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Background. Thymol and piperine are two naturally occurring bioactive compounds with several pharmacological activities. In
this study, their antibiofilm potential either alone or in combination with three aminoglycoside antibiotics was evaluated against a
biofilm of Klebsiella pneumoniae. Methods. Determination of antimicrobial susceptibility was performed using the broth
microdilution method. Biofilm formation was evaluated by the microtiter plate method. Antibiofilm activity was determined
using 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium-bromide (MTT) assay. The combination studies were per-
formed by the checkerboard microdilution method. Results. The minimum biofilm inhibitory concentration (MBIC) of
streptomycin was reduced by 16- to 64-fold when used in combination with thymol, while the MBIC of kanamycin was reduced by
4-fold when combined with piperine. The minimum biofilm eradication concentration (MBEC) values of streptomycin, amikacin,
and kanamycin were, respectively, 16- to 128-fold, 4- to 128-fold, and 8- to 256-fold higher than the planktonic minimum
inhibitory concentration (MIC). Thymol combined with streptomycin or kanamycin showed synergic effects against the pre-
formed biofilm with 16- to 64-fold reduction in the minimum biofilm eradication concentration values of each antibiotic in
combination. Piperine acted also synergically with kanamycin with an 8- to 16-fold reduction in the minimum biofilm eradication
concentration values of kanamycin in combination. Conclusion. The association of thymol with antibiotics showed a strong
synergistic effect both in the inhibition of biofilm formation and the destruction of the preformed biofilm of K. pneumoniae. This
study suggests that a combination of thymol with streptomycin, amikacin, or kanamycin could be a promising alternative therapy
to overcome the problem of K. pneumoniae biofilm-associated infections.

1. Introduction

The emergence and spread of resistant bacteria have become
a serious health concern contributing to a high rate of
mortality and morbidity. Klebsiella pneumoniae is one of the
most common Gram-negative bacteria associated with
nosocomial infections, respiratory infections, urinary tract
infections, liver abscesses, and bacteremia [1]. Its ability to
adhere and grow as a biofilm on mucous membranes is
crucial for the progression of infection. Studies reported that
growth as a biofilm promotes multidrug resistance to an-
tibiotics and high resistance to the immune system [2].

Biofilms are aggregates of microorganisms in which cells
are attached to a biotic or abiotic surface and surrounded by
a protective and adhesive extracellular matrix of exopoly-
saccharides, extracellular DNA, and proteins [3]. Biofilm
formation is a complex cooperative group process, which
occurs in step-by-step processes and involves chemical
communication within and between cells. Biofilm formation
proceeds in four stages: adhesion, microcolony formation,
maturation, and dispersion [4].

It is estimated that 80% of chronic and recurrent bac-
terial infections are due to the ability of bacteria to form
biofilms. In addition, biofilm bacteria are 10- to 1000-fold


mailto:jean.dzoyem@univ-dschang.org
https://orcid.org/0000-0001-5946-9581
https://orcid.org/0000-0002-4667-9835
https://orcid.org/0000-0003-3568-6711
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/7029944

2 Canadian Journal of Infectious Diseases and Medical Microbiology

resistant to conventional antibiotics normally used to treat
planktonic cells [5]. The infections associated with biofilms
are difficult to treat because of slow penetration or se-
questration of antimicrobial agents into the biofilm through
the extracellular matrix, the presence of multidrug-resistant
persister cells, and the low metabolic state at the base of the
biofilm [6]. Therefore, there is an urgent need for the
identification of new approaches to a therapeutic formula-
tion that targets the biofilm mode of growth to prevent or
treat biofilm-related infections. Drug combinations have
been used as an alternative to effectively combat biofilm.
Such an approach includes antibiotic-antibiotic combina-
tions and the association of an antibiotic with a nonanti-
biotic adjuvant molecule to directly target resistance
mechanisms. It is necessary to develop new antimicrobial
drugs which are effective against bacterial biofilms through
the combination of various active agents.

