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Abstract
Lungs of cystic fibrosis patients are often colonized or infected with organisms, such as Pseudomonas aeruginosa and other 
emerging pathogenic bacteria such as Achromobacter xylosoxidans. Further, it is well established that infections of the cystic 
fibrosis lung airways are caused by polymicrobial infections, although its composition and diversity may change through-
out the patient’s life. In the present study, we investigated the effects of N-acetylcysteine (NAC) and amikacin, aztreonam, 
ciprofloxacin, and tobramycin alone and in combination against single- and dual-species biofilms of P. aeruginosa and A. 
xylosoxidans, in vitro and in the Caenorhabditis elegans infection model. Results showed that tobramycin and ciprofloxacin 
were the most effective antibiotics, while aztreonam was the least effective antibiotic against both single- and dual-species 
biofilms of P. aeruginosa and A. xylosoxidans. However, NAC showed little effect on both single- and dual-species, even 
with a combination of antibiotics. Increased survival was observed in C. elegans when treated with NAC in combination 
with tobramycin or ciprofloxacin, compared to no treatment or NAC alone. Tobramycin and ciprofloxacin were found effec-
tive in biofilms, but more research is needed to better understand the effects of NAC and antibiotics against single- and 
dual-species biofilms.

Introduction

Cystic fibrosis (CF) is an autosomal recessive disease caused 
by mutations in the cystic fibrosis transmembrane conduct-
ance regulator (CFTR) gene. This results in either no CFTR 
protein being made, or in a malformed CFTR protein that 
can’t perform its key function in the cell. This transmem-
brane protein is responsible for transporting ions across the 
surface of epithelial cells; an inability of this protein to func-
tion leads to decreased volume of periciliary fluid in the air-
ways and impaired mucus detachment [1, 2]. Consequently, 
the lungs of CF patients are highly susceptible to bacterial 
infections, as well as biofilms. A biofilm is an assemblage 
of surface-associated microbial cells, which is enclosed in 

an extracellular polymeric substance matrix. Bacteria in the 
CF airways mostly persist as biofilm structures and are more 
tolerant to antimicrobial agents, which causes to recurrent 
and chronic infections [3, 4].

The airways of patients with CF are highly complex and 
consist of polymicrobial infections that vary in their compo-
sition and diversity throughout a patient’s lifetime [5]. These 
polymicrobial communities can make multispecies bio-
films of microorganisms that can interact with each other to 
impact the course, treatment, and outcome of biofilm-related 
CF airway infections [6]. Pseudomonas aeruginosa has been 
reported as the predominant organism of established micro-
bial communities in at least 50% of adult CF patients—these 
communities display high levels of antibiotic resistance and 
virulence. Additionally, chronic infections of P. aeruginosa 
are associated with contributing to morbidity and mortality 
in CF patients [5]. Although the current literature on bacte-
rial competition in CF patients has mostly focused on major 
pathogens such as P. aeruginosa and Staphylococcus aureus, 
the CF lung microbiome may contain other emerging patho-
genic bacteria such as Achromobacter xylosoxidans [4, 7].

Achromobacter xylosoxidans is becoming more com-
mon pathogen in CF patients. It can form biofilms and 
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chronically colonize the respiratory tract; however, the 
competitive ability of A. xylosoxidans has rarely been 
studied [1]. Risk factors for the acquisition of A. xylosox-
idans are not completely clear, but older age, increased 
disease burden, and chronic P. aeruginosa infections are 
common in patients who develop chronic A. xylosoxidans 
infections [8].

Because the therapeutic options are limited for biofilm-
associated infections, especially in CF patients, it is urgent 
and necessary to explore novel strategies. N-acetylcysteine 
(NAC) has been introduced into clinical practice for the 
treatment of pulmonary and cardiovascular diseases, psy-
chiatric disorders, infectious diseases, rheumatoid arthri-
tis and plasma hyperlipoproteinemia, and has long been 
used for its mucolytic, antioxidant, and anti-inflammatory 
properties [9]. It is commonly administered in combination 
with antibiotics for the treatment of lower respiratory tract 
infections, especially in patients with chronic respiratory 
diseases characterized by abundant and/or intense mucus 
production. Additionally, an increasing amount of data has 
revealed that NAC may display antimicrobial and antibiofilm 
activity against various clinically important pathogens [10, 
11]. Several in vitro studies have reported that NAC effec-
tively inhibits the adhesion of bacteria to the epithelial cells 
and polymeric materials and also reduces the production of 
extracellular polysaccharide matrices while promoting the 
disruption of mature biofilms [12, 13]. It’s mechanism of 
action is still not well known; however, the effect of NAC 
against biofilms can be analyzed under different aspects: (i) 
antibacterial properties; (ii) detachment of the biofilm; (iii) 
inhibiting bacterial adhesion and production of extracellular 
polysaccharides (EPS) [9].

