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Te emergence of multidrug-resistant (MDR) Klebsiella pneumoniae remains a global health threat due to its alarming rates of
becoming resistant to antibiotics.Terefore, identifying plant-based treatment options to target this pathogen’s virulence factors is
a priority. Tis study examined the antivirulence activities of twelve plant extracts obtained from three South African medicinal
plants (Lippia javanica, Carpobrotus dimidiatus, and Helichrysum populifolium) against carbapenem-resistant (CBR) and
extended-spectrum beta-lactamase (ESBL) positive K. pneumoniae strains. Te plant extracts (ethyl acetate, dichloromethane,
methanol, and water) were validated for their inhibitory activities against bacterial growth and virulence factors such as bioflm
formation, exopolysaccharide (EPS) production, curli expression, and hypermucoviscosity. Te potent extract on K. pneumoniae
bioflm was observed with a scanning electron microscope (SEM), while exopolysaccharide topography and surface parameters
were observed using atomic force microscopy (AFM). Chemical profling of the potent extract in vitro was analysed using liquid
chromatography-mass spectrometry (LC-MS). Results revealed a noteworthy minimum inhibitory concentration (MIC) value for
the C. dimidiatus dichloromethane extract at 0.78mg/mL on CBR- K. pneumoniae. L. javanica (ethyl acetate) showed the highest
cell attachment inhibition (67.25%) for CBR- K. pneumoniae. SEM correlated the in-vitro fndings, evidenced by a signifcant
alteration of the bioflm architecture. Te highest EPS reduction of 34.18% was also noted for L. javanica (ethyl acetate) and
correlated by noticeable changes observed using AFM. L. javanica (ethyl acetate) further reduced hypermucoviscosity to the least
length mucoid string (1mm-2mm) at 1.00mg/mL on both strains. C. dimidiatus (aqueous) showed bioflm inhibition of 45.91%
for the ESBL-positive K. pneumoniae and inhibited curli expression at 0.50mg/mL in both K. pneumoniae strains as observed for
H. populifolium (aqueous) extract. Chemical profling of L. javanica (ethyl acetate), C. dimidiatus (aqueous), and H. populifolium
(aqueous) identifed diterpene (10.29%), hydroxy-dimethoxyfavone (10.24%), and 4,5-dicafeoylquinic acid (13.41%), re-
spectively, as dominant compounds. Overall, the ethyl acetate extract of L. javanica revealed potent antivirulence properties
against the studied MDR K. pneumoniae strains. Hence, it is a promising medicinal plant that can be investigated further to
develop alternative therapy for managing K. pneumoniae-associated infections.

1. Introduction

Plants have long been used as medicines to treat various ail-
ments, and approximately, 100,000 plant species have been
investigated for their medicinal purposes [1, 2].Tis is based on
medicinal plants possessing a diverse range of secondary me-
tabolites such as tannins, terpenoids, alkaloids, and favonoids,

displaying antibacterial activities and suggesting their thera-
peutic properties [3]. As per the record, 80% of the emerging
world’s population relies on traditional medicine for therapy,
while the World Health Organization (WHO) documents that
∼25% of all modern medicines were obtained from medicinal
plants [4]. Tis further substantiates medicinal plants as a vital
modern and traditional medicine source.
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South Africans utilize traditional medicine to manage
their physical, psychological, and primary healthcare needs
[5]. Scott et al. [6] validate this by documenting that about
70% of South Africans use traditional medicines derived
from plant species indigenous to the region. In addition,
South Africa has ∼30,000 diferent plant species (∼10% of the
world’s higher plant species) [7]. Tese medicinal plants are,
however, rarely explored as prospective drug candidates for
the management of MDR pathogens, in particular, for their
antivirulence properties. Te pathogenic Klebsiella pneu-
moniae is listed among the most critical priority pathogens
by WHO due to its resistance against almost all available
conventional antibiotics [8].

K. pneumoniae, a Gram-negative, nonmotile, usually
capsulated, facultatively anaerobic bacteria belonging to the
family Enterobacteriaceae [9], is known for its pathogenicity
towards humans causing digestive, urinary, and respiratory
tract infections [10]. It has also been reported to be im-
plicated with septicaemia, soft tissue infections, intra-
abdominal infections, and wound and blood infections [11].
K. pneumoniae possesses virulence factors such as capsular
antigens, adherence factors for bioflm formation, O-
lipopolysaccharide, exopolysaccharides, and siderophores
linked to its infectivity and virulence [12, 13]. Combating its
virulence has been challenging due to antibiotic resistance,
which has increased dramatically over the last few decades
[14], with resistance to β-lactams having the most signifcant
impact on treatment efcacy [15]. Tus, new or alternative
therapeutic options other than conventional antibiotics need
to be studied to identify unorthodox methods to control
antibiotic-resistant bacteria [16]. As a prospective solution to
this global health threat, WHO recommends exploring
medicinal plants for their antipathogenic or antivirulence
potential as this might be the source of new drugs [17].

