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Abstract
Background/Aims: N-acetylcysteine (NAC) is a novel and promising agent with activity 
against bacterial biofilms. Human serum also inhibits biofilm formation by some bacteria. 
We tested whether the combination of NAC and human serum offers greater anti-biofilm 
activity than either agent alone. Methods: Microtiter plate assays and confocal laser scanning 
microscopy were used to evaluate bacterial biofilm formation in the presence of NAC and 
human serum. qPCR was used to examine expression of selected biofilm-associated genes. 
Extracellular matrix (ECM) was observed by transmission electron microscopy. The antioxidants 
GSH or ascorbic acid were used to replace NAC, and human transferrin, lactoferrin, or bovine 
serum albumin were used to replace serum proteins in biofilm formation assays. A rat central 
venous catheter model was developed to evaluate the effect of NAC on biofilm formation 
in vivo. Results: NAC and serum together increased biofilm formation by seven different 
bacterial strains. In Staphylococcus aureus, expression of genes for some global regulators 
and for genes in the ica-dependent pathway increased markedly. In Pseudomonas aeruginosa, 
transcription of las, the PQS quorum sensing (QS) systems, and the two-component system 
GacS/GacA increased significantly. ECM production by S. aureus and P. aeruginosa was also 
enhanced. The potentiation of biofilm formation is due mainly to interaction between NAC 
and transferrin. Intravenous administration of NAC increased colonization by S. aureus and P. 
aeruginosa on implanted catheters. Conclusions: NAC used intravenously or in the presence 
of blood increases bacterial biofilm formation rather than inhibits it.
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Introduction

Biofilms are organized microbial communities that contain a group of microorganisms 
localized within a self-produced extracellular matrix. Biofilms often form on living or non-
living surfaces and are prevalent in natural, industrial, and medical settings. In hospitals, 
biofilms occur on implanted medical devices such as urinary or intravenous catheters, 
prosthetic cardiac valves, orthopedic implants, and contact lenses [1]. They can also be 
found on soft tissues, with notable examples including the Pseudomonas aeruginosa biofilms 
in cystic fibrosis (CF) patients and the bacterial biofilms that develop on chronic wound 
surfaces such as diabetic foot ulcers and burns [2-5]. Because biofilms can effectively shield 
pathogens from host immune responses and antimicrobial treatment, and may lead to 
refractory infections or biofilm-associated diseases, they present a great health risk [6, 7].

Traditional antibiotics are often ineffective against biofilm infections because of their 
low penetration into the deeper layers of the biofilm biomass [6]. Recent studies show that 
N-acetylcysteine (NAC), which is widely used as an antioxidant and a mucolytic agent in 
conventional clinical treatment, also exhibits antibacterial properties and can inhibit biofilm 
formation [8, 9]. NAC used alone or in combination with certain antibiotics can reduce 
biofilm formation by a variety of bacteria that are commonly isolated in hospitals, such 
as Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus faecalis, Pseudomonas 
aeruginosa, Acinetobacter baumannii, and Klebsiella pneumoniae [10-15]. NAC not only 
affects bacterial growth, but also inhibits extracellular polysaccharide production, reduces 
bacterial adherence to epithelial cells and solid surfaces, and promotes dispersal of mature 
biofilms [9]. These properties suggest that NAC is a promising candidate for the treatment of 
biofilm-associated infections.

Human serum also has been reported to inhibit biofilm formation by some bacteria 
[16, 17]. Serum proteins such as transferrin, lactoferrin, albumin, and other unknown 
components, have important roles in preventing biofilm formation [16, 18-21]. Because NAC 
has also been reported to reduce biofilm formation on vascular catheters in vitro [22], we 
speculated that a combination of NAC and human serum might inhibit biofilm formation to 
an even greater extent. Unexpectedly, we found that NAC increases biofilm formation in broth 
containing human serum. The combination of NAC and human serum increases expression 
of some biofilm-associated genes and enhances extracellular matrix (ECM) production by 
S. aureus ATCC25923 and P. aeruginosa PAO1. Additional experiments demonstrated that 
the potentiation of biofilm formation occurs primarily due to interaction between NAC and 
the serum protein transferrin. Experiments using an animal infection model showed that 
intravenous administration of NAC also increases colonization of ATCC25923 and PAO1 on 
implanted catheters. Taken together, these results suggest that NAC may be not suitable as 
an anti-biofilm agent when used intravenously or in the presence of blood.

Materials and Methods

Bacterial strains and growth conditions
S. aureus ATCC25923 (MSSA) and N315 (MRSA), S. epidermidis ATCC35984, P. aeruginosa PAO1, A. 

baumannii ATCC19606, and two clinical strains of E. faecalis and K. pneumoniae, isolated from our institute 
(Institute of Burn Research, Southwest Hospital, Chongqing, China), were used in this study. Typically, 
S. aureus and S. epidermidis were cultured in tryptic soy broth (TSB), and P. aeruginosa, A. baumannii, E. 
faecalis, and K. pneumoniae were grown in Luria Bertani (LB) broth. Cultures were incubated at 37 °C with 
shaking at 200 rpm.