However, there is a lack of data about the effects of NAC 
both alone, and in combination with antibiotics, against 
dual-species biofilms. In this study, for the first time, we 
examined the effects of NAC and conventional antibiotics 
against single- and dual-species biofilms of P. aeruginosa 
and A. xylosoxidans.

Materials and Methods

Strains and Culture Conditions

Pseudomonas aeruginosa PA01 and A. xylosoxidans ATCC 
27061 strains were subcultured from freezer stocks onto 
tryptic soy agar (TSA, Difco Sparks, MD, USA) and incu-
bated at 37 °C overnight.

Caenorhabditis elegans N2 (glp-4; sek-1) was propagated 
under standard conditions, synchronized by hypochlorite 
bleaching, and cultured on nematode growth medium using 
E. coli OP50 as a food source [14].

Antimicrobial Agents

NAC, amikacin (200 µg/ml), aztreonam (500 µg/ml), cip-
rofloxacin (150 µg/ml), and tobramycin (200 µg/ml) were 
kindly provided by their manufacturers. Increasing con-
centrations of NAC (1000, 2500, 5000 and 10,000 µg/ml) 
were used. The antibiotic concentrations were used partly 
based on the concentrations that can be reached in serum 
or sputum, according to previous studies [6, 15]. Stock 
solutions of antimicrobial agents from dry powders were 
prepared in water and stored frozen at − 80 °C, and frozen 
solutions were used within 6 months.

Single‑ and Dual‑Species Biofilm Formation

Biofilm formation was performed as described previously 
[6, 15]. Briefly, loops of overnight cultures of bacteria were 
transferred to brain heart infusion broth (Thermo Scientific, 
Oxoid, USA) and incubated at 37 °C overnight in an orbital 
shaker (75 rpm). After incubation cultures were centrifuged 
(about 3000 rpm, 5–10 min), washed twice with sterile phos-
phate-buffered saline (PBS) and resuspended in BHIB to 
a cellular density equivalent to 1 × 106 and 1 × 107 colony-
forming units/ml (cfu/ml) for single- and dual-species bio-
film, respectively. Biofilms were formed by pipetting 100 μl 
of the standardized cell suspension into selected wells of 
sterilized polystyrene flat-bottomed 96-well tissue culture 
microtiter plates (Greiner Bio-One, Kremsmuenster, Aus-
tria) and incubating for 24 h at 37 °C. Control wells, con-
taining bacteria alone or medium alone, were also included.

Biofilm Antimicrobial Assay and cfu Counts

After incubation, the waste medium was aspirated gently, 
and nonadherent cells were removed by washing the bio-
films three times with sterile PBS. Antibiotics were added 
to the washed biofilms and plates were incubated. 5000 
and 10,000 µg/ml final concentrations of NAC were used 
in experiments examining the combination of NAC and 
antibiotics. After 24 h of treatment, biofilms were washed 
with PBS, cells were collected by sonication and vortex-
ing and bacterial viability was monitored by cfu assay as 
described previously [6, 15]. Serial dilutions were made 
in sterile PBS and plated onto Pseudomonas isolation agar 
(Sigma Aldrich, St. Louis) (for P. aeruginosa enumera-
tion) and CHROMagar Orientation medium (ChromAgar, 
Paris, France) (for A. xylosoxidans enumeration) using the 
drop plate method, and plates were incubated at 37 °C. 
Following 24 h of growth, colonies were counted and 
expressed as the number of cfu/ml.
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Acridine Orange‑Propidium Iodide (AO‑PI) Staining 
and Fluorescent Microscopy

Bacterial cell viability was evaluated using the AO-PI 
double fluorescence staining assay. To observe the cell 
death of single- and dual-biofilm of P. aeruginosa and A. 
xylosoxidans after antibiotic and NAC treatment separately 
and together. Bacteria were cultured in 24 well tissue cul-
ture plate (1 × 106 and 1 × 107 cfu/ml for single- and dual-
species biofilm, respectively). After 24 h of incubation 
with antibiotics with/without NAC, cells were stained with 
1 μl of aqueous Acridine orange (AO)/Propidium iodide 
(PI) solution (1 mg/ml of AO in PBS; 1 mg/ml of PI in 
PBS) that were mixed in 1 ml PBS buffer for 5 min in 
dark. After AO/PI staining, cells were washed with PBS 
and changes in cells were observed under an inverted fluo-
rescent microscope (Zeiss, Axio Observer Z1) [15, 16]. 
Quantitative measures of pixels were obtained by ImageJ 
software with live&dead quantification tool.

