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DISEASE

Sulfur-Functionalized Fullerene Nanoparticle as an Inhibitor
and Eliminator Agent on Pseudomonas aeruginosa

Biofilm and Expression of toxA Gene

Esmaeil Darabpour,1 Mohammad Mahdi Doroodmand,2 Raheleh Halabian,1 and Abbas Ali Imani Fooladi1

Over the last decade, nanotechnology-based therapeutic platforms have been directed toward developing nano-
particles with unique properties to combat biofilms. In this study, we evaluated the antibiofilm activity of the
sulfur-functionalized fullerene nanoparticles (SFF Nps) against Pseudomonas aeruginosa and also analyzed the
effect of this nanoparticle on the expression of exotoxin A (toxA) gene. The functionalized fullerenes were
prepared by chemical vapor deposition method. We assessed the potential of SFF Nps to inhibit biofilm
formation and eradicate preformed biofilms. Also, the effect of this nanoparticle on the expression of toxA gene
was investigated by real-time PCR. The minimum biofilm inhibitory concentration of SFF Nps was 1 mg/mL.
The minimum biofilm-eradication concentration of SFF Nps on the young (24- and 48-hr old) and older (72-
and 96-hr old) biofilms was 2 and 4 mg/mL, respectively. Field emission electron scanning microscopy images
confirmed the potent ability of SFF Nps to eradicate biofilm of P. aeruginosa. The expression of toxA was
downregulated in the presence of SFF Nps. In conclusion, considering the ability of SFF Nps to kill
P. aeruginosa biofilm and downregulate the expression of exotoxin A, this nanoparticle can be used for
treatment of both chronic and acute P. aeruginosa infections.

Keywords: functionalized fullerene nanoparticle, biofilm, real-time PCR, wound infection

Introduction

Pseudomonas aeruginosa is an opportunistic human
pathogen that may cause infections with substantial

morbidity and mortality, particularly in patients with cystic
fibrosis, burns, and immunosuppression.1 This bacterium is
considered one of a group of six highly antibiotic-resistant
pathogens responsible for nosocomial infections (the ES-
KAPE pathogens, i.e., Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
P. aeruginosa, and Enterobacter species).2,3

P. aeruginosa produces a variety of virulence factors that
allow it to cause acute and chronic infections.4 The patho-
genesis of acute P. aeruginosa infections has implicated vir-
ulence factors such as exotoxin A (encoded by the toxA gene),
as the most toxic substance produced by P. aeruginosa, which
inhibits protein synthesis and induces apoptosis.5 Exotoxin A is
one of the main virulence factors secreted by P. aeruginosa,
which plays an important role in impeding wound healing.6

The pathogenesis of chronic P. aeruginosa infections is mainly
due to the capacity of this bacterium to form biofilms, which
are structured communities of sessile bacterial cells that are

encased in a self-produced matrix of extracellular polymeric
substances (EPS) comprising polysaccharides, proteins, and
extracellular DNA, during the infection process.7–9 Quorum
sensing, a cell-to-cell communication mechanism, plays a
major role in the biofilm development of many bacterial
pathogens such as P. aeruginosa; also, this mechanism plays a
critical role in the regulation of toxA (exotoxin A).10,11

Bacteria growing in a biofilm may evade host immune
defenses and become tolerant to concentrations of antimi-
crobials that eliminate free-swimming (planktonic) single
cells, so there is an urgent need to develop effective alter-
native therapeutic approaches that target biofilm-related
infections.12