Plant-derived natural products as adjuvant molecules
have been studied for their potential for biofilm reduction
[7]. A large body of evidence highlighted the beneficial effect
of using bioactive natural products in conjunction with
conventional antibiotics, leading to enhanced activity
against bacterial biofilms. For instance, the antibiofilm ef-
ficacy of gentamicin and trimethoprim was significantly
increased in the presence of the bioactive compound gal-
lotannin [8]. So, natural compounds can be alternatively
used in combination with antibiotics to enhance the activity
against biofilm-related infection.

Piperine, a naturally occurring alkaloid is the major
bioactive component responsible for the pungency of
commonly consumed spices black pepper or white pepper
(Piper nigrum) and long pepper (Piper longum). Thymol is a
natural volatile monoterpenoid phenol that is the main
active ingredient of oil extracted from species Thymus
vulgaris L., Ocimum gratissimum L., Origanum L., and
Carum copticum L. Piperine and thymol are versatile
molecules with a wide variety of pharmacological activities
including antibacterial and antibiofilm activities [9, 10].

However, the sole use of these natural agents alone has
limited antimicrobial activity. Therefore, the present study
aimed to investigate the antibiofilm activity of thymol and
piperine in combination with aminoglycosides against the
K. pneumoniae biofilm.

2. Materials and Methods

2.1. Chemical and Natural Products. Antibiotics used
(streptomycin, amikacin, and kanamycin) as well as natural
products thymol (purity >98.5%) and piperine (purity
>97%) were purchased from Sigma-Aldrich. Similarly, di-
methyl sulfoxide (DMSO), p-iodonitrotetrazolium chloride
(INT), and 3-(4,5-dimethythiazole-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) were purchased from Sigma-
Aldrich. The Muller Hinton Agar (MHA) and Muller
Hinton Broth (MHB) media were purchased from Domi-
nique Dutscher SAS, France.

2.2. Microorganisms. Four clinical isolates of K. pneumoniae
isolated from urine samples, namely, Kp02, Kp03, Kp04, and
Kp05, were obtained from the Laboratory of Microbiology of
the “Université des Montagnes,” West Cameroon (courtesy
of Dr. Fotsing Pierre). Another clinical isolate Kp55 was a
courtesy of Prof. Kuété Victor from the Laboratory of
Microbiology and Natural Substances of the University of
Dschang, Cameroon.

2.3. Minimum Inhibitory Concentration (MIC) and Minimum
Bactericidal Concentration (MBC) Determination of Thymol,
Piperine, and  Antibiotics. The  susceptibility = of
K. pneumoniae isolates towards thymol, piperine, and an-
tibiotics was assessed by determining MICs and MBCs. The
broth microdilution method was used as previously de-
scribed [11, 12]. Briefly, 100uL of bacterial inoculum
(1.5x10° CFU/mL) was incubated with serial two-fold di-
lutions of 100 uL of antibiotic or natural product for 24 h at
37°C. Concentrations ranged from 256 to 0.125 ug/mL for
antibiotics and 1024 to 0.5pug/mL for natural products.
Untreated wells served as the positive control. After incu-
bation, the presence of bacterial growth was detected by
adding to each well 40 yL of p-iodonitrotetrazolium chloride
(INT) (0.2 mg/mL), and plates were incubated again at 37°C
for 30 min. Viable bacteria reduced the yellow dye to pink.
MIC was recorded as the lowest concentration that pre-
vented the color change of the medium. MBC was deter-
mined by adding 50 yL aliquots from the wells that did not
show growth after incubation for the MIC test to 150 L of
MHB. After incubation at 37°C for 48h, the MBC was
recorded as the lowest concentration of the antibiotic or
natural product, which did not observe a color change after
the addition of INT solution as described above. The ex-
periment was performed in triplicate and repeated three
times.

