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Abstract

Most bacterial species today have evolved with time and gained resistance
to a wide range of antibiotics, primarily due to formation of biofilms and 3-
lactamases. Many phytochemicals have been explored for their ability to
inhibit bacterial biofilms. The present study sheds light on antibiofilm prop-
erties of two such plants viz. Psidium guajava and Syzygium jambos, of the
Myrtaceae family. They were found to be effective against four different bio-
film forming pathogens - Chromobacterium violaceum, Klebsiella pneumoni-
ae, Pseudomonas aeruginosa and Staphylococcus aureus. Synergistic use of
the plant extracts showed slightly better antibacterial activity than a single
extract. Quorum sensing being one of the key factors required for biofilm
formation, the isolate Chromobacterium violaceum was used as the indica-
tor organism to study the anti-quorum properties of the plant extracts. At 10
mg/mL, ethanolic extract of S. jambos inhibited violacein pigment the most
(78.84%) and therefore can be considered as a quorum sensing inhibitor
(QSI). Since silver nanoparticles (AgNPs) have become increasingly signifi-
cant in the field of drug delivery, they may be utilized to coat implants to
avoid subsequent infections in patients who have had implant surgery and
to reduce biofilm development in pathogens. In the present study, five gels
were formulated using plant extracts and AgNPs, of which two showed
promising results in wound healing assay. The non-toxic nature of the syn-
thesized gels has been verified by studies on L-929 mouse fibroblast cell
lines, which opens the door for their prospective application as topical
treatments to accelerate the healing process in both acute and chronic
wounds. Given that S. aureus and P. aeruginosa are the most commonly
isolated bacteria from diabetic foot ulcers, the resulting gels can considera-
bly curb the spread of infection and gangrene and thus prevent amputation.
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Introduction

A self-produced extracellular polymeric substance encasing a well-
organized group of bacteria that is highly resistant to traditional antimicro-
bial treatments is called a biofilm (1). This matrix facilitates bacterial adhe-
sion to surfaces, posing significant threats to health and safety. Antibiotic
resistance is conferred by the matrix through a variety of mechanisms, in-
cluding the expression of resistant genes, limitation to antibiotic entry into
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cells, growth rate reduction, and even host immunity
counteraction. Penicillin was once considered a wonder
drug or the miracle drug as it saved so many lives from
bacterial infections that were fatal before its discovery. But
eventually with the evolution of bacteria that can produce
metallo beta lactamases (MBLs) and extended spectrum
beta lactamases (ESBLs), these drugs started losing their
efficacy in treating serious infections like septicemia, uri-
nary tract infections (UTIs) and pneumonia caused by bac-
teria such as K. pneumoniae, Pseudomonas aeruginosa,
Escherichia coli etc. The ability of some of these bacterial
cells to form biofilms acts synergistically to confer antibi-
otic resistance along with the production of B-lactamases
(2). The underlying principle behind biofilm formation is,
however, quorum sensing. QS cell density-dependent con-
trol of gene expression is a crucial aspect of biofilm physio-
logical development since biofilms typically include large
concentrations of cells. It describes how quorum sensing
molecules or small signalling molecules called autoinduc-
ers (Als) diffuse between cells to sense population density
(3). When the concentration of cells in a community is low,
the concentration of Als is low. Thus, it can be concluded
that the concentration of cells and Als are directly propor-
tional. As the cell density increases, the concentration of
Als in the external environment increases and they diffuse
back into the cell to activate the enzyme responsible for
the production of Als. Since the Al themselves are respon-
sible for the production of more Als, this loop is called a
‘feed-forward’ mechanism. On scaling up the production
of Als, they also activate various other genes that aid in
biofilm formation like the EPS layer production. Gram-
negative organisms produce acyl-homoserine lactones
(AHL) with varying number of aliphatic chains and gram-
positive organisms produce auto-inducer peptides (AIPs)
as their autoinducers (4) The gene product of icaADBC is a
polysaccharide intracellular adhesin in gram-positive bac-
teria like Staphylococcus, which expresses itself to mediate
cell-to-cell adhesion and control the formation of biofilms
(5). Their muco-polysaccharide-containing slime layer al-
lows them to stick to surfaces and medical equipment,
making it easy for them to colonize and proliferate
throughout a hospital setting. Additionally, the slime fac-
tor contributes to their pathogenicity by shielding them
from antimicrobial agents, phagocytosis, and chemotaxis
(6). Antimicrobial resistance of biofilm forming bacteria
can be up to 1000 times stronger than those of planktonic
forms, and it is frequently imparted by multifactorial re-
sistance mechanisms. This makes it extremely difficult to
eliminate biofilm forming bacteria once they are estab-
lished (7). Hence, there is an urgent need to find measures
by which bacterial biofilms can be inhibited or disrupted,
further solving the issue of drug resistance among many
strains (2). Secondary metabolites present in several
plants have been found to exhibit antibiofilm, antibacteri-
al, and anti-quorum properties and therefore seem to be
promising tools to deal with the menace of drug resistance
(8). Silver nanoparticles (AgNPs) were shown to possess
authentic characteristics and remarkable potential for the
creation of new antimicrobial agents, drug delivery sys-
tems, coatings for biomaterials and medical devices, plat-

