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Pseudomonas aeruginosa, an opportunistic human pathogen,
causes many biofilm-mediated chronic infections. In this study,
biofilm structures of various clinical strains of P. aeruginosa
isolated from hospitalized patients were examined and their
influence on the biofilm-dispersing effects of chemicals was
investigated. The clinical isolates formed structurally distinct
biofilms that could be classified into three different groups:
1) mushroom-like, 2) thin flat, and 3) thick flat structures.
A dispersion of these differently structured biofilms was in-
duced using two biofilm-dispersing agents, anthranilate and
sodium nitroprusside (SNP). Although both SNP and anthr-
anilate could disperse all types of biofilms, the thick flat bio-
films were dispersed less efficiently than the biofilms of other
structures. This suggests that biofilm-dispersing agents have
higher potency on the biofilms of porous structures than on
densely packed biofilms.
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Introduction

Pseudomonas aeruginosa is a ubiquitous Gram-negative op-
portunistic human pathogen that causes a range of infections
on the lungs, cornea, and burn wound sites, and the persis-
tent colonization of P. aeruginosa via biofilm formation often
aggravates many diseases in the human body, such as cystic
fibrosis, and causes considerable losses in many industrial fa-
cilities (Kumar and Anand, 1998; Costerton et al., 1999; Han-
cock and Speert, 2000; Willcox et al., 2008).

Most chronic infections by P. aeruginosa are closely related
to biofilm formation (Costerton et al., 1999). Biofilms are a
sessile life mode originating from the attached growth of
microbes on the surfaces, and biofilm formation provides
microbial cells with many advantages, such as easy uptake of
nutrients, protection from a physical force, and strong sur-
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vivability (Parsek and Greenberg, 2005; Kim and Lee, 2016).
In addition, biofilms are extremely resistant to antimicrobial
treatment and host immunity because they are embedded
in a matrix composed of extracellular polymeric substances
(EPS), such as polysaccharides, extracellular DNA (eDNA),
and proteins that protect the bacterial cells from environ-
mental stresses. Moreover, biofilm-mediated infections cause
persistent and prolonged chronic diseases (Karatan and Wat-
nick, 2009). Many indwelling medical devices have been shown
to harbor biofilms, resulting in an increase in device-related
nosocomial infections (Donlan, 2001). Therefore, the control
of biofilms is a very important issue in medicine, public
health, and industry. Thus far, a range of strategies have been
attempted to control biofilms, of which the induction of bio-
film dispersion is one of the most promising (Li and Lee,
2017).

A biofilm develops gradually from initially surface-attached
cells to a mature structured biofilm and the last developmental
stage is the dispersion of cells from the biofilm, which enables
the cells to move away and restart a new cycle of biofilm de-
velopment (Sauer et al., 2002; Kim and Lee, 2016). Biofilms
are harmful reservoirs of pathogens that threaten public
health because they release bacterial cells to environment con-
tinuously by repeating this cycle; the shed cells move to dis-
tal sites for further colonization. On the other hand, in terms
of biofilm elimination, it would be useful to artificially in-
duce biofilm dispersion. In P. aeruginosa, biofilm dispersion
is regulated by various intracellular or environmental factors,
such as nutritional condition, production of biosurfactants,
cell-to-cell signaling, iron availability, and intracellular level
of cyclic diguanylate (c-di-GMP), which is a critical signal
molecule that regulates the transition between biofilm and
planktonic life modes (Sauer et al., 2004; Simm et al., 2004;
Banin et al., 2006; Schleheck et al., 2009; Kim and Lee, 2016).
Recent studies have shown that biofilm dispersion can be
induced artificially by a treatment with chemicals, such as
matrix-degrading enzymes, nitric oxide (NO)-generators, and
anthranilate (Li and Lee, 2017). For example, the treatment
of P. aeruginosa biofilms with sodium nitroprusside (SNP),
a NO generator, decreased the c-di-GMP level and induced
biofilm dispersion (Barraud et al., 2009). Anthranilate has
also been reported to induce the dispersion of pre-formed
bacterial biofilms by reducing c-di-GMP and modifying ex-
tracellular polysaccharide production and motility (Kim et
al., 2015; Liet al., 2017).

