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ABSTRACT

AIM: To examine the effects of N-acetylcysteine (NAC) alone and in combination with linezolid (LIN) and daptomycin (DAPT) on
methicillin-sensitive Staphylococcus aureus (MSSA) biofilm formation.

MATERIAL and METHODS: Twelve groups (each containing six molds) of standard ventriculoperitoneal shunts were infected with
MSSA. By using microbiological and electron microscopic evaluation methods, NAC was evaluated, alone and in combination with
DAPT and LIN, in terms of preventing and eliminating biofilm capacity. The effect of NAC alone and in combination with DAPT and
LIN were shown by microbial counts and electron microscopic observation.

RESULTS: There was no significant difference in biofilm formation in shunts after different antibiotic treatments. However, the
combination of NAC and DAPT had the highest bactericidal effects of all the groups.

CONCLUSION: The resistance of bacteria and the dose-dependent effects of antibiotics can be considered.
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B INTRODUCTION

aphylococcus aureus infections are a major problem in
Shospital settings, especially in patients with permanent

devices (17). Most serious infections, especially catheter-
related ones, are caused by biofilm-producing strains(7,8,11).1In
the present study, the activities of daptomycin (DAPT), linezolid
(LIN), and N-acetylcysteine (NAC) against Staphylococcus
aureus were investigated in an in vitro ventriculoperitoneal
(VP) shunting model. Shunting of cerebrospinal fluid (CSF) to
the peritoneal cavity, also known as VP shunting, is generally
preferred for hydrocephalus treatment because the technique
is simple, and placement of the distal catheter to the peritoneal
cavity can be performed quickly. However, some common

complications can be observed after VP shunting, such as
shunt infection, disconnection, distal catheter migration, or
any combination of these (16,26).

Biofilm, defined as complex communities of microbial species
embedded in self-produced biopolymer extracellular poly-
meric substances (EPSs), which are gross structures resem-
bling mushroom and pillar-like structures of cells, is a type
of bacterial group behavior. There are thousands of bacteria
in a mature biofilm, a great number of which grow in matrix-
enclosed biofilms adherent to surfaces in all nutrient-sufficient
ecosystems. Biofilms seem to have both structural and meta-
bolic heterogeneity, which enables them to resist stresses
from either host defense systems or antimicrobial agents.
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Because they are surrounded by EPSs, biofilms are difficult
to disintegrate. Currently, scientists are interested in bacterial
biofilm studies, the number of which has been increasing at
a fast pace. A great many detachment processes force the
separation of bacterial cells from biofilms, which occurs as
a result of complex molecular events in biofilm cells (9,29).
Biofilms mature in three steps: attachment and colonization,
growth and proliferation, and the extensive production of
EPSs. Following these steps, cell detachment becomes the
central process in the spread of infection to other body parts
(1). Blocking tissue destruction, resistance to bacteria, and
developing chemicals that might prevent initial adherence
are approaches that can be used to prevent these infections
(4,27). At this point, this protection is critical for the pathoge-
nicity of most bacteria, especially Staphylococcus aureus (13).

Staphylococcus aureus is one of the common causes of
infections that occur in surgical shunt operations because the
active microorganism is unknown, and the biofilm layer causes
the bacteria to become resistant to treatment. Two-stage
revision surgery is the classical method in Staphylococcus
aureus treatment (30). However, in the case of an unknown
agent or the absence of suitable antibiotic treatment, this
method can also be unsuccessful. In order to prevent biofilm
formation and to eradicate biofilm-associated bacteria, such
as Staphylococcus aureus, various antimicrobial or non-
antimicrobial agents, such as NAC, have been researched
(19,20).

In the light of all the facts mentioned above, the purpose of
this study was to examine the effect of NAC alone and in
combination with each of LIN and DAPT on both adherence
and preformed biofilms. At this point, morphological changes
occurring in Staphylococcus aureus on related biofilms were
investigated using scanning electron microscopy (SEM).
Furthermore, for full clarification of the effects of those agents
on the biofilms involved, there is a need for further studies,
especially at the molecular level.

B MATERIAL and METHODS

The study consisted of 12 groups (each containing six molds)
formed using methicillin-sensitive Staphylococcus aureus
(MSSA) strains as follows:

Group | (+): MSSA infected only group
Group Il (+): MSSA infected + NAC (6 mg/ml) given group
Group Il (+): MSSA infected + DAPT (2 mg/ml) given group

Group IV (+): MSSA infected + DAPT (2 mg/ml) + NAC (6 mg/
ml) given group

Group V (+): MSSA infected + LIN (2 mg/ml) given group

Group VI (+): MSSA infected + NAC (6 mg/ml) + LIN (2 mg/ml)
given group

Group | (-): MSSA infected only group
Group Il (-): MSSA infected + NAC (6 mg/ml) given group
Group Il (-): MSSA infected + DAPT (2 mg/ml) given group
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Group IV (-): MSSA infected + DAPT (2 mg/ml) + NAC (6 mg/
ml) given group

Group V (-): MSSA infected + LIN (2 mg/ml) given group

Group VI (-): MSSA infected+ NAC (6 mg/ml) + LIN (2 mg/ml)
given group

(+) indicates the antibiotic-impregnated catheters and (-)
shows the non-antibiotic-containing catheters.