forms for detection and diagnosis of toxins, and therapeu-
tic alternatives with improved performance (9). AgNPs are
effective against a variety of cancers, including glioblasto-
ma, colorectal adenocarcinoma, prostate carcinoma, cer-
vical cancer, hepatocellular carcinoma, nasopharyngeal
carcinoma, breast cancer and lung cancer. By damaging
the ultrastructure of cancer cells, producing reactive oxy-
gen species (ROS) and DNA damage, deactivating en-
zymes, and controlling signalling pathways, AgNPs can
induce apoptosis or necrosis. Additionally, they also pre-
vent angiogenesis and can thereby prevent the invasion
and spread of malignant cells (10). The efficacy of silver
nanoparticles in wound healing is greatly studied as they
can prevent the colonization of bacteria and the develop-
ment of biofilms if used in the early stages. From the previ-
ous literature, it has been deduced that a total of 6% of
biopsy specimens from acute wounds and 60% of speci-
mens from chronic wounds have biofilms detected in
them. The microorganisms within biofilms provide the
biggest obstacles to healing because they are resistant to
various tolerance mechanisms and traditional antimicrobi-
al therapy (1). AgNPs work against biofilms by either de-
stroying the intermolecular interactions or stopping bacte-
rial cells from sticking to surfaces. Additionally, it was
demonstrated that AgNPs might prevent quorum sensing
(11).

The present study attempts to check the antibiofilm
efficacy of the plant extracts and nanoparticles of P. gugja-
va and S. jambos, to formulate a gel from these plant ex-
tracts and test on human cell lines for possible use as a
topical agent on wounds.

Materials and Methods
Bacterial isolates

Chromobacterium violaceum (MTCC 2656), K. pneumoniae
(MTCC 109), Pseudomonas aeruginosa (MTCC 741) and S.
aureus (MTCC 87)

Sample collection and extraction

Leaves of P. guajava and S. jambos were collected from
Trichur district in Kerala, India and shade dried for 14 days.
Thereafter, the leaves were powdered using a blender into
fine powder and 5 g of powder was used for Soxhlet extrac-
tion using 150 mL of ethanol.

Antibacterial activity using agar well diffusion tech-
nique

100 pL of overnight cultures of P. aeruginosa, K. pneumoni-
ae, and S. aureus were spread plated on Mueller-Hinton
agar and wells were made with a cork borer. 200 yL of
standard antibiotic (streptomycin sulphate-50 pg/mL),
ethanol, ethanolic extract of P. guajava, ethanolic extract
of S. jambos (10 mg/mL), AgNPs (8 mg/mL) synthesized
from P. guajava, AgNPs synthesized from S. jambos, and
1mm AgNOs were added into the wells. The plates were
incubated overnight in a static incubator at 37°C in an up-
right position and observed for a zone of inhibition the
next day (12). The experiment was done in triplicates and
the mean value was given as the antibacterial activity.
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Phenotypic characterization of biofilm production in
Congo Red Agar (CRA)

Congo Red Agar comprises Brain Heart Infusion broth, Su-
crose, Congo red and Agar at 37 g/L, 5 g/L, 0.8 g/L and 15 g/L
respectively. Congo Red stain was prepared as a concen-
trated solution and autoclaved separately. The stain was
added to the remaining media at 55°C just before pouring
the media into the plates. After solidifying the media, the
cultures were quadrant streaked, and the plates were in-
cubated at 37°C overnight. The formation of black col-
oured colonies with a crystalline appearance was inferred
to be a positive result for biofilm production. The assay
was done both in the presence and absence of plant ex-
tracts. In the case of media with plant extract, the test
plant sample extracts were mixed with the media at a con-
centration of 10 mg/mL, before it solidified (13).

Antibiofilm activity using Crystal Violet (CV) assay

Overnight cultures of C. violaceum, P. aeruginosa, K. pneu-
moniae, and S. aureus grown in Luria-Bertani (LB) broth
were adjusted to 0.5 OD at 600 nm and 1 mL of these cul-
tures were transferred to sterile test tubes in triplicates.
1 mL of ethanolic extract of P. guajava and S. jambos were
added to the tubes. The tubes without the extracts served
as controls while three tubes with sterile LB broth were
treated as blanks. Cell suspensions were removed from the
test tubes after 72 h. Tubes were washed with sterile dis-
tilled water and dried at 60°C for 30 min. Further, 1% Crys-
tal Violet (CV) solution was added to all the tubes and incu-
bated on a rocker for 30 min at room temperature. The
tubes were cleared of the non-bound dye with repeated
sterile distilled water wash following which tubes were
dried at 37°C. 20% acetone was added to ethanol to dis-
solve the bound CV and incubated on a rocker for 15 min.
Finally, to quantify the biofilms formed in the presence
and absence of the extracts, the absorbance was meas-
ured at 600 nm (14). Uninoculated LB broth served as the
blank.

Screening of plant extracts for anti-quorum sensing
(QS) activity against C. violaceum

Standard antibiotic (25 pg/mL), ethanol, the two plant ex-
tracts at 10 mg/mL concentration (individually and in com-
bination), AgNPs synthesized from the plant extracts at 8
mg/mL concentration, and 1mM AgNOs were tested for
their ability to prevent the formation of violacein in the
strain C. violaceum (MTCC 2656) as described earlier with a
few modifications. Briefly, 100 yL of the overnight culture
of C. violaceum (MTCC 2656) was standardized to 0.5 OD at
600 nm and combined with 3 mL of melted LB agar (0.5%
w/v agar). After that, the LB agar plate was layered with
this mixture and allowed to solidify. Wells were bored with
a cork-borer to hold 200uL of the test samples. The plates
were further incubated at 30°C overnight and the zone of
inhibition of violacein production/growth was measured
the following day (15).