Human serum isolation
Human whole blood was obtained from 10 healthy volunteers by venipuncture, using a protocol 

approved by the Laboratory Animal Welfare and Ethics Committee of Southwest Hospital, Third Military 
Medical University. Blood samples were incubated at room temperature for 2 h and then centrifuged at 500 
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Table 1. Primers used for quantitative real-time 
PCR

 
Primers Sequence (5’-3’) Use 
16S-F GCGCTGCATTAGCTAGTTGGT qPCR in S. aureus 
16S-R TGGCCGATCACCCTCTCA qPCR in S. aureus 
fnbA-F CCAGGTGGTGGTCAGGTTAC qPCR in S. aureus 
fnbA-R TGTGCTTGACCATGCTCTTC qPCR in S. aureus 
fnbB-F ACCTGCTAAAGAAGAACC qPCR in S. aureus 
fnbB-R CGTAATAACGCTAAACCTA qPCR in S. aureus 
clfA-F TTTCAACAACGCAAGATA qPCR in S. aureus 
clfA-R GCTACTGCCGCTAAACTA qPCR in S. aureus 
clfB-F TTTGGGATAGGCAATCATCA qPCR in S. aureus 
clfB-R  TCATTTGTTGAAGCTGGCTC qPCR in S. aureus 
icaA-F TACTATTTCGGGTGTCTTCA qPCR in S. aureus 
icaA-R CAAAGACCTCCCAATGTT qPCR in S. aureus 
rbf-F ACGCGTTGCCAAGATGGCATAGTCTT qPCR in S. aureus 
rbf-R AGCCTAATTCCGCAAACCAATCGCTA qPCR in S. aureus 
sarA-F GCACAACAACGTAAAAAAATCGAA qPCR in S. aureus 
sarA-R TTCGTTGTTTGCTTCAGTGATTC qPCR in S. aureus 
saeS-F AATCCAGAACCACCCGTTTT qPCR in S. aureus 
saeS-R ACGCCACTTGAGCGTATTTT qPCR in S. aureus 
rot-F TCGCTTTCAATCTCGCTGAA qPCR in S. aureus 
rot-R CGACACTGTATTTGGAATTTTGCA qPCR in S. aureus 
sigB-F CCTACTGTAATCGGTGAAATC qPCR in S. aureus 
sigB-R GTCCCATTTCCATTGCTTC qPCR in S. aureus  
agrC-F ACCCGATGAAGTAAGTAGCA qPCR in S. aureus 
agrC-R TAGACCTAAACCACGACCTT qPCR in S. aureus 
cidA-F AATTTCGGAAGCAACATCCA qPCR in S. aureus 
cidA-R CTTCCCTTAGCCGGCAGTAT qPCR in S. aureus 
atl-F TTTGGTTTCCAGAGCCAGAC qPCR in S. aureus 
atl-R TTGGGTTAAAGAAGGCGATG qPCR in S. aureus 
clpC-F TCAGGTGCCACAGGAAG qPCR in S. aureus 
clpC-R ATTTCAACAGTATCTTTAGCG qPCR in S. aureus 
clpX-F TGTAGCAGGAAGTGGTGT qPCR in S. aureus 
clpX-R CATCATCTTCTTTTGGTCC qPCR in S. aureus 
rpsL-F GCTGCAAAACTGCCCGCAACG qPCR in P. aeruginosa 
rpsL-R ACCCGAGGTGTCCAGCGAACC qPCR in P. aeruginosa 
lasI-F CGCACATCTGGGAACTCA qPCR in P. aeruginosa 
lasI-R CGGCACGGATCATCATCT qPCR in P. aeruginosa 
lasR-F CTGTGGATGCTCAAGGACTAC qPCR in P. aeruginosa 
lasR-R AACTGGTCTTGCCGATGG qPCR in P. aeruginosa 
rhlI-F GTAGCGGGTTTGCGGATG qPCR in P. aeruginosa 
rhlI-R CGGCATCAGGTCTTCATCG qPCR in P. aeruginosa 
rhlR-F GCCAGCGTCTTGTTCGG qPCR in P. aeruginosa 
rhlR-R CGGTCTGCCTGAGCCATC qPCR in P. aeruginosa 
pqsA-F GACCGGCTGTATTCGATTC qPCR in P. aeruginosa 
pqsA-R GCTGAACCAGGGAAAGAAC qPCR in P. aeruginosa 
pqsR-F CTGATCTGCCGGTAATTGG qPCR in P. aeruginosa 
pqsR-R ATCGACGAGGAACTGAAGA qPCR in P. aeruginosa 
algC-F CTACTTCAAGCAGATCCGC qPCR in P. aeruginosa 
algC-R AGGTCCTTCAGGTTCTCC qPCR in P. aeruginosa 
flgK-F GAGGCGACCACCAACAAC qPCR in P. aeruginosa 
flgK-R CGCTCAGAGGCAGACCAT qPCR in P. aeruginosa 
gacA-F CGGGGCTGGAGGAAATG qPCR in P. aeruginosa 
gacA-R TGCTGCGGCTGGAAGGA qPCR in P. aeruginosa 
gacS-F GCTTGGCGGTTACTTCAC qPCR in P. aeruginosa 
gacS-R AGCACGGCGGTATCCTTT qPCR in P. aeruginosa 
pilF-F TACGGCGGTTTCCTCTACG qPCR in P. aeruginosa 
pilF-R CTGGGCTGGTTACGGTTCA qPCR in P. aeruginosa 
pslA-F ACCGACACCCTGCACAAG qPCR in P. aeruginosa 
pslA-R CGAACCACACCGACCACT qPCR in P. aeruginosa 

 

 
 

g for 5 min to separate the serum. Serum samples were stored at –80 °C until use. Just prior to use, serum 
was incubated at 56 °C for 30 min then filtered through a 0.22 μm membrane.