All shunt material samples were infected with Staphylococcus
aureus strain ATCC 48300. A suspension of Staphylococcus
aureus ATCC 48300 with turbidity equivalent to a 0.5
McFarland-standard (~10® cfu/mL) was prepared in tryptic
soy broth (TSB; Merck, Darmstadt, Germany) supplemented
with 0.5% glucose, and molds were inoculated in this solution
at 37°C for 48 hours. After the incubation, they were placed
into sterile saline solution to wash and remove planktonic cells
for one minute. Then, these were separated into 12 groups.
Then, related plates belonging to the same group were placed
into new sterile containers with tops, which contained 10 mL
sterile saline solution, and vortexed for 30 seconds. Thereby,
the biofilm layer of bacterial colonies was removed from the
shunt surface. For counting bacterial colonies in the biofilm
layer, we removed 10 pL of these solutions and cultured them
on agar medium plates for 24 hours at 37°C. Finally, at the end
of the incubation period, plates were checked for growth, and
colonies were counted.

SEM Analysis

Biofilm formation on the material surface was also confirmed
by SEM on a JSM-7001F STEM (JEOL Ltd., Tokyo, Japan).
Samples were critical-point dried and coated with gold-
palladium. Then, these were evaluated for biofilm. The eight
selected areas were investigated at 10,000x magnification. A
histological scoring system was employed according to our
previous work (21).

Statistical Analysis

For the statistical analysis, SPSS Ver. 21 software (IBM Corp.,
Armonk, NY) was used. Data were expressed as mean=SD
and subjected to statistical analysis. Data were normally
distributed in the present study; therefore, differences between
groups were assessed using parametric ANOVA followed by
post hoc analysis with Tukey’s HSD test to identify individual
group differences. Differences were regarded as statistically
significant at p<0.05.

B RESULTS

In the present study, when the colonies in the biofilm layer were
counted, significant differences were found between groups.
A significant decrease (p<0.01) was found in the microbial
count of Groups lll (-) and IV (-) compared to Groups | (-), Il
(-) and Group V (-), VI (-). However, no significant differences
between Groups | (-) and Il (-) nor between Groups V (-) and
VI (-) (p>0.05) were observed in either of the non-antibiotic-
containing catheters. In addition, there was a significant
increase (p<0.05) in the microbial count of Group Il (+)
compared to that of Group | (+) in the antibiotic-impregnated
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catheters. Similar to the groups with non-antibiotic-containing
catheters, no significant difference between Group V (+) and
Group VI (+) was observed in the antibiotic-impregnated
catheters (p>0.05). Moreover, a significant decrease (p<0.01)

compared to Group I (+), Il (+) and Group V (+), VI (+) (Figure
1A, B).

In contrast, when histopathological analysis was conducted

using SEM observation (Figures 2, 3 and Table ), there was
no statistically significant difference (p>0.05) between any of
the groups.

was observed in the microbial count of Group Il (+) and IV (+)
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Figure 1: Bacterial counts of the groups (cfu x 10). The bacterial counts of the non-antibiotic containing catheters in A and the bacterial
counts of the antibiotic-impregnated catheters in B.
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Figure 2: SEM images of antibiotic-impregnated catheters belonging to the different groups in the present study. The histopathologic
photomicrograph shows the in vitro activity of LIN, DAPT, and NAC agents on Staphylococcus aureus biofilms in the ventriculoperitoneal
shunt model. Finally, the microbial counts (p>0.05) in the present study were supported by SEM images. Arrow refers to Staphylococcus
aureus cells.
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Figure 3: SEM images of non-antibiotic-impregnated catheters belonging to the different groups in the present study. The histopathologic
photomicrograph shows the in vitro activity of LIN, DAPT, and NAC agents on Staphylococcus aureus biofilms in the ventriculoperitoneal
shunt model. Finally, the microbial counts (p>0.05) in the present study were supported by SEM images. Arrow refers to Staphylococcus
aureus cells.

Table I: Histopathological and Microbiological Findings among Il DISCUSSION

the Groups Infection is one of the common complications of shunt
Bacteria (Staphylococcus aureus) treatment. Although shunt infection rates reach 20% in some
(Mean=SD) series, recently reported shunt infection rates vary from 5 to
10%. Furthermore, 90% of all shunt infections are seen within

Cell counts Colony counts the first month of shunt placement (3).