Quantitative estimation of violacein

Overnight culture of C. violaceum standardized to 0.5 OD at
600 nm and was grown in the absence and presence of

varying concentrations (10 mg/mL, 5 mg/mL, 2.5 mg/mL,
1.25 mg/mL, 0.62 mg/mL, 0.31 mg/mL and 0.15 mg/mL) of
ethanolic leaf extracts of P. guajava and S. jambos respec-
tively in LB broth. The tubes were incubated at 30°C in an
orbital incubator at 220 rpm overnight. Following incuba-
tion, centrifugation was used to remove the insoluble vio-
lacein at 10000 rpm for 10 min. The pellet was gathered
and then suspended in 1 mL of dimethyl sulfoxide (DMSO).
The tubes were cyclo-mixed for 30 sec followed by centrif-
ugation at 10000 rpm for 10 min for the removal of bacteri-
al cells. Absorbance was recorded at 585 nm using a spec-
trophotometer to infer the amount of soluble violacein
present in the supernatant (15).

Minimum inhibitory concentration (MIC) assay

The minimum inhibitory concentration (MIC) of the test
plant extracts was determined using the rapid INT
(p-iodonitrotetrazolium chloride) colorimetric assay. It is a
dye that changes its colour from yellow to pink when bac-
teria reduce it. The plant samples and the standard antibi-
otic were suspended in DMSO/Mueller Hinton broth such
that the final concentration of DMSO was less than 2.5%.
The obtained solution was added to Mueller Hinton broth
and serially diluted to two folds along the columns of a 96
well plate. The stock concentration of the test samples
was 10 mg/mL and they were diluted up to 3.12 mg/mL.
The cultures were standardized to 0.5 OD and 100 uL of the
standardized cultures were transferred to each well. Inoc-
ulated Mueller-Hinton broth with DMSO served as the neg-
ative control. The plate was closed with a lid and sealed
before placing it on a plate shaker to mix the contents in
the wells. Further, at 37°C, the plates were incubated
for 18 h. Post incubation, each well was filled with 40 uL of
0.2 mg/mL INT, and the wells were incubated for 30 min at
37°C. In the wells in which bacterial growth was inhibited,
the dye was not reduced, and they appeared pale yellow in
colour whereas the ones that had bacterial growth showed
a pink colour (16).

Minimum bactericidal concentration (MBC) assay

After the MIC was deduced, from the wells that did not
show a colour change in the MIC assay, the samples were
added to 150 YL adequate broth and incubated at 37°C for
48 h in a new 96 well plate. The lowest concentration at
which the wells did not show a colour change on addition
of INT post incubation, was recorded as the MBC of that
sample (16).

Bacterial adherence to hydrocarbons (BATH) assay

The four isolates were harvested after 18 h of incubation
and washed three times to further resuspend in 0.1M phos-
phate buffer (pH 7). 3 mL of the bacterial suspension was
set to 0.8 OD at 550 nm using a spectrophotometer and
was taken in a test tube to make them interact with 400 pL
of a hydrocarbon, xylene. The solution was equilibrated at
25°C in a water bath for ten min and subsequently vor-
texed. The solution was left undisturbed for 15 min for the
phase separation to happen such that the lower aqueous
phase could be taken out to record the absorbance at
550 nm (A,). The readings were then compared to the con-
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trol tubes wherein there was no interaction with the
hydrocarbon. To infer the percentage of affinity that mi-
crobes have towards the hydrocarbon, the following for-
mula was used: A= [(Ao-A1/Ao)] x 100 wherein; Ay is the ab-
sorbance of the control at 550 nm and A; is the absorbance
of the aqueous phase after the interaction of microbes
with the hydrocarbon. The experiment was done in tripli-
cates and the results were expressed as mean + standard
deviation. The isolates were considered to be extremely
hydrophobic if the percentage adhesion was more than
50%, intermediate when in the range of 20% to 50% and
hydrophilic when below 20% (17). In an earlier study, bac-
terial isolates were isolated from the oral cavity of volun-
teers. These isolates are responsible for dental plaques
and showed great adherence to hydrocarbons indicating
their biofilm forming nature (18).

Green synthesis of silver nanoparticles

20 mL of 1 mM AgNOs solution was treated with 0.2 mL of
leaf extracts to synthesize the AgNPs, which were then
agitated for ten min at 30°C. A reddish brown colour gradu-
ally replaced the solution's initial pale-yellow appearance
that indicated the presence of AgNPs (19).

Characterization of AgNPs using UV-Vis spectrophotom-
eter, scanning electron microscopy (SEM), X-ray diffrac-
tion (XRD) and energy dispersive X-ray (EDS) analysis

The surface plasmon resonance (SPR) of the noble metal
AgNPs gives rise to their distinctive visual characteristics.
GENESYS-180 UV-Visible spectrophotometer was used to
perform UV-visible spectroscopy analyses of both the sam-
ples in the 350-700 nm range. Double-distilled deionized
water was utilized as the blank for baseline correction (19).
The size, morphology and weight of the synthesized AgNPs
was investigated using Scanning Electron Microscopy inte-
grated with Energy Dispersive X-Ray analysis using Zeiss
Ultra 55. SEM was operated at a voltage of 5kV (20). Thin
films of the synthesized nanoparticles were subjected to
X-Ray Diffraction using Rigaku- Smartlab X-Ray Diffractom-
eter.

