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Abstract
The combination of plant extract and antibiotic represents a template for developing of antibiofilm drugs. This study investigated
the synergistic effects of pomegranate/rosemary/antibiotic combinations against antibiotic resistance and biofilm formation of
Pseudomonas aeruginosa. The results showed that 17 (85%) of total P. aeruginosa isolates were biofilm producers; however, 5
(25%) isolates were demonstrated as a strong biofilm producer. The highest MIC level (1024 μg/ml) of tested antibiotics against
strong biofilm producer isolates was observed with piperacillin, however theMIC ranges of ceftazidime, gentamycin, imipenem,
and levofloxacin against these isolates were reached to (256–1024 μg/ml), (32–1024 μg/ml), (8–1024 μg/ml), and (8–
512 μg/ml), respectively. PS-1 was the representative isolate for strong biofilm formation and high antibiotic resistance. 16S
rRNA gene analysis suggested that PS-1 (accession No. MN619678) was identified as a strain of P. aeruginosa POA1.
Pomegranate and rosemary extracts were the most effective extracts in biofilm inhibition, which significantly inhibited 91.93
and 90.83% of PS-1 biofilm, respectively. Notably, the synergism between both plant extracts and antibiotics has significantly
reduced the MICs of used antibiotics at the level lower than the susceptibility breakpoints. Pomegranate/rosemary/antibiotic
combinations achieved the highest biofilm eradication, which ranging from 90.0 to 99.6%, followed by the eradication ranges of
pomegranate/rosemary combination, rosemary, and pomegranate extracts, which reached to (76.5–85.4%), (53.1–73.7%), and
(41.2–71.5%), respectively. The findings suggest that pomegranate/rosemary/antibiotic combinations may be an effective ther-
apeutic agent for antibiotic resistance and biofilm formation of P. aeruginosa.
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Introduction

Pseudomonas aeruginosa is the most frequent opportunistic
Gram-negative rods; it is capable of infecting variety of all
tissues and becoming a major cause’s morbidity and mortality
among hospital patients. It is the second causative agent of
nosocomial pneumonia, the third common bacterial pathogen
of urinary tract infection, the fourth common causes of surgi-
cal site infection, the fifth most frequently isolated pathogen

from all sites, and the seventh regular pathogen isolated from
the bloodstream [1] .

The chronic infections with P. aeruginosa are mainly due
to form biofilm, which increases its resistance to conventional
antibiotics by adding some mechanisms including: limited
diffusion of antimicrobial agents, slow growth rate of biofilm
cells in inner layers compared with outer layers, inactivation
of antimicrobial agents by biofilm matrix, decreasing of bio-
film cells permeability, resistance by using type IV secretion
systems, multidrug efflux pumps expression, and the action of
antibiotic-modifying enzymes [2–4]. In addition, the effec-
tiveness of conventional antibiotics became limited due to
their higher values of their MIC and MBC, which may results
in vivo toxicity [5]. Hence, it is critically important to search
new active compounds that can effectively inhibit and eradi-
cate biofilm-related infections, as well as enhance the activity
of the traditional antibiotics by decreasing their MIC and
MBC values.
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Medicinal plants are important in drug discovery as they
often contain a vast number of bioactive compounds, which
are less expensive, safer, and more readily available compared
with synthetic compounds. The use of plant extracts or pure
natural compounds in combination with conventional antibi-
otics may hold greater promise for inhibiting and eradicating
microbial biofilms [6–8]. Recently, pomegranate and rose-
mary extracts have been studied in several systems of medi-
cine for their pharmacological actions such as antitumor, an-
tiviral, anti-inflammatory, antibacterial, and antifungal activi-
ties [9–11]. Therefore, the present work aims to investigate the
activity of some plant extracts alone and in combination with
antibiotic against antibiotic resistance and biofilm formation
of Pseudomonas aeruginosa.

Materials and methods

P. aeruginosa isolates and growth media

The study was implemented on 20 P. aeruginosa isolates ob-
tained from clinical lab of Kasr El-Aini, Hospital, Cairo,
Egypt, during the period from July to September 2015. The
identity of these isolates were confirmed by streaking on ster-
ile cetrimide agar plates (Oxoid) and incubated overnight at
37 °C. The blue-green single colonies were picked up on
sterile nutrient agar slants (Oxoid) for further confirmation
by VITEK-automated microbiology system (Version: 07.01-
Canada).

Tryptone soya broth (Oxoid) supplemented with sterile 1%
glycerol (TSG) was used for the assaying of biofilm forma-
tion, inhibition, and eradication. Muller-Hinton agar (MHA,
Oxoid) was used for the susceptibility testing of antibiotics
and plant extracts against P. aeruginosa isolates. Muller-
Hinton broth (MHB, Oxoid) was used for determining of the
minimum inhibitory concentration (MIC), minimum bacteri-
cidal concentration (MBC), and fractional inhibitory concen-
tration (FIC) of plant extracts and antibiotic powders. Semi-
sold nutrient agar medium (Oxoid) supplemented with 5%
glucose (SSM) was used for studying the inhibition activity
of plant extracts against different bacterial motilities. This me-
dium was solidified with 0.3, 0.5, and 1% agar bacteriology
(Oxoid) according to the phenotype of motilities (swimming,
swarming, and twitching, respectively).

Plant materials and antibiotics

The medicinal plants used in the current study were obtained
from the local market, Haraz for spices and herbs, Cairo,
Egypt. These plants including rosemary leaves (Rosmarinus
officinalis), ginger roots (Zingiber officinale), cinnamon barks
(Cinnamomum verum), thyme leaves (Thymus vulgaris),
pomegranate peels (Punica granatum), clove flowers

(Syzygium aromaticum), and peppermint leaves (Mentha
piperita). The plant materials were individually powdered,
mixed thoroughly, and stored at − 40 °C until use.

The antibiotic disks (Oxoid) used in this study were
imipenem (IPM) 10 μg, ceftazidime (CDZ) 30 μg, cefepime
(FEP) 30 μg, gentamycin (CN) 10 μg, norfloxacin (NOR)
10 μg, ofloxacin (OFX) 5 μg, ciprofloxacin (CIP) 5 μg,
levofloxacin (LEV) 5 μg, amikacin (AK) 30 μg, gatifloxacin
(GAT) 5 μg, nalidixic acid (NA) 30 μg, piperacillin (PRL)
100 μg, and tobramycin (TOB) 10 μg/disk. Antibiotic pow-
ders including PRL, CDZ, IPM, CN, and LEV were obtained
from the United States pharmacopeia reference standards.