Because these results for biofilm dispersion have mostly been
obtained from standard laboratory strains, it is unclear if these
biofilm-dispersing agents can actually be applied to diverse
biofilms of strains detected in the environment or clinics.
Indeed, previous studies have shown that the clinical isolates



of P. aeruginosa produce different amounts of biofilm de-
spite having identical genomic profiles and highly diverse
biofilms in biomass, morphology, and drug-resistance (Head
and Yu, 2004; Lee et al., 2005; Lima et al., 2017). In this study,
P. aeruginosa clinical isolates were also found to form struc-
turally diverse biofilms (Fig. 1). Therefore, this study examined
whether two biofilm-dispersing agents, anthranilate and SNP,
can effectively inhibit biofilm formation in P. aeruginosa
clinical isolates that form structurally distinct biofilms. These
results showed that although both SNP and anthranilate
could disperse all types of biofilm, the thick flat biofilms were
dispersed less efficiently, suggesting that biofilm-dispersing
agents have better potency on biofilms with a porous struc-
ture than on densely packed biofilms.
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Materials and Methods

Bacterial strains and culture conditions

The P. aeruginosa clinical strains used in this study were
isolated from Korean patients in the Pusan Paik Hospital,
Busan, South Korea (Jung et al., 2010). Five clinical isolates
were selected according to their biofilm structure, and
PAOI1 (wild type), Dpel mutant, and DwspF mutant of P.
aeruginosa were used as the reference strains (Table 1). All
P. aeruginosa strains were grown in Luria-Bertani broth
(LB; yeast 5 g/L, bacto-tryptone 10 g/L, NaCl 5 g/L) at 37°C
with vigorous shaking. Growth was measured by the optical
density at 600 nm (ODgq).

Fig. 1. Different biofilm structures of P. aeruginosa
clinical isolates. (A) clinical isolates (J202, J16, J108,
J153, and J161) of P. aeruginosa and a control strain
(PAO1) were grown to form a biofilm for 6 days in
a flow-cell and then stained with 0.1% SYTO 9 to
allow CLSM observations. The biofilm images are
presented with views from the top and two cross
sections, respectively. The biofilms were classified as
mushroom-like structured (structured), thick flat, and
thin flat. (B) biofilm formation by the clinical isolates
J202 was measured using a static biofilm assay in 96-well
plates after a treatment with either 0.1 mM anthranilate
(AA) or 5 uM SNP. P-values, * < 0.05; ** < 0.005;
< 0.0005.
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Table 1. List of strains
Strains Characteristics

Source or Reference
Pearson et al. (1997)

PAOl1  P. aeruginosa wild type

J202 P. aeruginosa clinical isolate Jung et al. (2010)
J16 P. aeruginosa clinical isolate Jung et al. (2010)
J108 P. aeruginosa clinical isolate Jung et al. (2010)
J153 P. aeruginosa clinical isolate Jung et al. (2010)
J161 P. aeruginosa clinical isolate Jung et al. (2010)
Dpel In-frame deletion of pelA Chung et al. (2008)
DwspF  In-frame deletion of wspF Chung et al. (2008)