Formulation of gel

To make 50 mL of the gel, 2% Carbopol-934 was added to
about 25 mL water and allowed to swell for two h. Further,
the beaker with the carbopol mixture was kept on a mag-
netic stirrer for continuous agitation. Once the gelling
agent was dispersed completely into the solution, 10 mL of
the plant extract (10 mg/mL concentration) or the freshly
synthesized nanoparticle solution was added and stirred
for 18 h. 5 mL of glycerol was added to make the gel ho-
mogenous and finally an additional 10 mL of water was
added to attain the 50 mL volume. pH was set to 6.5 £ 0.2.
The gels were evaluated according to their physical char-
acteristics namely: pH, grittiness, colour and spreadability
(21).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay

To test the toxicity of the synthesized gels, MTT assay was

done using L-929 mouse fibroblast cell line procured from
NCCS, Pune. Following trypsinization, the cells cultured in

4

a T-25 flask were aspirated into a 5 mL centrifuge tube and
centrifuged at 300 x g. The pellet obtained was diluted
using DMEM-HG medium to get a cell count of 10000 per
200uL. Every well in the 96 well plate was loaded with
200uL of cell suspension and incubated at 37°C and 5%
CO;atmosphere for 24 h. Post incubation, the consumed
medium was aspirated and 200pL of test concentrations
(31.25 pg/mL, 62.5 ug/mL, 125 pg/mL, 250 pg/mL, 500 pg/mL
and 1000 pg/mL) of the gels were added to the respective
wells and incubated once again at 37°C and 5% CO,atmos-
phere for 24 h. The drug containing media was aspirated
following incubation and each well received 200pL of me-
dium containing 10% MTT, resulting in a final concentra-
tion of 0.5 mg/mL. The plate was then incubated at 37°C
and 5% CO;atmosphere for 3 h. Without affecting the
formazan crystals that had formed, the culture media was
carefully removed. The crystals were subsequently solubil-
ized in 100 yL of DMSO and shaken gently using a gyratory
shaker. The absorbance was read at 570 and 630 nm using
a microplate reader (BK-EL10A, Biobase, China) to calcu-
late the percentage growth inhibition of the fibroblast cells
(22).

Wound healing assay

L-929 mouse fibroblast cells were grown in a 12 well plate
as a monolayer. Once 80% confluence was reached, a
scratch was made on the cells to create a wound. The
monolayer was washed twice with 1 mL DPBS following
which 1 mL of medium with and without the drugs were
added into the wells and incubated for 12 h. The gels were
tested at a concentration of 250 pg/mL. Images were taken
at 0h and 12h using inverted phase contrast microscope
(XDFL series, Sunny instruments, China). Percentage of cell
migration is calculated by comparing the final gap area to
the initial gap area using MRl Wound healing tool plug in
ImageJ software (23).

Results and Discussion

Antibacterial activity using agar well diffusion tech-
nique

With a view to check the antibacterial activity of the etha-
nolic leaf extracts of P. guajava and S. jambos, four bacteri-
al strains were used for the tests. These isolates were test-
ed against the standard antibiotic (Streptomycin- 50
pg/mL), ethanol, ethanolic extract of P. guajava, ethanolic
extract of S. jambos, a combination of both the extracts,
AgNPs synthesized from P. guajava and S. jambos individu-
ally and 1mm AgNOsrespectively. A synergistic use of plant
extracts against the four isolates proved to be slightly
more potent than the single extracts (Table 1). The AgNPs
synthesized from the two plant extracts however did not
show better results than the plant extracts although a
small zone of inhibition was observed (Fig 1). A two-way
ANOVA was done to prove the statistical significance of the
test. On obtaining a p value of <0.05 a post hoc test named
Tukey’s Honestly Significant Test (HSD) was done which
showed significant difference between specific samples
used for the assay. In an earlier study conducted by Yahaya
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Table 1. Antibacterial activity of ethanolic leaf extracts of Psidium guajava and Syzygium jambos, against the biofilm forming bacterial isolates - Chromobacte-
rium violaceum, Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus aureus

Zone of inhibition (mm)

Bacterial isolates Antibiotic Ethanolic Ethanolic P. guajava + AgNPs syn- AgNPs syn- 1mM

(50 pg/mL) Ethanol extract of extract of S iambos thesized from  thesized from AeNO.

e P. guajava S. jambos -J P. guajava S. jambos ENOs
C. violaceum 45 15 22 23 21 15 16 15
K. pneumoniae 33 10 16 20 28 11 11 10
P. aeruginosa 40 15 18 21 25 14 14 10
S. aureus 32 10 18 21 23 12 13 12

Fig. 1. Sensitivity patterns of the 4 isolates (1-Chromobacterium violaceum, 2. Klebsiella pneumoniae, 3. Pseudomonas aeruginosa , 4. Staphylococcus aureus)
grown on Mueller-Hinton Agar against A-Std Antibiotic Streptomycin (50ug/mL), B-Ethanol, C-Ethanolic Leaf Extract of Psidium guajava, D-Ethanolic Leaf Extract
of Syzygium jambos, E- Plant Extracts in Combination, F-AgNPs Synthesized from Psidium guajava, G-AgNPs Synthesized from Syzygium jambos, H-1mM Silver

Nitrate.

et al., ethanolic leaf extract of guava showed good antibac-
terial activity against test organism at concentration of
200 mg/mL with a zone of inhibition of 16 mm. In the cur-
rent study, ethanolic leaf extract of P. guajava showed
better results at much lesser concentration of 10 mg/mL
with a zone of inhibition of 22 mm, 16 mm, 18 mm and 18 mm
against C. violaceum, K. pneumoniae, P. aeruginosa and S
aureus respectively (24). The ethanolic extracts of P. guaja-
va and the methanolic extract of S. jambos showed signifi-
cant antibacterial activity against the  B. anthracis 34F2
Sterne strains with a MIC value of 64 pg/mL. This significant
antibacterial activity of plants could be attributed to the
presence of vanillic acid in both extracts. Vanillic acid dis-
rupts the cell “membrane leading to bacterial cell death
(25). The results of these studies align with the current
study and reiterate the presence of bioactive compounds

in the extract that contribute towards the antibacterial
activity.

