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Introduction

Acinetobacter baumannii (A. baumannii) is a common 
opportunistic pathogen among intensive care unit patients 
implicated in diverse nosocomial infections, including 

pneumonia, meningitis, bacteremia, urinary tract infection, 

and wound infection (1). Therapeutic options are limited 

for patients who are infected with this pathogen due to the 

increased resistant to commonly used antimicrobial agents (2).  
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Biofilm formation is one mechanism for the bacteria to 
acquire resistance to most of the antibiotics (3-6); whereas, 
traditional antibiotics have restricted effects on preventing 
biofilm formation due to the failure to reach high serum 
concentration and tissue concentration (7-9). Previous research 
has demonstrated that A. baumannii had strong ability to form 
biofilms (10). Under the protection of biofilms, A. baumannii 
can survive under adverse circumstances and further causes 
severe infections in various tissues and organs (11). Therefore, 
it is necessary and urgent to explore a novel strategy against 
biofilm-associated infections.

N-acetylcysteine (NAC) is a powerful thiol-containing 
antioxidant, which serves as a precursor of glutathione 
synthesis (12). In addition, NAC has been demonstrated 
as an alternative drug to control biofilm growth of 
several important clinical bacteria, including Pseudomonas 
aeruginosa (13), Streptococcus pneumoniae (14), Staphylococcus 
epidermidis (15,16), Escherichia coli (7), and Enterococcus 
faecalis (17,18). Tigecycline (TGC) is a broad-spectrum 
antibiotic with activity against some difficult-to-treat 
pathogens, such as methicillin-resistant Staphylococcus 
aureus, vancomycin-resistant Enterococcus spp. and A. 
baumannii (19). The combination of NAC and TGC has 
been shown to synergistically inhibit biofilm-associated 
bacterial infections, including methicillin-resistant 
Staphylococcus aureus and Staphylococcus epidermidis (20). 
However, the effects of NAC and TGC co-treatment on A. 
baumannii have been rarely studied. The effects of NAC 
and TGC co-treatment on planktonic cells and biofilms of 
A. baumannii are still not clear.

In this study, we examined the effects of NAC and TGC 
against planktonic cells and biofilm formation of 25 A. 
baumannii clinical isolates in vitro. The combined effects 
of NAC and TGC on biofilm-embedded bacteria were 
also tested on 15 biofilm-producing isolates. We found 
that NAC alone or combined with TGC significantly 
inhibited planktonic cells and biofilms of A. baumannii, 
which provided a potential therapeutic strategy for biofilm-
associated A. baumannii infections.

Methods

Bacterial strains

Twenty-five clinical strains of A. baumannii were isolated 
from patients at the First Affiliated Hospital of Sun Yat-
sen University (Guangzhou, China) in 2011. A. baumannii 
ATCC17978 and Escherichia coli ATCC25922 were used 

as the reference strains. Isolates were identified as A. 
baumannii by VITEK 2 System (BioMérieux Inc., France).

Biofilm production

Twenty-five A. baumannii clinical isolates were used for 
the evaluation of biofilm production. Biofilm production 
was quantified by the spectrophotometry as previously  
described (10). Overnight cultures of A. baumannii in fresh 
Luria-Bertani broth (LB broth, Oxoid Ltd., Basingstoke, 
UK) were standardized to a 0.5 MacFarland standard  
(1.5×108 CFU/mL). Aliquots of standardized inoculums 
were added to sterile 96-well culture plates (Thermo 
Fisher Scientific, USA) and incubated at 37 ℃ for 72 h. 
After stained with crystal violet (Sigma, USA) 0.01% (w/v) 
for 20 min, biofilms were washed and extracted with 33%  
(v/v) glacial acetic acid (Sigma, USA). The amount of biofilm 
was quantified by measuring the optical density at 570 nm 
(OD570) of dissolved crystal violet. Fresh sterile LB broth was 
used as negative control. All measurements were performed 
in triplicate and independently repeated for three times. The 
cut-off OD (ODC) was defined as three standard deviations 
(SD) above the mean OD of negative control. Criteria of 
explanation of biofilm production are as follows: negative 
biofilm producer (OD ≤ODc), weak biofilm producer  
(ODc < OD ≤2× ODc), moderate biofilm producer (2× ODc < 
OD ≤4× ODc), strong biofilm producer (OD >4× ODc) (21).