Nanotechnology can be considered a new promising tool
to provide solutions for this problem. Some of the previ-
ously reported studies demonstrated that silver nanoparticles
can both prevent biofilm formation and disrupt existing
biofilm of P. aeruginosa.13,14 However, there are rare re-
ports about the potential application of other nanoparticles
against biofilms. Fullerenes (C60, C70, etc.) are carbon nano-
materials that, due to its unique carbon cage structure cou-
pled with immense scope for derivatization, have attracted
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significant attention in various biomedical fields, including
drug/gene delivery and antiviral, antibacterial, and antican-
cer agents.15–18 Chemical functionalization of fullerenes can
give derivatives with specific chemical and biological prop-
erties, compared to pristine fullerenes. According to previous
studies, sulfur-containing organic and inorganic compounds
appear to be a new class of molecules capable of killing
bacteria and inhibiting quorum sensing.19,20 Hereby, we
aimed to investigate the antibiofilm activity of sulfur-
functionalized fullerene (C60) nanoparticle derivative
against P. aeruginosa and analyze the effect of this nano-
particle on the expression of toxA gene.

Materials and Methods

Synthesis and characterization of sulfur-functionalized
fullerene nanoparticles

All the chemical reagents were from their analytical
grades. To fabricate the sulfur-functionalized fullerene nano-
particles (SFF Nps), briefly fullerene nanoparticles with
*99% purity were synthesized by chemical vapor deposi-
tion (CVD) method.21,22 For this purpose, acetylene (Pas-
baloon, Shiraz, Iran) was selected as the source of carbon in
an inert atmosphere of Ar/He (1:1, V/V; Linde, Germany) at
1,200�C inside quartz tubing situated in a tubing furnace. To
synthesize the fullerene, Fe nanoparticles acted as both the
catalyst and the solid support for the deposition of the car-
bon vapors. To synthesize the Fe nanoparticles, solution of
ferrocene (Merck, Germany) in toluene (Fluka analytical
grade, Germany) was prepared. To reach this aim, *15
weight percentage solution was prepared using ferrocene in
toluene. Also, around 1% (V/V) thiophene (Fluka), as a
sulfur source, was added to the solution for lengthening the
CVD-synthesized fullerene bucky balls.23

Size and morphology of the formed nanoparticles were
investigated by a scanning electron microscope (SEM). The
CVD-synthesized nanoparticles were characterized by X-ray
diffraction (XRD), Raman spectroscopy, and SEM. The
stock solution (8 mg/mL) of SFF Nps were prepared in
DMSO (4%) and stored at room temperature.

Bacterial strain and culture conditions

The microorganism used in this study was a multidrug-
resistant (MDR) strain of P. aeruginosa. This strain was a
clinical isolate recovered from a chronic wound and showed
resistance to the following antibiotics: norfloxacin (10 mg),
ciprofloxacin (5mg), imipenem (10mg), ceftazidime (30 mg),
and gentamicin (10mg). All of the synthetic antibiotic discs
were produced by Padtan Teb Company (Iran).

The strain was maintained by regular subculture on nu-
trient agar (NA; Merck, Germany) plates. To prepare inoc-
ulum, the test strain was grown aerobically overnight at
37�C on NA plates and then a suspension of strain was
prepared in sterile phosphate-buffered saline (PBS, pH 7.4)
to reach the turbidity of 0.5 McFarland (a concentration of
1.5 · 108 CFU/mL).24,25 Tryptic Soy Broth (TSB; Merck)
was used as the liquid medium for biofilm culture.

Biofilm formation assay

Biofilm was formed by growing the bacterium on poly-
styrene 96-well microtiter plates. Crystal violet assay was

used to quantify the formed biofilm. Overnight culture of
P. aeruginosa strain was diluted at 1:50 in the TSB supple-
mented with 0.2% glucose. Aliquots (200mL) of this cell
suspension were added to 6 wells of a 96-well flat-bottomed
sterile polystyrene microplate and incubated for 24 hr at 37�C.
After incubation, the medium was removed, and the wells
were washed twice with PBS (pH 7.4) to remove planktonic
cells. The attached bacteria remaining were fixed with 95%
ethanol for 10 min and then were stained with 0.4% crystal
violet for 15 min. Following the staining step, the wells were
rinsed several times with PBS and air dried. For the quanti-
tative estimation of biofilm density, crystal violet was solu-
bilized with 10% glacial acetic acid and absorbance of the
solubilized dye was read at 492 nm (optical density [OD] 492)
using a microplate reader (Hiperion MPR4+, Germany).26–28