2.4. Kinetics of Biofilm Formation and Its Metabolic Activity.
Biofilm formation ability of the isolates was evaluated by the
microtiter plate method as described by Kirmusaoglu and
Kagik¢1 with slight modifications [13]. Briefly, 200 uL of
bacterial suspension (7.5x10° CFU/mL) in MHB supple-
mented with 2% glucose was added into 96-well flat-bot-
tomed sterile polystyrene microplate and incubated at 37°C
for 6h, 12h, 24h, 48h, and 72h. At the end of each time
point, the media in wells of the microplate were discharged,
and the plate was washed three times with phosphate-
buffered saline (PBS; pH 7.2) to remove nonadherent bac-
terial cells. The wells containing MHB without bacteria
served as the negative control. The cells that attached to the
well surface were considered as a true biofilm. The biofilm
formation was measured using MTT reduction assay. In
brief, the volume of 200 yL of MTT (0.5 mg/mL) prepared in
PBS was added to each well, and the plate was incubated at
37°C for 4h. After incubation, the solution from wells was
removed and 150 yL of DMSO was added to the plate to
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dissolve the formazan crystal formed by viable bacteria. The
absorbance of plates was measured at 570nm using a
microplate reader (Spectramax 190, Molecular Devices).

2.5. Biofilm Inhibition Assay. The capacity of thymol, pip-
erine, and antibiotics to prevent the formation of biofilm by
K. pneumoniae was assessed according to the work of
Teanpaisan et al. [14]. The plates were filled with 100 L of
inoculum (1.5 x 10° CFU/mL) and 100 pL of concentration

(ODs;, control — ODgygblank ) — (ODj,test — ODs;oblank)

of natural products or antibiotics. Concentrations ranged
from 0.25 to 512ug/mL for antibiotics and from 1 to
2048 ug/mL for thymol and piperine. The plates were in-
cubated for 24 h at 37°C. After incubation, the plates were
treated for the biofilm formation assay as described above.
Untreated wells were used as the positive control, and the
wells containing MHB broth without bacteria were used as
blank. The percentage cell viability inhibition was calculated
using the following formula:

x 100. (1)

% cell viability inhibition =

The minimal biofilm inhibitory concentration (MBIC)
was recorded as the lowest concentration of natural products
or antibiotics reducing the biofilm metabolic activity by
100%.

2.6. Biofilm Eradication Assay. To assess the capacity of the
thymol, piperine, and antibiotics to eradicate biofilms, the
microtiter plate method was used [13]. After biofilm for-
mation for 48 h, the medium was discarded, and the wells
were carefully washed with PBS to remove nonadherent
bacteria cells. Then, the plates were filled with 100 uL of
MHB supplemented with 2% glucose and 100 4L of natural
products or antibiotics, at concentrations ranging from 1 to
2048 ug/mL and 0.25 to 512 ug/mL, respectively. The plates
were incubated at 37°C for 24 h. After incubation, the plates
were treated for the biofilm formation assay as described
above. The minimal biofilm eradication concentration
(MBEC) was defined as the lowest concentration of natural
products or antibiotics reducing the metabolic activity in the
preformed biofilm by 100%. The experiment was performed
in triplicate and repeated three times.

2.7. Thymol and Piperine in Combination with Antibiotics
against the Biofilm Formation. The interactions of thymol/
piperine and antibiotics to prevent the formation of biofilm
of K. pneumoniae were assessed using the broth micro-
dilution checkerboard method according to previously de-
scribed protocols with minor changes [15]. In brief, in 96-
well flat-bottomed polystyrene plates containing 50 uL of
MHB supplemented with 2% glucose, the antibiotic (50 L)
was serially two-fold diluted horizontally while the natural
product (50uL) was serially two-fold diluted vertically.
Then, 100 uL of bacterial inoculum (1.5 x 10° CFU/mL) was
added to each well, and plates were incubated at 37°C for
24h. The final concentrations ranged from 0.625 to 64 ug/
mL for antibiotics and from 16 to 1024 yg/mL for thymol
and piperine. After incubation, the broth in wells was gently
removed and the plates were washed three times with PBS.
Untreated wells were used as the positive control, and wells
containing MHB without bacteria were used as blank. MTT

(ODs;gcontrol — OD;;,blank)

reduction assay as mentioned above was used to assess the
metabolic activity in the biofilm, and minimum biofilm
inhibitory concentration (MBIC) was determined. The effect
of combinations was determined by calculating the frac-
tional inhibitory concentration index (FICI) using the fol-
lowing equation: FICI=(MBIC of the antibiotic in the
combination/MBIC of the antibiotic alone) + (MBIC of the
natural product in the combination/MBIC of the natural
product alone). The type of interaction between natural
products and antibiotics was defined based on the FICI value
as follows: synergy when FICI<O0.5, additivity when
0.5 <FICI<1, indifference when 1 <FICI<4, and antago-
nism when FICI >4 [15].