Lippia javanica, Helichrysum populifolium, and Carpo-
brotus dimidiatus, the three South African medicinal plants
reported to possess high therapeutic potential against MDR
bacteria might also play a role in the control of K. pneu-
moniae related infections [18, 19].

Lippia javanica (Burm.f.) Spreng commonly known as
the fever tea belongs to the family Verbenaceae and has
a long history of traditional uses in tropical Africa [18].
Based on its perceived medicinal characteristics, it is fre-
quently used as an indigenous herbal tea, refreshing bev-
erage, or as culinary addition [18]. L. javanica is rich in
volatile oil, particularly ipsenone, carvone, ipsdienone,
limonene, myrcene, ocimenone, myrcenone, piperitenone,
linalool, sabinene, caryophyllene, tagetenone, p-cymene,
among others [20], which are contributing factors to its
medicinal properties.

Helichrysum populifolium, a member of the Asteraceae
family, is commonly called poplar helichrysum [21]. In
traditional medicine, plants belonging to the Helichrysum
genus have a history of use in treating a wide range of
conditions such as liver disorders, cystitis, jaundice,
stomach pain, gall bladder complications, allergies, colds,
cough, skin infections, asthma, infammation, insomnia,
arthritis, and for wound healing [22]. Te health prop-
erties of this plant can be attributed to its bioactive

compounds which include essential oils such as terpe-
noids [23], as well as favonoids, phenolic acids, pyrone,
benzofurans, and phloroglucinols [24].

Carpobrotus dimidiatus (Haw.) L. Bolus commonly
known as natal sour fg is an indigenous South African
species from the Aizoaceae family which grows abundantly
in the east of the coastal regions in South Africa [25]. It is
among the commercially important South Africanmedicinal
plants used in traditional medicine to treat skin infections,
toothaches diabetes, wounds, sore throat, dysentery, high
blood pressure, digestive ailments, and tuberculosis [26].
Bioactive compounds such as tannins, phytosterols, favo-
noids, aromatic acids, and alkaloids are abundant in the
Carpobrotus species [27].

Although the medicinal properties of these plants are
well known, their antivirulence activities are yet to be ex-
plored. It is unknown if they contain antiinfectious phy-
tochemicals for the management of K. pneumoniae
infections. Tis study therefore aimed at studying the efect
of Lippia javanica, Helichrysum populifolium, and Carpo-
brotus dimidiatus extracts on K. pneumoniae virulence.

2. Materials and Methods

2.1. Collection and Extraction of Plant Materials. Leaves of
three plant species (Lippia javanica, Helichrysum popu-
lifolium, and Carpobrotus dimidiatus) were harvested from
the Manie van der Schijf Botanical Garden, University of
Pretoria. Te identity of the plants was confrmed at the
Department of Plant and Soil Sciences, University of Pre-
toria. Voucher specimen numbers were assigned as PRU
128530 for Lippia javanica PRU 128531 for Helichrysum
populifolium and PRU 128529 for Carpobrotus dimidiatus)
upon submission at the University of Pretoria
H.G.W.J. Schweickerdt Herbarium.

Plant preparation and extractions were carried out
according to the method used by Mashamba et al. [28]. Te
leaves were allowed to dry at room temperature (25°C) and
were blended and weighed using a weighing balance (Kern
770, Microsep, Johannesburg, South Africa). Extraction
was carried out using solvents of varying polarities, in-
cluding dichloromethane, ethyl acetate, methanol, and
water. Approximately, 30.00 g of each powdered plant
material was extracted with 300mL solvents of methanol
and ethyl acetate, while for dichloromethane, 35.00 g of
plant powder was used. Te mixtures were shaken (Lab-
con, South Africa) at 140 rpm for 48 h. Afterwards,
a Whatman no. 1 flter paper (11 µm) was used to flter the
extracts. Te fltrates were evaporated to dryness using
a rotatory evaporator (Labotec Buchi Heidolph, Germany)
at 45°C under reduced pressure and then dried entirely in
a fume hood for 4-5 days.