Determination of the minimum inhibitory concentration 
(MIC) and MIC in biofilm (MIC-b) of NAC

MICs and MIC-bs of NAC (Fluimucil; Zambon S.p.A, 
Italy) for A. baumannii ATCC17978 and 25 clinical isolates 
were tested in these experiments. The MICs of NAC were 
determined by the broth microdilution method, according to 
Clinical and Laboratory Standards Institute (CLSI) guidelines 
[2016]. The MIC-bs of NAC were detected as previously 
described (22). Briefly, aliquots of the standardized inoculums 
(1.5×108 CFU/mL) were incubated in 96-well microplates at 
37 ℃ for 72 h. The wells were washed with PBS (Thermo 
Fisher Scientific, USA) and NAC at two-fold dilutions 
(0.5–128 mg/mL) was added to the preformed biofilms. 
After an overnight incubation, MIC-b was determined as the 
lowest concentration of NAC in which a planktonic bacterial 
population could not be established by shedding of bacteria 
from the biofilms. A. baumannii ATCC17978 was used as 
quality control. Sterility control and NAC-free control were 
included in all experiments. 
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Effects of NAC on biofilm formation and preformed 
biofilms of biofilm-producing A. baumannii

Ten A. baumannii clinical isolates, which were biofilm 
producers (mean OD > ODC), were chosen randomly 
to evaluate the effects of NAC on biofilm formation 
and preformed biofilms, as previously described (23). 
Standardized planktonic suspensions (1.5×108 CFU/mL)  
were treated with NAC (0.5–64 mg/mL) at 37 ℃ for 
24 h. The extent of biofilm formation was quantified 
by measuring OD570 of dissolved crystal violet. To test 
the effect of NAC on preformed biofilms, aliquots of 
standardized inoculums (1.5×108 CFU/mL) were incubation 
at 37 ℃ for 72 h and washed with PBS to eliminate 
planktonic bacteria. Followed with a 24 h exposure of NAC 
(0.5–128 mg/mL), biofilms were quantified by measuring 
OD570 of dissolved crystal violet. NAC-free controls were 
included in all experiments. 

Scanning electron microscopy (SEM) analysis was also 
used to observe the effect of NAC on preformed biofilms, as 
previously described (24). Briefly, the biofilms were formed 
on cover slips in sterile, flat-bottomed 6-well culture plates 
(Thermo Fisher Scientific, USA) at 37 ℃ for 72 h. The 
cover slips were then washed with sterile PBS, and NAC 
(from 4 to 0.5 mg/mL) was added to the wells. After 24 h 
incubation at 37 ℃, the cover slips were rinsed with PBS 
and fixed with 2.5% v/v glutaraldehyde (Sigma, USA) for 
at least 4 h. After washed with PBS, the samples were then 
dehydrated in aqueous ethanol solutions. The specimens 
were mounted on aluminum stubs, allowed to dry for 3 h, 
and then coated with 15 nm Au film. Samples were observed 
with a Philips XL30CP scanning electron microscope in the 
high-vacuum mode at 15 kV. 

Interactive effects of NAC and TGC in vitro

According to assessed MIC of NAC and TGC (Hisun 
Pharma, China) for each isolates, standardized suspensions 
(1.5×108 CFU/mL) were incubated with NAC (0.5–32 mg/mL) 
and TGC (0.0625–4 μg/mL) at 37 ℃ for 16–20 h. The 
antibacterial effects of NAC and TGC were evaluated 
by checkerboard MIC assays (25). Positive and negative 
controls (no antibiotic and no inoculum, respectively) were 
included in all plates.

The fractional inhibitory concentration index (FICI) was 
calculated using the following formula: FICI = FICNAC + 
FICTGC, where FICNAC = MIC of NAC in combination/MIC 
of NAC alone, and FICTGC = MIC of TGC in combination/

MIC of TGC alone. The antibacterial effect was defined as 
follows: synergism (FICI ≤0.5), partial synergism (0.5< FICI 
<1), additivity (FICI =1), indifference (1< FICI <4), and 
antagonism (FICI ≥4) (26,27).