2.8. Thymol and Piperine in Combination with Antibiotics
against the Preformed Biofilm. To evaluate the effect of the
combination of thymol and piperine with antibiotics to
eradicate the biofilm of K. pneumoniae, the checkerboard
method was used as described above with minor modifi-
cations [15]. In effect, after biofilm formation for 48 h, the
nonadherent cells were gently removed and the plate was
washed with PBS three times. Then, 100 uL of MHB sup-
plemented with 2% glucose and 50 uL of each substance as
described above were added to the adherent cells into the
wells at final concentrations of 0.625-64 ug/mL for antibiotic
and 16-1024 yg/mL for the natural product. The wells
containing the medium and bacteria were used as the
positive control, while wells containing MHB were used as
blank. After incubation for 24 h at 37°C, the MTT reduction
assay as mentioned above was performed to evaluate the
metabolic activity of the biofilms and the minimum biofilm
eradication concentration (MBEC) was determined. The
FICI was calculated and interpreted as described above.

2.9. Statistical Analysis. Data were analyzed using GraphPad
Prism 8.0. Results were expressed as means + standard de-
viations (SDs) of three independent experiments. The sig-
nificance of differences between interval times of the biofilm
quantification was determined using Fisher’s least significant
difference (LSD) at 5% significance level.
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3. Results

3.1. Susceptibility of K. pneumoniae Planktonic Cells to Thy-
mol, Piperine, and Antibiotics. The susceptibility of K.
pneumoniae planktonic cells against thymol, piperine
amikacin, kanamycin, and streptomycin is shown in Table 1.
MICs values varied from 64 to 256 yg/mL, 512 to 1024 ug/
mL, and 0.25 to 16 yg/mL for thymol, piperine, and anti-
biotics, respectively. MBC values were, respectively, in the
range of 256-512 yug/mL, 1024->1024 yg/mL, and 2-64 ug/
mL for thymol, piperine, and antibiotics.

3.2. Kinetics of the Biofilm Formation by K. pneumoniae
Isolates. The biofilm formation kinetics was performed up to
72h, and the mean optical density values at 570 nm were
plotted against time (Figure 1). Data show that, for all K.
pneumoniae isolates evaluated, the highest quantity of biofilm
was obtained after 48 h incubation with optical densities (ODs)
values ranging from 1.32 to 2.31. Kp02 (OD =2.13) and Kp04
(OD =2.31) were the best biofilm-forming isolates. However,
the biofilm formation decreased after 72 h incubation with the
OD values decreasing from 2.31 to 1.3 and from 2.12 to 1.06 for
Kp02 and Kp04, respectively.