For aqueous extraction, 300mL of deionized water was
added to 30.00 g of the blended plant material and allowed to
boil at 100°C for 45min on a hotplate (Labotec, South
Africa). After cooling, the mixture was fltered using
Whatman no. 1 flter paper (11 μm), transferred to glass jars
with screwcaps, frozen at − 80°C for 3–6 h, and lyophilized
(SP Scientifc freeze dryer Scientifc US, USA). Masses of the
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twelve dried plant extracts (L. javanica (aqueous),
L. javanica (ethyl acetate), L. javanica (methanol),
L. javanica (dichloromethane), C. dimidiatus (aqueous),
C. dimidiatus (ethyl acetate), C. dimidiatus (methanol),
C. dimidiatus (dichloromethane), H. populifolium (aqueous),

H. populifolium (ethyl acetate), H. populifolium (methanol),
and H. populifolium (dichloromethane) were determined. Te
extracts were stored at 4°C prior use for biological assays.
Subsequently, the yield of the extracts was calculated and
presented in percentages as follows (1):

Percentage yield (%) �
dry crude extract

dry initialmaterial before extraction
× 100. (1)

2.2. Liquid Chromatography-Mass Spectrometry Analysis of
Plant Extracts. Te chemical constituents of the studied
plants were determined using liquid chromatography-mass
spectrometry (LC-MS). Compound separation was per-
formed using a Waters Acquity Ultra Performance Liquid
Chromatography (UPLC®) system (Waters Inc., USA) with
ultrapure LC-grade water and acetonitrile (Romil-UpS™,
Microsep, South Africa) acidifed with 0.1% formic acid
(99+% purity) (Termo Scientifc, South Africa). Com-
pounds were eluted from a Luna® Omega (Part no: 00D-
4752-AN, USA) 1.6 μm C18 100 Å (2.1mm ID× 100mm
length) column using a simple linear gradient of acetonitrile,
e.g., 2–35% over 1–4 h followed by a fast ramp to a high
organic concentration, e.g., 35–80% acetonitrile in 5min,
with an isocratic wash step using 100% acetonitrile for 1min
and a column reconditioning step with 97% water for 2min.
Volumes of 7.5 μL were injected onto the column heated to
40°C, and the fow rate was set at 0.4mL/min.Te UPLC was
coupled to a Waters® Synapt G2 high-defnition quadru-
pole-time-of-fight (QTOF) mass spectrometer (Waters Inc.,
Milford, Massachusetts, USA) operated in the negative
ionization mode. Te ESI capillary voltage was 2.6 kV. Te
source temperature was set at 120°C, the sampling cone
voltage at 25V, the extraction cone voltage at 4.0 V, and the
cone nitrogen fow at 20 L/h. Te desolvation temperature
was set at 350°C with a nitrogen fow of 600 L/h. Collision-
induced fragmentation was performed at 4V for the trap
collision energy, and the transfer collision energy was
ramped from 20 to 40V. Te instrument’s mass axis was
continually corrected by infusing 2 ng/μL aqueous leucine
enkephalin (m/z 555.2693). Mass spectral scans were col-
lected every 0.3 seconds from 50 to 1 200Da. MassLynx™
(version 4.1) software (Waters, USA) was used for data
acquisition and analysis.

2.3. Bacterial Strains and Growth Conditions. Two strains of
K. pneumoniae (ATCC BAA-1705)-CBR and (ATCC
700603)-ESBL producing were used in this study. Before
usage, the strains were preserved as glycerol stocks at − 80°C.
Tese strains were then cultured in Mueller Hinton (MH)
medium and incubated at 37°C to generate active bacterial
cultures. To obtain an absorbance (OD600nm) of 0.10, a few
colonies were dissolved in sterile distilled water and ho-
mogenized. Te bacterial cell suspension was adjusted to
obtain an equivalent of 0.5 McFarland standard. Ethics
approval (reference number: NAS157/2021) for using the
K. pneumoniae strains was granted by the Ethics Committee,

Faculty of Natural and Agricultural Sciences, University of
Pretoria.

2.4. Antibacterial Activity of Plant Extracts against
K. pneumoniae Strains. Assessment of the minimum in-
hibitory concentration (MIC) of the plant extracts was
carried out following the broth dilution method as described
by Alves et al. [29]. Approximately, 1.00mg/mL of the plant
extracts were prepared as the stock concentration in 1%
DMSO, and 100 μL of MH broth was dispensed into the
wells. Subsequently, 100 μL of each plant extract, in tripli-
cate, was introduced into the initial row of the microtiter
plates.”

Following a series of dilutions in the A to H direction,
decreasing values between 6.25 and 0.05mg/mL were ob-
tained. Approximately, 100 μL of standardized bacterial
strains (OD600nm � 0.08–0.10) were then added to each well.
Samples were incubated at 37°C for 24 h. Following in-
cubation, 40 μL of a 0.20mg/mL solution of p-
iodonitrotetrazolium violet (INT) was added to each well
and further incubated at 37°C for 30min. Clear wells with no
colour change suggested inhibition of bacterial growth.
Visual evaluation and recording of the MIC value for each
plant extract were performed. Te MIC was defned as the
lowest concentration of plant extracts at which the test strain
showed no visible growth.