Considering a low cutoff (ODc) defined as 3 · SD above
the mean OD of control wells (uninoculated wells con-
taining TSB), strain was classified into the following ca-
tegories: no biofilm producer (OD £ ODc), weak biofilm
producer (ODc < OD £2 · ODc), moderate biofilm pro-
ducer (2 · ODc < OD £4 · ODc), and strong biofilm pro-
ducer (4 · ODc < OD).25

Biofilm inhibition assay

The bacterial suspension with a turbidity equivalent to
a McFarland standard of 0.5 (corresponding to 1.5 · 108

CFU/mL) was diluted at 1:50 in TSB supplemented with
0.2% glucose. Aliquots (100 mL) of the diluted cell sus-
pension were inoculated into 96-well flat-bottomed sterile
polystyrene microplates. The SFF Nps were diluted (in TSB
supplied with 4% DMSO) twofold from a stock concentra-
tion of 4 mg/mL. One hundred microliters of the diluted SFF
Nps was then added to the suspension and incubated for
24 hr at 37�C. Appropriate controls were also included. In-
hibition of biofilm growth was quantified using the crystal
violet assay as described above, and the percentage of bio-
film inhibition was calculated as [1 - (OD492 of cells treated
with test agent/OD492 of untreated control)] · 100. The mini-
mum biofilm inhibitory concentration (MBIC) was defined
as the lowest concentration that inhibited at least 90% bio-
film formation.29,30 Experiments were performed in tripli-
cate.

Biofilm eradication assay

Minimum biofilm eradication concentration (MBEC) of
SFF Nps on cell viability in 24-hr and 4-day-old biofilms of
P. aeruginosa was determined by 2,3,5-triphenyltetrazolium
chloride (TTC) reduction assay.31

Biofilms were grown in 96-well microtiter plates as de-
scribed above using the culture medium TSB. Fresh TSB
medium was replenished daily to provide a constant sup-
ply of nutrients and to remove planktonic (nonadherent)
cells.25,32 On the first and fourth day, the growth medium
was carefully aspirated and the wells were washed twice
with fresh PBS (pH 7.4). Twofold serial dilutions (ranging
between 4 and 1 mg) of SFF Nps were prepared in TSB.
Then, 200mL of each concentration was added, and the plate
was incubated for 25 min (among different incubation times,
25 min as the minimum time required to eradicate the bio-
film was chosen for further studies [data not shown]) at
37�C. At the end of incubation, TTC was added at a final
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concentration of 0.005 mg/mL, and the plate was incubated
for 24 hr at 37�C. Surviving bacteria metabolize the TTC
and produce red formazan. After the incubation period,
absorbance was read at 492 nm using a microplate reader
(Hiperion MPR4+). The percentage of biofilm viability was
calculated as [1 - (OD492 of cells treated with test agent/
OD492 of untreated control)] · 100. The minimum biofilm
eradication concentration (MBEC) was defined as the low-
est concentration of SFF Nps that decreased biofilm viability
by at least 90%.33

Ultrastructural study on the antibiofilm activity of SFF
Nps by field emission electron scanning microscopy

The effect of the SFF Nps on preformed P. aeruginosa
biofilm was further evaluated by field emission electron
scanning microscopy (FESEM). At first, biofilms were
grown on the surface of sterile glass pieces (1 · 1 cm) placed
in 48-well microtiter plate. After 24 hr, the glass pieces were
rinsed twice with PBS to remove nonadherent cells. Pre-
formed biofilms were treated with one-half MBEC and
MBEC values of SFF Nps for 25 min at 37�C. Then, the
glass pieces containing the treated biofilm and control bio-
film (in the absence of nanoparticles) were washed with
sterile PBS and fixed with a glutaraldehyde solution (2.5%,
V/V) for 1 hr at 4�C.