Caenorhabditis elegans Survival Assay

For the Caenorhabditis elegans survival assay, synchro-
nized worms (L4 stage) were suspended in OGM medium 
(95% M9 buffer, 5% brain heart infusion broth, 10 μg/ml 
cholesterol) and added into 96-well plates with at least 
20 worms per well [14]. Nematodes were infected with 
25 μl of overnight culture (P. aeruginosa and A. xylosox-
idans) adjusted to 2 × 109 CFU/ml in OGM medium and 
exposed to 25 μl of treatment [NAC alone (10 000 µg/
ml, and in combination with tobramycin (200 µg/ml) or 
ciprofloxacin (150 µg/ml)]. Cytotoxicity wells with only 
antimicrobial agents and nematodes were added to the 
experiments. Uninfected nematodes in the OGM medium 
as well as infected but untreated nematodes were used as 
controls. The assay plates were incubated at 25 °C for up 
to 2 days and the number of viable and dead nematodes 
was assessed every 24 h. The fraction of dead worms was 
determined by counting the number of dead worms and the 
total number of worms in each well [14, 17].

Statistical Analysis

All experiments were performed in triplicate in two sep-
arate sets of experiments. All data were expressed as the 
mean ± standard deviations of two independent experiments. 
One-way ANOVA and Bonferroni’s Multiple Comparison 
tests were used to compare the differences between single 
and dual species biofilms and P value of < 0.05 was consid-
ered statistically significant.

Results

Effects of Antibiotics on Bacteria in Single‑ 
and Dual‑Species Biofilms

Tobramycin and ciprofloxacin were found to be effective 
against P. aeruginosa and A. xylosoxidans in both single- 
and dual-species biofilms, whereas aztreonam showed the 
least antibiofilm activity. Amikacin also showed antibacte-
rial activity against P. aeruginosa biofilms (Fig. 1).

Effects of NAC on Bacteria in Single‑ 
and Dual‑Species Biofilms

The effects of increasing concentrations of NAC (1000, 
2500, 5000 and 10,000 µg/ml) against single and dual-
species biofilms were also investigated (data not shown). 
According to the results, NAC caused a 1-log reduction of 
both bacteria at different concentrations, except when at a 
concentration of 10,000 µg/ml against A. xylosoxidans in 
dual-species biofilms (Fig. 1).

Effects of Antibiotics and NAC Combinations Against 
Single and Dual‑Species Biofilms

The susceptibility of the biofilms to the combinations of 
NAC (5000 and 10,000 µg/ml) with antibiotics was also 
investigated. There was no increase in antimicrobial activity 
seen against single-species A. xylosoxidans biofilms, except 
for NAC (5000 µg/ml) and aztreonam combination (Fig. 1a). 
The combination of NAC (5000 µg/ml) with ciprofloxacin, 
and the combination of NAC (5000 µg/ml) with tobramy-
cin decreased the number of bacteria by more than 1-log in 
dual-species biofilms of P. aeruginosa and A. xylosoxidans 
(Fig. 1a and b). Surprisingly, there was no increase in anti-
microbial activity with increasing concentration of NAC, 
against either single- or dual-species biofilms.

Effects of Antibiotics and NAC Combinations Against 
Single‑ and Dual‑Species Biofilm on Cell Death

A live/dead cell viability assay was applied to evaluate the 
antimicrobial activities of ciprofloxacin, tobramycin and 
amikacin separately, and combined with NAC against sin-
gle- and dual-species biofilms of A. xylosoxidans and P. aer-
uginosa. As shown in Fig. 2, the control groups (single- and 
dual-species biofilms of A. xylosoxidans and P. aeruginosa) 
showed green fluorescence, indicating that the bacteria were 
still alive. In contrast, after being treated with ciprofloxa-
cin, tobramycin and amikacin, most of the bacteria showed 
red fluorescence, suggesting that most of the bacteria were 
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killed. Furthermore, in response to the treatment of the 
combination of antibiotics with NAC, the proportion of 
dead cells increased in single- and dual-species biofilms of 
A. xylosoxidans and P. aeruginosa, in comparison to the 
response to the treatments of antibiotics and NAC separately 
(Fig. 2p).

Effect of the NAC Alone and in Antibiotic 
Combinations on Survival of Infected 
Caenorhabditis elegans

The in vivo effect of NAC alone, and in combination with 
tobramycin or ciprofloxacin, was evaluated by using a 

C. elegans model system. Infection of C. elegans with P. 
aeruginosa, A. xylosoxidans and dual species (P. aerugi-
nosa + A. xylosoxidans) decreased the number of living 
nematodes after 24 h (Fig. 3).

Increased survival was observed after NAC and antibi-
otic treatment of C. elegans nematode infected with micro-
organisms compared to no treatment. The highest survival 
was observed at NAC and ciprofloxacin combinations. 
NAC and ciprofloxacin combinations were also found to 
be non-toxic to C. elegans (data not shown). However, 
no live nematodes were found in any of the wells at 48 h, 
except in uninfected controls.