2.5. In Vitro Reduction of Bioflm Formation. Te studied
plant extracts were assessed for their ability to inhibit
bioflms at the initial cell attachment stage. Furthermore, the
preformed bioflms (biomass measurement) and the fully
established (mature) bioflm stages were also examined
following the method described by Baloyi et al. [30] and
Blando et al. [31]. Te twelve plant extracts were tested
against CBR and ESBL-producing K. pneumoniae strains for
the three bioflm stages. Approximately, 100 µL of stan-
dardized bacterial suspension (OD600nm � 0.10), 100 μL of
MH broth, and 100 μL of the plant extracts were loaded into
the wells for the initial cell attachment inhibition assay and
were incubated at 37°C for 24 h. Quercetin and ciprofoxacin
were used as positive controls.

For the preformed and mature bioflm experiments,
100 μL of standardized bacterial suspension and 100 μL of
MH broth were loaded into the wells. Te samples were
incubated at 37°C for 8 h for preformed bioflm and 24 h for
mature bioflm under static and dynamic conditions. After
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incubation, 100μL of the plant extracts were introduced into
each well and further incubated for 24h. Initial cell attachment,
bioflm biomass, and mature bioflms were all examined using
the modifed crystal violet (CV) assay. Te 96-well plates
containing formed bioflms were rinsed using sterile distilled
water to get rid of planktonic cells and media. Te plates were
oven dried at 60°C for 45min. Afterwards, 1% CV solution was
applied to the wells and incubated in the dark for 15min. Te
wells were rinsed with sterile water to eliminate any residual
stains. To enable semiquantitative assessment of bioflm for-
mation, the wells were destained using 125µL of 95% ethanol.
A new plate was subsequently coated with around 100µL of the
destaining solution, and a multi-mode microplate reader
(SpectraMax® paradigm) was used to measure the absorbance
(OD585nm). Te percentage inhibition was calculated using the
following equation:

Biofilm reduction (%) �
Control585nm − Test585nm( 

Control585nm( 
× 100.

(2)

Interpretation of results was performed according to the
criterion stated by Famuyide et al. [32]. Inhibitory activity
was defned by values between 0 and 100%; however, it was
further divided into three categories: ≥50% (good activity),
0 to 49% (weak activity), and negative values, which showed
a rise in bioflm formation rather than its inhibition.

2.6. In Situ Visualization of Bioflms Using Scanning Electron
Microscopy. To examine the density and morphology of
K. pneumoniae bioflms, subinhibitory bioflm inhibitory
concentrations of the most active plant extract were fxed and
examined using a scanning electron microscope (SEM) fol-
lowing themethod described byWijesundara and Rupasinghe
[33]. After promptly rinsing in PBS, bioflms were fxed (while
remaining in a microtiter plate) for 2 h in 0.1M sodium
cacodylate bufer (pH 7.2) containing 2% glutaraldehyde. Te
bioflms were then washed with phosphate washing bufer
three more times for 15min each. Afterwards, they were
subjected to a series of ethanol gradients at concentrations of
35%, 50%, 75%, 90%, and 100%, which resulted in the de-
hydration of the samples. All the gradient phases required
exposure intervals of 15-min, and the treatment with 100%
ethanol was performed three times. Te samples were dried
using a series of ethanol gradients (25 : 75, 50 : 50, 75 : 25, and
100 : 0) for 15min each.Te 100 : 0 dilution step was repeated
thrice. Equal volume of hexamethyldisilane (HMDS) and
100% ethanol was added, and the samples were covered and
let to stand for 1 h.TeHMDS-ethanol mixture was removed,
and new HMDS was promptly introduced. Te plates were
left to air-dry in a fume hood for 2 h. Afterwards, the bioflms
were afxed to aluminum stubs, coated with a layer of gold-
palladium (15 nm), and examined using a Zeiss crossbeam
540 scanning electron microscope.

2.7. Inhibition of Exopolysaccharide Production. Te exo-
polysaccharide (EPS) reduction assay was conducted fol-
lowing the method previously described by Gopu and Shetty

[34]. Approximately, 1% ofK. pneumoniaewas inoculated in
sterile LB broth with and without plant extracts and in-
cubated at 37°C for 24 h. LB broth was used for this assay as it
enables rapid and high-yield growth for many species in-
cluding K. pneumoniae. Bioflms stuck to the walls of the test
tube containing the LB broth were collected to obtain crude
exopolysaccharides. Centrifugation was conducted briefy at
5000g for 30min at 2°C to remove late log phase cells. To
precipitate the dislodged EPS, the supernatant was fltered
and combined with three times its volume of cold ethanol
and then left to incubate all night at 2°C. Te resulting EPS
precipitate was then separated by centrifugation at 8000g for
30min, dissolved in 1mL of deionized water, and stored at
− 40°C till it was needed.Te quantity of EPS was determined
by mixing 1mL of the EPS solution with an equal volume of
5% phenol and 5mL of concentrated sulfuric acid, resulting
in the development of a red colour. To quantify the crude
EPS, glucose served as a standard over a concentration range
of 0.25 to 1.00mg/mL and the R2 value was determined. Te
color’s intensity was measured at 490 nm using a Biotek
microplate reader.