Biofilm formation assay

Screening of P. aeruginosa isolates for potential biofilm forma-
tion was studied by micro-dilution method [12] as follows:
overnight culture of each P. aeruginosa isolate was separately
diluted to 1.0 × 106 cfu/ml (equivalent to 0.5%McFarland stan-
dard) with TSG. Aliquots (200 μL) of the diluted cultures were
dispensed into sterile wells of 96-well micro-titer plate. Wells
containing 200 μL TSG were used as a negative control. The
plates were incubated overnight at 37 °C. Next, the planktonic
cells from each culture were decanted. The remaining biofilms
were gently washed 3 times with 200 μL phosphate buffer
saline solution pH 7.2 (PBS) and emptied by flicking the plate.
After washing, each biofilm was stained with 200 μL crystal
violet (0.5%, w/v) for 15 min at room temperature. Next, the
content of each well was decanted and washed again with
200 μL PBS. After that, the wells were filled with 200 μL of
95% ethanol and incubated in shaker incubator (100 rpm) for
20 min at room temperature. Next, the established biofilms
were measured at 570 nm against blank (95% ethanol) using
a micro-titer plate reader (Shcheer SH9600-Shanghai) [13].
Based on ODs, the biofilm formation were classified into 3
categories as weak (OD570nm ≤ 0.5), intermediate (0.5 >
OD570nm < 1.5), and strong (OD570nm ≥ 1.5) [14] .

Antibiotics susceptibility testing

The susceptibility of P. aeruginosa isolates to 13 different anti-
biotic disks (IPM, CDZ, FEP, CN, NOR, OFX, CIP, LEV, AK,
GAT, NA, PRL, and TOB) was investigated by disk diffusion
method [15]. Briefly, a sterile cottonwool swabwas dipped into
the bacterial suspension (adjusted to 1 × 106 cfu/ml) and spread
evenly on the surface of sterile MHA plate and allowed to dry
before placing the antibiotic disks. The plates were incubated
for 24 h at 37 °C. Next, the inhibition zone diameters (mm)
were measured around each disk and expressed as sensitive (S),
intermediate (I), and resistant (R).

The MIC of PRL, CDZ, IPM, CN, and LEVagainst select-
ed P. aeruginosa isolate was evaluated by micro-dilution
method. Briefly, the antibiotics were separately dissolved with
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0.5% dimethyl sulfoxide (DMSO) and sterilized through
0.22-μm syringe filter. Each well of 96-well micro-titer plate
was dispensed with 100 μL of the tested bacterial suspension
(2 × 106 cfu/ml in MHB) and 100 μL of each 2 fold serial
dilutions of each tested antibiotic solution. Wells dispensed
with 200 μL of and inoculated MHB containing 0.5%
DMSO were considered as negative and positive controls,
respectively. The MIC values of used antibiotics were
interpreted as the lowest concentration of tested antibiotic that
prevented visible growth after 24 h of incubation at 37 °C
[16,17].

Plants extraction and analysis

The plant extract was prepared as follow: approximately 250 g of
pulverized plant materials was individually suspended with
1250 ml ethanol (95%, v/v) and incubated for 3 days in the dark
at room temperature. Next, each suspension was filtrated through
a Whatman filter paper No.1 and concentrated to dryness under
reduced pressure in a rotary evaporator (Heidolph, UK) at 40 °C.
The dried extracts were separately stored in sterile Falcon tube at
4 °C until use [18]. Total polyphenol contents of the most effec-
tive plant extracts in biofilm inhibition was estimated by Folin–
Ciocalteu method [19]. Phytochemical analysis of the selected
extracts was measured by HPLC [20] at Department of Crops
Technology, Food Technology Research Institute (FTRI)—
Agricultural Research Center, Giza, Egypt.

Identification by 16S rRNA gene sequencing

The identity of representative isolate for strong biofilm forma-
tion and high antibiotic resistance was confirmed by molecu-
lar tools [21]. The basic local alignment search tool (BLAST)
database [22] of National Center for Biotechnology
Information (NCBI) was used to compare the sequence of
16S rDNA of the experimental isolate with known 16S
rDNA sequences of bacteria. The obtained alignments were
constructed using molecular evaluation genetic analysis
(MEGA, version 5) program [23] .

Antibacterial activity, MIC, and MBC of plant extracts

The antibacterial activity of plant extracts (20%, w/v) against
selected isolates was investigated by agar well diffusion meth-
od [24]. Each extract was dissolved with 0.5% DMSO and
sterilized through 0.22-μm syringe filter. Aliquots (100 μL/
well) of plant extract solution and control (0.5% DMSO) were
loaded into MHA plates previously inoculated with tested
Pseudomonas suspension (adjusted to 1 × 106 cfu/ml) and
cut the well using 0.6-mm sterile cork borer. The plates were
incubated overnight at 37 °C. Next, the antibacterial activity
of each extract was evaluated bymeasuring the diameter (mm)
of clear zone around each well.

The MIC and MBC of plant extracts against selected iso-
lates were evaluated as previously described antibiotic MIC
method. The MIC of plant extract was interpreted as the low-
est concentration of the extract that prevented visible growth
after 24 h of incubation at 37 °C. The MBC of plant extract
was interpreted as the lowest concentration of the extract that
killed 100% of bacterial inoculum after 24 h of incubation at
37 °C [16,17].

Biofilm inhibition assay

Biofilm inhibition activity of plant extracts against selected iso-
lates was studied at different sub-MIC levels (0.5× MIC, 0.25×
MIC and 0.125× MIC) by 2,3,5 triphenyltetrazolium chloride
(TTC)method [25]. Each plant extract was dissolved with sterile
TSG containing 0.5% DMSO and sterilized through 0.22-μm
syringe filter. Each well of 96-well micro-titer plate was dis-
pensed with 100 μL of plant extract solutions and 100 μL of
TSB previously inoculated with 1 × 106 cfu/ml of the bacterial
culture.Wells containing 200μL of inoculating TSG (containing
0.5% DMSO) were considered as controls. Biofilm experiments
were performed independently three times. The plates were in-
cubated overnight at 37 °C. After incubation, the planktonic cells
were decanted, and the remaining biofilm was gently washed 3
times with 200 μL PBS and emptied by flicking the plate. After
washing, 150 μL of sterile TSG and 50 μL of 1% TTC were
added to each well. The plates were incubated (protected from
light) at 37 °C for 6 h. Next, biofilm inhibition activity of the
treatment and control was estimated at 405 nm. Biofilm inhibi-
tion percentage was calculated using the formula: Biofilm inhi-
bition % = [(OD405nm of control − OD405nm of the test)/
(OD405nm of control)] × 100. The most effective plant extracts
in biofilm inhibition were selected in the subsequent studies.

