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Abstract: We carried out a comprehensive overview of inhibitory effects of selected antibiotics
on planktonic and biofilm cells of Staphylococcus aureus (ATCC 29213) and Pseudomonas
aeruginosa (ATCC 27853) strains. The possible involvement of protease activity and the
lipopolysaccharide (LPS) profile of P aeruginosa were also analyzed. Biofilm cells of both
strains were more resistant to antibiotics than their planktonic counterparts. Protease activity
was increased in both strains in the biofilm forms. Challenge with sublethal doses of antibiotics
also increased proteolytic activity of biofilm cells. Additionally, the LPS profile of P aeruginosa
showed pattern alterations of the biofilm that can contribute to biofilm resistance and survival.
These observations provide evidence for the involvement of bacterial proteolytic activity and
LPS profile in the resistance of biofilm bacteria to antibiotics compared to their planktonic
counterparts.

Keywords: biofilm, Pseudomonas aeruginosa, Staphylococcus aureus, proteolytic activity,
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Many pathogenic and commensal bacteria are capable of transitioning between
lifestyles in the environment and the human host.! These bacteria must be able to
adapt to sudden shifts in availability of nutrients and to primary and secondary host
immune defenses.? One particularly important and clinically relevant example of
bacterial adaptation is the ability to grow as biofilms.>*

Biofilms, a surface-associated bacterial community, are complex and ordered
bacterial societies that are capable of growing in connection with different biological
or inert surfaces.! The major clinical consequence of different disease-causing bacteria
correlates with the problems of therapeutic killing of attached cells.® Biofilms are
commonly associated with many health problems, such as endocarditis, otitis media,
periodontitis, prostatitis, and urinary tract infections.”!° Several bacteria, such as
Escherichia coli, Staphylococcus aureus, Haemophilus influenza, and Pseudomonas
aeruginosa, can form biofilms in the body tissues, leading to different infections.'*'2
It has been estimated that biofilms account for two-thirds of the bacterial infections
that physicians encounter, particularly in immunocompromised patients. '

Antibiotics have been used to treat patients with infectious diseases. They target
important bacterial structures and cellular pathways, such as the cell wall, DNA, RNA,
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protein synthesis machinery, and bacterial metabolism.'
However, uncontrolled or long-term use of antibiotics results in
the adaptation and development of resistance leading to treatment
failure, prolonged or additional hospitalization, increased costs
of care, and increased mortality.!"'> The mechanism of resistance
of microbial biofilms to antibiotics is not clear. However, it seems
to be multifactorial and may vary from one organism to another. '¢
In this study we investigated the possible involvement of
proteolytic activity and lipopolysaccharides (LPSs) in increased
resistance to antibiotics during the biofilm state.

Materials and methods

Bacterial strains and culture

Pseudomonas aeruginosa (ATCC 27853) and S. aureus
(ATCC 29213) strains were obtained from the American
type culture collection and cultivated on Mueller Hinton agar
(Becton Dickinson and Company, Cockeysville, MD, USA)
for 24 hours at 37°C under standardized aseptic conditions.

Antimicrobial agents

The following antimicrobial agents were used for susceptibility
testing against S. aureus: cefaclor (cephalosporins) at a
concentration of (32 pg/mL), amoxicillin (aminoglycosides;
32 ug/mL), cotrimoxazole (sulfonamides/folic acid antagonists;
32 ug/mL), and ciprofloxacin (fluoroquinolones; 0.125 pg/
mL). We used amikacin (aminoglycosides, 0.25 pg/mL) and
cotrimoxazole (32 pg/mL), ciprofloxacin (0.0625 pg/mL), and
ceftazidime (32 pug/mL) (cephalosporins) for susceptibility
testing against P aeruginosa. All antibiotics were used as raw
material, and purchased from Sigma-Aldrich, MI, USA.