Static biofilm assay

A static biofilm assay was carried out, as described else-
where (Kim et al., 2015). Briefly, P. aeruginosa strains were
grown to ODso = 3 in LB broth and diluted to ODsoo = 0.06
in fresh M63 medium [M63 salt (KH,PO, 12 g/L, K;HPO4
28 g/L, NH4SO,4 8 g/L), 1 mM MgSOy4, 0.5% casamino acid,
0.2% citrate] on 96-well polystyrene plates. Anthranilate or
SNP was added at 0.1 mM or 5 uM, respectively, and then
incubated at 37°C for 24 h without shaking. After measuring
cell growth by the ODggo, the planktonic cells were poured
out and the plate was washed with water and dried. Subse-
quently, 180 pl of crystal violet (0.1%, w/v) was added to each
well and incubated for 7 min to stain the biofilms attached
to the well surface. After a brief wash, the biofilm-stained
crystal violet was dissolved in 200 pl of absolute ethanol.
The absorbance was then measured at 600 nm (Agp) to de-
termine the amount of crystal violet, which was normalized
to cell growth (ODeoo).

Biofilm formation in flow-cell system

For flow-cell biofilm formation, P. aeruginosa cells were
grown overnight and diluted to ODgg = 0.1 in LB, 200 pl of
which was injected into a flow-cell chamber (2 mm x 2 mm
x 50 mm). Initially, the cells were incubated for 1 h in the
absence of flow to allow attachment and 1% tryptic soy broth
(Bacto™ Tryptic Soy Broth, BD) was then flowed through
the flow-cell chamber at 200 pl/min. To determine the bio-
film structure, biofilms in the flow-cell were grown for 5-6
days at room temperature and visualized by 10 min-stain-
ing with 0.1% SYTO 9 (Life Technologies). For biofilm dis-
persion analysis, the biofilms were formed for 5 days in a
flow-cell without an anthranilate or SNP treatment, and the
pre-formed biofilms were treated with 0.1 mM anthranilate
or 5 uM SNP for 1 day or 90 min, respectively (Barraud et
al., 2009; Kim et al., 2015; Li et al., 2017). The biofilm of the
AwspF mutant was grown for two different times, 4-5 days
for the intermediate structure and 6 days for the fully grown
structures, and anthranilate or SNP was then added. The bio-
films were then stained with SYTO 9 (Jung et al., 2015; Li et
al., 2017) and observed by confocal microscopy.

Biofilm imaging and quantification

Biofilm images were obtained using confocal laser scanning
microscopy (CLSM; Olympus, FV1000) after SYTO 9-staining.
The excitation and emission wavelengths were 488 nm and
500 nm, respectively. Three-dimensional images of the bio-

films were reconstructed from plane images using Bitplane
Imaris 6.3.1 image analysis software. Quantification of the
biofilms was performed using AutoQuant software.

Statistical analysis

The data were analyzed statistically using a student’s t-test
(two-sample assuming equal variances) in MS office Excel
(Microsoft). A P-value < 0.05 was considered significant.

Results

Clinical isolates formed structurally distinct biofilms

In a previous study, a number of P. aeruginosa clinical strains
were analyzed isolated; 74 of them were analyzed for viru-
lence-related phenotypes, including biofilm-forming ability
(Jung et al., 2010). The results showed that these clinical iso-
lates have different abilities for biofilm formation and their
biofilms can be structurally diverse. To better characterize
the biofilm architecture, the biofilm structures of the clinical
isolates were examined in a flow-cell system, which showed
that the biofilm structure was divided largely into three types:
mushroom-like structured, thick flat, and thin flat biofilms
(Fig. 1A). To determine the efficacy of biofilm dispersing
agents on these biofilms with different structures, two strains
for each structural type of biofilm were selected: wild type
PAO1 and J202 for the structured biofilm, J16 and J108 for
the thin flat biofilm, and J161 and J153 for the thick flat bio-
film. The biofilm of the J202 strain exhibited a mushroom-
like structure and was similar to that of PAO1, whereas the
J16 and J108 strains formed flat and thin biofilms (Fig. 1A).
The biofilms of the J161 and J153 strains were also flat but
much thicker than those of J16 and J108 (Fig. 1A).