Following fixation, the samples were washed with water
and dehydrated in a graded series of ethanol solutions (30%,
50%, 70%, 80%, 90%, and 100%; 15 min each step). Before
visualization, samples were freeze dried and then sputter
coated with gold. The surface morphology of biofilms was
visualized using a field emission scanning electron micro-
scope (HT7700; Hitachi, Tokyo, Japan) by selecting a
voltage of 15 kV.34

Isolation of bacterial RNA and reverse transcription

The effect of SFF Nps at sub-MBIC on the expression of
toxA gene was assessed by real-time PCR. For this purpose,
the strain was grown (under the same experimental condi-

tions as used for the biofilm formation assay) in the absence
or presence of SFF Nps at its one-half MBIC for 30 min and
24 hr at 37�C and then, bacterial cells were collected for
RNA extraction.

The bacterial RNA was isolated from 1 · 106 bacterial
cells. In brief, the cell culture was collected and centrifuged
to recover the bacterial cells, which were then resuspended
in 2 mL of cold PBS. RNA extraction was carried out on the
thawed samples according to the manufacturer’s protocol.
The precipitated RNA was resuspended in 30 mL DEPC
water and 1 mg of RNA was reverse transcribed with 200U
SuperScript� III Reverse Transcriptase (Invitrogen) for
60 min at 50�C using Oligo-dT in a 20 mL volume.

Real-time quantitative

PCR was performed using the Rotor gene Q (Qiagen) in
0.2 mL microtube using a final volume of 25 mL for toxA
gene primers (F: 5¢-TGCTGCACTACTCCATGGTC-3¢ and
R: 5¢-ATCGGTACCAGCCAGTTCAG-3¢). Amplifications
were performed starting with a 2-min activation step for
Amperase� UNG at 50�C, 10-min template denaturation
step at 95�C, followed by 40 cycles of 95�C for 15 sec and
60�C for 1 min.

Quantitative real-time PCR efficiency and intra-assay
and interassay variability

Quantitative real-time PCR was used to measure the RNA
transcription level of various candidate toxA genes. To
compare different RNA transcription levels, the Ct values
were compared directly. The Ct is defined as the number of
cycles needed for the fluorescence to reach a specific
threshold level of detection and is inversely correlated with
the amount of template nucleic acid present in the reaction.35

Statistical analysis

Comparisons between means of groups were analyzed
using the one-way ANOVA and post hoc Tukey tests.
p < 0.05 was considered statistically significant.

FIG. 1. SEM image of SFF
Nps. The image represents
the spherical shape of nano-
particles. SEM, scanning
electron microscope; SFF
Nps, sulfur-functionalized
fullerene nanoparticles.
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Results

Characterization of SFF Nps

The SEM image of the prepared nanoparticles is shown in
Fig. 1. As seen in the SEM image, SFF Nps are spherical in

shape and a large percentage of them are available in sizes
ranging from 60 to 110 nm in diameter.

Structural analyses of the SFF Nps were carried out
by Raman spectroscopy and XRD. The D- and G-bands
are clearly shown according to the Raman spectrum

FIG. 2. Raman spectrum of SFF Nps.

FIG. 3. XRD pattern of SFF Nps shows the characteristic peaks of sulfur and fullerene. XRD, X-ray diffraction.

4 DARABPOUR ET AL.
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(Fig. 2). According to the Raman spectrum, the defect
of the synthesized SFF Nps was estimated to around
0.83. In addition, the XRD pattern of the CVD-
synthesized SFF Nps shows the characteristic peaks of
sulfur and fullerene (Fig. 3), which is in good agree-
ment with the database of the sulfur- and carbon-based
materials.

Effects of SFF Nps on biofilm formation by MDR
P. aeruginosa cells

The microorganism used in this study was a strong
biofilm producer. The amount of biofilm produced by
MDR P. aeruginosa after 24 hr of growth in the presence

of SFF Nps was determined by crystal violet staining of the
adhered cells.