3.3. Combination Interaction of Thymol and Piperine with
Aminoglycoside Antibiotics against Biofilm Formation.
The antibiofilm efficacy of thymol, piperine, and three
aminoglycosides (amikacin, kanamycin, and streptomycin)
alone against K. pneumoniae was performed in terms of
biofilm formation and dispersal, and MBIC and MBEC
values were determined, respectively. In a combination
study, the FIC index was used to appreciate the interaction
between natural products and antibiotics. The result of the
potential of thymol, piperine, and antibiotics to prevent the
formation of biofilm in K. pneumoniae isolates is presented
in Table 2. When tested alone, MBIC values of thymol
ranged from 256 to 1024 yg/mL while piperine was 1024 ug/
mL. Antibiotics showed MBIC values ranged from 4-8 g/
mL, 2-16 ug/mL, and 1-8 ug/mL for streptomycin, amika-
cin, and kanamycin, respectively. The effect of the associ-
ation of natural products with antibiotics against biofilm
formation (Table 2) revealed that synergism was observed in
all of K. pneumoniae isolates when thymol was combined
with streptomycin, with FICI values ranging from 0.13 to
0.27 and 16- to 64-fold reduction in the MBIC of strepto-
mycin. Synergistic interaction was found in the combination
of thymol with amikacin against Kp02 (FICI=0.25) and
Kp04 (FICI =0.5) isolates with 8-fold and a 4-fold reduction
in the MBIC value of amikacin, respectively. In the same
combination, additive interaction was observed against
Kp55 (FICI=0.56) with a 16-fold reduction in the MBIC of
amikacin. Thymol acted also synergically with kanamycin
against Kp55 (FICI=0.28), Kp02 (FICI=0.31), and Kp04
(FICI=0.16) isolates with 4-fold, 16-fold, and 32-fold re-
duction, respectively, in the MBIC of kanamycin. A com-
bination of piperine with amikacin showed a synergic effect
(FICI=0.5) against Kp55 isolate with a 4-fold reduction in
the MBIC of amikacin.

MBIC: minimal biofilm inhibitory concentration, ATB:
antibiotic, Thy: thymol, Pip: piperine, (ATB/Thy)*: con-
centration of antibiotic in combination with thymol, (Thy)*:
concentration of thymol in combination with antibiotic,
(ATB/Pip)*: concentration of antibiotic in combination with
piperine, (Pip)*: concentration of piperine in combination
with antibiotic, (ATB/Thy)”=concentration of antibiotic
alone/(ATB/Thy)*, (ATB/Pip)® = concentration of antibiotic
alone/(ATB/Pip)*, (ATB/Thy)°= (ATB/Thy)*/concentra-
tion of antibiotic alone + (Thy)*/concentration of thymol
alone, (ATB/Pip)° = (ATB/Pip)*/concentration of antibiotic
alone + (Pip)*/concentration of piperine alone, FICI: frac-
tional inhibitory concentration index, S: synergy, Ad: ad-
ditivity, I: indifference.

3.4. Combination Interaction of Thymol and Piperine with
Aminoglycoside Antibiotics against Preformed Biofilm.
Table 3 shows the capacity of thymol, piperine, and anti-
biotics to disperse preformed biofilm in K. prneumoniae
isolates. The tested compounds eradicated the preformed
biofilm with MBEC values between 32-128 yg/mL for an-
tibiotics, 512-1024 yg/mL for thymol, and 1024 ug/mL for
piperine. In combination, FICI values obtained in the as-
sociation of thymol with streptomycin ranged from 0.08 to
0.28, indicating the synergic effect (FICI <0.5). In the same
combination, thymol in a concentration of 64-128 yg/mL
significantly decreased (16- to 64-fold) the MBEC of
streptomycin from 32-128 yg/mL to 0.5-4 pyg/mL.

Thymol combined with amikacin showed also a synergic
effect against isolates Kp03 and Kp05, reducing 4-fold and 8-
fold, respectively, the MBEC of amikacin. With Kp04 and
Kp05 isolates, the combination of thymol with kanamycin
demonstrated the synergy (FICI=0.27 and 0.26, respec-
tively) reducing 64-fold (from 64 yg/mL to 1 yg/mL) and 16-
fold (from 128 pg/mL to 8 ug/mL), respectively, the MBEC of
kanamycin. When piperine was used in combination with
streptomycin, it showed a synergic effect against Kp04 isolate
and reduced 8-fold (from 64 ug/mL to 8 ug/mL) the MBEC
of streptomycin.

Piperine in combination with kanamycin showed syn-
ergic effects (FICI = 0.09-0.38) against the mature biofilm of
Kp55, Kp04, and Kp05 isolates with a reduction in kana-
mycin MBEC (8-, 16-, and 8-fold, respectively).