Microtiter plate assay
Biofilm formation was determined by microtiter plate assay as described previously [23]. Briefly, 

overnight bacterial cultures were diluted 1:100 in the broth and aliquoted into wells of a 96-well plate 
and incubated for 24 h on a rocker platform at 37 °C. When required, NAC (5 mM, 10 mM, 20 mM, pH 
7.2, daily fresh preparation, Sigma-Aldrich, powder, CAS 616-91-1), GSH (20 mM, daily fresh preparation, 
Sigma-Aldrich, CAS 70-18-8), or ascorbic acid (20 mM, daily fresh preparation, Sigma-Aldrich, CAS 50-81-7) 
and human serum (20% vol/vol), transferrin (2 mg/ml, apo-transferrin, Sigma-Aldrich, CAS 11096-37-0), 
lactoferrin (500 ng/ml, Partially iron saturated, Sigma-Aldrich, L4040), or BSA (2 mg/ml, Sigma-Aldrich, 
CAS  9048-46-8) were added to the broth. Following 24 h incubation, planktonic bacteria were discarded 
and the plate was washed gently with water three times. The attached biomass was fixed by baking at 60 °C 
for 1 h. After staining with 100 μl 0.3% crystal violet for 15 min at room temperature, the plate was washed 
with running tap water to remove excess stain. The plate was then dried and the biomass associated stain 
was extracted in a 100 μl 70% ethanol–10% methanol mixture. Absorbance at 590 nm (A590) was measured.

Confocal laser scanning microscopy (CLSM)
Overnight cultures of S. aureus ATCC25923 

and N315, S. epidermidis ATCC35984, and P. 
aeruginosa PAO1 were diluted 1:100 in TSB or 
LB media in the presence of 10 mM NAC, or 20% 
serum, or a combination of NAC and serum. 
Bacteria were cultured in 15 mm glass-bottom cell 
culture dishes (polystyrene) on a rocker platform 
at 37 °C. After incubation for 24 h, the dishes were 
washed with water three times and fixed with 
4% formaldehyde. Two ml of a 1:1000 dilution 
of the nucleic acid stain SYTO 61 (Invitrogen) 
was added to the dishes, followed by incubation 
in the dark at room temperature for 30 min. The 
dishes were then washed and 2 ml of 50 µg/ml 
FITC-labelled concanavalin A type IV (Sigma-
Aldrich) was added. After incubation in the dark 
for 5 min at 37 °C, the dishes were rinsed with 
water three times and air-dried. Visualization of 
biofilms was performed using a laser scanning 
confocal microscope (LSM780, Carl Zeiss, Plan-
Apochromat  63×/1.40  Oil  M27  objective lens) 
with 561 nm excitation and 640 nm emission 
wavelengths for SYTO61, and 488 nm and 537 nm 
for FITC-ConA. Images were acquired from at least 
three distinct regions of each cell culture dish and 
processed using the ZEN image analysis package 
(Carl Zeiss). Biofilm thickness was measured by 
Z-stack images [15]. Three independent replicas 
were conducted for each experiment.

Quantitative real-time PCR
S. aureus ATCC25923 and P. aeruginosa 

PAO1 were grown to late exponential phase in 
the presence of 20% human serum alone or in 
combination with 10 mM NAC. Total RNA was 
extracted and transcribed to cDNA as described 
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previously [23]. qRT-PCR was conducted in a CFX Connect Real-Time PCR System (BIO-RAD) using SYBR 
green real-time PCR master mix (TOYOBO). The 16S rRNA gene in S. aureus or rpsL in P. aeruginosa were 
used as an internal reference. Primers are shown in Table 1. The comparative threshold cycle (ΔΔCT) method 
was used to quantitate gene transcript levels. Results are shown as relative fold changes in transcript levels 
in bacteria challenged with NAC and serum in combination, compared to the values observed for bacteria 
cultured in 20% serum alone, with the latter normalized to a value of 1.

Transmission electron microscopy (TEM)
Bacteria were cultured in broth containing 20% human serum alone or in combination with 10 mM 

NAC. Overnight cultures were centrifuged and resuspended in PBS. S. aureus samples were prepared as 
previously described [24], and P. aeruginosa was stained with potassium phosphotungstate (2%, pH 7.0). 
Bacteria were then observed using a TECNAI 10 transmission electron microscope (Philips, Netherlands).

Interaction between NAC and transferrin
Serum protein transferrin (2 mg/ml) was incubated in the presence or absence of 20 mM NAC, GSH, or 

ascorbic acid at 37 °C for 24 h. After 5× non-reducing loading buffer was added to each sample, they were 
immersed in a boiling water bath for 10 min and then subjected to SDS-PAGE analysis. Protein bands were 
stained with Coomassie Brilliant Blue R250 dye overnight with gentle agitation, and gels were destained in 
methanol-acetic acid-H2O (5:1:4) for 1 h.

Rat central venous catheter model
The rat central venous catheter model was developed as previously described [23]. Twenty-four hours 

after catheters were implanted, male SD rats (n=48, 250-300 g) were challenged with 5×106 CFU of S. aureus 
ATCC25923 or P. aeruginosa PAO1 via the tail vein (n=24 per group). Half of the rats in each group (n=12) 
were selected randomly to receive NAC (150 mg/kg/day) [25, 26] solution via tail vein injection for 7 days. 
Control rats were injected the same volume of saline. At the end of treatment, all rats were sacrificed and 
the catheters removed. Catheter segments were washed three times with sterile PBS and then subjected to 
ultrasonic agitation (45 kHz, 100% Power) in 1 ml PBS for 5 min. Detached bacteria were titered using the 
drop plate method. The protocol for animal experiments was approved by the Laboratory Animal Welfare 
and Ethics Committee of Southwest Hospital, Third Military Medical University.