Motility inhibition assay

The motility inhibition assay of the selected plant extracts (1/4
MIC level) alone and in combination against swimming,
swarming, and twitching motilities of the selected isolate
was conducted as prior published method [26]. Briefly, the
tested solutions were prepared as previously described for
determining the MIC of antibiotics. The solutions were added
to SSM before pouring. Swim and twitch plates were dried
overnight before use, whereas swarm plates were dried 1.0 h
before inoculation. After drying, the plates were inoculated
with aliquots (5 μL) of bacterial suspension (1 × 106 cfu/ml).
The inoculums were spotted at the center of swim SSM plate
surfaces, while the inoculums of twitch and swarm plates were
stabbed into the SSM plates. The inoculated swim, swarm,
and twitch SSM plates containing 0.5% DMSO were consid-
ered as controls. Following the inoculation, the plates were
incubated overnight at 37 °C. The diameters (mm) of the mi-
gration zones produced by the examined isolate on treated and
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control plates were compared. The motility experiments were
performed independently three times.

Determination of FIC

The FIC of the selected plant extracts (1/4 × MIC) in combi-
nation with different antibiotics (concentration ranges, 2×
MIC–1/32× MIC) against selected isolate was studied by
checkerboard method 27. Briefly, the plant extracts and antibi-
otics solutions were prepared as previously described for an-
tibiotic MIC method. Each well of 96-well micro-titer plate
was dispensed with 100 μL of bacterial suspension in MHB
(adjusted to 2 × 106 cfu/ml), 50 μL of selected plant extract
solutions, and 50 μL of antibiotic solution. The plates were
incubated overnight at 37 °C. The FIC index (∑FIC) is calcu-
lated as the sum of the MIC of each compound when used in
combination divided by theMIC of the compound used alone.
Synergism has traditionally been defined as an ∑FIC ≤ 0.5,
indifferent when the ∑FIC is < 0.5 to < 2 and antagonistic
when the ∑FIC is ≥ 2 [27].

Biofilm eradication assay

Biofilm eradication activity of the selected plant extracts (1/4×
MIC) individually and in combination with antibiotics against
selected bacterial isolate was studied at different MIC levels
(concentration range, MIC to 1/32× MIC) of antibiotics using
TTC method [25]. Briefly, the solutions of plant extracts and
antibiotics were prepared as previously described for biofilm
inhibition assay. The selected isolate was grown overnight in
TSB at 37 °C, and then diluted (1:2, v/v) with sterile TSG. Each
well of 96-well micro-titer plate was filled with 200 μL of the
diluted culture (1 × 106 cfu/ml) and incubated overnight at
37 °C. After incubation, the planktonic cells were decanted,
and the wells were filled again with 200 μL sterile TSG and
incubated again overnight at 37 °C. Thereafter, planktonic cells
were decanted, and the remaining biofilm in each well was
gently washed 3 times with 200 μL PBS and emptied by
flicking the plate. The performed biofilms were treated with
200 μL of tested solutions for 24 h at 37 °C. The biofilm treated
with 0.5% DMSO is demonstrated as control. The eradication
experiments were performed independently three times. After
incubation, the tested solutions were decanted, and the remain-
ing biofilm was washed 3 times with 200 μL PBS. Biofilm
eradication was calculated using the formula: Biofilm eradica-
tion%= [(OD405 nm of control −OD405 nm of test)/(OD405 nm of
control)] × 100. The most effective combinations in biofilm
eradication were selected in the subsequent studies.

Scanning electron microscopy (SEM)

The eradication activity of the most effective combination
against biofilm associated with the selected isolate was

examined by SEM [28]. Briefly, formation and treatment of
the examined biofilms were done as described in biofilm erad-
ication with some modifications including each well of sterile 6-
well micro-titer plate containing 3.5 ml of tested culture and
sterile glass coverslips (3 × 3 mm), as well as the biofilms were
treated with 3.5 ml of combination solution. Afterward, glass
coverslips from treated and control (combination free) wells
were gently washed 3 times with 3.5 ml PBS and initially fixed
with 2.5% (v/v) glutaraldehyde at 4 °C for 2 h. The coverslips
were rinsed with sterile PBS for 10min and then dehydrated in a
series ethanol solution (30, 50, 70, 80, 90% (v/v), and absolute).
The dehydrated samples were coated with gold and then ob-
served using SEM (SEM quanta FEG250-USA).

Statistical analysis

GraphPad Prism 5 software (GraphPad Software Inc., La Jolla,
USA) was used to perform the statistical analysis. Data were
expressed as mean ± SD. Statistical differences between groups
were performed using one-way and two-way ANOVA and
Tukey’s post hoc test with significant level P < 0.05.

Results

Biofilm formation and antibiotic sensitivity testing

Screening of P. aeruginosa isolates for biofilm formation are
summarized in Table 1. Out of the twenty isolates, 17 (85%)
isolates were biofilm producers, 9 (45%) isolates were classi-
fied as weak biofilm producers, 5 (25%) isolates were strong
biofilm producers, and 3 (15%) isolates were moderate bio-
film producers. However, 3 (15%) isolates showed no ability
to form biofilm.

Antibiotic susceptibility of P. aeruginosa isolates showed
that the highest antibiotic resistant isolates in the present study
were PS-1, PS-2, PS-15, PS-16, and PS-19, which resistant to
> 92.3% of tested antibiotics. In addition, the highest interme-
diate profile (> 30%) of the tested antibiotics were observed
with PS-4, PS-5, and PS-8; however, PS-3, PS-6, PS-7, PS-9,
PS-11, PS-12, and PS-13 were detected as the most sensitive
isolates to antibiotics. These isolates were sensitive to > 30%
of tested antibiotics (Table 1).