4. Discussion

In recent vyears, the emergence of drug-resistant
K. pneumoniae isolates has increased continuously. Biofilms
are generally more resistant to antimicrobial chemotherapies
than free-living bacteria. High resistance of biofilm infec-
tions to antibiotics and physical treatments is supported by
factors such as persistent cells, adaptive responses, limited
antibiotic penetration, and genetic factors [16]. Innovative
antibiofilm strategies such as the prevention of biofilm
formation, dispersion of preformed biofilms, and antibiotic
combinations against biofilm-associated infections need to
be explored. In this study, we investigated the antibiofilm
effect of two naturally occurring compounds thymol and
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TaBLE 1: Susceptibility of K. pneumoniae planktonic cells against thymol, piperine, and antibiotics.
Natural products (ug/mL) Antibiotics (ug/mL)
Isolates Thymol Piperine Amikacin Kanamycin Streptomycin
MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC
Kp02 128 256 1024 1024 1 4 2 8 1 16
Kp03 64 512 512 >1024 1 4 0.25 8 0.5 16
Kp04 128 256 1024 >1024 16 32 8 16 8 64
Kp05 256 512 512 1024 2 8 16 16 2 16
Kp055 128 512 1024 >1024 0.5 4 2 2 2 8
MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration.
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F1Gure 1: Kinetics of the biofilm-producing capacity of K. pneumoniae clinical isolates. Clinical isolates of K. pneumoniae were incubated for
72h, and the biofilm was analyzed at 6, 12, 24, 48, and 72h to determine the best time for maximum biofilm formation. The bar graphs
represent the mean (n = 3) + standard deviation (error bars) of the values corresponding to each time of incubation for biofilm formation.
Different letters (a, b, ¢ d, and e) above bars indicate a significant difference between the values (p <0.05 according to Fisher’s least

significant difference).

piperine in combination with three aminoglycoside anti-
biotics (amikacin, kanamycin, and streptomycin) against
K. pneumoniae clinical isolates.

In a preliminary study, the antibacterial activity of the
compounds against K. pneumoniae planktonic cells was
performed. Both thymol and piperine had an inhibitory
effect against planktonic cells of K. pneumoniae, with thymol
showing lower MICs compared to that of piperine.
According to a recent classification, the antibacterial activity
of natural product is considered as very good when
MIC<15ug/mL, good when 15<MIC<25pug/mL,

moderate  25<MIC<100ug/mL, and low when
MIC > 100 ug/mL [17]. Therefore, thymol showed moderate
to low antibacterial while piperine showed low activity
against K. pneumoniae isolates. The MIC values ranged from
64 to 256 and 512 to 1024 ug/mL for thymol and piperine,
respectively. MIC values of thymol and piperine obtained
from the present study were comparatively lower than the
previously reported ones. El Atki et al. reported the in-
hibitory effect of thymol on the growth of K. pneumoniae at
703 yg/mL [18], while Toma observed an MIC value of
25mg/mL in the case of piperine against K. pneumoniae [19].
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TaBLE 2: Minimum biofilm inhibitory concentration (MBIC) of thymol, piperine, aminoglycoside, and fractional inhibitory concentration
index (FICI) of combination against K. pneumoniae.

MBIC reduction fold of

MBIC (ug/mL) antibiotics

FICl/interpretation

Alone Combined*

ATB/Thy)* (ATB/Pip)® (ATB/Thy)° (ATB/Pip)°
ATB Thy Pip (ATB/Thy)* (Thy)* (ATB/Pip)* Pip* ( A ip)* ( y)° ip)

Streptomycin

Kp55 8 1024 1024 0.125 128 4 128 64 2 0.14/S 0.63/Ad
Kp02 4 512 1024 0.25 32 4 256 16 1 0.13/S 1.25/1
Kp03 4 512 1024 0.25 64 1 512 16 4 0.19/S 0.75/Ad
Kpo4 4 512 1024 0.25 32 2 256 16 2 0.13/S 0.75/Ad
Kp05 8 256 1024 0.125 64 4 512 64 2 0.27/S 1/Ad
Amikacin

Kp55 4 1024 1024 0.25 64 1 256 16 4 0.13/S 0.50/S
Kp02 2 512 1024 0.25 64 1 512 8 2 0.25/S 1/Ad
Kp03 4 512 1024 2 256 4 64 2 1 1/Ad 1.06/1
Kp04 16 512 1024 4 128 16 16 4 1 0.50/S 1.02/1
Kp05 8 256 1024 4 256 8 512 2 1 1.50/1 1.5/1
Kanamycin