Statistical analysis
Data were compared by one-way analysis of variance (ANOVA) or Student’s t test as appropriate. A 

P value less than 0.05 was considered 
statistically significant.

Results

The combination of NAC 
and serum increases biofilm 
formation in vitro.
To determine the effect 

of NAC and serum on biofilm 
formation, 6 different species 
of bacteria were exposed 
to various concentration of 
NAC in broth containing 20% 
human serum or deionized 
water, biofilm formation was 
quantified using a microtiter 
plate assay. As shown in Fig. 
1, consistent with previous 
studies, 20 mM NAC or 20% 

Fig. 1. Combination of NAC and serum increases biofilm forma-
tion. The indicated strains were exposed to various concentra-
tion of NAC (0, 5, 10, and 20 mM) in broth containing 20% hu-
man serum or deionized water. Biofilm formation was quantified 
using a microtiter plate assay in which absorbance of the ex-
tracted crystal violet was determined at 590 nm. Data are shown 
as means±standard deviations from three independent trials. 
*P<0.05 indicates significant differences compared to samples ex-
posed to 20% human serum alone. #P<0.05 indicates significant 
differences compared to controls without any exposure to NAC or 
serum.

Fig. 1 

 
 
 
Fig. 2 
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human serum alone significantly 
decreased biofilm formation by 
S. epidermidis, P. aeruginosa, A. 
baumannii, and K. pneumoniae. 
However, the combination of NAC and 
serum increased biofilm formation 
in all bacteria tested. This effect was 
dose-dependent, increasing as the 
concentration of NAC increased from 
0 to 20 mM.

Using CLSM, we measured the 
thickness of biofilms formed by S. 
aureus (ATCC25923 and N315), S. 
epidermidis (ATCC35984), and P. 
aeruginosa (PAO1) in the presence 
of NAC alone, serum alone, or in 
combination. As shown in Fig. 2a, 
bacterial cells were stained red 
with SYTO 61 and extracellular 
polysaccharide was stained green 
with FITC-labelled concanavalin A. 
Consistent with the results of the 
microtiter plate assay, the biomass 
was much denser when bacteria were 
exposed to NAC and serum together 
(Fig. 2a). Biofilm thickness was also 
significantly increased (Fig. 2b). 
This supports the conclusion that 
the combination of NAC and human 
serum enhances biofilm formation.

It’s worth noting that in the 
microtiter plate assay, biofilm 
formation of S. epidermidis 
ATCC35984 in the control group showed no significant difference in comparison to the 
NAC and serum combination group, while when observed by CLSM, biofilm thickness of S. 
epidermidis ATCC35984 
in the presence of NAC 
and serum was much 
denser than the control 
group. This discordance 
may attribute to the 
strong biofilm formation 
ability of S. epidermidis 
ATCC35984 in the 
basal culture medium 
and the limitation of 
optical density (OD) 
measurement in the 
microtiter plate assay. It 
is not very accurate when 
the OD reaches higher 
readings (especially 
greater than 1.5). So, it 
is more precise when 

Fig. 3. Exposure to NAC and serum alters transcript levels for some bio-
film-associated genes. Transcript levels of genes relevant to biofilm forma-
tion in S. aureus ATCC25923 and P. aeruginosa PAO1 were evaluated by 
qPCR after exposure to serum alone or in combination with NAC. Bars rep-
resent relative fold changes for genes in strains treated with both NAC and 
serum, compared to their serum-only-treated counterparts (normalized as 
1). Data are from three independent experiments.

Fig. 3 

 
 
 
 
Fig. 4 

 
 
 
 
 
 
 
 
 
 

Fig. 2. Thickness of biofilms formed by bacteria treated 
with NAC and serum. The indicated strains were grown in 
the presence of 10 mM NAC alone, 20% serum alone, or in 
combination. The red fluorescent nucleic acid stain SYTO61 
was used to identify bacteria in the biofilms, and the green 
fluorescent stain FITC-ConA was used to identify extracellu-
lar polysaccharide. (a) Representative CLSM Z-stack images 
(× 630) acquired from three independent experiments. (b) 
Biofilm thicknesses are shown as means±standard devia-
tions. *P<0.05 and ***P<0.001 indicate differences are sig-
nificant compared to controls.

Fig. 1 

 
 
 
Fig. 2 
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observed by CLSM. Overall, these results indicate that NAC combined with serum induces 
biofilm formation of all the tested strains.