Fig. 1   Effects of antibiotics, 
NAC, and their combinations 
against single- and dual-species 
biofilms. Each experiment is 
representative of at least two 
independent tests and average 
number of cfu of the micro-
organisms recovered from 
biofilms was shown; the error 
bars indicate the standard devia-
tions. a Effects of antibiotics 
and NAC combinations on A. 
xylosoxidans cells in single- and 
dual-species biofilms. Dual 
biofilms contain P. aerugi-
nosa and A. Xylosoxidans. b 
Effects of antibiotics and NAC 
combinations on Pseudomonas 
aeruginosa cells in single- and 
dual-species biofilms. Dual 
biofilms contain P. aeruginosa 
and A. xylosoxidans. A.x. Achro-
mobacter xylosoxidans P.a. 
Pseudomonas aeruginosa. N 
N-acetylcysteine (5000 µg/ml), 
N* N-acetylcysteine (10,000 µg/
ml) CIP ciprofloxacin, TOB 
tobramycin, AMK amikacin, 
AZT aztreonam.*, **It was 
found to be statistically signifi-
cantly (*P ≤ 0.05, **P ≤ 0.01 vs 
control, ANOVA test followed 
by Bonferroni’s multiple com-
parison tests)
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Fig. 2   Acridine orange/
Propidium iodide (AO/PI) 
dual staining. Fluorescence 
microscopic images of single- 
and dual-species biofilms of A. 
xylosoxidans and P. aeruginosa, 
the live bacteria stained by AO 
displayed green and the dead 
bacteria dyed by PI exhibited 
red fluorescence (Magnifica-
tion, ×200). a–d Images of 
single-species A. xylosoxidans 
biofilms a control b treated with 
ciprofloxacin c treated with 
tobramycin d treated with NAC, 
e–h Images of single P. aerugi-
nosa biofilms e control f treated 
with ciprofloxacin g treated with 
amikacin h treated with NAC. 
i–o Images of dual-species 
biofilms of P. aeruginosa and A. 
xylosoxidans i control j treated 
with ciprofloxacin k treated 
with tobramycin l treated with 
amikacin m treated with NAC n 
treated with NAC and cipro-
floxacin combinations o treated 
with NAC and tobramycin 
combinations, (NAC concentra-
tion, 10,000 µg/ml). p Graph 
showing percentage of live cell 
fluorescence intensity calculated 
by ImageJ software and statisti-
cal analyses were performed 
using GraphPad Prism (Graph-
Pad Software, La Jolla, CA, 
USA). Values are expressed as 
mean ± SEM (n = 3). Significant 
differences compared to PA 
control = *. Significant differ-
ences compared to ACH-PA 
control = #. *, #P < 0.05, **, 
##P < 0.01, ***, ###P < 0.001
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Discussion

Microorganisms attach to a surface and develop biofilms; 
these communities play a significant role in the persistence 
of bacterial infections. Bacteria within a biofilm can be 1000 
times more resistant to antibiotics than planktonic bacteria—
and unfortunately, no drugs that specifically target bacterial 
biofilms are in clinical use [12, 18]. While research on the 
activity of antibiotics against biofilms mainly focuses on 
single-species biofilms, many biofilm-related infections are 
associated with multiple species [6].

It has been well established that infections of CF lung 
airways are caused by polymicrobial infections, although 
the composition and diversity of these infections may change 
throughout the patient's lifetime [5]. In addition, patients 
colonized by A. xylosoxidans are frequently co-colonized by 
P. aeruginosa [19]. Therefore, in the present study, we inves-
tigated the effects of the conventional antibiotics’amikacin, 
aztreonam, ciprofloxacin, and tobramycin, both separately, 
and in combinations with mucolytic agent NAC, against 
single- and dual-species biofilms of P. aeruginosa and A. 
xylosoxidans.

According to our results, P. aeruginosa and A. xylosox-
idans do not affect each other in dual-species biofilms. In 
accordance with these results, a study conducted by Vande-
plassche et al. found that P. aeruginosa and A. xylosoxidans 
in multi-species biofilms reached the same density as in their 
single-species biofilms [4].

In our study, tobramycin and cipofloxacin were found to 
be the most effective against both single and dual-species 

biofilms of P. aeruginosa and A. xylosoxidans, while aztre-
onam showed the least antibiofilm activity. Increased sur-
vival was also observed in combination with tobramycin 
or ciprofloxacin treatment of C. elegans infected with P. 
aeruginosa, A. xylosoxidans and dual-species (P. aer-
uginosa + A. xylosoxidans) compared to no treatment or 
NAC alone. The highest nematode survival was observed 
in NAC and ciprofloxacin combinations. According to a 
limited number of studies, it has also been shown that 
ciprofloxacin is effective against single- and dual-species 
biofilms of P. aeruginosa and A. xylosoxidans [4, 20].