Kp55 8 1024 1024 2 32 4 512 4 2 0.28/S 1/Ad
Kp02 4 512 1024 0.25 128 4 16 16 1 0.31/S 1.02/1
Kp03 1 512 1024 1 32 1 128 1 1 1.06/1 1.13/1
Kpo4 8 512 1024 0.25 64 2 1024 32 4 0.16/S 1.25/1
Kp05 8 256 1024 2 256 4 32 4 2 1.25/1 0.53/Ad

TaBLE 3: Minimum biofilm eradication concentration (MBEC) of thymol, piperine, aminoglycoside, and fractional inhibitory concentration
index (FICI) of combination against K. pneumoniae.

MBIC reduction fold of

MBEC (ug/mL) antibiotics

FICI/interpretation

Alone Combined”

ATB/Thy)* (ATB/Pip)* (ATB/Thy)° (ATB/Pip)°
ATB Thy Pip (ATB/Thy (Thy)* (ATB/Pip) Pip* . V)" (ATB/Pip)" ( v)" (ATB/Pip)

Streptomycin

Kp55 32 1024 1024 0.5 64 32 256 64 1 0.08/S 1.25/1
Kp02 32 1024 1024 0.5 64 16 128 64 2 0.08/S 0.63/Ad
Kp03 64 512 1024 4 64 32 512 16 2 0.19/S 1/Ad
Kp04 64 512 1024 2 128 8 256 32 8 0.28/S 0.38/S
Kp05 128 512 1024 4 128 64 512 32 2 0.28/S 1/Ad
Amikacin

Kp55 32 1024 1024 32 256 16 1024 1 2 1.25/1 1.50/1
Kpo02 64 1024 1024 16 1024 64 512 4 1 1.25/1 1.5/1
Kp03 128 512 1024 32 128 32 512 4 4 0.50/S 0.75/Ad
Kpo4 64 512 1024 32 256 64 1024 2 1 1/Ad 2/1
Kp05 64 512 1024 8 64 32 1024 8 2 0.25/S 1.5/1
Kanamycin

Kp55 64 1024 1024 64 16 8 128 1 8 1.02/1 0.25/S
Kp02 32 1024 1024 16 512 16 256 2 2 1/Ad 0.75/Ad
Kpo03 64 512 1024 32 128 32 512 2 2 0.75/Ad 1/Ad
Kp04 64 512 1024 1 128 4 32 64 16 0.27/S 0.09/S
Kp05 64 512 1024 8 64 16 128 16 8 0.25/S 0.38/S

MBEC: minimal biofilm eradication concentration, ATB: antibiotic, Thy: thymol, Pip: piperine, (ATB/Thy)*: concentration of antibiotic in combination with
thymol, (Thy)*: concentration of thymol in combination with antibiotic, (ATB/Pip)*: concentration of antibiotic in combination with piperine, (Pip)*:
concentration of piperine in combination with antibiotic, (ATB/Thy)" = concentration of antibiotic alone/(ATB/Thy)*, (ATB/Pip)” = concentration of
antibiotic alone/(ATB/Pip)*, (ATB/Thy)° = (ATB/Thy)*/concentration of antibiotic alone + (Thy)*/concentration of thymol alone, (ATB/Pip)°=(ATB/
Pip)*/concentration of antibiotic alone + (Pip)*/concentration of piperine alone, FICI: fractional inhibitory concentration index, S: synergy, Ad: additivity, I:
indifference.
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Piperine is an alkaloid, and little is known about its
antibacterial activity against K. pneumoniae. However, the
antimicrobial activity of piperine is higher against Gram-
positive bacteria as compared to that of Gram-negative
bacteria [20]. Despite the high levels of aminoglycoside
resistance among Klebsiella pneumoniae isolates observed in
previous studies [21], all of K. pneumoniae planktonic cells
isolates were susceptible to streptomycin, amikacin, and
kanamycin in this study.