Overall tested antibiotics, the resistance of P. aeruginosa
isolates to FEP, CDZ, NA, and IPMwas the common (≥ 85%),
followed by PRL (45%); however, the resistance of these iso-
lates to AK, TOB, CN, OFX, GAT, CIP, NOR, and LEV were
decreased to < 31%. The most effective antibiotics against
P. aeruginosa isolates were GAT, TOB, CIP, CN, OFX,
LEV, NOR, and AK, with susceptibility rates of 70, 70, 65,
65, 65, 60, 60, and 55%, respectively (Fig. 1).

The MIC values of five different antibiotics (PRL, CDZ,
IPM, CN, and LEV) against the strong biofilm producer
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isolates (PS-1, PS-2, PS-4, PS-5, and PS-19) are summarized
in Fig. 2. The obtained results showed that the highest MIC
level (1024 μg/ml) of tested antibiotics against strong biofilm
producer isolates was observed with piperacillin, followed by
theMIC ranges of CDZ, CN, IPM, and LEV, which reached to
(256–1024 μg/ml), (32–1024 μg/ml), (8–1024 μg/ml), and
(8–512 μg/ml), respectively. P. aeruginosa PS-1 was the most
potent isolate in biofilm formation and antibiotic resistance in
the present study; thus, it was selected as representative isolate
for the subsequent studies.

Molecular characterization of PS-1

Phenotypic identity of P. aeruginosa PS-1 was confirmed by
molecular characterization using 16S rRNA genes sequencing.
BLASTanalysis of the sequence data revealed that PS-1 (acces-
sion No. MN619678) belongs to family Pseudomonadaceae,
displayed 98% sequence similarity with P. aeruginosa isolate

POA1. Thus, PS-1 can be identified as an isolate of
P. aeruginosa isolate POA1 (Fig. 3).

Antibacterial activity, MIC, and MBC of ethanol plant
extracts against PS-1

The antibacterial activity of seven plant extracts against PS-1
at a concentration 20% (w/v) are summarized in Fig. 4.The
results indicated that the tested extracts exhibited variable de-
grees of inhibition zones (12–26 mm) against PS-1.
Pomegranate extract had the highest inhibition zone
(26 mm) against PS-1, followed by thyme (20 mm), cinnamon
(18 mm), rosemary (18 mm), clove (17 mm), ginger (16 mm),
and peppermint (12 mm) extracts. The MIC values of pome-
granate, thyme, cinnamon, and clove extracts were reached to
6.25 mg/ml, whereas the MIC values of rosemary, pepper-
mint, and ginger were significantly increased to 12.5 mg/ml,

Table 1 Biofilm formation and
antibiotic susceptibility pattern of
Pseudomonas isolates.

Isolates Biofilm
capacity

Antibiotics sensitivity testing

Resistance phenotype Interpretative %

R I S

PS-1 ++++ PRL, FEP, CDZ, IPM, AK, TOB, CN, OFX, GAT, NA,
CIP, NOR, and LEV

100 0.0 0.0

PS-2 +++ PRL, FEP, CDZ, IPM, AK, TOB, OFX, GAT, NA, CIP,
NOR, and LEV

92.3 7.7 0.0

PS-3 ++ FEP, CDZ, and IPM 30.8 7.7 61.5

PS-4 +++ PRL, FE,P and CDZ 30.8 38.5 30.8

PS-5 +++ FEP, CDZ, IPM, and NA 30.8 38.5 30.8

PS-6 ++ FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-7 + FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-8 + FEP, CDZ, IPM, and NA 30.8 0.0 69.2

PS-9 + FEP, CDZ, IPM, and NA 38.5 15.4 46.2

PS-11 + PRL, FEP, CDZ, IPM, and NA 38.5 15.4 46.2

PS-12 + FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-13 + FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-14 – FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-15 – PRL, FEP, CDZ, IPM, AK, TOB, CN, OFX, GAT, NA,
CIP, NOR, and LEV

100 0.0 0.0

PS-16 – PRL, FEP, CDZ, IPM, AK, TOB, CN, OFX, GAT, NA,
CIP, NOR, and LEV

100 0.0 0.0

PS-17 ++ PRL, FEP, CDZ, IPM, AK, OFX, GAT, NA, CIP, NOR and
LEV

84.6 7.7 7.7

PS-18 + FEP, CDZ, IPM, and NA 30.8 7.7 61.5

PS-19 +++ PRL, FEP, CDZ, IPM, AK, TOB, CN, OFX, GAT, NA,
CIP, NOR, and LEV

100 0.0 0.0

PS-21 + PRL, FEP, CDZ, and IPM 38.5 7.7 53.8

PS-22 + FEP, CDZ, and IPM 30.8 7.7 53.8

PRL, piperacillin; FEP, cefepime; CDZ, ceftazidime; IPM, imipenem; AK, amikacin; TOB, tobramycin; CN,
gentamycin; OFX, ofloxacin; GAT, gatifloxacin; NA, nalidixic acid; CIP, ciprofloxacin; NOR, norfloxacin; LEV,
levofloxacin; S, sensitive; I, intermediate; R, resistant; (−), non-biofilm producer; (+), weak biofilm producer;
(++), moderate biofilm producer; (+++) and more, Strong biofilm producer isolates shown in bold letters
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while the MBC versus MIC of each extract was equal 2 folds
(Fig. 4).

Biofilm inhibition of plant extracts

Biofilm inhibition activities of seven plant extracts against PS-
1 at different sub-MIC levels (0.5 x MIC, 0. 25 x MIC and
0.125 x MIC) are summarized in Table 2. All the tested ex-
tracts exhibited an inhibitory effect on biofilm formation of
PS-1. In addition, biofilm inhibition activity of these extracts
was significantly increased with increasing of sub-MIC level,
except the difference in biofilm inhibition between 0.25×MIC
and 0.125× MIC levels of thyme extract was not significant.
Pomegranate and rosemary extracts at 0.5× MIC level were
the most effective extracts in biofilm inhibition (≤ 91%),
followed by peppermint (85.47%), ginger (71.56%), clove
(67.41%), cinnamon (64%), and thyme (59.37%) extracts.
There was no significantly difference in biofilm inhibition
among pomegranate, rosemary, and peppermint extracts at
0.25× MIC level, which inhibited 71% of PS-1 biofilm; how-
ever, the biofilm inhibition of ginger, clove, cinnamon, and

thyme extracts at this level was significantly decreased to
64.3, 61.0, 54.47, and 48.1%, respectively. Rosemary extract
achieved the highest inhibition (72.33%) of PS-1 biofilm at
0.125×MIC level, followed by pomegranate (64.63%), ginger
(51.7%), clove (50.87%), cinnamon (50.7%), peppermint
(48.5%), and thyme (47.43%) extracts (Table 2). Previous data
revealed that pomegranate and rosemary extracts were the
most effective extracts in biofilm inhibition compared with
other extracts. Thus, both extracts were selected for the re-
mainder of the subsequent studies.