It has been demonstrated that the classical mucolytic 
drug, NAC, has antibacterial effects against several micro-
organisms. Additionally, previous studies have shown 
that NAC inhibits biofilm formation and disrupts mature 
biofilms of various bacteria, such as P. aeruginosa [21], 
Acinetobacter baumannii [22], Escherichia coli [12], Bur-
kholderia cenocepacia [23], S. aureus [12], Staphylococ-
cus epidermidis [24], etc. To the best of our knowledge, 
our study is the first to evaluate the antibiofilm activity of 
NAC combinations with amikacin, aztreonam, ciprofloxa-
cin, and tobramycin against P. aeruginosa and A. xylosox-
idans single- and dual-species biofilms. We showed that 
NAC reduced both single and dual-species biofilms of P. 
aeruginosa and A. xylosoxidans by at least 1-log, most 
at the concentration of 10,000 µg/ml. Additionally, there 
was no increase in antimicrobial activity observed with 
increasing concentrations of NAC, against either single- or 
dual-species biofilms of bacteria.
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Fig. 3   Percent survival of infected C. elegans (average ± SD) after 
treatment with NAC alone, and in combination with tobramycin or 
ciprofloxacin. Compounds were tested two times in each assay, and 
each assay was repeated at least three times. The results are expressed 
as the percent survival after 24  h of infection and treatment was 
shown. Error bars indicate the standard deviations. P.a Pseudomonas 

aeruginosa. A.x. Achromobacter xylosoxidans, P.a + A.x Dual species 
of P. aeruginosa and A. xylosoxidans. NAC N-acetylcysteine, TOB 
tobramycin, CIP ciprofloxacin. ***It was found to be statistically 
significantly (***P ≤ 0.05, vs no treatment, ANOVA test followed by 
Bonferroni’s multiple comparison tests)
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According to El-Feky et al. showed that NAC alone, or 
in combination with ciprofloxacin, inhibited biofilm pro-
duction and disrupted preformed biofilms against various 
bacteria, including P. aeruginosa [12]. Zhao and Liu also 
investigated the inhibitory effects of NAC on biofilms pro-
duced by P. aeruginosa. They found that NAC could detach 
mature biofilms and that the combination of NAC and cip-
rofloxacin could significantly kill P. aeruginosa in biofilms 
[21]. Many other researchers have also shown that NAC is 
effective against biofilms, both alone and in combination 
with antibiotics, against different microorganisms [22–24]. 
However, no previous studies investigated NAC combina-
tions with amikacin, aztreonam, and tobramycin against 
P. aeruginosa, and of course against A. xylosoxidans, have 
been published.

On the other hand, some researchers have shown that the 
combinations of NAC and various antibiotics do not increase 
the effects of antibiotics such as erythromycin [25]. Con-
versely, the combination with NAC affects the chemical 
instability of antibiotics such as imipenem, meropenem and 
ertapenem [26] and may also reduce the activities of anti-
biotics such as imipenem [27]; gentamicin and tobramycin 
[28]; ciprofloxacin and ofloxacin; streptomycin; kanamycin; 
spectinomycin; and erythromycin [29].

In our study, we did not see any effect other than a 
maximum 2-log reduction from combinations of NAC and 
aztreonam against single-species A. xylosoxidans biofilms 
and combinations of NAC and ciprofloxacin or tobramy-
cin against dual-species biofilms of P. aeruginosa and A. 
xylosoxidans. In fact, antibiotics (except aztreonam) were 
found to be more effective against biofilms when used alone 
rather than in combination with NAC. Differences in the 
methodology or the NAC concentrations used in this study 
could be the reason our results differ from those of previous 
studies.

In the present study, immunofluorescence results also 
showed that ciprofloxacin and tobramycin,—with or with-
out NAC—are the most effective at reducing the viability of 
both single- and dual-species biofilms of P. aeruginosa and 
A. xylosoxidans. Furthermore, these results not only con-
firmed the data we obtained from other experiments, but 
also correlated with them.

To our knowledge, this is the first study that investigates 
NAC in combination with conventional antibiotics against P. 
aeruginosa and A. xylosoxidans in single- and dual-species 
biofilms.

Conclusion

Consequently, among the antibiotics, tobramycin and cipro-
floxacin were found to be the most effective against both sin-
gle- and dual-species biofilms formed by the major pathogen 

in the cystic fibrosis population, P. aeruginosa, and the bac-
teria newly emerging worldwide, A. xylosoxidans. However, 
NAC showed little effect on both single- and dual-species 
biofilms of P. aeruginosa and A. xylosoxidans, even when in 
combination with antibiotics. Nevertheless, further investi-
gations are needed to better understand the effects of NAC 
and conventional antibiotics against single- and dual-species 
biofilms.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00284-​022-​03122-x.