2.8. Atomic Force Microscopy Assessment of Exopoly-
saccharide Inhibition. Atomic force microscopy was
employed to examine the impact of the best plant extract
(L. javanica - ethyl acetate) in revealing notable inhibition of
exopolysaccharide in K. pneumoniae strains as previously
described by Santana et al. [35]. Te studied K. pneumoniae
strains were cultured in LB media overnight, centrifuged at
room temperature (2000g, 15min), washed thrice in
phosphate bufer (5mM, pH 6.5), and approximately 108
colony-forming units (CFU)/mL were resuspended into
tubes containing the same bufer. Approximately, 100 μL of
the plant extracts (1.00mg/mL) were introduced into 3mL
of the cell suspensions, followed by incubation at 37°C for
a duration of 4 h. Te controls contained no plant extract.

Following incubation, 1mL samples from each treat-
ment were obtained and then subjected to centrifugation at
room temperature for 15min at 6000g. A thin cell smear was
subsequently prepared on a glass plate.Te slides were left to
air-dry and were examined using the Veeco Atomic Force
Microscope (Dimension icon with ScanAsyst, Slovak Re-
public) at a scan frequency of about 300 kHz, a nominal
constant of 32Nm− 1, a scan speed of 0.100Hz, and a scan
size of 5.00 μm. Nanoscope Analysis ScanAsyst software
(v 8.15, Slovak Republic) was used for the imaging analysis.

2.9. Reduction of Curli Expression. Twelve plant extracts
were investigated for their efects on curli expression in
K. pneumoniae strains following the method described by
Hammar et al. [36]. For the preparation of the bacterial
suspension, 100 μL of K. pneumoniae strains (adjusted to
optical density 0.1) and plant extracts were inoculated in
3mL of LB broth and were incubated at 37°C for 24 h.

Approximately, 3 μL of each bacterial suspension was
then introduced onto brain heart infusion (BHI) agar plates
enriched with sucrose and congo red (CRI) dye. Bacteria
without curli fmbriae formed white colonies, indicating the
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absence of these structures. In contrast, K. pneumoniae that
produced curli adhered to the congo red dye, resulting in red
colonies. Plant extracts were not added to the control
cultures.”

2.10. Hypermucoviscosity Reduction Assay. To ascertain the
impact of the investigated plant extracts on the hyper-
mucoviscosity of K. pneumoniae strains, the methodology
described by Wiskur et al. [37] was employed. Te pathogen
was inoculated on BHI plates with the twelve plant extracts
at diferent concentrations which ranged between 0.12mg/
mL and 1.00mg/mL and thereafter incubated at 37°C for
24 h. A mucoviscous string was stretched from a single
colony using a conventional bacteriological loop. Each
K. pneumoniae strain was classifed as mucoid or considered
to have a hypermucoviscous phenotype upon the presence of
string-like growth or a mucoid string measuring over 5mm.
Te negative control cultures contained no plant extracts,
while ciprofoxacin and quercetin were used as the positive
controls.

2.11. Statistical Analysis. Mean standard deviations were
computed using the Microsoft Excel Ofce (2016 version)
for all data obtained from the independent experimental
repeats in triplicates. Statistical diferences were assessed
with one-way analysis of variance (ANOVA) for the com-
parison of the mean diferences in the inhibitory activities of
extracts and controls using the SAS program (v. 9.4). Sta-
tistically signifcant diference was recorded for ρ values
< 0.05.

3. Results

3.1. Plants Extract Yield. Leaves of C. dimidiatus,
H. populifolium, and L. javanica extracted using four sol-
vents of varying polarities (methanol, dichloromethane,
ethyl acetate, and water) revealed diferent percentage yields
as shown in Table 1. Methanol extracts of C. dimidiatus
showed the highest yield (36.71%), followed by L. javanica
(methanol) with a 19.88% yield. Te lowest yield was ob-
tained from the dichloromethane extract of C. dimidiatus
(1.92%).