Phytochemical analysis of pomegranate
and rosemary extracts

The preliminary phytochemical screening of pomegranate and
rosemary extracts showed that both extracts contained appre-
ciable amount of tannins, saponins, quinones, terpenoids, ste-
roids, flavonoids, phenols, and alkaloids; however, anthocya-
nin was almost negligible in both extracts. Coumarins and
betacyanin were detected only in pomegranate, while glyco-
sides detected only in rosemary extract. Additionally, the total
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Fig. 2 The MIC of antibiotics
against the strong biofilm
producer isolates of
P. aeruginosa. PRL, piperacillin;
CDZ, ceftazidime; IPM,
imipenem; CN, gentamycin;
LEV, levofloxacin
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Fig. 1 Antibiotic sensitivity
pattern overall tested
Pseudomonas isolates. PRL,
piperacillin; FEP, cefepime; CDZ,
ceftazidime; IPM, imipenem; AK,
amikacin; TOB, tobramycin; CN,
gentamycin; OFX, ofloxacin;
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norfloxacin; LEV, levofloxacin
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phenolic contents of pomegranate was relatively high
(255.41 mg/g) compared with rosemary (187.59 mg/g). It is
noteworthy that the major polyphenol compounds identified
in pomegranate were pyrogallol (4.4%), benzoic acid (1.4%),
catechol (0.35%), gallic (0.21%), and ellagic (0.07%), while
the rosmarinic acid (0.21%), benzoic acid (0.9%), and cate-
chol (0.26%) were the major components in rosemary extract
(Table 3).

Inhibition of bacterial motilities

The inhibition activities of pomegranate and rosemary extracts
alone and in combination against different phenotypes of PS-1
motilities at 0.25× MIC level are summarized in Fig. 5.The
results showed that both extracts were significantly reduced
the three phenotypes of motility without inhibiting of bacterial
growth. Compared with control, pomegranate and rosemary
extracts were significantly reduced > 95% of swarming and
twitching motilities of PS-1. However, both extracts reduced
the swimming motility by approximately 68.6 and 28.6%,
respectively. Interestingly, the combination of pomegranate/
rosemary extracts was significantly reduced > 95% of differ-
ent PS-1 motilities. Consequently, this combination was se-
lected for remainder of the subsequent studies.

Synergistic potential of both plant extracts
with antibiotics

The synergistic activity of plant extracts (pomegranate/rose-
mary) at 0.25× MIC level with PRL, CDZ, IPM, CN, or LEV
was evaluated against the planktonic cells of PS-1. The results
showed that all examined combinations were exhibited a syn-
ergistic effect against PS-1, with FIC index ≤ 0.5. In addition,
the MIC values of these antibiotics were highly decreased
from 1024, 1024, 1024, 512, and 512 μg/ml to 2, 4, 32, 2,
and 2 μg/ml, respectively. Furthermore, the susceptibility of
the examined isolate to these antibiotics was changed from
resistant to sensitive phenotype (Table 4).

Eradication of strong biofilms

The eradication activities of plant extracts (pomegranate and
rosemary) alone and in combination with five different antibi-
otics at MIC level against the mature biofilms (48 h) of strong
biofilm producer isolates were summarized in Table 5.The
results showed that the combination of plant extracts with
antibiotics achieved the highest biofilm eradications against
various examined isolates, with eradication range from 90 to
99.6%, followed by plant extracts combination, rosemary, and
pomegranate extracts, with eradication ranges (76.5–85.4%),
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Fig. 4 Antibacterial activity,
MIC, and MBC of curd extracts
against PS-1. Result represents
the mean ± SD of at least three
independent experiments
performed in triplicate. Different
letters indicate significant
differences between the test
groups of each study (one-way
ANOVAwith Tukey’s post hoc
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Fig. 3 Phylogenetic tree of
P. aeruginosa PS-1 (ICI/Query_
32699)
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(53.1–73.7%), and (41.2–71.5%), respectively. The most ef-
fective combination in biofilm eradication against various ex-
amined isolates was pomegranate/rosemary/CDZ, with eradi-
cation ranging from 97.3 to 99.6%, followed by pomegranate/
rosemary/CN, pomegranate/rosemary/IPM, pomegranate/
rosemary/LEV, and pomegranate/rosemary/PRL combina-
tions, with biofilm eradication ranges (94.32–98.3%), (93.7–
98.3%), (93.33–98.2%), and (90–95.5%), respectively.

The SEM images of 48-h-old PS-1 biofilm treated with the
most effective combination (pomegranate/rosemary/CDZ)
compared with control (untreated) are depicted in Fig. 6.

The SEM images of control samples revealed that PS-1 could
produce a strong mature biofilm on the surface of glass slide
cover within 48 h. A high density of compacted bacilli cells
was observed in some areas of this biofilm, and most of these
bacilli cells were embedded in extracellular polymeric matrix.
Additionally, the obtained biofilm was comprised of water
channels that function as a distribution system for oxygen
and nutrients. However, the SEM images of biofilm after
24 h of treatment with the selected combination showed that
most of biofilm structures were destroyed and removed from
the surface of glass slide cover. The cells of this biofilm were

Table 3 Phytochemical analysis
of 95% ethanol extracts of
pomegranate and rosemary

Phytochemical

group

Ethanol plant extracts Phytochemical

constituent

Ethanol plant extracts

Pomegranate Rosemary Pomegranate Rosemary
Identity Yield % (W/W)

Tannins + + Pyrogallol 4.44 1.09

Saponins + + Benzoic 1.44 0.90

Quinones + + Chlorogenic 0.53 0.63

Terpenoids + + Catechol 0.35 0.26

Steroids + + Protocatchuic 0.27 0.26

Flavonoids + + Vanillic 0.22 0.24

Phenols + + Gallic 0.21 0.22

Alkaloids + + P-OH-benzoic 0.15 0.21

Glycosides – + Rosmarinic 0.07 0.21

Cardiac
glycosides

+ + Ellagic 0.07 0.21

Coumarins + – Alpha-coumaric 0.05 0.07

Anthocyanin – – Ferulic 0.05 0.05

Betacyanin + – Caffeic 0.04 0.05

Salycilic 0.04 0.05

P-coumaric 0.01 0.04

Cinnamic 0.01 0.03

Iso-Ferulic 0.01 0.02

Total polyphenol contents
[3]