Combined effect of NAC and TGC on biofilm-embedded 
bacteria

As previously described (22), combined effect of NAC 
and TGC on A. baumannii biofilm-embedded bacteria 
was tested on 15 randomly selected strains within biofilm 
producers. Briefly, NAC (0, 4, 8, 16, 32 mg/mL) in 
combination with TGC (0, 0.5, 1, 2, 4 μg/mL) were added 
to preformed biofilms of the selected strains. After 24 h 
exposure, the wells were washed and scraped with sterile 
cotton swabs. Swabs were transferred into tubes containing 
PBS buffer and sonicated for 15 mins. The number of 
viable cells was evaluated by plating serial dilutions of these 
suspensions on LB agar plates.

Statistical analysis

Results were expressed as the mean ± SD. One-way analysis 
of variance was used to detect the existence of differences 
among different groups, followed by Dunnett’s test for 
multiple comparisons. All P values were based on two-tailed 
tests of significance, and a significance level of 0.05 or 0.01 
was used. Statistical analysis of results was conducted with 
SPSS 17.0 software (IBM, USA).

Results

MICs and MIC-bs of NAC

Among 25 A. baumannii clinical isolates, MICs of NAC 
ranged from 16 to 128 mg/mL. The 50% MIC (MIC50) of 
NAC was 32 mg/mL, and the 90% MIC (MIC90) of NAC 
was 128 mg/mL. The MIC-bs of NAC ranged from 32 
to 256 mg/mL. The 50% MIC-b (MIC50-b) of NAC was  
64 mg/mL, and the 90% MIC-b (MIC90-b) of NAC was 
256 mg/mL.

Biofilm production and effects of NAC on biofilm 
formation and preformed biofilms

Biofilm producing abilities of 25 A. baumannii clinical 
strains are as follows: three (12%) strains were negative 
biofilm producers, seven (28%) strains were weak biofilm 
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producers, 9 (36%) strains were moderate biofilm producers, 
and 6 (24%) strains were strong biofilm producers. 

As shown in Figure 1, NAC dose-dependently inhibited 
biofilm formation and removed mature biofilms of A. 
baumannii. In addition, SEM analysis was performed on one 
A. baumannii clinical isolate with strong biofilm-producing 
ability and relatively low MIC of NAC (16 mg/mL).  
Compared with control, NAC significantly reduced viable 
cell counts, attenuated bacterial aggregation and decreased 
amount of biofilm mass (Figure 2). NAC at 4 mg/mL 
induced a scarce distribution of bacteria and prevented 
colonies and biofilm formation (Figure 2E).

Combined effects of NAC and TGC on planktonic cells and 
biofilm-embedded bacteria

In 25 A. baumannii clinical isolates, combined effects of 
NAC and TGC on planktonic cells are listed as follows: 
synergism for 2 strains (8%; 1 negative and 1 moderate 
biofilm producers); partial synergism for 15 strains 
(60%; 1 negative, 6 weak, 5 moderate and 3 strong 
biofilm producers); additivity for 7 strains (28%; 1 weak,  
3 moderate and 3 strong biofilm producers); indifference for 
1 strain (4%; 1 negative biofilm producer). No antagonism 
was observed.

Viable cell counts of biofilm-embedded bacteria treated 
with NAC and TGC are shown in Table 1. Compared with 
control, 16 mg/mL NAC alone or 2 μg/mL TGC alone 
induced significant bactericidal effects (P<0.01 and P<0.05, 
respectively). Co-treatment of NAC and TGC consistently 

reduced viable cell counts in biofilm; synergistic bactericidal 
effect was found at 4 mg/mL NAC and 0.5 μg/mL TGC 
(P<0.01).

Discussion

In this study, antibacterial and anti-biofilm effects of NAC 
alone and combined with TGC against A. baumanni were 
analyzed. Our results revealed that NAC alone significantly 
inhibited biofilm formation of A .  baumannii .  The 
combination of NAC and TGC induced partial synergistic 
effect against planktonic cells and synergistic effect against 
biofilm-embedded A. baumannii.