Author Contributions  MH, FNY and EHA designed research; MH, 
FNY and EHA performed research; MH and EHA analyzed data; and 
MH and EHA wrote the paper.

Funding  This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data Availability  Data and materials are available on request.

Code Availability  Not applicable.

Declarations 

Conflict of interest  The authors declare that they have no competing 
interests.

Ethical Approval  Not applicable.

Consent to Participate  Not applicable.

Consent for Publication  Not applicable.

References

	 1.	 Ratjen F, Bell SC, Rowe SM, Goss CH, Quittner AL, Bush A 
(2015) Cystic fibrosis. Nat Rev Dis Primers 14(1):15010. https://​
doi.​org/​10.​1038/​nrdp.​2015.​10

	 2.	 Høiby N, Bjarnsholt T, Moser C, Jensen PØ, Kolpen M, Qvist 
T et al (2017) Diagnosis of biofilm infections in cystic fibrosis 
patients. APMIS 125(4):339–343. https://​doi.​org/​10.​1111/​apm.​
12689

	 3.	 Donlan RM (2002) Biofilms: microbial life on surfaces. Emerg 
Infect Dis 8(9):881–890. https://​doi.​org/​10.​3201/​eid08​09.​020063

	 4.	 Vandeplassche E, Sass A, Ostyn L, Burmølle M, Kragh KN, 
Bjarnsholt T et al (2020) Antibiotic susceptibility of cystic fibro-
sis lung microbiome members in a multispecies biofilm. Biofilm 
13(2):100031. https://​doi.​org/​10.​1016/j.​bioflm.​2020.​100031

	 5.	 O’Brien S, Fothergill JL (2017) The role of multispecies social 
interactions in shaping Pseudomonas aeruginosa pathogenicity 
in the cystic fibrosis lung. FEMS Microbiol Lett 15:364. https://​
doi.​org/​10.​1093/​femsle/​fnx128

	 6.	 Tavernier S, Crabbé A, Hacioglu M, Stuer L, Henry S, Rigole P 
et al (2017) Community composition determines activity of antibi-
otics against multispecies biofilms. Antimicrob Agents Chemother 
61(9):302–317. https://​doi.​org/​10.​1128/​AAC.​00302-​17

	 7.	 Menetrey Q, Dupont C, Chiron R, Jumas-Bilak E, Marchandin H 
(2020) High occurrence of bacterial competition among clinically 
documented opportunistic pathogens including Achromobacter 

https://doi.org/10.1007/s00284-022-03122-x
https://doi.org/10.1038/nrdp.2015.10
https://doi.org/10.1038/nrdp.2015.10
https://doi.org/10.1111/apm.12689
https://doi.org/10.1111/apm.12689
https://doi.org/10.3201/eid0809.020063
https://doi.org/10.1016/j.bioflm.2020.100031
https://doi.org/10.1093/femsle/fnx128
https://doi.org/10.1093/femsle/fnx128
https://doi.org/10.1128/AAC.00302-17


	 F. N. Yilmaz et al.

1 3

5  Page 8 of 8

xylosoxidans in cystic fibrosis. Front Microbiol 11:558160. https://​
doi.​org/​10.​3389/​fmicb.​2020.​558160

	 8.	 Parkins MD, Floto RA (2015) Emerging bacterial pathogens and 
changing concepts of bacterial pathogenesis in cystic fibrosis. J 
Cyst Fibros 14(3):293–304. https://​doi.​org/​10.​1016/j.​jcf.​2015.​03.​
012

	 9.	 Guerini M, Condrò G, Friuli V, Maggi L, Perugini P (2022) 
N-acetylcysteine (NAC) and ıts role in clinical practice manage-
ment of cystic fibrosis (CF): a review. Pharmaceuticals 15(2):217. 
https://​doi.​org/​10.​3390/​ph150​20217

	10.	 Pollini S, Boncompagni S, Di Maggio T, Di Pilato V, Spanu T, 
Fiori B et al (2018) In vitro synergism of colistin in combination 
with N-acetylcysteine against Acinetobacter baumannii grown 
in planktonic phase and in biofilms. J Antimicrob Chemother 
73(9):2388–2395. https://​doi.​org/​10.​1093/​jac/​dky185

	11.	 Ciacci N, Boncompagni S, Valzano F, Cariani L, Aliberti S, Blasi 
F et al (2019) In vitro synergism of colistin and N-acetylcysteine 
against Stenotrophomonas maltophilia. Antibiotics 8(3):101. 
https://​doi.​org/​10.​3390/​antib​iotic​s8030​101