Biofilm formation by the P. aeruginosa clinical strains was
inhibited by biofilm-dispersing agents to a different extent
depending on their structure

After confirming the biofilm structures of the clinical isolates,
biofilm inhibition was examined using two biofilm-dispers-
ing agents, anthranilate and SNP, in the absence of shear
force. When the clinical isolates were incubated in a static
biofilm system and treated with either anthranilate or SNP,
the structured and thin flat biofilms formed by PAO1, J202,
J16, and J108 were well inhibited (Fig. 1B). The anthranilate
treatment reduced the J202, J16, and J108 biofilm masses
by 88.0%, 94.3%, and 44.9%, respectively, and SNP reduced
the corresponding biofilm masses by 55.9%, 74.3%, and
54.0% (Fig. 1B). The biofilm formation of wild type PAO1
was decreased by 33.0% and 43.9% with the anthranilate and
SNP treatments, respectively (Fig. 1B). On the other hand,
the thick flat biofilms of J153 and J161 were either not in-
hibited or less inhibited by these dispersing agents. Anthr-
anilate failed to reduce the biofilm mass of J153 and J161 in
the static system (Fig. 1B). SNP also failed to reduce the bio-
film mass of J153, whereas it could reduce the biofilm mass
of J161 by 58.4% (Fig. 1B). This suggests that the biofilm-dis-
persing agents may work less efficiently in thick flat biofilms.
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Fig. 2. Dispersion of mushroom-structured
biofilms by anthranilate or SNP in a flow cell
system. (A) the structured biofilms of PAO1
and J202 were formed for 5 days, and then
treated with 0.1 mM anthranilate (AA) or
5 uM SNP for 1 day or 90 min, respectively.
The remaining biofilms were stained with
0.1% SYTO 9 and observed by CLSM. (B)
the fluorescence intensity was quantified us-
ing AutoQuant software and is reported as
a relative value (untreated = 100%). P-values,
*<0.05; ** < 0.005; ** < 0.0005.
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J202

and thick flat) was formed in a flow-cell system for 5 days
and the pre-formed biofilms were treated with either an-
thranilate or SNP. The structured PAO1 and J202 biofilms
were well dispersed by both anthranilate and SNP. Anthr-
anilate reduced the PAO1 and J202 biofilm mass by 49.0%
and 68.8%, respectively (Fig. 2). SNP dispersed them effici-
ently with 60.8% and 78.1% of the PAO1 and J202 biofilms

Fig. 3. Dispersion of the thin flat biofilms in
a flow cell system. (A) thin flat biofilms of
J16 and J108 were formed for 5 days and then
treated with either 0.1 mM anthranilate (AA)
or 5 uM SNP for 1 day or 90 min, respecti-
vely. The remaining biofilms were stained
and observed by CLSM. (B) the fluorescence
intensity was quantified and is reported as
a relative value. P-value, *** < 0.0005.
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being removed, respectively (Fig. 2). The thin flat biofilms of
J16 and J108 were removed more efficiently by dispersion.
Anthranilate removed 60.3% and 45.8% of the J16 and J108
biofilm mass, respectively (Fig. 3). SNP removed 71.3% and
70.9% of the pre-formed J16 and J108 biofilms, respectively
(Fig. 3).

Unlike the static biofilm system, in a flow-cell system with
a shear force, thick flat biofilms were usually dispersed by
these agents but to a lesser extent. When the thick flat J153
and J161 biofilms were pre-formed and treated with either
anthranilate or SNP, anthranilate decreased the J153 and
J161 biofilm mass by 27.2% and 36.8%, respectively, and SNP
reduced the J161 biofilm mass by 62.2% but failed to reduce
the J153 biofilm mass (Fig. 4). These flow-cell results also sug-
gest that although the shear force can somehow help induce
dispersion, the dispersing effect by anthranilate and SNP is
still less efficient in the thick flat biofilm structure.