3.2. Liquid Chromatography-Mass Spectrometry Analysis of
Selected Plant Extracts. LC-MS chemical profling was
carried out on the studied plants, namely, L. javanica (ethyl
acetate), C. dimidiatus (aqueous), and H. populifolium
(aqueous). Twenty-eight (28) compounds were identifed
from L. javanica (ethyl acetate) at diferent retention times,
the mass-to-charge ratio (m/z), and peak intensities (Ta-
ble 2). For C. dimidiatus (aqueous), 30 compounds were
distinct; however, the identities of 28 were known, while two
2 were unknown (Table 3). Furthermore, sixteen (16)
compounds were identifed fromH. populifolium (aqueous);
however, two (2) were unknown (Table 4). Based on the
mass spectrometry data analysis, diferent classes of phy-
tochemical compounds were represented which included

glucosides, favonoids, quinic acids, and derivatives. Among
them, 10.29% unknown diterpene, 10.24% hydroxy-
dimethoxyfavone (favonoid), and 13.41% 4,5-dicafeoyl-
quinic acid isomer (quinic acids and derivatives) were ob-
served as the major constituents, showing the highest peak
intensities in L. javanica (ethyl acetate), C. dimidiatus
(aqueous), and H. populifolium (aqueous), respectively.
Representative mass spectrometry chromatograms of the
analysed extracts are illustrated in Figure S2 showing peaks
that correspond to the data presented in Tables 2–4.

3.3. Minimum Inhibitory Concentration Determination of
Plant Extracts on CBR and ESBL-Producing K. pneumoniae
Strains. Antibacterial activities of twelve crude extracts
against K. pneumoniae strains revealed MIC values ranging
from 0.78mg/mL to 6.25mg/mL (Table 5). C. dimidiatus
(dichloromethane) showed the best MIC value of 0.78mg/
mL on CBR-K. pneumoniae exhibiting inhibitory activity on
bacterial growth. Other crude extracts tested showed varying
MIC values for both strains (Table 5). C. dimidiatus
(methanol) and dichloromethane extracts ofH. populifolium
and L. javanica showed higher MIC values of 6.25mg/mL
for CBR and ESBL-producing K. pneumoniae strains. Te
positive controls (quercetin and ciprofoxacin) showed
noteworthy MIC activities with values of 0.06mg/mL and
0.01mg/mL, respectively.

3.4. Inhibition of Bioflm Formation

3.4.1. Efect of Plant Extracts on Initial Cell Attachment.
Antiadhesion (initial attachment) activity of plant extracts
against CBR and ESBL-producing K. pneumoniae strains is
shown in Table 6. Te results revealed L. javanica (ethyl
acetate) and H. populifolium (aqueous) as extracts with the
highest cell attachment inhibitory activity (67.25%). Both
showed good (above 50% inhibition) antiadhesion activity
for CBR-K. pneumoniae similar to the result obtained for
ciprofoxacin, while C. dimidiatus (aqueous) revealed an
inhibitory activity of 45.91%, although the extract was the
most prominent for ESBL-K. pneumoniae in comparison to
the other extracts (Table 6).

Te lowest level of activity against adhesion was revealed
by C. dimidiatus (ethyl acetate extract) (0.07%) and
H. populifolium (dichloromethane) (0.61%) for CBR-K.
pneumoniae and ESBL-K. pneumoniae, respectively. No
inhibition of initial cell attachment was observed for
H. populifolium (methanol) and H. populifolium (ethyl ac-
etate) for both strains of K. pneumoniae tested. Similarly,
L. javanica (methanol) showed no cell attachment inhibition
for CBR-K. pneumoniae. Ciprofoxacin exhibited potent
inhibitory activity of 69.25% and 62.45% on the initial cell
attachment of both strains tested (Table 6).

3.4.2. Inhibition of Preformed Bioflms by Plant Extracts.
Inhibition of preformed bioflm in the test strains upon the
addition of the studied plant extracts was examined, and
results are shown in Table 6. Most of the plant extracts
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Table 3: LC-MS spectral analysis of Carpobrotus dimidiatus (aqueous) extract.