Exposure to NAC and serum together alters the expression of some biofilm-associated 
genes
To explore the molecular pathways of 

biofilm formation that may be involved in 
the response to NAC and serum exposure, 
we measured transcript levels for 15 
representative genes in S. aureus and 12 
genes in P. aeruginosa (Fig. 3). Compared 
with exposure to serum alone, addition of 
NAC to the broth containing serum increased 
transcript levels for most of the genes 
involved in biofilm formation. In S. aureus 
ATCC25923, the surface adhesins (fnb and 
clf), regulators involved in ica-dependent 
pathway (icaA and rbf), stress sensors (clpC 
and clpX), and some other ica-independent 
regulators (saeS, cidA, atl, rot, and sigB) 
showed remarkable increases. However, 
levels for the negative regulator agrC also 
increased approximately 2.98-fold. In P. 
aeruginosa PAO1, transcript levels for the 
regulators in quorum sensing (QS) pathways 
increased significantly, including for the 
las and PQS systems (lasI/lasR and pqsA/
pqsR), and the two-component system GacS/
GacA that acts as a super-regulator of the QS 
system. In addition, transcripts from genes 
controlling the production of extracellular 

Fig. 5. NAC and serum-induced 
biofilm formation is due to interac-
tion between NAC and transferrin. 
(a) S. epidermidis ATCC35984 and 
P. aeruginosa PAO1 were cultured 
in the presence or absence of NAC 
combined with human serum, trans-
ferrin, BSA, or lactoferrin. Biofilms 
were quantified using microtiter 
plate assays. Results are shown as 
means±standard deviations from 
three independent experiments. 
*P<0.05 indicates significant dif-
ferences between bacteria treated 
with or without NAC in the presence 
of serum or transferrin. #P<0.05 
indicates significant differences 
compared to control (untreated) 
bacteria. (b) Bacteria were grown in 
broth containing serum or transferrin in combination with NAC, GSH, or ascorbic acid. *P<0.05 or #P<0.05 
indicates significant differences compared to controls treated with serum or transferrin alone, respectively. 
(c) SDS-PAGE analysis of the serum protein transferrin treated with NAC, GSH, or ascorbic acid.

Fig. 5 

 
 
 
Fig. 6 

 

Fig. 4. The combination of NAC and serum pro-
motes the production of extracellular matrix 
(ECM). S. aureus ATCC25923 and P. aeruginosa 
PAO1 were cultured overnight in broth containing 
20% human serum alone or in combination with 
10 mM NAC and then observed by TEM. Arrows 
indicate thick ECM layers around the cells treated 
with NAC and serum. Scale bars represent 200 nm.

Fig. 3 

 
 
 
 
Fig. 4 
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polysaccharides (algC and pslA) also 
increased, while transcripts from motility 
genes (flgK and pilF) changed only slightly.

The combination of NAC and serum 
promotes the production of extracellular 
matrix (ECM)
Because the combination of NAC and 

serum increased the expression of some 
surface adhesins and genes encoding 
extracellular polysaccharides in S. aureus 
and P. aeruginosa, we speculated that the 
ECM surrounding the bacterial cells might 
also increase. ECM formation by S. aureus 
ATCC25923 and P. aeruginosa PAO1 was 
assessed using TEM. Bacteria cultured 
in broth containing both NAC and serum 
exhibited thick ECM layers surrounding the 
cells. In contrast, cells grown in medium 
containing serum alone were surrounded 
with markedly less ECM (Fig. 4). This result 
suggests that exposure to NAC and serum 
together promotes the production of ECM.

NAC and serum-induced biofilm formation involves the interaction between NAC and the 
serum protein transferrin
NAC and serum proteins such as transferrin, lactoferrin, and albumin have been reported 

to inhibit biofilm formation. We therefore hypothesized that NAC may interact with one of 
these proteins and eliminate their inhibitory activity. To test this, the 20% serum in bacterial 
culture medium was replaced with human transferrin, lactoferrin, and bovine serum albumin 
(BSA) at concentrations equivalent to those in the original preparation. As the ability of S. 
aureus ATCC25923 to form biofilms is weak in microtiter plate assay, it is not suitable for 
the observation of the inhibitory effect of NAC or serum alone on its biofilm formation. Thus 
we chose S. epidermidis ATCC35984 as a representative of gram-positive strain instead of 
S. aureus ATCC25923. We found that the combination of NAC and transferrin mimicked the 
effect of NAC and serum on biofilm formation in S. epidermidis ATCC35984 and P. aeruginosa 
PAO1 (Fig. 5a).

To explore if the sulfhydryl group in NAC is responsible for its interaction with serum 
and transferrin, we replaced NAC with glutathione (GSH) and ascorbic acid, two antioxidants 
with or without sulfhydryl groups, respectively. When combined with serum or transferrin, 
GSH promoted biofilm formation to the same extent as NAC, while ascorbic acid did not (Fig. 
5b). This result suggests that the sulfhydryl group in NAC and GSH enables their interaction 
with transferrin. SDS-PAGE analysis of NAC-, GSH-, and ascorbic acid-treated transferrin 
further supports this conclusion (Fig. 5c), demonstrating that the sulfhydryl groups in NAC 
and GSH react and split disulfide bonds in transferrin. Taken together, these results suggest 
that NAC and serum-induced biofilm formation is due mainly to the interaction between the 
NAC sulfhydryl group and the serum protein transferrin.

Intravenous administration of NAC increases bacterial colonization on implanted central 
venous catheters in rats
To determine the effect of NAC on biofilm formation in vivo, we injected a high dose of 

NAC or saline intravenously to rats that had been implanted with central venous catheters 
and infected with S. aureus or P. aeruginosa (n=12 per group). After injection of NAC or saline 
daily for 7 days, the numbers of viable bacteria attached to the catheters were determined. 

Fig. 6. Intravenous administration of NAC increases 
bacterial colonization on implanted central venous 
catheters in rats. Male SD rats (n=48) were implant-
ed with central venous catheters and infected with 
5×106 CFU of S. aureus ATCC25923 or P. aeruginosa 
PAO1 via the tail vein (n=24 per group). Half of the 
rats in each group (n=12) were selected randomly 
to receive NAC (150 mg/kg/day) solution or the 
same volume of saline intravenously for 7 days. Rats 
were then sacrificed and bacteria colonized on the 
catheters were counted. **P<0.01 and ***P<0.001 
indicate significant differences between animals 
with or without NAC treatment.