Phenotypic characterization of biofilm production in
Congo Red Agar (CRA)

All four isolates exhibited luxuriant growth on CRA plates
without plant extracts. They also showed black colour or
close to black colour colonies indicating the presence of
biofilms after 24-48 h of incubation at 37°C. Fig. 2 depicts
the growth of S. aureus on Congo Red Agar with and with-
out plant extracts. P. aeruginosa and C. violaceum are pig-
ment producing organisms and therefore the colour of the
colonies on CRA appeared purplish black and greyish black
for these isolates respectively (Fig. S1). The precise mecha-
nism of the reaction involved in the Congo Red Agar test is
unknown, despite the fact that it is frequently utilized in
biofilm investigations, primarily involving Staphylococcus

Fig. 2. Staphylococcus aureus isolate grown on Congo Red Agar. A - Control, with no extract added, B - Media with ethanolic extract of Syzygium jambos and C -

Media with ethanolic extract of Psidium guajava.
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spp. (26). Furthermore, there have been reports of changes
in the composition of biofilms across different species of
bacteria and it is believed that these variations in Exopoly-
saccharide (EPS) production are the reasons for the varia-
tions in the positive colour tone detected by the Congo
Red Agar Method (27). Black colonies produced by the re-
action of Congo Red with beta glucans in the exopolysac-
charide, aid in the differentiation of EPS producers from
non-EPS producers (28). However, this qualitative ap-
proach of identifying the isolates based on whether they
are biofilm formers or not is not something that is 100%
reliable. Quantitative methods like the Crystal Violet assay
and molecular techniques need to be used (5).

Antibiofilm activity of ethanolic leaf extract of P. guaja-
va and S. jambos using Crystal Violet (CV) assay

A common method for assessing the earliest phases of
bacterial biofilm development is the crystal violet-based
test (29). It is inexpensive and does not require any sophis-
ticated instrument and therefore one of the primary tests
done to evaluate the capability of the bacterial strains to
establish biofilms. Here, in the current study, the four bac-
terial isolates were compared based on their ability to
form biofilms in the presence and absence of the plant
extracts. Among the 4 strains, P. aeruginosa gave the maxi-
mum OD readings (2.822) in the absence of the plant ex-
tracts followed by S. aureus (2.19), C. violaceum (1.13) and
K. pneumoniae (1.06). In the presence of ethanolic leaf
extract of S. jambos, all four isolates showed inhibition of
biofilms largely, followed by the two plant extracts in com-
bination and ethanolic leaf extract of P. guajava respec-

S. aureus

P. aeruginosa

BACTERIAL ISOLATES
I

K. pneumoniae

C. violaceum

0 1 2 3
0D at 600 nm
Psidium guajava + Syzygium jambos
m Syzygium jambos
B Psidium guajava
® CONTROL

Fig. 3. Biofilm formation and prevention in Chromobacterium violaceum,
Klebsiella pneumoniae, Pseudomonas aeruginosa and Staphylococcus aureus
when treated with ethanolic leaf extracts of Psidium guajava and Syzygium
jambos. The values are represented as means of three independent determi-
nations and control samples are marked with superscript a, indicating that
the values are significantly different from the treated samples using one way
ANOVA, Duncan, p<0.05 in SPSS software.

tively. The extent of biofilm reduction across the treatment
groups has been represented in Fig. 3. The values are rep-
resented as means of three independent determinations
and control samples are marked with superscript a, indi-
cating that the values are significantly different from the
treated samples using one way ANOVA, Duncan, p<0.05 in
SPSS software. Error bars depict mean + standard devia-
tion.

Screening of plant extract for anti-QS activity against C.
violaceum

Quorum sensing is a phenomenon that happens in a few
classes of bacteria to communicate with each other via
signalling molecules called autoinducers to execute a task.
These tasks include secretion of toxins, metalloproteases,
lipases, collagenases, chitinases, formation of biofilm, to
exhibit bioluminescence property, pigment production
etc. In C. violaceum there are two genes that are crucial in
the QS system viz. Cvil and CviR. These are homologous to
Lux! and LuxR that respond with a high affinity to acyl ho-
moserine lactones that act as signalling molecules for the
increase in population density. Cvil AHL synthase is an en-
zyme that facilitates the synthesis of N-decanoyl-I-
homoserine lactone, which is a signalling molecule, and
CviR, codes for a transcriptional regulatory protein (30).
When the population size increases, the AHL molecules
bind to the respective receptors to form a complex that
regulates the target genes. In C. violaceum, violacein pro-
duction and eventually biofilm formation is regulated by
the target operon vioABCDE. Any molecule that can block
these interactions can prevent pigment production and
biofilm formation in C. violaceum and can therefore be
called quorum sensing inhibitors (QSls). Among the vari-
ous samples used against C. violaceum, the ethanolic leaf
extract of S. jambos showed the maximum level of pigment
inhibition (6 mm) followed by a combination of ethanolic
leaf extracts of P. guajava and S. jambos (5 mm) as depict-
ed in Table 2. The inhibition of pigment production using

Table 2. Quorum sensing inhibition in C. violaceum when treated with poten-
tial quorum sensing inhibitors

Samples Zone of inhibition against C. violaceum
Growth + Pig-

Antibiotic ment inhibition I:hrl‘l’)‘::f:n Qs inhibi-
or Total inhibi- (d2) tion (d:-d,)

tion (d,) ?