Differential effects due to structure were also observed in the
mutant strains of a known structure

P. aeruginosa mutant strains, which form biofilms similar
in structure to the structural types above, were prepared to
confirm the influence of the biofilm structure on the dis-
persing effect. A mutation of the wspF gene of P. aeruginosa
resulted in the activation of diguanylate synthase and an in-
crease in intracellular c-d-GMP levels, which causes the wspF
mutant to form a thick flat biofilm (Hickman et al., 2005).
The pel gene of P. aeruginosa encodes Pel, an extracellular
polysaccharide that functions as a mature biofilm, and the
pel mutant forms a thin flat biofilm (Colvin et al., 2011). The
biofilm structures of the wspF and pel mutants were tested
and their thick flat and thin flat biofilm structures, respec-
tively, were confirmed (Fig. 5). On the other hand, while the
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wspF mutant formed a thick flat biofilm when fully grown,
until then, the intermediate form of biofilm had a slight mush-
room shape (Fig. 5). In the early stages, a valley-like structure
is formed temporally between the mushroom stalks, but the
valleys are filled with excess extracellular polysaccharide as
the biofilm grows because the wspF mutant produces a high
level of extracellular polysaccharides (Hickman et al., 2005).

Therefore, the wspF mutant was grown for different times
to form two different biofilm structures and the intermediate
mushroom-structured and fully grown thick flat biofilms
were prepared. A thin flat biofilm was also prepared with the
pel mutant and the pre-formed biofilms were treated with
anthranilate and SNP. Anthranilate dispersed the pre-formed
intermediate biofilm of the wspF mutant by 28.4% and the
pre-formed thin flat biofilm of the pel mutant by 68.3% (Fig.
5A and B). SNP also dispersed the intermediate biofilm of the
wspF mutant by 37.6% and the thin flat biofilm of the pel
mutant by 74.2% (Fig. 5A and B). On the other hand, the
fully grown thick flat biofilm of wspF mutant was less dis-
persed by anthranilate and SNP, where biofilm reduction
was 18.3% and 13.7%, respectively (Fig. 5A and B).

To compare the biofilm dispersion efficiency depending
on the biofilm structure, the biofilm mass reduction rate by
biofilm dispersion was averaged according to the biofilm
structure. When all the biofilm mass reductions by anthr-
anilate and SNP measured in a flow-cell system were com-
bined, the degree of biofilm dispersion was significantly dif-
ferent according to the biofilm structure, as shown in Fig. 6,
in which the thick flat biofilms were less dispersed by the
biofilm-dispersing agents. Overall, these results suggest that
anthranilate and SNP can disperse biofilms of various P.
aeruginosa clinical strains, but there is a difference in the dis-
persing effectiveness depending on the structure of the bio-

Fig. 4. Dispersion of the thick flat biofilms.
(A) thick flat biofilms of J153 and J161
were formed for 5 days and treated with ei-
ther 0.1 mM anthranilate (AA) or 5 uM
SNP for 1 day or 90 min. The remaining bio-
films were stained and observed by CLSM.
(B) the fluorescence intensity was quanti-
fied and is reported as a relative value. P-
values, * < 0.05; ** < 0.005; *** < 0.0005.
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Fig. 6. Dispersion efficiency depending on the biofilm structure. The bio-
film mass reduction rate by biofilm dispersion was averaged according to
the biofilm structure. All the biofilm mass reductions by anthranilate and
SNP measured in a flow-cell system were combined and the dispersion
efficiency was calculated as the percentage reduction in biofilm mass
(100 x [(non-treated biofilm mass - treated biofilm mass) / non-treated
biofilm mass]). P-value, * < 0.05
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Fig. 5. Dispersion of the mutant strains with
known biofilm structures. (A) pel and wspF
mutants (Apel and AwspF) were grown in a
flow-cell system to form biofilms. The pel
mutant was grown for 5 days and treated
with either 0.1 mM anthranilate (AA) or 5
UM SNP for 1 day or 90 min, respectively.
The wspF mutant was grown for 6 days to
form a fully grown biofilm but grown for a
shorter time (4-5 days) to form an inter-
mediate biofilm. These biofilms were then
treated with 0.1 mM anthranilate or 5 uM
SNP for 1 day or 90 min, respectively. After
treatment, the biofilms were stained with
SYTO 9 and observed by CLSM. (B) the flu-
orescence intensity was quantified and given
as a relative value. P-values, ** < 0.005; ***
< 0.0005.