Fig. 5 
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As shown in Fig. 6, bacteria that had colonized on the catheters in NAC-treated rats were 
significantly more abundant than in rats treated using saline alone for both S. aureus and P. 
aeruginosa. This strongly suggests that NAC also interacts with serum protein and leads to 
increased bacterial colonization on implanted catheters in vivo.

Discussion

NAC, a widely used agent in the treatment of chronic bronchitis, paracetamol intoxication, 
cancer, and HIV infection, has also been reported to have antibacterial and anti-biofilm 
activities [9, 26-30]. Many in vitro studies have shown the ability of NAC to prevent biofilm 
formation by a variety of microorganisms, including a variety of Gram-positive and Gram-
negative bacteria, as well as some yeasts [9]. In addition to its direct antibacterial effect, NAC 
also inhibits the production of extracellular polysaccharide, reduces bacterial adherence, and 
promotes dispersal of mature biofilms [10, 11, 14, 31]. However, the mechanisms by which 
NAC prevents biofilm formation are complex and largely unknown. Several possibilities have 
been suggested, including the reaction of the NAC sulfhydryl group with the disulfide bonds 
of bacterial or extracellular proteins, the competitive inhibition of bacterial enzymes involved 
in amino acid utilization, and the perturbation of cell metabolism or signal transduction 
pathways [10, 14].

Human serum and some serum components are also able to inhibit biofilm formation 
in certain bacteria. Ding et al. reported that human serum inhibits adhesion and biofilm 
formation by Candida albicans [17]. Hammond et al. demonstrated that the presence of 
human or bovine serum, and the serum component albumin (BSA), blocks biofilm formation 
by P. aeruginosa [16]. Abraham et al. proposed that a low molecular weight component of 
serum is responsible for inhibiting biofilm formation by S. aureus [21]. Two other studies 
found that transferrin and lactoferrin in serum or some human external secretions can 
prevent bacterial adhesion and biofilm formation [18, 20].

The sulfhydryl group in NAC makes it a reactive compound. It is usually used as a mucolytic 
agent and an antioxidant to react with mucous bronchial secretions and free radicals. NAC 
can affect the stability and compromise the activity of carbapenems [32]. It also decreases 
the activity of coagulation factors in plasma, and intravenous NAC may interfere with the 
sulfhydryl groups on these factors [25, 33]. In the current study, we found that the induction 
of biofilm formation by NAC and serum occurs primarily due to the interaction between NAC 
and transferrin. Further analysis indicates that the sulfhydryl group in NAC reacts with and 
splits disulfide bonds in transferrin. Although NAC and transferrin both exhibit inhibitory 
activities on biofilm formation, when combined this reaction may cause them to neutralize 
each other. Moreover, we also found that the combination of NAC and serum or transferrin 
actually increases biofilm formation by S. aureus, E. faecalis, and P. aeruginosa in comparison 
with untreated controls. Previous studies reported that NAC influences amino acid utilization 
in bacteria [34, 35], and its antioxidant activity may also perturb the redox status in the 
bacterial cell. In addition, the serum protein transferrin affects the bioavailability of iron 
in the culture medium [36]. Both factors are relevant to bacterial metabolism and biofilm 
formation. As a consequence, we speculate that the interaction of NAC with transferrin or 
other serum proteins may affect metabolism or signal transduction pathways in bacteria in 
complex ways. This hypothesis is supported by the observation that the expression of many 
biofilm-associated genes in S. aureus and P. aeruginosa increases upon exposure to NAC and 
serum, but further investigation will be required to understand the mechanism in detail.

Multiple molecular pathways are involved in the regulatory network of bacterial biofilm 
formation. In S. aureus, the ica-dependent pathway and some ica-independent regulators 
have important roles in the development of biofilms [37]. In cells treated using NAC and 
serum, the ica-dependent pathway (icaA and rbf) and some global regulators such as saeS, 
cidA, atl, rot, and sigB were activated and are likely to be responsible for increased biofilm 
formation. Regulators in QS systems are known to be the key factors in P. aeruginosa [38]. As 
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expected, we also found that expression of the las and PQS systems and their super-regulator 
GacS/GacA were significantly increased. By activating these global or key regulators, the 
combination of NAC and serum probably promotes the expression of adhesins, the release 
of eDNA, and even the production of extracellular polysaccharides, ultimately increasing 
biofilm formation.

Although most investigations about the anti-biofilm effects of NAC have been conducted 
in vitro, some studies used NAC to eradicate biofilms on vascular catheters [22], and even 
in one case as a catheter-lock solution for treatment of hemodialysis catheter-associated 
bacteremia [39]. This pilot trial of NAC in clinical patients was highly successful in preventing 
persistent or recurrent bacteremia. However, our in vitro and in vivo experiments showed 
the opposite result. The discrepancy may be explained by the fact that tigecycline and NAC 
were combined in the trial, or in a catheter-lock solution, much higher NAC concentrations 
can be achieved, suggesting a possible dose-dependent effect of NAC on biofilm formation. 
In contrast, our results show that in the absence of antibiotics, NAC used intravenously or 
in the presence of blood does not inhibit bacterial biofilm formation, but rather increases it.

Acknowledgements

This work was supported by National Natural Science Foundation of China (No. 81571896 
and No. 81772073) and Technological Innovation Plan in Major Fields of Southwest Hospital, 
Key Projects (No. SWH2016ZDCX2001).