Ethanol 15 13 2

Ethangllc leaf extract of 17 15 By

P. guajava

Ethanollc leaf extract of 24 16 6

S. jambos

ExFracts of P. guajava and 19 14 5

S. jambos

AgNPs. synthesized from 19 19 Nil

P. guajava

AgNPs synthesized from )1 21 Nil

S. jambos

Silver Nitrate 18 18 Nil

the plant extract is clearly observed in Fig. 4.
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Fig. 4. Anti-quorum activity of A-Streptomycin (25pug/mL), B-Ethanol, C
- Ethanolic leaf extract of Psidium guajava, D- Ethanolic leaf extract of Syzygi-
um jambos, E-Combination of the two plant extracts, F-AGNPs synthesized
from Psidium guajava, G- AGNPs synthesized from Syzygium jambos, and H-
1mM AgNOsagainst Chromobacterium violaceum grown in Luria Bertani Agar
(LBA).

Quantitative estimation of violacein

On treating the bacterial isolate with the two different
plant extracts, the inhibition of violacein in C. violaceum
happened in a dose dependent manner with 10 mg/mL of
both P. guajava (74.70%) and S. jambos (78.84%) showing
the highest inhibition (Fig. 5). The percentage inhibition

was calculated by using the untreated isolate as the refer-
ence standard. In comparison, S. jambos showed slightly
better results. Higher concentration of the extract barely
showed any colour (Fig. S2). In an earlier study that used
aqueous extract of guava leaves, inhibition of violacein
pigment production of 85% was observed at a concen-
tration of 400 pg/mL which was comparatively better than
the results obtained in the current study with ethanolic
leaf extracts (31). In another study, at 0.5 mg/mL, extracts
of S. cumini and P. dioica demonstrated over 80% inhibi-
tion of violacein synthesis, and at 1.0 mg/mL, it demon-
strated total inhibition. However, both plant samples from
the Myrtaceae family were pure forms of the extracts and
probably the reason for its high potential anti-quorum
activity (32).

Determination of MIC and MBC values

All four isolates showed susceptibility to the plant extracts
at 5 mg/mL concentration. Among them K. pneumoniae
showed susceptibility at even lower concentration of
2.5 mg/mL. The MBC/MIC ratio for the plant extracts
against all the isolates was calculated to be 2, indicating
that the extracts are bactericidal in nature (33). The MIC
values, MBC values and the MBC/MIC ratio are tabulated
(Table 3) which gives an indication of whether the extracts
are bacteriostatic or bactericidal.

BATH assay

Hydrophobicity is essential for bacterial germs to adhere
to surfaces. The repulsion between the bacterial cell sur-
face and the substrate is lessened by the hydrophobic
effect, which makes a hydrophobic surface more favoura-

QUANTITATIVE ESTIMATION OF VIOLACEIN

Cv+10 mg/ml

CweS gl

Cw+2 .5 mgiml

Cwe1.25 mgiml

Cw+ 0.63 mg/ml

VARYING CONCENTRATIONS OF PLANT EXTRACTS

Cv + 0.32 mg/ml

50 60 70 80 50

% INHIBITION OF VIOLACEIN

B % intibition of violacein by Syzygium jambos

® % inhibition of vislacein by Psidivm guajava

Fig. 5. Percentage inhibition of violacein in Chromobacterium violaceum in the presence of ethanolic leaf extracts of Psidium guajava and Syzygium jambos.

Table 3. MIC and MBC values of ethanolic leaf extracts of P. guajava and S. jambos

Ethanolic leaf extract of P. guajava

Ethanolic leaf extract of S. jambos

Bacterial isolates

MIC (mg/mL) MIC (mg/mL) MBC/MIC ratio MIC (mg/mL) MBC (mg/mL) MBC/MIC ratio
C. violaceum 5 10 2 5 10 2
K. pneumoniae 2.5 5 2 2.5 5 2
P. aeruginosa 5 10 2 5 10 2
S. qureus 5 10 2 5 10 2
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ble for bacterial colonization than a hydrophilic one (34).
Among the four isolates that were used for BATH assay,
P. aeruginosa (73.37%) showed the highest percentage
adherence towards hydrocarbon xylene, followed by S.
aureus (50.5%), C. violaceum (41.5%) and K. pneumoniae
(26.37%). represented in Fig. 6. According to previous liter-
ature, the isolates were considered to be extremely hydro-
phobic if the percentage adhesion was more than 50%,
intermediate when in the range of 20%-50% and hydro-
philic when below 20% and directly correlates with their
ability to form biofilms (17) and therefore in the present
study, both P. aeruginosa and S. aureus can be classified as
extremely hydrophobic and C. violaceum and K. pneumoni-
ae can be classified under the intermediate group. All iso-
lates were significantly different from each other with re-
spect to their percentage adherence to hydrocarbon xy-
lene and the significance was proven using one-way ANO-
VA in SPSS software. The values are represented as means
of three independent determinations and the error bars

tensity of the colour increased after 30 min of incubation
(Fig. 7). The stirring was stopped after a 30-min incubation
period. This colour change is a characteristic feature of
silver nanoparticle synthesis (19).