The results, which are presented in Fig. 4, showed that
SFF Nps were effective in preventing biofilm formation by
P. aeruginosa. SFF Nps significantly reduced biofilm for-
mation by 92.2% at a concentration of 1 mg/mL, considered
MBIC (Fig. 4) ( p < 0.5). However, SFF Nps at the lowest
tested concentration (0.125 mg/mL) did not significantly
inhibit biofilm formation.

Biofilm formation was reduced gradually with increasing
SFF Nps concentration, demonstrating that SFF Nps in-
hibited biofilm formation in a concentration-dependent
manner. In addition, it was observed that 4% DMSO did not
affect biofilm formation.

FIG. 4. Effect of different
concentrations of SFF Nps
on biofilm formation of
Pseudomonas aeruginosa
(24-hr-old biofilm). (A)
Photograph showing biofilms
grown with and without SFF
Nps after crystal violet
staining. (B) Quantification
of crystal violet dye attached
to the cells forming biofilms.
(C) Percentage inhibition of
P. aeruginosa biofilm grown
in the presence of different
concentrations of SFF Nps.
( p < 0.05 was considered
statistically significant).
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Effect of SFF Nps on viability of P. aeruginosa cells
in biofilm

We also studied the ability of SFF Nps to eliminate cells in
established biofilms (1- to 4-day old). TTC assay was used to
measure cell viability in biofilms with and without treatment.
The results showed that SFF Nps had significant antibiofilm
activity against P. aeruginosa even after aging (Fig. 5).

The MBEC of SFF Nps against 1- and 2-day-old
P. aeruginosa biofilm was 2 mg/mL, while this value against
older biofilms (3- and 4-day old) was 4 mg/mL (Fig. 5).

FESEM analysis of P. aeruginosa biofilm structure
after treatment with SFF Nps

We used FESEM to directly visualize the effects of SFF
Nps on P. aeruginosa biofilm structure and on the mor-
phology of the bacterial cells within the biofilms. The
control biofilm appeared as an intact structure consisting of
numerous cells connected by a substantial amount of ex-
tracellular matrix (Fig. 6A). After treatment with SFF Nps at
1 mg/mL (one-half the MBEC), it was observed that the
integrity of the biofilm structure was disrupted and bacterial

FIG. 5. Comparative susceptibil-
ity of P. aeruginosa biofilms of
different ages to SFF Nps. MBEC,
minimum biofilm eradication con-
centration.

FIG. 6. SEM images of P. aeruginosa biofilm. (A) SEM micrograph of a preformed biofilm without treatment, (B)
preformed biofilm after treatment with SFF Nps at 1 mg/mL (one-half the MBEC), (C) preformed biofilm after treatment
with SFF Nps at 2 mg/mL (MBEC), and (D) the lysis of P. aeruginosa cell after treatment of the biofilm with SFF Nps.
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cell densities within the biofilm also decreased significantly
(Fig. 6B). Biofilm of P. aeruginosa was completely eradi-
cated by exposure to 2 mg/mL (MBEC) (Fig. 6C). As shown
in Fig. 6D, the treated biofilm presented noticeable changes
in cell morphology.

Inhibitory effect of SFF Nps on the expression of toxA

The effect of SFF Nps on the expression of toxA as a
quorum sensing-regulated gene was measured by quantita-
tive real-time PCR. Our data showed that the gene-level
expression of toxA after 24-hr treatment with SFF Nps at
one-half MBIC was significantly decreased compared to the
untreated control group. However, after a 25-min treatment
with SFF Nps, there was no significant difference between
treated and untreated groups (Fig. 7).