Peak # Retention time (mins) m/z Peak intensity (%) Identities
1 144.58 153.02 1.89 Dihydroxybenzoic acid
2 151.54 203.08 3.50 Unknown
3 175.85 337.09 6.39 Coumaroyl quinic acid isomer 1
4 192.38 367.10 1.57 Feruloyl quinic acid
5 202.60 337.09 7.92 Coumaroyl quinic acid isomer 2
6 209.56 337.09 6.81 Coumaroyl quinic acid isomer 3
7 222.37 297.06 10.24 Hydroxy-dimethoxyfavone
8 233.87 813.17 2.41 Luteolin triglucoside
9 239.54 683.14 1.72 Trihydroxy-trimethoxy favone-diglucoside
10 250.40 797.18 2.08 Apigenin-feruloyl-diglucoside
11 259.31 799.23 4.13 Similar to tricin rutinoside-glucoside
12 262.24 785.21 1.49 Similar to isorhamnetin rutinoside-glucoside
13 267.75 653.17 2.96 Similar to syringentin-3-rutinoside
14 279.08 653.17 4.45 Syringentin-rutinoside-like
15 297.08 797.21 3.85 Similar to kaempferol-diglucoside-acetorhamnosyl
16 302.11 651.15 4.17 Similar to kaempferol-acetylglucosyl-glucoside
17 316.85 765.19 3.68 Could be an acetylated pinosylvin-diglucoside
18 323.18 795.20 5.67 Could be catechin-gallate-glucoside-glucuronide
19 330.14 765.19 0.62 Could be another isomer acetylated pinosylvin-diglucoside
20 339.05 619.13 2.34 Similar to apigenin acetylcoumaroyl glucoside
21 346.84 649.14 4.72 Similar to pelargonidin-xylosyl-malonyl-glucoside
22 359.47 331.04 0.84 Similar to quercetaggetin-3′-methyl-ether
23 368.39 256.10 0.66 Unknown nitrogen-containing compound
24 373.57 649.14 0.70 Similar to pelargonidin-xylosyl-malonyl-glucoside
25 393.34 327.22 6.74 Could be an oxygenated diterpene
26 421.38 329.23 3.35 Could be an oxygenated diterpene
27 470.48 313.07 0.92 Similar to kaempferol-dimethyl-ether
28 483.28 343.08 0.88 Dihydroxy-3-methoxyfavonone
29 513.27 293.18 2.28 Unknown
30 524.78 237.11 1.00 Methoxychalcone or cinnamyl-benzoate

Table 2: LC-MS spectral analysis of Lippia javanica (ethyl acetate) extract.

Peak # Retention time (mins) m/z Peak intensity (%) Identities
1 145.22 461.17 1.56 Cafeoyl-rhamnosyl-glucoside
2 158.02 359.10 1.20 Hydroxy-dimethoxybenzoyl hexopyranose
3 198.20 387.17 2.29 Hydroxy-jasmonic acid-glucoside
4 206.47 419.12 4.29 Afzelechin-rhamnoside
5 221.04 389.11 2.02 Teveside
6 244.06 623.20 3.88 Verbascoside isomer 1
7 252.31 623.20 6.23 Verbascoside isomer 2
8 259.92 623.20 8.93 Verbascoside isomer 3
9 267.71 623.20 7.55 Verbascoside isomer 4
10 278.40 607.20 2.31 Luteolin-xylosyl-glucoside
11 289.26 637.21 3.00 Quercetin-rutinoside isomer 1
12 297.04 637.21 1.70 Quercetin-rutinoside isomer 2
13 310.33 665.21 1.37 Tetramethyl-quercetin-rutinoside
14 321.18 651.23 3.05 Matairresinol 4′[apiosyl-glucoside]
15 358.13 285.04 1.46 Luteolin
16 393.96 327.22 1.03 Possibly a diterpene
17 400.92 269.05 3.40 Apigenin
18 408.54 299.06 6.67 Diosmethin
19 416.80 329.07 2.94 Tricin
20 421.34 359.08 3.18 Trimethoxyfavone isomer 1
21 441.76 359.08 0.69 Trimethoxyfavone isomer 2
22 458.94 299.06 2.31 Chrysoeriol
23 470.45 313.07 8.24 Cirsimaritin
24 483.25 343.08 6.14 Eupatorin
25 499.78 373.09 0.85 Quercetagetin 3,5,6,3′-tetramethyl ether
26 511.94 283.06 1.80 Dihydroxy-methoxy-phenylcoumarin
27 522.80 313.07 1.60 Kaempferol-dimethylether
28 539.64 501.32 10.29 Unknown diterpene
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showed a comparatively weaker ability to inhibit pre-
formed bioflms, with no more than 45% bioflm in-
hibition in contrast to the initial attachment that had as
high as 67%. Te highest preformed bioflm inhibition by
the plant extracts was shown by L. javanica (ethyl acetate)
for both strains with 45.05% and 20.21% for CBR-K.
pneumoniae and ESBL-K. pneumoniae, respectively (Ta-
ble 6). Tis was relative to quercetin, which showed in-
hibitory activity of 35.15%, while ciprofoxacin was
signifcantly higher, showing 71.42% inhibition for CBR-
K. pneumoniae. For ESBL-K. pneumoniae, inhibition was
recorded at 31.81% and 68.51% for quercetin and cipro-
foxacin, respectively.