Bacteria that grow in biofilms are extremely difficult to 
eradicate because of the intrinsic resistance provided by the 
biofilms to multiple antimicrobial agents and products of the 
immune system. In these circumstances, MICs are unrelated 
with the treatment outcomes (8). The utilization of NAC 
has been considered as an alternative approach to control 
bacterial biofilms in human diseases. Previous studies have 
shown that NAC inhibited biofilm formation and disrupted 
mature biofilms of various bacteria, including E. coli, 
Staphylococcus epidermidis, etc. (7,15). In the current study, we 
found that 22 out of 25 strains of A. baumannii were capable 
to produce biofilms. And ODs of biofilms ranged from 
0.850 to 4.637, indicating that the activities to form biofilms 
were different among isolates. We demonstrated that NAC 
inhibited biofilm formation and removed mature biofilms of 
A. baumannii in a concentration-dependent manner, which 
was further confirmed by SEM analysis. Besides, NAC 
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Figure 1 Effect of N-acetylcysteine on biofilms of A. baumannii. (A) Bacterial biofilm formation in the presence of N-acetylcysteine; (B) 
effect of N-acetylcysteine on preformed biofilms. Results are expressed as mean ± SD. Significant biofilm reduction (P<0.01) was found in all 
treatment groups, compared with control group.
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can act as an independent anti-microbial agent on biofilm-
embedded A. baumannii at 16 mg/mL (P<0.01). The 
concentrations of NAC in this study were higher than those 
reach in serum under intravenous or oral administration. 
Even so, useful concentrations to disrupt biofilms may be 
obtained by aerosol inhalation.

TGC was considered as a last-resort option against severe 

infections caused by multi-drug resistant A. baumannii (28). 
And recent studies have shown that TGC significantly 
inhibited biofilm formation of A .  baumannii  (29).  
In this study, MICs of TGC for the isolates ranged 
from 0.125 to 2 μg/mL. In clinical practice, the serum 
concentration of TGC is about 0.72 μg/mL (30). Although 
concentration in alveolar cells reaches about 3.7 times 

A B C

D E

Figure 2 Effect of increasing concentrations of N-acetylcysteine (A: 0 mg/mL; B: 0.5 mg/mL; C: 1 mg/mL; D: 2 mg/mL; E: 4 mg/mL) 
against preformed biofilms of A. baumannii. Magnification: 5,000×.

Table 1 Viable counts of biofilm-embedded A. baumannii treated with NAC and TGC [lg (CFU/cm
2
)]

NAC (mg/mL)
TGC (μg/mL)

0 0.5 1 2 4

0 10.38±0.31 10.23±0.27 10.12±0.31 10.04±0.31* 9.89±0.31**

4 10.18±0.30 10.03±0.33** 9.95±0.30** 9.86±0.29** 9.72±0.27**

8 10.11±0.33 9.90±0.28** 9.85±0.28** 9.75±0.30** 9.63±0.27**

16 9.98±0.37** 9.82±0.29** 9.75±0.29** 9.68±0.27** 9.53±0.27**

32 9.91±0.35** 9.68±0.31** 9.57±0.30** 9.50±0.26** 9.41±0.24**

*, P<0.05; **, P<0.01, compared with control (NAC =0 mg/mL and TGC =0 μg/mL). NAC, N-acetylcysteine; TGC, tigecycline.
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higher than that in serum, it is still lower than the highest 
concentration used in our study, which means achievable 
serum concentration and tissue concentration are included 
in this study. Interestingly, though TGC is concentrated in 
tissues, the maximum concentration in epithelial lining fluid 
is only 0.37 μg/mL (30), which makes co-treatment of TGC 
and other antimicrobial agents necessary.

The combination of NAC with TGC induced partial 
synergistic effects for most of A. baumannii strains collected 
in our study. The MIC50, MIC90 and MICrange (data not 
shown) of NAC and TGC co-treatment against the 
A. baumannii strains were obviously lower than that of 
NAC or TGC alone. Using the same method as previous 
described (13), we demonstrated that combination of 
NAC and TGC at lower concentrations also significantly 
decreased the viable cell counts in biofilms. So the NAC-
TGC combination may be a considerable option in biofilm-
related A. baumannii infections.

The screening for the effectiveness of clinical drugs may 
provide clinical strategy to improve treatment outcomes 
of biofilm related infections and reduce hospitalization 
days. Our study demonstrated that the synergistic effects 
of combination of NAC and TGC against planktonic and 
biofilm-embedded A. baumannii. In addition, we found 
that NAC alone prevent biofilm related infections of A. 
baumannii. Still, experiments on the antimicrobial mechanism 
of NAC may provide deeper insight into the treatment 
of A. baumannii infections and interactive effects of NAC 
and TGC in vivo need to be addressed in the further study. 
Overall, this study is the first to demonstrate the synergistic 
effects of NAC and TGC co-treatment, which provides 
a clinically relevant argument for using NAC and TGC 
combination against A. baumannii infections.
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