Disclosure Statement

No conflict of interests exists.

References

1	 Romling U, Kjelleberg S, Normark S, Nyman L, Uhlin BE, Akerlund B: Microbial biofilm formation: a need to 
act. J Intern Med 2014;276:98-110.

2	 Hoiby N, Bjarnsholt T, Moser C, Jensen PO, Kolpen M, Qvist T, Aanaes K, Pressler T, Skov M, Ciofu O: 
Diagnosis of biofilm infections in cystic fibrosis patients. Apmis 2017;125:339-343.

3	 Kim PJ, Steinberg JS: Wound Care: Biofilm and Its Impact on the Latest Treatment Modalities for 
Ulcerations of the Diabetic Foot. Semin Vasc Surg 2012;25:70-74.

4	 Kennedy P, Brammah S, Wills E: Burns, biofilm and a new appraisal of burn wound sepsis. Burns 
2010;36:49-56.

5	 Li Y, Huang J, Li L, Liu L: Synergistic Activity of Berberine with Azithromycin against Pseudomonas 
Aeruginosa Isolated from Patients with Cystic Fibrosis of Lung In vitro and In vivo. Cell Physiol Biochem 
2017;42:1657-1669.

6	 Stewart PS, Costerton JW: Antibiotic resistance of bacteria in biofilms. Lancet 2001;358:135-138.
7	 Gao M, Wang H, Zhu L: Quercetin Assists Fluconazole to Inhibit Biofilm Formations of Fluconazole-

Resistant Candida Albicans in In vitro and In vivo Antifungal Managements of Vulvovaginal Candidiasis. Cell 
Physiol Biochem 2016;40:727-742.

8	 Dinicola S, De Grazia S, Carlomagno G, Pintucci JP: N-acetylcysteine as powerful molecule to destroy 
bacterial biofilms. A systematic review. Eur Rev Med Pharmacol Sci 2014;18:2942-2948.

9	 Blasi F, Page C, Rossolini GM, Pallecchi L, Matera MG, Rogliani P, Cazzola M: The effect of N-acetylcysteine 
on biofilms: Implications for the treatment of respiratory tract infections. Respir Med 2016;117:190-197.

10	 Olofsson AC, Hermansson M, Elwing H: N-acetyl-L-cysteine affects growth, extracellular polysaccharide 
production, and bacterial biofilm formation on solid surfaces. Appl Envir Microbiol 2003;69:4814-4822.

11	 Eroshenko D, Polyudova T, Korobov V: N-acetylcysteine inhibits growth, adhesion and biofilm formation of 
Gram-positive skin pathogens. Microb Pathog 2017;105:145-152.

http://dx.doi.org/10.1159%2F000487566


Cell Physiol Biochem 2018;45:1399-1409
DOI: 10.1159/000487566
Published online: February 20, 2018 1408

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Yin et al.: NAC and Serum Increases Biofilm Formation

12	 Silveira LF, Baca P, Arias-Moliz MT, Rodriguez-Archilla A, Ferrer-Luque CM: Antimicrobial activity of 
alexidine alone and associated with N-acetylcysteine against Enterococcus faecalis biofilm. Int J Oral Sci 
2013;5:146-149.

13	 Perez-Giraldo C, Rodriguez-Benito A, Moran FJ, Hurtado C, Blanco MT, Gomez-Garcia AC: Influence of 
N-acetylcysteine on the formation of biofilm by Staphylococcus epidermidis. J Antimicrob Chemother 
1997;39:643-646.

14	 Zhao T, Liu Y: N-acetylcysteine inhibit biofilms produced by Pseudomonas aeruginosa. BMC Microbiol 
2010;10:140.

15	 Aslam S, Darouiche RO: Role of antibiofilm-antimicrobial agents in controlling device-related infections. Int 
J Artific Org 2011;34:752-758.

16	 Hammond A, Dertien J, Colmer-Hamood JA, Griswold JA, Hamood AN: Serum inhibits P. aeruginosa biofilm 
formation on plastic surfaces and intravenous catheters. J Surg Res 2010;159:735-746.

17	 Ding X, Liu Z, Su J, Yan D: Human serum inhibits adhesion and biofilm formation in Candida albicans. BMC 
Microbiol 2014;14:80.

18	 Ardehali R, Shi L, Janatova J, Mohammad SF, Burns GL: The inhibitory activity of serum to prevent bacterial 
adhesion is mainly due to apo-transferrin. J Biomed Mater Res A 2003;66:21-28.

19	 Ardehali R, Shi L, Janatova J, Mohammad SF, Burns GL: The effect of apo-transferrin on bacterial adhesion 
to biomaterials. Artif Organs 2002;26:512-520.

20	 Singh PK, Parsek MR, Greenberg EP, Welsh MJ: A component of innate immunity prevents bacterial biofilm 
development. Nature 2002;417:552-555.

21	 Abraham NM, Jefferson KK: A low molecular weight component of serum inhibits biofilm formation in 
Staphylococcus aureus. Microb Pathog 2010;49:388-391.

22	 Aslam S, Trautner BW, Ramanathan V, Darouiche RO: Combination of tigecycline and N-acetylcysteine 
reduces biofilm-embedded bacteria on vascular catheters. Antimicrob Agents Chemother 2007;51:1556-
1558.