25.54 18.76

+, presence; −, absence

Table 2 The inhibition activity of sub-MIC levels of plant extracts against biofilm formation of PS-1

Sub-MIC
Levels

Plant extracts (MIC)

Cinnamon
(6.25 mg/ml)

Clove
(6.25 mg/ml)

Thyme
(6.25 mg/ml)

Rosemary
(12.5 mg/ml)

Peppermint
(12.5 mg/ml)

Pomegranate
(6.25 mg/ml)

Ginger
(12.5 mg/ml)

Biofilm inhibition mean %1 ± SD

0.5× MIC 64.00 ± 0.12a 67.41 ± 0.02d 59.37 ± 0.02e 90.83 ± 0.01g 85.47 ± 0.01i 91.93 ± 0.01g 71.56 ± 0.01h

0.25× MIC 54.47 ± 0.57b 61.00 ± 0.06e 48.10 ± 0.02f 72.33 ± 0.01h 71.23 ± 0.57h 72.30 ± 0.14h 64.30 ± 0.01a

0.125× MC 50.70 ± 0.14c 50.87 ± 0.07c 47.43 ± 0.01f 72.33 ± 0.02h 48.50 ± 0.13f 64.63 ± 0.06a 51.70 ± 0.08c

1: The inhibition % calculated from biofilm control (untreated with plant extract); SD, standard deviation. Statistical analysis was performed using two-
way ANOVA and Tukey’s test (P < 0.05); different small letters represent the significant between means of the percentage of biofilm inhibition. The
maximum biofilm inhibition activity shown in bold letters
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detached from the biofilm structure, and most of them were
eliminated.

Discussion

The chronic infections with P. aeruginosa are mainly due to
form biofilm, which increases its resistance to conventional
antibiotics by adding some mechanisms. Thus, the effective-
ness of conventional antibiotics became limited due to their
higher values of their MIC and MBC, which may results
in vivo toxicity [5,29].

The present study indicated the biofilm mass associated
P. aeruginosa isolates were varied from weak to strong bio-
film. The differences among these isolates in biofilm forma-
tion is probably due to the expression differences in genes
responsible for exopolysaccharides, extracellular proteins,

quorum-sensing molecules, flagella for swimming motilities,
and pili for swarming and twitching motility [30,31].
Additionally, the capacity of biofilm formation is influenced
by the clinical sources and the patient’s conditions [32] .

Antibiotic susceptibility testing in the current study re-
vealed that the examined P. aeruginosa isolates were resistant
to at least 30% of all tested antibiotics and elevated to 40%
with PRL; however, 100% of these isolates were resistant to
FEP, CDZ, IPM, and NA. The highest MIC value of antibi-
otics against strong biofilm producer isolates (PS-1, PS-2, PS-
4, PS-5, and PS-19) was observed with PRL (1024 μg/ml)
followed by CDZ, CN, IPM, and LEV, with MIC ranges
(256–1024 μg/ml), (32–1024 μg/ml), (8–1024 μg/ml), and
(8–512 μg/ml), respectively. The obtained results are consis-
tent with previous studies, which noticed the high resistance
of P. aeruginosa to conventional antibiotics, as a result of
excessive antibiotic administration, which leads to the
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independent experiments per-
formed in triplicate. Different let-
ters indicate significant differ-
ences between the test groups of
each motility (one-way ANOVA
with Tukey’s post hoc test,
P < 0.05)

Table 4 The FIC of combination (antibiotic/POM/ROS) against planktonic cells of P. aeruginosa PS-1

Antibiotics MIC (mg/ml) FIC 1 of combinations
(antibiotic/POM/
ROS)

FIC index2

(∑FIC)
Type of
interaction3

Antibiotic POM/
ROS

Combinations
(antibiotic/POM/
ROS)

PRL 1.024 3.13/6.25 0.032/1.56/3.125 0.030/0.5 0.531 Additive

CDZ 0.512 3.13/6.25 0.002/1.56/3.125 0.004/0.5 0.504 Synergism

IPM 1.024 3.13/6.25 0.004/1.56/3.125 0.004/0.5 0.504 Synergism

CN 1.024 3.13/6.25 0.002/1.56/3.125 0.002/0.5 0.502 Synergism

LEV 0.512 3.13/6.25 0.002/1.56/3.125 0.004/0.5 0.504 Synergism

FIC, fractional inhibitory concentration; 1, FIC =MIC combination/MIC alone; 2, FIC index (∑FIC) = FIC of plant mixture + FIC of antibiotic 3, synergism
(FIC index < 0.5); additive (FIC index ranging from 0. 5 to1.0); indifferent (FIC index ranging from 1.0 to 2.0) and antagonism (FIC index > 2). POM:
Pomegranate; ROS: Rosemary; PRL: Piperacillin; CDZ: Ceftazidime; IPM: Imipenem; CN: Gentamycin; LEV: Levofloxacin

1087Braz J Microbiol (2020) 51:1079–1092



ineffectiveness of the empirical antibiotic therapy against this
bacterium [33]. Pang et al. reported thatP. aeruginosa are known
to utilize their high levels of intrinsic and acquired resistance
mechanisms to most conventional antibiotics [29]. In addition,
adaptive antibiotic resistance of P. aeruginosa is a recently char-
acterizedmechanism, which includes biofilm-mediated resistance
and formation of multidrug-tolerant persister cells, and is respon-
sible for recalcitrance and relapse of infections.

