero, B. et al. Epidemiology of Streptococcus pneumoniae and Staphylococcus aureus colonization in healthy Venezuelan
children. Eur. J. Clin. Microbiol. Infect. Dis. 30, 7–19. https://doi.org/10.1007/s10096-010-1044-6 (2011).

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6668 |

https://doi.org/10.1038/s41598-022-10609-x

10

www.nature.com/scientificreports/
43. Ebruke, C. et al. High genetic diversity of Staphylococcus aureus strains colonising the nasopharynx of Gambian villagers before
widespread use of pneumococcal conjugate vaccines. BMC Microbiol. 16, 38. https://doi.org/10.1186/s12866-016-0661-3 (2016).
44. Melles, D. C. et al. Nasopharyngeal co-colonization with Staphylococcus aureus and Streptococcus pneumoniae in children is bacterial genotype independent. Microbiology (Reading, England) 153, 686–692. https://doi.org/10.1099/mic.0.2006/002279-0 (2007).
45. Cohen, R. et al. Pneumococcal conjugate vaccine does not influence Staphylococcus aureus carriage in young children with acute
otitis media. Clin. Infect. Dis. 45, 1583–1587. https://doi.org/10.1086/523734 (2007).
46. Lee, G. M. et al. Epidemiology and risk factors for Staphylococcus aureus colonization in children in the post-PCV7 era. BMC
Infect. Dis. 9, 110. https://doi.org/10.1186/1471-2334-9-110 (2009).
47. Mahajan, A., Singh, B., Kashyap, D., Kumar, A. & Mahajan, P. Interspecies communication and periodontal disease. ScientificWorldJournal 2013, 765434. https://doi.org/10.1155/2013/765434 (2013).
48. Armbruster, C. E. & Swords, W. E. Interspecies bacterial communication as a target for therapy in otitis media. Expert Rev. Anti
Infect. Ther. 8, 1067–1070. https://doi.org/10.1586/eri.10.109 (2010).
49. Manoharan, A. et al. The effect of N-acetylcysteine in a combined antibiofilm treatment against antibiotic-resistant Staphylococcus
aureus. J. Antimicrob. Chemother. 75, 1787–1798. https://doi.org/10.1093/jac/dkaa093 (2020).
50. Dinicola, S., De Grazia, S., Carlomagno, G. & Pintucci, J. P. N-acetylcysteine as powerful molecule to destroy bacterial biofilms.
A systematic review. Eur. Rev. Med. Pharmacol. Sci. 18, 2942–2948 (2014).
51. Charrier, C. et al. Cysteamine ( Lynovex®), a novel mucoactive antimicrobial and antibiofilm agent for the treatment of cystic fibrosis.
Orphanet. J. Rare Dis. 9, 189. https://doi.org/10.1186/s13023-014-0189-2 (2014).
52. Guo, W., Quah, S. Y., Lim, K. C., Yu, V. S. & Tan, K. S. Cysteamine enhances biofilm eradication efficacy of calcium hydroxide. J.
Endod. 42, 742–746. https://doi.org/10.1016/j.joen.2016.01.020 (2016).
53. Domenech, M. & Garcia, E. N-Acetyl-l-cysteine and cysteamine as new strategies against mixed biofilms of nonencapsulated
Streptococcus pneumoniae and nontypeable Haemophilus influenzae. Antimicrob. Agents Chemother. https://doi.org/10.1128/AAC.
01992-16 (2017).
54. Cragg, G. M., Grothaus, P. G. & Newman, D. J. New horizons for old drugs and drug leads. J. Nat. Prod. 77, 703–723. https://doi.
org/10.1021/np5000796 (2014).
55. Sempere, J. et al. A national longitudinal study evaluating the activity of cefditoren and other antibiotics against non-susceptible
Streptococcus pneumoniae strains during the period 2004–20 in Spain. J. Antimicrob. Chemother. https://d
 oi.o
 rg/1 0.1 093/j ac/d
 kab4
82 (2022).
56. Biedenbach, D. J. & Jones, R. N. Update of cefditoren activity tested against community-acquired pathogens associated with infections of the respiratory tract and skin and skin structures, including recent pharmacodynamic considerations. Diagn. Microbiol.
Infect. Dis. 64, 202–212. https://doi.org/10.1016/j.diagmicrobio.2009.01.017 (2009).
57. Domenech, M., Ramos-Sevillano, E., Garcia, E., Moscoso, M. & Yuste, J. Biofilm formation avoids complement immunity and
phagocytosis of Streptococcus pneumoniae. Infect. Immun. 81, 2606–2615. https://doi.org/10.1128/IAI.00491-13 (2013).
58. Domenech, M., García, E. & Moscoso, M. Biofilm formation in Streptococcus pneumoniae. Microb. Biotechnol. 5, 455–465. https://
doi.org/10.1111/j.1751-7915.2011.00294.x (2012).
59. Bair, K. L. & Campagnari, A. A. Moraxella catarrhalis promotes stable polymicrobial biofilms with the major otopathogens. Front.
Microbiol. 10, 3006. https://doi.org/10.3389/fmicb.2019.03006 (2019).
60. Heikkinen, T. & Chonmaitree, T. Importance of respiratory viruses in acute otitis media. Clin. Microbiol. Rev. 16, 230–241. https://