23	 Yin S, Jiang B, Huang G, Gong Y, You B, Yang Z, Chen Y, Chen J, Yuan Z, Li M, Hu F, Zhao Y, Peng Y: Burn Serum 
Increases Staphylococcus aureus Biofilm Formation via Oxidative Stress. Front Microbiol 2017;8:

24	 Peleg AY, Miyakis S, Ward DV, Earl AM, Rubio A, Cameron DR, Pillai S, Moellering RC, Jr., Eliopoulos GM: 
Whole genome characterization of the mechanisms of daptomycin resistance in clinical and laboratory 
derived isolates of Staphylococcus aureus. PLoS One 2012;7:e28316.

25	 Jang DH, Weaver MD, Pizon AF: In vitro study of N-acetylcysteine on coagulation factors in plasma samples 
from healthy subjects. J Med Toxicol 2013;9:49-53.

26	 Heard K, Rumack BH, Green JL, Bucher-Bartelson B, Heard S, Bronstein AC, Dart RC: A single-arm clinical 
trial of a 48-hour intravenous N-acetylcysteine protocol for treatment of acetaminophen poisoning. Clin 
Toxicol (Phila) 2014;52:512-518.

27	 Moldeus P, Cotgreave IA: N-acetylcysteine. Methods Enzymol 1994;234:482-492.
28	 Droge W, Breitkreutz R: N-acetyl-cysteine in the therapy of HIV-positive patients. Curr Opin Clin Nutr 

Metab Care 1999;2:493-498.
29	 Balansky RM, De Flora S: Chemoprevention by N-acetylcysteine of urethane-induced clastogenicity and 

lung tumors in mice. Int J Cancer 1998;77:302-305.
30	 Grandjean EM, Berthet P, Ruffmann R, Leuenberger P: Efficacy of oral long-term N-acetylcysteine in chronic 

bronchopulmonary disease: a meta-analysis of published double-blind, placebo-controlled clinical trials. 
Clin Ther 2000;22:209-221.

31	 Riise GC, Qvarfordt I, Larsson S, Eliasson V, Andersson BA: Inhibitory effect of N-acetylcysteine on 
adherence of Streptococcus pneumoniae and Haemophilus influenzae to human oropharyngeal epithelial 
cells in vitro. Respiration 2000;67:552-558.

32	 Landini G, Di Maggio T, Sergio F, Docquier JD, Rossolini GM, Pallecchi L: Effect of High N-Acetylcysteine 
Concentrations on Antibiotic Activity against a Large Collection of Respiratory Pathogens. Antimicrob 
Agents Chemother 2016;60:7513-7517.

33	 Beckett GJ, Donovan JW, Hussey AJ, Proudfoot AT, Prescott LF: Intravenous N-acetylcysteine, hepatotoxicity 
and plasma glutathione S-transferase in patients with paracetamol overdosage. Hum Exp Toxicol 
1990;9:183-186.

http://dx.doi.org/10.1159%2F000487566


Cell Physiol Biochem 2018;45:1399-1409
DOI: 10.1159/000487566
Published online: February 20, 2018 1409

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2018 The Author(s). Published by S. Karger AG, Basel
www.karger.com/cpb

Yin et al.: NAC and Serum Increases Biofilm Formation

34	 Zygmunt WA, Martin TA: Cysteine analogs as potential amino acid antagonists in bacteria. J Med Chem 
1968;11:623-625.

35	 Ventura P, Panini R, Pasini MC, Scarpetta G, Salvioli G: N -Acetyl-cysteine reduces homocysteine plasma 
levels after single intravenous administration by increasing thiols urinary excretion. Pharmacol Res 
1999;40:345-350.

36	 Cornelissen CN, Sparling PF: Iron piracy: acquisition of transferrin-bound iron by bacterial pathogens. Mol 
Microbiol 1994;14:843-850.

37	 Laverty G, Gorman SP, Gilmore BF: Biomolecular mechanisms of staphylococcal biofilm formation. Future 
Microbiol 2013;8:509-524.

38	 Rasamiravaka T, Labtani Q, Duez P, El Jaziri M: The formation of biofilms by Pseudomonas aeruginosa: 
a review of the natural and synthetic compounds interfering with control mechanisms. Biomed Res Int 
2015;2015:759348.

39	 Aslam S, Trautner BW, Ramanathan V, Darouiche RO: Pilot trial of N-acetylcysteine and tigecycline as a 
catheter-lock solution for treatment of hemodialysis catheter-associated bacteremia. Infect Control Hosp 
Epidemiol 2008;29:894-897.

http://dx.doi.org/10.1159%2F000487566

	CitRef_1: 
	CitRef_2: 
	CitRef_3: 
	CitRef_4: 
	CitRef_5: 
	CitRef_6: 
	CitRef_7: 
	CitRef_8: 
	CitRef_9: 
	CitRef_10: 
	CitRef_11: 
	CitRef_12: 
	CitRef_13: 
	CitRef_14: 
	CitRef_15: 
	CitRef_16: 
	CitRef_17: 
	CitRef_18: 
	CitRef_19: 
	CitRef_20: 
	CitRef_21: 
	CitRef_22: 
	CitRef_23: 
	CitRef_24: 
	CitRef_25: 
	CitRef_26: 
	CitRef_27: 
	CitRef_28: 
	CitRef_29: 
	CitRef_30: 
	CitRef_31: 
	CitRef_32: 
	CitRef_33: 
	CitRef_34: 
	CitRef_35: 
	CitRef_36: 
	CitRef_37: 
	CitRef_38: 
	CitRef_39: 