AWSpF

(fully grown)

film; they have a better effect on biofilms with a porous struc-
ture than densely packed biofilms.

Discussion

The P. aeruginosa clinical strains isolated from patients pro-
duced several different types of biofilm structures. Although
the biofilm of P. aeruginosa has a mushroom-like structure
and is regarded as a universal biofilm model, the flat bio-
film of P. aeruginosa has been reported to be formed under
some conditions (Klausen et al., 2003; Kirisits and Parsek,
2006; Kim and Lee, 2016). Attention has been paid to this
difference in biofilm structures, in which the biofilm struc-
tures have been classified into two types, “structured” and
“flat”, based on laboratory studies, and it has been suggested
that there is a link between the structure and physiological
properties of biofilms (Kirisits and Parsek, 2006). The flat bio-
films were thought to be more susceptible to antimicrobials,
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but no studies have examined the physiological differences
among thick flat, thin flat, and structured biofilms that the
authors are aware of. In this study, an attempt was made to
identify the differences in artificially induced biofilm dis-
persions according to the biofilm structure using clinical
strains of P. aeruginosa. Why these clinical strains form bio-
films with different structures is unclear. The most likely rea-
son is the difference in extracellular polysaccharide produc-
tion. To determine whether there is a difference in the extra-
cellular polysaccharide production among the clinical strains,
the extracellular polysaccharide was stained with Congo red
which can bind to a wide range of polysaccharides (Spiers
et al., 2003; Ghafoor et al., 2011; Jung et al., 2015; Li et al.,
2017). Although this Congo red staining showed some dif-
ference in the extracellular polysaccharide production among
the clinical strains, it did not show a significant correlation
with the biofilm structure (data not shown). We believe that
the biofilm structure is the result of comprehensive involve-
ment of various factors as well as extracellular polysaccha-
rides.

Biofilm development is regulated in several stages and dis-
persion normally takes place at the final stage, in which the
bacteria actively escape from the biofilm matrix and return
to their free planktonic life mode (Kim and Lee, 2016). On the
other hand, the induction of a biofilm dispersion is consid-
ered a promising method for eradicating harmful biofilms
because it can be induced artificially at any point in time us-
ing biofilm-dispersing agents. The problem with using dis-
persion for biofilm control is that biofilms found in clinics
and the environment are quite diverse and have unique struc-
tural and physiological properties (Head and Yu, 2004; Lee
et al., 2005; Lima et al., 2017). Moreover, it is unclear whether
knowledge of the effectiveness of biofilm-dispersing agents
obtained from a laboratory strain can actually be applied to
clinical biofilms. For this reason, in this study, the biofilm-
dispersing abilities of anthranilate and SNP were evaluated
using P. aeruginosa clinical isolates of diverse biofilm struc-
tures. When three distinct structural types of biofilm were
treated with anthranilate or SNP, while all types could be dis-
persed, the thick flat biofilm of the clinical strains was less
dispersed than the biofilms with mushroom-like or thin flat
structures. Although it is unclear whether there is an intrinsic
difference in the biofilm physiology of P. aeruginosa clinical
isolates, these results show that the dispersion efficiency of
biofilm-dispersing agents is affected to some extent by the
biofilm structure. Because thick flat biofilms are not as porous
as mushroom-like structured biofilms, anthranilate and SNP
barely penetrate the thick flat biofilms, which suggests that
extracellular polysaccharides in the biofilm block the pene-
tration of antimicrobials and confer resistance to biofilms
(Davies, 2003).
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