Discussion

In recent years, nanoparticle-targeted antibiofilm therapy
has gained significant attention due to their unique chemical
and physical features. It has been reported that engineered
nanoparticles can be considered potentially powerful vehi-
cles to infiltrate into the EPS matrix, which acts as a barrier
for many antibiotics.36

Fullerene is a novel nanomaterial with promising appli-
cations in the field of biomedicine. This study was aimed to
develop SFF Nps to combat P. aeruginosa biofilm. Pre-
venting biofilm formation by pathogenic bacteria is criti-
cal in the fight against healthcare-associated infections.37 In
this study, the impact of SFF Nps on biofilm formation by
P. aeruginosa was determined performing the MBIC assay.

The results indicated that SFF Nps effectively prevented
the initiation of biofilm formation even at ¼ of the MBIC
value (by 51% biofilm inhibition), suggesting a strong in-
hibition of the bacterial adhesion (Fig. 4).

The exact mechanism of antimicrobial action of fullerene
is not known; however, three possible mechanisms have been
reported: (i) effect on respiratory chain, (ii) disruption of the
cell membrane structure, and (iii) interaction with membrane
lipids and intercalation into them.38 It seems that the mech-
anism of antibiofilm activity of SFF Nps is associated with
one or more than one of the above mechanisms. However,

further studies should be performed to identify the exact
mechanism of action of this nanoparticle against biofilm.

Biofilm eradication is a major challenge today to over-
come chronic infections. In this study, the impact that SFF
Nps had on preformed biofilms was also determined by
performing the MBEC assay (Fig. 5). The results show
that SFF Nps were effective against 24-hr-old biofilm of
P. aeruginosa; >90% of the biofilm was eradicated at con-
centrations of 2 mg/mL (MBEC value).

The MBEC (2 mg/mL) was found to be twofold higher
than MBIC (1 mg/mL). In general, MBEC is higher than
MBIC, which might be due to the protective role of the
extracellular matrix material of biofilms.39

The results also showed that the MBEC value of SFF Nps
against 1- and 4-day-old biofilms was 2 and 4 mg/mL, re-
spectively, indicating that bacteria in the older biofilms are
more robust and protected.40,41 In fact, due to increased
production of EPS in older biofilm compared with younger
biofilm, bacteria in older biofilm are more heavily encased
in extracellular matrix than bacteria in young biofilm, so
mature biofilm are less susceptible to antimicrobials than
immature biofilm.25 Meanwhile, a low ratio of MBEC value
of 4- to 1-day-old biofilm demonstrated that SFF Nps are
able to significantly eradicate P. aeruginosa in the biofilm
form even after aging. Consequently, this nanoparticle can
be effective against mature biofilms in chronic wounds.

FESEM analysis confirmed the findings obtained during
MBEC assay. As evident from the FESEM images shown in
Fig. 6, the initial dense layer of P. aeruginosa biofilm was
substantially reduced following the treatment with SFF Nps,
suggesting the good action of this nanoparticle against
preformed biofilms.

Real-time PCR analysis showed that toxA was down-
regulated after adding SFF Nps at sub-MBIC in the biofilm
formation. It is well known that the production of both
biofilm and exotoxin A is regulated by quorum-sensing
signals.11 Therefore, we speculated that SFF Nps might at-
tenuate P. aeruginosa biofilm formation by disturbing its
quorum-sensing system. However, further study is necessary
to determine the molecular mechanism by which SFF Nps
inhibit biofilm formation by P. aeruginosa.

Conclusion

In this study, we developed a novel fullerene derivative
(SFF Np derivative) and then, its antibiofilm efficacy was
assessed against P. aeruginosa. Furthermore, we analyzed
the effect of this nanoparticle on the expression of exotoxin
A (toxA) gene.

In summary, this study demonstrated that SFF Nps pos-
sessed great efficacy to inhibit P. aeruginosa biofilm for-
mation and are able to quickly and efficiently disrupt the
multilayered, three-dimensional biofilm architecture even
after aging, suggesting its potential use in chronic wound
healing. Also, considering the ability of SFF Nps to down-
regulate the expression of exotoxin A, this nanoparticle can
be used for treatment of acute P. aeruginosa infections such
as acute wound infection.
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