Bacterial culture

Staphylococcus aureus and P aeruginosa biofilms were
developed as previously described'” under standardized aseptic
conditions. Briefly, 100 uL of bacterial suspension from each
strain was cultivated in polypropylene tubes containing 2 mL
of trypticase soy broth (TSB) supplemented with 1% glucose
(Becton Dickinson and Company, Cockeysville, MD, USA)
for 48 hours at 37°C. Culture media was refreshed after
24 hours of incubation. After 48 hours of incubation, biofilm
cells were harvested by discarding the culture media and
washing the tubes three times with phosphate buffer saline
(PBS; pH 7.2) to remove nonadherent bacteria; the adhered
cells were then harvested by vortex and centrifugation. The
pellet was suspended in PBS (pH 7.2) to achieve the desired
turbidity (comparable to a McFarland turbidity standard of 0.5).
Screening for biofilm formation was achieved as previously
described.'® Briefly, after being emptied from their content,

culture tubes were stained with trypan blue or safranin.
Biofilms were judged by the appearance of a visible film
lining the walls of the tube. Observations were carried out
by three independent observers. Biofilms were scored as
absent (score 0), weak (score 1), moderate (score 2), or strong
(score 3). Average scores were used.

Determination of minimum inhibitory
concentrations (MICs) of antibiotics

for planktonic and biofilm cells

The MIC values of both S. aureus and P aeruginosa
planktonic and biofilm cells were tested against selected
antibiotics. MICs were determined by using the broth
macrodilution method.'” Briefly, 100 UL of adjusted bacterial
suspensions equivalent to a 0.5 McFarland standard were
added to a twofold serial dilution of selected antibiotics
diluted in Mueller Hinton broth. The results were observed
after 24 hours of incubation at 37°C. The lowest concentration
of antibiotic needed to inhibit microbial growth compared
to the control culture was defined as the MIC. Tests were
performed in triplicate for each antibiotic.

Influence of sub-MICs of selected

antibiotics on biofilm cells

To determine the effects of sub-MICs of antibiotics on
S. aureus and P aeruginosa biofilms, 100 UL of a bacterial
biofilm suspension was added to TSB (supplemented with
1% glucose) containing sub-MICs of each antibiotic (for
S. aureus: ciprofloxacin 32 pg/ml, cotrimoxazole 32 pg/ml,
cefaclor 32 pg/ml, amoxicillin 32 pg/ml; and for P aeruginosa:
ciprofloxacin 8 pug/ml, amikacin 0.003 pg/ml, ceftazidime
32 pg/ml), and the suspension + antibiotic was then incubated at
37°C for 24 hours. After incubation, the antibiotics were removed
by washing the tubes three times, and the cells were pelleted for
further investigation.

Proteolytic activity assay

Total protease activity of S. aureus and P aeruginosa in
planktonic and biofilm cells was determined by the azocasein
assay.”’ Briefly, media from each bacterial strain (30 mL) was
added to 50 mL azocasein substrate (2% azocasein (Sigma-
Aldrich, MI, USA) in 10 mM Tris HCI, § mM CaCl2, pH 7.4).
The reaction mixture was incubated for 20 hours. Thereafter,
240 mL 10% trichloroacetic acid was added, and the samples
were mixed and allowed to stand for 15 minutes to ensure
complete precipitation of undigested material. Tubes were
centrifuged at 10,600 xg for 10 minutes, and 240 mL of the
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supernatant was transferred to tubes containing 280 mL 1.0
M NaOH. The absorbance at 440 nm was determined against
a blank tube. One unit of enzyme activity corresponds to the
absorbance at maximal digestion of 1 mg azocasein/hour.”!
The protease activity was expressed as units/10° bacteria/
hour.?

LPS extraction and analysis

We followed the LPS extraction kit guidelines (Intron
Biotechnology, Kyungki-Do, Republic of Korea) to extract
LPSs from P aeruginosa planktonic and biofilm cells and
biofilms induced with sub-MICs of antibiotics. The LPS
profile was then determined using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) comprising
a 4% stacking gel and a 12% separation gel.> The LPS gel
was then fixed and stained according to the method of Tsai
and Frasch.?

Statistical analysis

Analysis was performed using GraphPad Prism software
(version 4.0; GraphPad Software, Inc, La Jolla, CA).
One-way analyses of variance followed by Dunnett’s post
hoc test were used to determine any statistically significant
difference. A P-value < 0.05 was considered significant.