doi.org/10.1128/cmr.16.2.230-241.2003 (2003).
61. Chonmaitree, T. et al. Acute otitis media and other complications of viral respiratory infection. Pediatrics https://doi.org/10.1542/
peds.2015-3555 (2016).
62. Reddinger, R. M., Luke-Marshall, N. R., Hakansson, A. P. & Campagnari, A. A. Host physiologic changes induced by Influenza A
virus lead to Staphylococcus aureus biofilm dispersion and transition from asymptomatic colonization to invasive disease. MBio
https://doi.org/10.1128/mBio.01235-16 (2016).
63. Khan, F. et al. Streptococcus pneumoniae eradicates preformed Staphylococcus aureus biofilms through a mechanism requiring
physical contact. Front. Cell. Infect. Microbiol. 6, 104. https://doi.org/10.3389/fcimb.2016.00104 (2016).
64. Figueiredo, A. M. S., Ferreira, F. A., Beltrame, C. O. & Cortes, M. F. The role of biofilms in persistent infections and factors involved
in ica-independent biofilm development and gene regulation in Staphylococcus aureus. Crit. Rev. Microbiol. 43, 602–620. https://
doi.org/10.1080/1040841X.2017.1282941 (2017).
65. Moormeier, D. E. & Bayles, K. W. Staphylococcus aureus biofilm: A complex developmental organism. Mol. Microbiol. 104, 365–376.
https://doi.org/10.1111/mmi.13634 (2017).
66. Gross, M., Cramton, S. E., Götz, F. & Peschel, A. Key role of teichoic acid net charge in Staphylococcus aureus colonization of
artificial surfaces. Infect. Immun. 69, 3423–3426. https://doi.org/10.1128/iai.69.5.3423-3426.2001 (2001).
67. Biswas, R. et al. Activity of the major staphylococcal autolysin Atl. FEMS Microbiol. Lett. 259, 260–268. https://doi.org/10.1111/j.
1574-6968.2006.00281.x (2006).
68. Chao, Y., Marks, L. R., Pettigrew, M. M. & Hakansson, A. P. Streptococcus pneumoniae biofilm formation and dispersion during
colonization and disease. Front. Cell. Infect. Microbiol. 4, 194. https://doi.org/10.3389/fcimb.2014.00194 (2014).
69. Hogan, S. et al. Potential use of targeted enzymatic agents in the treatment of Staphylococcus aureus biofilm-related infections. J.
Hosp. Infect. 96, 177–182. https://doi.org/10.1016/j.jhin.2017.02.008 (2017).
70. Ma, Y. et al. Novel inhibitors of Staphylococcus aureus virulence gene expression and biofilm formation. PLoS One 7, e47255. https://
doi.org/10.1371/journal.pone.0047255 (2012).
71. Blasi, F. et al. The effect of N-acetylcysteine on biofilms: Implications for the treatment of respiratory tract infections. Respir. Med.
117, 190–197. https://doi.org/10.1016/j.rmed.2016.06.015 (2016).
72. Kundukad, B. et al. Mechanistic action of weak acid drugs on biofilms. Sci. Rep. 7, 4783. https://d
 oi.o
 rg/1 0.1 038/s 41598-0 17-0 51783 (2017).
73. Sevier, C. S. & Kaiser, C. A. Formation and transfer of disulphide bonds in living cells. Nat. Rev. Mol. Cell. Biol. 3, 836–847. https://
doi.org/10.1038/nrm954 (2002).
74. Keck, T., Leiacker, R., Heinrich, A., Kühnemann, S. & Rettinger, G. Humidity and temperature profile in the nasal cavity. Rhinology
38, 167–171 (2000).
75. Clinical and Laboratory Standards Institute. Methods for Dilution Antimicrobial Susceptibility Test for Bacteria that Grow Aerobically
11th edn. (Clinical and Laboratory Standards Institute, 2018).

Acknowledgements

The authors thank Idoia del Río and Beatriz López Ruiz for skillful technical assistance. This study was funded by
Ministerio de Economía, Industria y Competitividad (MINECO) (grant SAF2017-88664-R) and by Ministerio
de Ciencia e Innovación (MICINN) (grant PID2020-119298RB-I00).

Scientific Reports |

(2022) 12:6668 |

https://doi.org/10.1038/s41598-022-10609-x

11
Vol.:(0123456789)

www.nature.com/scientificreports/

Author contributions

J.S., M.D., and J.Y. conceived and designed the experiments and wrote the manuscript. J.S. performed the experiments. F.G.-C. helped reading the manuscript. M.L., F.R., C.P.-G., and D.L. helped with the interpretation of the
data, reviewed the results, and contributed to the final version of the manuscript.

Competing interests

The authors declare no competing interests.

Additional information

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-022-10609-x.
Correspondence and requests for materials should be addressed to J.Y. or M.D.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2022

Scientific Reports |
Vol:.(1234567890)

(2022) 12:6668 |

https://doi.org/10.1038/s41598-022-10609-x

12