In our study, the kinetics of K. pneumoniae isolate biofilm
formation revealed that the highest amount of biofilm was
produced after 48 h of incubation, followed by a decrease at
72h incubation. This finding could be correlated to the later
stages of the biofilm formation (maturation and dispersion
phases) which are characterized by the maturation of biofilm;
afterward, some cells start to detach from the mature biofilm
(biofilm dispersion) and release free-floating microbes for
further colonization [22]. Maldonado et al. observed that the
metabolic activity into the biofilm of K. pneumoniae increased
over time until 24 h of the assay [23].

Thymol inhibited the biofilm formation in
K. pneumoniae at concentrations ranging from 256 to
1024 yg/mL. These results are in agreement with those
obtained by Raei et al. who observed that the MBIC values
ranged from 200 to 1600 pg/mL for thymol against Gram-
negative bacilli [24]. However, limited information exists on
the antibiofilm activity of piperine against K. pneumoniae.
Dwivedi and Singh reported for piperine an MBIC of
0.0407 mg/mL against Streptococcus mutans [25]. Medicinal
plants such as T. vulgaris are an aromatic plant. Its essential
oil contains the thymol, which constitutes the major and
more active constituent. Ramos et al. reported the anti-
bacterial and antibiofilm activity of T. vulgaris against
K. pneumoniae [26], while Darsini et al. revealed the anti-
biofilm activity of P. nigrum and P. longum with the MBIC
value ranged from 0.5 to 2mg/mL against Streptococcus
pyogenes biofilms [27].

As expected, K. pneumoniae biofilms were less sensitive to
the tested substances compared to their planktonic counter-
parts. It was observed that concentrations 1- to 8-fold and 1- to
2-fold higher than those obtained against planktonic cells were
needed to inhibit biofilm formation in the case of thymol and
piperine, respectively. The MBIC of streptomycin, amikacin,
and kanamycin was, respectively, from 2- to 8-fold, 1- to 8-fold,
and 0.5- to 4-fold higher than their planktonic MICs. Although
the mechanisms by which their antibiofilm effects occur are not
known, they might interfere with physiological mechanisms of
adherent cells such as autoinducer molecules and the extra-
cellular matrix production [28]. Overall, antibiotics (amikacin,
streptomycin, and kanamycin) used in the present study
inhibited the biofilm formation of K. pneumoniae isolates at
lower concentrations (1 to 16 ug/mL) than that of thymol and
piperine.

However, combination studies showed that thymol and
piperine induce a synergistic effect against biofilm formation
when used in association with antibiotics. The concentration of
streptomycin was reduced by 16- to 64-fold when used in
combination with thymol while the MBIC of amikacin was
reduced by 4-fold when combined with piperine. These results

highlight the large reduction of the quantities of natural
compounds and antibiotics used in association compared to
the quantities used alone to inhibit the K. pneumoniae biofilm
formation.

It was noticed that thymol, piperine, and antibiotics were
more effective in inhibiting the biofilm formation but be-
come comparatively less effective in dispersing the pre-
formed biofilm. This result might be due to the recalcitrant
nature of the mature biofilm [29]. Thymol has been shown to
cause only caused very moderate toxicity [30], and several
clinical studies of the coadministration of piperine with
various drugs have been performed in humans [31].
Therefore, findings from this study indicate that the com-
bination revealed could be considered as potential safe
compounds  for therapy against Dbiofilm-related
K. pneumoniae infections.

5. Conclusions

This study has shown the synergistic effect of thymol and
piperine and combined with streptomycin, kanamycin, and
amikacin on biofilm-associated K. pneumoniae pathogens.
Synergic effects obtained in the combination of thymol or
piperine with the three aminoglycoside antibiotics considered
indicate that thymol and piperine are promising candidates for
the development of novel antibacterial combination therapies
against biofilm-associated infections. Further studies are under
consideration to carry out these same tests on other bacterial
strains of the Gram-positive or -negative type and to investigate
the mechanism of action of these combinations as well as the in
vivo model of K. pneumoniae biofilms.
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