(SEM) (Mean cfu x 10)

When considered in the light of the literature, Staphylococcus
Group | (+) 1.50 + 0.58 7625 epidermidis (40%-60%) and Staphylococcus aureus (20%-
Group Il (+) 250 + 0.58 9+15 30%) gre frequently res_ponsible for .VP shu.n.t infections.l
In addition, streptococci, gram-negative bacilli, and fungi
Group Il (+) 0.60 + 0.50 1.9+05 are less frequently detected microorganisms (14,24). In the
Group IV (+) 0.01 + 0.01 0.50 + 0.40 literature, intraoperative contamination from skin flora has

been cited as the most probable cause of infection (3,14). In
Group V (+) 1.62 + 0.52 6+1.5 order to decrease the infection rate, all precautions should be

taken to decrease the contamination risk in the preoperative
Group VI (+) 2.00 £ 0.01 7=05 period and during the operation. While the efficacy of
Group | (-) 1.65 + 0.58 5+05 prophylactic antibiotic use in shunt surgery is debated, it is

recommended that prophylactic antibiotics be used an hour
Group Il () 3.20 + 045 8+25 before surgery (23), and that the surgical area be covered with
Group lll (-) 0.75 + 0.50 295+ 05 sterile plastic transparent drapes which adhere to the skin
(28). While they are also debated, some studies report that

Group IV () 0.49£0.75 1.9+05 it would be useful in preventing infections to use cleansing
Group V (-) 2.00 = 0.01 6+15 solutions with antibiotics during surgery, to keep the shunt

system in water with antibiotics, to have the patient among
Group VI () 2.80 + 0.58 415 the first cases in the surgery list (to schedule the surgery in the

early hours of the morning), and to limit the number of staff
in the surgery room (14,28). Three different approaches can
be applied in cases of shunt infection. These are antibiotic
treatment without removing the shunt, antibiotic treatment
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after removing the shunt, and antibiotic treatment after
removing the shunt and placing external ventricular drainage
(8,14,24,25). In their study Schreffler et al. compared these
three methods and showed that the best result was obtained
with antibiotic treatment started after removing the shunt and
placing external ventricular drainage (25).

In this study, we detected antimicrobial and antibiofilm effects
of NAC alone and in combination with LIN and DAPT against
Staphylococcus aureus in shunt infections. Although there are
some studies indicating antimicrobial and antibiofilm effects
of those agents (6,18), to the best of our knowledge, there are
no studies demonstrating those effects on Staphylococcus
aureus biofilms in shunts.

In order to find out the morphological changes in Staphylo-
coccus aureus cells and the changes in the intensity of biofilm
formed on a shunt surface in the presence of those agents,
SEM was used. The first approach outlined in the literature
is quantitative evaluation of shunt samples using SEM. Thus,
our study is the first to highlight new application and evalua-
tion methods from those perspectives. A biofilm is a microbial
group of one or more bacteria with self-reproduction capac-
ity (5). Developmental stages of colony formation and biofilm
maturation start following the interaction of a bacterium with a
biological surface (12).

Daptomycin has been widely used in the treatment of Staphy-
lococcus aureus bacteremia in skin infections in recent years.
Gram-positive infections do not respond to conventional ther-
apy with daptomycin. This should be considered outside of
specific and rigid indications (15). When daptomycin is admin-
istered systemically, it passes poorly into the cerebrospinal
fluid. However, it shows higher bactericidal activity in intraven-
tricular administration. In addition, daptomycin has a longer
half-life than vancomycin administered intraventricularly (10).
However, there are limited clinical data in the literature regard-
ing intraventricular/intravenous administration of daptomycin
in central nervous system infections. In such cases, linezolid
has been successfully used in systemic therapy. In addition,
this antibiotic does not show bactericidal activity, and the risk
of side effects increases with prolonged use (10).

The use of NAC has been suggested by a great number
of studies as an alternative pharmacological approach to
controlling bacterial biofilm growth. These studies have
attributed its antibiofilm property to a number of factors
such as inhibition of bacterial adherence and reduction of
the extracellular polysaccharide matrix production (6,20,22).
N-acetylcysteine is also a precursor of glutathione, which is
involved in reactive oxygen species balance and homeostasis

@).

Previous studies have shown that NAC in combination with
different antibiotics significantly promoted their permeability
to the deepest layers of the biofilm with safety and efficacy
(6). In contrast, in our study, NAC had no effect on either
bacterial adherence or biofilm eradication, whether alone or in
combination with LIN and DAPT. Moreover, more studies with
different amounts of chemicals that include different microbial
species belonging to both gram-positive and gram-negative
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families need to be investigated. In the present study, no
significant difference between SEM images of the groups was
observed. It is questionable whether the bacteria are dead or
alive in the SEM images. In this regard, advanced techniques
are needed.

B CONCLUSION

According to the bacterial counts obtained in the present
study, when the combination of NAC and DAPT was
administered, bacterial growth was suppressed. In addition,
significant increases in the bactericidal effect were observed
in the groups in which DAPT was administered in both non-
antibiotic-containing and antibiotic-impregnated groups. The
combination of DAPT and NAC had the highest antibiofilm
effect of all the treatments. The absence of any bactericidal
effect in the NAC-administered groups can be interpreted as
a dose-dependent effect against MSSA strains. High doses of
NAC should be studied in the shunt-related cerebrospinal fluid
infections. In other respects, resistance phenotypes are also
considered in the treatment of shunt-related infections.
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