Characterization of AgNPs using UV-Vis spectrophotom-
eter, SEM-EDS and XRD

When subjected to UV Vis spectrophotometry, a peak was
obtained at 418 nm for AgNPs synthesized from P. guajava
and at 424 nm for AgNPs synthesized from S. jambos with
an absorbance of 3.48 and 1.156 respectively (Fig. 8a & b).

g
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Fig. 6. Percentage Bacterial Adherence to Hydrocarbon- Xylene of bacterial
isolates-Chromobacterium violaceum, Klebsiella pneumoniae, Pseudomonas
aeruginosa and Staphylococcus aureus.

depict mean + standard deviation.
Green synthesis of AgNPs

20 mL of 1mM silver nitrate and 200 uL of each plant ex-
tract were used for the synthesis of AgNPs. After ten min of
continuous stirring at 30°C, the colour of the solution
turned from colourless to the colour of honey and the in-

Fig. 7. Green synthesis of AgNPs from ethanolic leaf extracts of Psidium
guajava and Syzygium jambos. A: 1 mm AgNOs, B: 200 pL ethanolic leaves
extract of Psidium guajava + 20 mL 1 mM AgNOs at 0 min, C: After 10 min incu-
bation time D: After 30 min incubation time, E: 200 pL ethanolic leaves extract
of Syzygium jambos +20 mL 1 mM AgNOs at 0 min, F: After 10 min incubation
time, G: After 30 min incubation time.

Fig. 8. UV-Vis peak for AgNPs synthesized from (a) Psidium guajava and
(b) Syzygium jambos after 30 min of incubation in dark.

These peaks are characteristic of AgNPs and the broaden-
ing of the peaks suggests that the particles were scattered
widely (35). The nanoparticles synthesized from the plant
extracts, when subjected to SEM analysis, appeared in the
form of nanoflakes (Fig. 9a & 9c). The images show ag-
glomerated nanoparticles synthesized from the two plant
extracts. The nanoparticles synthesized from ethanolic
leaf extracts of P. guajava and S. jambos showed an aver-
age particle size of 65.20 nm and 144.94 nm respectively. In
the EDS graph, a strong peak was obtained at 3keV (Fig. 9b
& 9d) which is characteristic of silver metal and showed a
total weight of 22.36%. There were peaks that correspond-
ed to other elements like Si, C, O, and Cl which might have
originated from the biomolecules that the surface of Ag-
NPs contained (36). The Debye-Scherer equation, D= K.A/
.cosB, was used to determine the size of the silver nano-
particles where D is the crystallite size, K is the constant,
which is equal to 0.94, A is the wavelength of the X-ray, B is
the full width half maximum of the peaks measured in ra-
dians, and 6 is the Bragg angle (37). On substituting the
values in the formula, the crystallite size of the AgNPs syn-
thesized from ethanolic extract of P. guajava and S. jambos
were found to be 14.562 nm and 14.24 nm respectively.
Several Bragg reflection peaks were observed at 20 values
of 27.8°, 32.4°, 38.1°, 44.31°, 46.23°, 54.7°, 57.28°, and 64.8°
(Fig. 10) which are correlated to (210), (122), (111), (200),
(231), (142), (241), and (220) for planes of silver synthesized
from P. guajava and S. jambos.

Although the synthesis of AgNP from plant extracts
provides a "green" and environmentally friendly method,
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Fig. 9. Scanning electron Microscopy images of A) Psidium guajava and (C) Syzygium jambos and Energy Dispersive Spectrum analysis of AgNPs synthesized from

(B) Psidium guajava and (D) Syzygium jambos.
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Fig. 10. XRD analysis of AgNPs synthesized from (a) Psidium guajava and (b) Syzygium jambos.

its scalability may be constrained by elements such as the
variability of plant phytochemical composition, the diffi-
culty of standardizing extraction procedures, and the pos-
sibility of difficulties in achieving consistent nanoparticle
size and morphology across large-scale production. For
this reason, it is important to optimize conditions for con-
sistent quality control; additionally, the dependence on
natural sources may result in supply chain problems due
to seasonal fluctuations and plant availability.

Formulation of wound healing gel

Bacterial infections pose serious delays in wound healing.
With a view to create a wound healing gel formulation,
plant extracts were mixed with various biocompatible in-
gredients. Five different gels were synthesized using Car-

bopol-934 and glycerol mixed with plant extracts and
stored in glass bottles at 4°C for further analysis (Fig. 11).
The gels were tested for various properties including pH,
grittiness, colour and spreadability and the results are de-
picted in Table 4.

MTT assay

Although the physical properties of the gels were satisfac-
tory, it was imperative to check the toxicity aspect before
recommending it for application. MTT assay was done on L
-929 mouse fibroblast cell line to test the toxicity of the
synthesized gels. The cells were exposed to the gels in var-
ying concentrations (31.25 pg/mL, 62.5 pg/mL, 125 pyg/mL,
250 pg/mL, 500 pg/mL, and 1000 pg/mL). The L-929 cells
showed their characteristic morphology of spindle shape

Plant Science Today, ISSN 2348-1900 (online)
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Fig. 11. A - Control, B - Gel with ethanolic leaf extract of P. guajava, C - Gel with silver nanoparticles synthesized from P. guajava, D - Gel with ethanolic leaf
extract of S. jambos, E - Gel with silver nanoparticles synthesized from S. jambos.

Table 4. Evaluation of formulation of gels made using the extracts of P. guajava and S. jambos based on the physical and chemical properties

Gel pH Grittiness Colour Spreadability (sec)
Control 6.6 No White 8
Gel synthesised with AgNPs from P. guajava 6.5 No Brown 6
Gel synthesised with AgNPs from P. guajava 6.5 No Light Green 7
Gel synthesized with AgNPs from S. jambos 6.6 No Brown 6
Gel with ethanolic extract of S. jambos 6.6 No Green 7
g MTT Assay obtained (0.991) indicating that there is no significant
g 10 ~ difference between the treated and the untreated cell line,
8. n i i I hence proving the non-toxic nature of the formulated gels.
=% 80 .
z. % “ Wound healing assay
s E oy . . .
2L, Numerous cell types and additional microenvironmental
2 factors are involved in the three primary stages of fibro-
g ° blast cell wound healing: activation, proliferation, and mi-
¢ Untreated 3135 v “iz's | ”f‘t , T‘; ) e 1000 gration. The scratch assay is a commonly used in vitro
arying gel concentrations (pg/m . . . o e . ofe
method to investigate the potential for medicinally signifi-
= contol = Symaiumjombos. - RAGNESfrom Syzyalum jombos cant substances to heal wounds (23). In the current study,
rsm vl Hanps from padium auojove L-929 cells were treated with 5 different gels at concentra-