	12.	 El-Feky MA, El-Rehewy MS, Hassan MA, Abolella HA, Abd 
El-Baky RM, Gad GF (2009) Effect of ciprofloxacin and N-acetyl-
cysteine on bacterial adherence and biofilm formation on ureteral 
stent surfaces. Pol J Microbiol 58(3):261–267

	13.	 Eroshenko D, Polyudova T, Korobov V (2017) N-acetylcysteine 
inhibits growth, adhesion and biofilm formation of Gram-positive 
skin pathogens. Microb Pathog 105:145–152. https://​doi.​org/​10.​
1016/j.​micpa​th.​2017.​02.​030

	14.	 Brackman G, Cos P, Maes L, Nelis HJ, Coenye T (2011) Quorum 
sensing inhibitors increase the susceptibility of bacterial biofilms 
to antibiotics in vitro and in vivo. Antimicrob Agents Chemother 
55(6):2655–2661. https://​doi.​org/​10.​1128/​AAC.​00045-​11

	15.	 Hacioglu M, Haciosmanoglu E, Birteksoz-Tan AS, Bozkurt-
Guzel C, Savage PB (2019) Effects of ceragenins and conven-
tional antimicrobials on Candida albicans and Staphylococcus 
aureus mono and multispecies biofilms. Diagn Microbiol Infect 
Dis 95(3):114863. https://​doi.​org/​10.​1016/j.​diagm​icrob​io.​2019.​
06.​014

	16.	 Kasibhatla S, Amarante-Mendes GP, Finucane D, Brunner T, 
Bossy-Wetzel E, Green DR (2006) Acridine Orange/Ethidium 
Bromide (AO/EB) staining to detect apoptosis. Cold Spring Harb 
Protoc. https://​doi.​org/​10.​1101/​pdb.​prot4​493

	17.	 Richter K, Thomas N, Zhang G et al (2017) Deferiprone and gal-
lium-protoporphyrin have the capacity to potentiate the activity of 
antibiotics in Staphylococcus aureus small colony variants. Front 
Cell Infect Microbiol 7:280. https://​doi.​org/​10.​3389/​fcimb.​2017.​
00280

	18.	 Rabin N, Zheng Y, Opoku-Temeng C, Du Y, Bonsu E, Sintim HO 
(2015) Biofilm formation mechanisms and targets for developing 
antibiofilm agents. Future Med Chem 7(4):493–512. https://​doi.​
org/​10.​4155/​fmc.​15.6

	19.	 Cools P, Ho E, Vranckx K, Schelstraete P, Wurth B, Franckx H 
et al (2016) Epidemic Achromobacter xylosoxidans strain among 
Belgian cystic fibrosis patients and review of literature. BMC 
Microbiol 16(1):122. https://​doi.​org/​10.​1186/​s12866-​016-​0736-1

	20.	 Azevedo AS, Almeida C, Pereira B, Melo LF, Azevedo NF (2016) 
Impact of Delftia tsuruhatensis and Achromobacter xylosoxidans 

on Escherichia coli dual-species biofilms treated with antibiotic 
agents. Biofouling 32(3):227–241. https://​doi.​org/​10.​1080/​08927​
014.​2015.​11240​96

	21.	 Zhao T, Liu Y (2010) N-acetylcysteine inhibit biofilms produced 
by Pseudomonas aeruginosa. BMC Microbiol 10:140. https://​doi.​
org/​10.​1186/​1471-​2180-​10-​140

	22.	 Feng J, Liu B, Xu J, Wang Q, Huang L, Ou W et al (2018) In vitro 
effects of N-acetylcysteine alone and combined with tigecycline 
on planktonic cells and biofilms of Acinetobacter baumannii. J 
Thorac Dis 10(1):212–218. https://​doi.​org/​10.​21037/​jtd.​2017.​11.​
130

	23.	 Aiyer A, Manoharan A, Paino D, Farrell J, Whiteley GS, Kriel 
FH et al (2021) Disruption of biofilms and killing of Burkholderia 
cenocepacia from cystic fibrosis lung using an antioxidant-antibi-
otic combination therapy. Int J Antimicrob Agents 58(2):106372. 
https://​doi.​org/​10.​1016/j.​ijant​imicag.​2021.​106372

	24.	 Leite B, Gomes F, Teixeira P, Souza C, Pizzolitto E, Oliveira R 
(2013) Combined effect of linezolid and N-acetylcysteine against 
Staphylococcus epidermidis biofilms. Enferm Infecc Microbiol 
Clin 31(10):655–659. https://​doi.​org/​10.​1016/j.​eimc.​2012.​11.​011