Results
The MIC values of selected antibiotics against S. aureus and
P, aeruginosa biofilm and planktonic cells were determined
(Tables S1 and S2). The MIC values of biofilms were
generally higher than their planktonic counterparts.

We determined protease activity of S. aureus and
P, aeruginosa in order to evaluate the possible involvement
of proteolytic activity in the resistance of the biofilm form of
bacteria (Tables 1 and 2). Results demonstrated that control
biofilm had significantly higher proteolytic activity than its

Table | Protease activity of Staphylococcus aureus cells

Samples Proteolytic activity
(units/10¢ bacteria/
hour)

Planktonic 2.00£0.33

Biofilm 3.34 £ 0.55*

Biofilm treated with (1/4) MIC of ciprofloxacin ~ 2.44 + 0.40

Biofilm treated with (1/32) MIC of cefaclor 2.88 +0.43

Biofilm treated with (1/8 ) MIC of cotrimoxazole 3.56 + 0.65*

Biofilm treated with (1/16) MIC of amoxicillin 6.44 + 0.57*

Notes: n = 4 experiments. *indicates significant difference from the planktonic
group at P < 0.05.
Abbreviation: MIC, minimum inhibitory concentration.

Table 2 Protease activity of Pseudomonas aeruginosa cells

Samples Proteolytic activity
(units/10° bacteria/
hour)

Planktonic 2.89 +0.47

Biofilm 4.44 £ 0.38*

Biofilm treated with (1/8) MIC of ciprofloxacin ~ 5.33 + 0.46*

Biofilm treated with (1/8) MIC amikacin 5.78 £0.61*

Biofilm treated with (1/8) MIC ceftazidime 5.10 + 0.44*

Notes: n = 4 experiments. *indicates significant difference from the planktonic
group at P < 0.05.
Abbreviation: MIC, minimum inhibitory concentration.

planktonic counterpart. When biofilms cells were exposed to
sub-MICs of selected antibiotics, most showed a slight but
not significant increase in their proteolytic activity.

LPSs of the P aeruginosa cell membrane also have
an essential barrier function and directly affect bacterial
susceptibility for antibiotics.?* We therefore analyzed
the LPS profile by SDS-PAGE and silver stain. LPSs
displayed a ladder-like pattern of bands with the slower
migrating band of the LPS extract in the O-antigen region
and the faster band in the lipid A region (Figure 1). In
comparison to planktonic cells, biofilm-forming cells
showed a different LPS profile; the faster migrating band
(lipid A) had an increased staining intensity and a slightly
decreased number of bands in the O-antigen region. In the
presence of (1/8) MIC of ceftazidime, the number of bands
in the O-antigen region increased and the faster migrating
band (lipid A) decreased to being barely observable when
compared with the control biofilm. For (1/4) MIC of
ciprofloxacin and (1/8) MIC of amikacin, the number of
bands in the O-antigen region decreased slightly and lipid
A intensity increased.

O-antigen
region

] - D

Figure | Electrophoretic profile of LPS of Pseudomonas aeruginosa.

Notes: Lane |, LPS extracted from biofilm cells; lane 2, LPS extracted from planktonic
cells; lane 3, LPS extracted from biofilm cells treated with (1/8) MIC of ceftazidime;
lane 4, LPS extracted from biofilm cells treated with (1/4) MIC of ciprofloxacin;
lane 5, LPS extracted from biofilm cells treated with (1/8) MIC of amikacin.
Abbreviations: LPS, lipopolysaccharide; MIC, minimum inhibitory concentration.
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Discussion

Biofilm forms of bacteria are responsible for a variety
of life-threatening infections. They have the ability to
resist attack by host defenses and show resistance to
most antibiotics.?>?** A wide range of pathogens, such as
P, aeruginosa and S. aureus, are capable of forming biofilms.
Both bacterial types are medically significant microbes
and can cause implant and prosthetic device infections.
Thus, assessment of possible mechanisms for antibiotic
resistance in their biofilm form is critical.