Fig. 12. Comparison of Percentage viability of L-929 mouse fibroblast cell line
between untreated cell line and when exposed to the synthesized gels- Con-
trol, Syzygium jambos, AgNPs synthesized from Syzygium jambos, Psidium
guajava and AgNPs synthesized from Psidium guajava in various concentra-
tions. A two-way ANOVA was performed to check the statistical significance of
the test using SPSS software. A p value > 0.05 was obtained (0.991) indicating
that there is no significant difference between the treated and the untreated
cell line.

even after the exposure which proved that the gels are non
-toxic and are safe to use. The percentage viability of the
cells is given in the graphs represented in Fig. 12. A two-
way ANOVA was performed to check the statistical signifi-
cance of the test using SPSS software. A p value > 0.05 was

tion 250 pg/mL and compared them to the wound size in
the untreated cells. The cells were monitored microscopi-
cally at 0 h and 12 h to observe the rate at which the
wound closure occurs (Fig. 13). From the results it has
been observed that the cells treated with gel that compris-
es of AgNPs from the ethanolic extract of S. jambos
(89.14%) and the plant extract of S. jambos (85.77%)
showed faster migration of cells and enclosure within a
period of 12 h. The rate at which wound healing occurred
is represented in Fig. 14. A longer exposure time could
have healed the wound completely in all the cases, indi-

Time Untreated Control S, jambos

Oh

12h

AGNPs from 5.
Jjambos

AGNPs from P
guajava

P guajava

Fig. 13. Comparison of microscopic images of wound healing in L-929 Fibroblast cell line at 0 h and 12 h between Untreated Cell line and Cell lines exposed to
Control gel, Gel with Syzygium jambos plant extract, Gel with AgNPs synthesized from Syzygium jambos, Gel with Psidium guajava plant extract, and Gel with

AgNPs synthesized from Psidium guajava).
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Fig. 14. Comparison of wound healing in L-929 fibroblast cell line at the end of
12 h between U: Untreated cell line and cell lines exposed to C: Control gel, Sj-
Gel with Syzygium jambos plant extract, SjAg-Gel with AgNPs synthesized from
Syzygium jambos, G: Gel with Psidium guajava plant extract and PgAg: Gel
with AgNPs synthesized from Psidium guajava.

cating the high medicinal value of the synthesized gels.
Aside from the potential advantages of using plant-based
treatments in clinical - such as a decreased dependency on
synthetic chemicals, more environmentally friendly prac-
tices, cost effectiveness, and access to natural remedies
for specific conditions—there are drawbacks as well, such
as issues with quality control, standardization, and the
requirement for thorough scientific research to verify safe-
ty and efficacy.

Conclusion

In conclusion, plants are a storehouse of phytochemicals
with innumerable bioactive compounds and are currently
the focus in the medical domain. The number of bacterial
species that are acquiring resistance to a wide spectrum of
antibiotics is growing at an alarming scale and hence it is
imperative that we find a sustainable solution to this prob-
lem. Predominantly, the antibiotic resistance genes are
transferred from one bacterium to the other via a method
called horizontal gene transfer without a species barrier.
Most importantly, the transfer is made possible when bac-
terial cells are in proximity like in the case of a biofilm.
Specifically in a condition like wounds in diabetic patients,
the bacterial cells are able to grow at an accelerating
speed because of the excess blood sugar level. This allows
them to establish their colony at the site and further aid in
biofilm formation. Therefore, biofilm disrupting agents
which can interfere with quorum sensing of bacteria are
required to prevent biofilm related infections, gangrene
and amputation. Hence, a timely medical intervention can
be helpful in restricting the spread of infection. In the cur-
rent study, the ethanolic leaf extracts of P. guajava and S.
jambos have given good results with respect to their anti-
biofilm properties against four dangerous biofilm forming
bacterial pathogens. The gels formulated using the etha-
nolic leaf extract of S. jambos and the AgNPs synthesized
from S. jambos showed excellent wound healing property
which indicates its potential use as topical agents on acute
and chronic wounds. However, currently only in vitro stud-
ies have been done and a much-detailed study is to be
done on animal models to be sure of the non-toxic nature
and the efficacy of the synthesized gels against biofilm
forming pathogens at wound sites. In contrast to in vitro

11

research, which just looks at isolated cells or tissues, in
vivo research provides crucial information about physio-
logical reactions and possible side effects of a drug on the
whole body that are impossible to record in a lab setting. A
comprehensive study on the drug kinetics should also be
performed for consistent results.
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Fig.S1: Bacterial isolates (A: Chromobacterium violaceum
B: Klebsiella pneumoniae C: Pseudomonas aeruginosa
D: Staphylococcus aureus) grown on Congo Red Agar
(CRA)- control; 2-Bacterial isolates grown on CRA treat-
ed with ethanolic leaf extract of Psidium guajava; 3-
Bacterial isolates grown on CRA treated with ethanolic
leaf extract of Syzygium jambos

Fig.S2: C. violaceum incubated with varying concentrations
of ethanolic leaf extracts of Psidium guajava and
Syzygium jambos.
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