	25.	 Molina-Manso D, Del-Prado G, Gómez-Barrena E, Cordero-
Ampuero J, Fernandez-Roblas R, Esteban J (2016) Effect of dif-
ferent agents with potential antibiofilm activity on antimicrobial 
susceptibility of biofilms formed by Staphylococcus spp. isolated 
from implant-related infections. J Antibiot 69(9):686–688. https://​
doi.​org/​10.​1038/​ja.​2016.9

	26.	 Landini G, Di Maggio T, Sergio F, Docquier JD, Rossolini GM, 
Pallecchi L (2016) Effect of High N-Acetylcysteine concentrations 
on antibiotic activity against a large collection of respiratory path-
ogens. Antimicrob Agents Chemother 60(12):7513–7517. https://​
doi.​org/​10.​1128/​AAC.​01334-​16

	27.	 Rodríguez-Beltrán J, Cabot G, Valencia EY, Costas C, Bou G, 
Oliver A et al (2015) N-acetylcysteine selectively antagonizes the 
activity of imipenem in Pseudomonas aeruginosa by an OprD-
mediated mechanism. Antimicrob Agents Chemother 59(6):3246–
3251. https://​doi.​org/​10.​1128/​AAC.​00017-​15

	28.	 Parry MF, Neu HC (1977) Effect of N-acetylcysteine on antibiotic 
activity and bacterial growth in vitro. J Clin Microbiol 5:58–61. 
https://​doi.​org/​10.​1128/​jcm.5.​1.​58-​61.​1977

	29.	 Goswami M, Jawali N (2010) N-acetylcysteine-mediated modu-
lation of bacterial antibiotic susceptibility. Antimicrob Agents 
Chemother 54(8):3529–3530. https://​doi.​org/​10.​1128/​AAC.​
00710-​10

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.3389/fmicb.2020.558160
https://doi.org/10.3389/fmicb.2020.558160
https://doi.org/10.1016/j.jcf.2015.03.012
https://doi.org/10.1016/j.jcf.2015.03.012
https://doi.org/10.3390/ph15020217
https://doi.org/10.1093/jac/dky185
https://doi.org/10.3390/antibiotics8030101
https://doi.org/10.1016/j.micpath.2017.02.030
https://doi.org/10.1016/j.micpath.2017.02.030
https://doi.org/10.1128/AAC.00045-11
https://doi.org/10.1016/j.diagmicrobio.2019.06.014
https://doi.org/10.1016/j.diagmicrobio.2019.06.014
https://doi.org/10.1101/pdb.prot4493
https://doi.org/10.3389/fcimb.2017.00280
https://doi.org/10.3389/fcimb.2017.00280
https://doi.org/10.4155/fmc.15.6
https://doi.org/10.4155/fmc.15.6
https://doi.org/10.1186/s12866-016-0736-1
https://doi.org/10.1080/08927014.2015.1124096
https://doi.org/10.1080/08927014.2015.1124096
https://doi.org/10.1186/1471-2180-10-140
https://doi.org/10.1186/1471-2180-10-140
https://doi.org/10.21037/jtd.2017.11.130
https://doi.org/10.21037/jtd.2017.11.130
https://doi.org/10.1016/j.ijantimicag.2021.106372
https://doi.org/10.1016/j.eimc.2012.11.011
https://doi.org/10.1038/ja.2016.9
https://doi.org/10.1038/ja.2016.9
https://doi.org/10.1128/AAC.01334-16
https://doi.org/10.1128/AAC.01334-16
https://doi.org/10.1128/AAC.00017-15
https://doi.org/10.1128/jcm.5.1.58-61.1977
https://doi.org/10.1128/AAC.00710-10
https://doi.org/10.1128/AAC.00710-10

	Impact of N-Acetylcysteine and Antibiotics Against Single and Dual Species Biofilms of Pseudomonas aeruginosa and Achromobacter xylosoxidans
	Abstract
	Introduction
	Materials and Methods
	Strains and Culture Conditions
	Antimicrobial Agents
	Single- and Dual-Species Biofilm Formation
	Biofilm Antimicrobial Assay and cfu Counts
	Acridine Orange-Propidium Iodide (AO-PI) Staining and Fluorescent Microscopy

	Caenorhabditis elegans Survival Assay
	Statistical Analysis

	Results
	Effects of Antibiotics on Bacteria in Single- and Dual-Species Biofilms
	Effects of NAC on Bacteria in Single- and Dual-Species Biofilms
	Effects of Antibiotics and NAC Combinations Against Single and Dual-Species Biofilms
	Effects of Antibiotics and NAC Combinations Against Single- and Dual-Species Biofilm on Cell Death
	Effect of the NAC Alone and in Antibiotic Combinations on Survival of Infected Caenorhabditis elegans

	Discussion
	Conclusion
	References