Results of this study showed that proteolytic activity
increases when bacteria switch from a planktonic to biofilm
phenotype. This indicates that biofilms are more virulent
and have a greater ability to cause tissue destruction, which
correlates with the conclusions of previous studies.?’ %
Additionally, the proteolytic potential slightly increased
when biofilms were exposed to sublethal concentrations
of selected antibiotics. This possibly explains results of
clinical studies that show increased severity of disease when
subtherapeutic doses or inadequate duration of antibiotics
are used.’*3

LPSs are a major constituent of the P aeruginosa
membrane, and changes observed in membrane structure may
result in changes to the antibiotic permeability barrier.>*3
For example, the presence of full-length O-antigen renders
the LPS smooth, whereas absence or reduction of O-antigen
makes the LPS rough. This represents a bacterial shift from
an acute to chronic lifestyle, leading to increased persistence
of bacteria and a consequent high relapse of disease.*® Results
of our study showed decreased O-antigen and increased
lipid A in biofilm-forming cells compared to planktonic cells,
indicating a phenotypic switch in the LPSs from a smooth
form to a rough form.*’

Apart from an LPS role in resistance, LPSs are generally
considered endotoxins.*® Accordingly, the increased virulence
of P aeruginosa biofilms compared to the planktonic form
could be related to an increase in lipid A. In the LPS pattern of
P, aeruginosa-treated biofilms, lipid A expression in biofilms
exposed to amikacin and ciprofloxacin was up-regulated
compared to untreated biofilms. These changes in LPS
expression indicate that antibiotic-exposed biofilms had more
virulence potential than untreated biofilms. Further studies
are required to elucidate the mechanisms by which these
antibiotics induce changes in LPSs.

In this study we investigated the effect of certain
antibiotics on proteolytic activity of P aeruginosa and S.
aureus and/or membrane LPSs of P aeruginosa. We chose
antibiotics that are most commonly used for the treatment

of infections by these two bacterial strains. Future work
could cover other important antibiotics and also commonly
used antibiotics, such as vancomycin and aztreonam.
Studies should also address the possibility of membrane
protein involvement in increased virulence of biofilms,
especially when challenged with sublethal concentrations
of antibiotics.

Collectively, the antibiotic susceptibility results presented
in this study showed that biofilms are more tolerant to
antimicrobial agents than planktonic forms. Biofilms
(control and treated strains) revealed changes in proteolytic
activity and LPS patterns that may result in antibiotic
resistance. A decrease in O-antigen bands of LPSs could be
a mechanism that helps biofilms evade the immune system,
while increased lipid A contents may indicate an increase
in biofilm endotoxicity. These LPS changes along with
increased protease activity indicate that biofilms are more
virulent than their planktonic counterparts.
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Supplementary tables

Table SI concentration values of

Staphylococcus aureus planktonic and biofilm cells

Minimum inhibitory

Antibiotics Planktonic cells Biofilm cells
Ciprofloxacin 0.5+0.1 ug/mL 128 + 25 pg/mL
Amoxicillin 4+£0.9 pg/mL 512+ 110 pg/mL
Cotrimoxazole 4+0.0 ug/mL 256 + 60 pg/mL
Cefaclor 8+ 1.8 ug/mL >1024 pg/mL

Infection and Drug Resistance

Publish your work in this journal

Infection and Drug Resistance is an international, peer-reviewed open-
access journal that focuses on the optimal treatment of infection (bacte-
rial, fungal and viral) and the development and institution of preventive
strategies to minimize the development and spread of resistance. The
journal is specifically concerned with the epidemiology of antibiotic

Table S2 Minimum values of

Pseudomonas aeruginosa planktonic and biofilm cells

inhibitory concentration

Antibiotics Planktonic cells Biofilm cells

Ciprofloxacin 0.125 £ 0.02 pg/mL 64+ I3 ug/mL

Ceftazidime 2 +0.4 ug/mL 256 + 80 ug/mL

Cotrimoxazole 256 + 60 pg/mlL 512+ 100 pg/mL

Amikacin 2+0.0 ug/mL 0.02 + 0.004 pg/mL
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