The Present study demonstrated that there is no relationship
between the capacity of biofilm formation and antibiotic resis-
tance; our investigation revealed that PS-1 and PS-19 exhibited
high antibiotic resistant associated with strong biofilm formation;
however, PS-15 and PS-16were high antibiotic resistant and non-

biofilm producers; moreover, some other isolates in the present
study were classified as moderate biofilm producers and resistant
to one or more group of tested antibiotics. Thus, the resistance of
bacteria to antibiotics is inappropriate marker for its efficiency to
biofilm formation. Obtained results were supported by recent
study [34],which revealed that there was no significant difference
among strong, moderate, and weak biofilm producers in their
resistance to penicillin, cefoxitin, and chloramphenicol.
However, Qi et al. noticed that the correlation between the capac-
ity of biofilm formation and the resistance of Acinetobacter
baumannii isolates to antibiotics was negative, which mean that
the biofilm forming isolates are less dependent on antibiotic resis-
tance than no biofilm-forming isolates for survival [35]. Other

Fig. 6 SEM images of 48-h-old
P. aeruginosa PS-1 biofilm before
and after 24 h of treatment with
MIC level of POM/ROS/CDZ
combination. 1 and 2, images of
untreated 48-h-old P. aeruginosa
PS-1 biofilm; 3 and 4, images of
48-h-old P. aeruginosa PS-1 bio-
film after 24 h of treatment with
MIC level of POM/ROS/CDZ
combination. a PS-1 micro-colo-
nies; b extracellular polymeric
substance; c bacterial cell of PS-1
capsulated by fibrous matrixes; d
water channels; e Bacterial cell of
PS-1 capsulated by fibrous ma-
trixes; f destructed PS-1 biofilm
after 24 h of combination treat-
ment; g a few number of bacterial
cells remained after 24 h of com-
bination treatment; h damaged
bacterial cell walls remained after
24 h of combination treatment

Table 5 The eradication activity of the synergistic combinations against biofilm associated with P. aeruginosa strains

Tested strains Plant extracts alone and combined with antibiotic at MIC level

POM ROS POM/ROS POM/ROS/
PRL

POM/ROS/
CDZ

POM/ROS/
IPM

POM/ROS/
CN

POM/ROS/
LEV

Biofilm eradication mean %1 ± SD

PS-1 41.20 ± 0.5a 54.14 ± 0.3e 82.35 ± 1.3f 91.52 ± 0.6h 99.60 ± 0.04 i 93.33 ± 1.3h 94.32 ± 0.60 h 93.70 ± 1.3 h

PS-2 62.51 ± 0.8b 55.26 ± 1.8e 84.60 ± 1.5f 93.80 ± 2.1h 98.70 ± 1.70 i 98.10 ± 2.1 i 95.80 ± 2.10 h 94.80 ± 1.4 h

PS-4 60.20 ± 1.1b 70.70 ± 0.5c 76.5 ± 1.0g 95.50 ± 0.7h 98.60 ± 1.70 i 96.30 ± 1.3 h 97.70 ± 0.70 i 97.10 ± 1.8i

PS-5 71.5 ± 1.00c 73.70 ± 1.4c 84.10 ± 1.6f 91.30 ± 1.7g 97.30 ± 2.10 i 95.10 ± 0.1 h 98.30 ± 0.50 i 97.40 ± 1.9 i

PS-19 48.40 ± 2.1d 53.10 ± 0.2e 85.40 ± 1.5f 90.00 ± 1.3h 98.30 ± 1.30 i 98.20 ± 1.7i 94.00 ± 0.40 h 98.30 ± 1.1 i

1, the eradication % calculated from biofilm control (untreated). POM, Pomegranate (1.6 mg/ml); ROS, Rosemary (3.1 mg/ml); PRL, piperacillin
(0.032 mg/ml); IPM, imipenem (0.004 mg/ml); CDZ, ceftazidime (0.002mg/ml); CN, gentamicin (0.002 mg/ml); LEV, levofloxacin (0.002mg/ml); SD,
standard division. Statistical analysis was performed using two-way ANOVA and Tukey’s test (P < 0.05); different small letters represent the significant
between means of biofilm eradication %. The most effective combination shown in bold letters
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studies demonstrated that biofilm resistance to antimicrobials is
multifaceted, including reduced penetration of the agent into
biofilms due to the presence of extracellular matrix, biofilm het-
erogeneity, and biofilm-specific phenotypes such as expression of
efflux pump and persister cells [36,37].

The present study showed that pomegranate, thyme, cinna-
mon, rosemary, clove, and peppermint extracts exhibited dif-
ferent levels of antibacterial and antibiofilm activities against
representative isolate (PS-1). Generally, the antibacterial and
antibiofilm activities of these extracts were mainly due to
presence of a large number of phytochemical compounds (tan-
nins, saponins, flavonoids, phenols, etc.), which can affect
multiple target sites against the bacterial cells [7,8,38,39].
The differences among these extracts in their antibacterial
and antibiofilm activities are due to variation in their chemical
constituents and volatile nature of their components [40] .

Data in the present study revealed that the most effective
plant extracts in biofilm inhibition were pomegranate and
rosemary extracts, which reduced > 95% the swarming and
twitching motilities of PS-1, decreased swimming motility
(68.6 and 28.6% of control, respectively), and reduced
(91.93 and 90.83%, respectively) the biofilm formation of
PS-1. The differences between both examined extracts in
swimming motility might be due to their differences in the
type and concentration of the active constituents, as well as
the polyphenols contents (255.41 and 187.59 mg/g, respec-
tively). The data of this study suggested that the biofilm inhi-
bition activity of these extracts is due to their inhibition of
swimming motility that led to a reduce of bacterial cells
attaching to the surfaces, therefore decreasing of colony wet-
ness and extra polymeric layer as well as quorum-sensing
signals. These factors are necessary for swarming motility
and development of bacterial biofilm [41,42]. Additionally,
biofilm formation could be decreased by suppression of
twitching motility, which is necessary for bacterial cells
attaching and biofilm extending to new surface, as well as
monolayer assembling of P. aeruginosa cells into micro-
colonies [43]. Furthermore, suppression of swarming motility
led to reduce of biofilm capacity because this motility is es-
sential for biofilm development and maturation [44].

Biofilm inhibition activity of pomegranate and rosemary
extracts might be explained by the presence polyphenol com-
pounds, such as pyrogallol, catechol, gallic, ellagic, rosmarinic
acid, and benzoic acid. Obtained results are consistent with
previous studies, which revealed that the antagonistic activity
of polyphenols against P. aeruginosa biofilms were due to dis-
able quorum-sensing system, suppression of bacterial cell ad-
herence and motilities, as well as inhibiting of polymeric matrix
synthesis [39,45–47]. Defoirdt et al. found that pyrogallol
inhibited quorum sensing through generation of H2O2 that
somehow interfere with the expression of bioluminescence in
Vibrio sp. [48]. Rudrappa et al. reported that biofilm inhibition
of Bacillus subtilis was due to the physiological response by

B. subtilis to the presence of catechol, which resulted in the
down regulation of transcription of the yqxM-sipW-tasA and
epsA-O operons, both of which were required for biofilm for-
mation by B. subtilis [49]. Plyuta et al. found that the swarming
motility of P. aeruginosa PAO1 was significantly decreased by
12–30% in the presence of 400–800 μg/mL of 4-
hydroxybenzoic acid and by 20–50% at the same concentration
of gallic acid; however, twitching motility zones were de-
creased by 10–15% in the presence of each phytochemical at
the same concentration [50]. Ellagic acid exhibited high
quorum-sensing inhibition in Chromobacterium violaceum, E.
coliMT102, and Pseudomonas putida at concentrations of 40,
36, and 30 μg/mL, respectively [51]. The antagonistic activity
of rosmarinic acid against the biofilm formation of
P. aeruginosa PAO1, GU447238, and GU447238 was due to
its inhibitory effect on the activity of protease, elastase, and
hemolysin produced by these isolates [52] .

Despite the broad spectrum of antimicrobial and
antibiofilm activities of a vast number of plant extracts against
various pathogenic microorganisms, there were few evidences
about their effectiveness alone (without chemical drugs) in
clinical treatments [53,54]. However, the use of plant extracts
or pure natural compounds in combination with conventional
antibiotics may hold greater promise for inhibiting and eradi-
cating microbial biofilms [7,55].

In this study, the combinations of both plants’ extracts
(pomegranate and rosemary) with PRL, CDZ, IPM, CN, or
LEV exhibited synergy effects (FIC index ≤ 0.5) against
P. aeruginosa PS-1. The MIC values of these antibiotics were
decreased to 32, 256, 256, 512, and 256 fold in these combi-
nations compared with each antibiotic alone. The synergistic
interaction between both extracts and antibiotics with different
kinds, regardless of their mechanisms of action, suggested that
it is not only one compound that is responsible for the ob-
served synergistic effect but that each of the identified com-
pounds contributes to this effect resulting in a pleiotropic ef-
fects of the both extracts. The obtained results were in agree-
ment with past literature, which noticed that the combinations
of plant extracts with antibiotics belonging to different fami-
lies show synergy against clinical isolates of Gram-positive
and negative bacteria, significantly reducing the MIC of all
antibiotics tested [56,57]. Therefore, these combinations can
be used for expanding the antimicrobial spectrum, preventing
the emergence of antibiotic resistant bacteria, and diminishing
toxicity, since lower concentration of these antibiotics can be
used. The synergism effect in these combinations against PS-1
is due to the presence of the polyphenol compounds such as
pyrogallol, catechol, gallic, ellagic, rosmarinic acid, and
benzoic acid, which are capable of interacting with the cyto-
plasmic membrane, cell wall, nucleic acids, and energy trans-
port and altering or inhibiting their functions [58–60].

Phytochemical analysis in the present study revealed that
pyrogallol, catechol, gallic, ellagic, rosmarinic acid, and
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benzoic acid were the most abundant phenolic compounds
identified in pomegranate and rosemary extracts. Pyrogallol
exhibited synergistic interaction with aminoglycoside and
quinolones antibiotics against Gram-positive bacteria; howev-
er, these combinations exhibited indifferent interaction against
Gram-negative bacteria, especially P. aeruginosa [61].
Catechol is reported to cytoplasmic membrane damage and
causing direct disruption of the lipid bilayers and alteration
of the barrier function, which leads to enhanced penetration
of antibiotics and decreasing their MICs [62,63]. The syner-
gistic effect of both extracts with antibiotics was probably due
to the presence of gallic, benzoic, and rosmarinic acids, which
decreases the bacterial constituents (proteins, nucleic acids,
and inorganic ions such as potassium or phosphate) by in-
creasing the permeability of the bacterial cytoplasmic mem-
brane. Another interesting mechanism of gallic acid is
inhibiting supercoiling activity of bacterial gyrase by binding
to the ATP binding site of gyrase B [64,65].Chusri et al. found
that ellagic act as efflux pump inhibitors in Gram negative
bacteria and increased the effectiveness of some antibiotics
against multi-drug-resistant Acinetobacter baumannii [66].

Biofilm mass of strong biofilm producer isolates were sig-
nificantly reduced after 24 h of treatment with pomegranate and
rosemary extracts alone and in combination with antibiotics
(PRL, CDZ, IPM, CN, or LEV) at MIC level. Biofilm eradica-
tion of rosemary extract was relatively high (range, 53.1 to
73.7%) compared with the eradication activity (range, 41.2–
71.5%) of pomegranate extract. In addition, the combination
of both extracts was significantly increased the biofilm eradica-
tion to the range from 76.5 to 85.4%. Moreover, the eradication
activity of both plant extracts/antibiotic combinations was sig-
nificantly high (range, 76.5–99.6%) compared with other treat-
ments in the present study. The differences between rosemary
and pomegranate extracts in biofilm eradication can be ex-
plained by the differences in their polyphenol contents, concen-
trations, and mode of actions. The significant increase of bio-
film eradication of the plant extracts combination compared
with each single plant extract that might probably be attributed
to the synergistic interaction between both extracts. The syner-
gistic interaction of both extracts/antibiotic combinations had
been proven in the current study, and that could explain the
significant increasing of biofilm eradication of these combina-
tions compared with the plant extracts alone and in combina-
tion. Furthermore, the eradication activities of these combina-
tions against biofilms were supported by the images of electron
microscope after 24 h of mature biofilm treatment with MIC
level of pomegranate/rosemary/CDZ combination. These im-
ages showed high density of compacted bacilli cells in some
areas of control biofilm (untreated), and most of these bacilli
cells were embedded in extracellular polymeric matrix; howev-
er, the treated biofilm was completely destroyed and removed
from the surface of glass slide cover, and most of the bacterial
cell were eliminated.

Conclusion

Current study proposed new promising combinations of
pomegranate and rosemary extracts with antibiotics (PRL,
CDZ, IPM, CN, or LEV). These combinations disrupt
P. aeruginosa biofilms by blocking of different bacterial mo-
tilities, destroying of biofilm architecture, and increasing the
efficacy of antibiotics by decreasing their MIC levels. These
findings may the first of many steps needed to complete this
work. Further studies are required to assess the in vivo benefit
of these combinations in treatment of P. aeruginosa biofilm.
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