3.4.3. Disruption of Mature Bioflm under Dynamic and
Static Conditions. Under static and dynamic conditions, the
impact of crude plant extracts on K. pneumoniae mature
bioflms was assessed and fndings are as presented in Ta-
ble 7. L. javanica (aqueous) and L. javanica (ethyl acetate)
demonstrated the inhibition of the mature bioflms of both
strains under dynamic conditions, each at 20.79% for CBR-
K. pneumoniae and 21.36% for ESBL-K. pneumoniae, re-
spectively. However, under the same conditions, L. javanica
(methanol), C. dimidiatus (ethyl acetate), C. dimidiatus
(methanol), H. populifolium (aqueous), and H. populifolium
(dichloromethane) did not show inhibition but rather en-
hanced the growth of mature bioflms. Ciprofoxacin

Table 5: Minimum inhibitory concentration values (mg/mL) of plant extracts tested against K. pneumoniae strains.

Plant extracts
K. pneumoniae strains and MIC (mg/mL) values

CBR-K. pneumoniae ESBL-K. pneumoniae
Aqueous extracts
L. javanica 1.56 1.56
C. dimidiatus 6.25 3.12
H. populifolium 1.56 3.12

Dichloromethane extracts
L. javanica 6.25 6.25
C. dimidiatus 0.78 3.12
H. populifolium 6.25 6.25

Ethyl acetate extracts
L. javanica 3.12 1.56
C. dimidiatus 3.12 3.12
H. populifolium 3.12 6.25

Methanol extracts
L. javanica 6.25 1.56
C. dimidiatus 6.25 6.25
H. populifolium 3.12 1.56

Controls
Quercetin 0.06 0.06
Ciprofoxacin 0.01 0.01
1% DMSO 6.25 6.25
Te MIC values are presented as the mean values of triplicates.

Table 4: LC-MS spectral analysis of Helichrysum populifolium (aqueous) extract.

Peak # Retention time (mins) m/z Peak intensity (%) Identities
1 146.58 353.09 2.90 Chlorogenic acid isomer 1
2 166.35 293.12 5.40 Ethyl 3-hydroxybuterate glucoside
3 181.58 353.09 10.80 Chlorogenic acid isomer 2
4 200.70 353.09 5.66 Chlorogenic acid isomer 3
5 218.04 515.12 5.71 4,5-Dicafeoylquinic acid isomer 1
6 231.98 367.10 2.01 Feruloylquinic acid
7 235.87 463.09 3.73 Hydroxykaempferol glucoside isomer 1
8 243.49 213.12 4.68 Unknown
9 253.69 567.21 2.23 Similar to citrusin B
10 257.59 463.09 5.78 Hydroxykaempferol glucoside isomer 2
11 268.93 515.12 6.03 4,5-Dicafeoylquinic acid isomer 2
12 276.07 415.20 2.80 Unknown
13 280.44 515.12 13.41 4,5-Dicafeoylquinic acid isomer 3
14 287.57 515.12 8.29 4,5-Dicafeoylquinic acid isomer 4
15 332.79 491.12 2.73 Similar to lagotiside
16 349.96 677.15 3.67 Pelargonidin di-acetylglucoside
17 393.40 327.22 7.50 Possibly a diterpene
18 422.74 329.23 6.68 Tricin
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inhibited the mature bioflm formed by CBR-K. pneumoniae
at 42.16%. (ANOVA GLM, F� 2.29, DF� 12, R2 � 0.051, and
p< 0.05). Te mature bioflm inhibitory activity of cipro-
foxacin was at 37.72% against ESBL-K. pneumoniae with
diferences found between the plant extracts and positive
control (ANOVA GLM, F� 2.82, DF� 12, R2 � 0.074, and
p< 0.05) (Table 7).

Similarly, for mature bioflms grown under static con-
ditions, L. javanica (aqueous) also revealed the highest in-
hibitory activity on CBR-K. pneumoniae and ESBL-K.
pneumoniae, at 16.45% and 11.73%, respectively (Table 7).
Te extracts showed weak or no inhibition of mature bioflms
tested under static conditions. Only ciprofoxacin showed
moderate inhibitory activity at 51.66% and 53.19% for CBR-K.
pneumoniae and ESBL-K. pneumoniae, respectively. Statis-
tical diferences were observed in the mature bioflm in-
hibitory activity of ciprofoxacin when compared with the
extracts (ANOVA GLM, F� 3.29, DF� 12, R2 � 0.068, and
p< 0.05). Overall, lower inhibition was revealed by the ex-
tracts on matured bioflms formed under static conditions
than the bioflms formed under dynamic conditions (Table 7).

3.4.4. Scanning Electron Microscopy (SEM) Analysis of
Bioflms. To gain a detailed view of the K. pneumoniae
bioflms formed after subjection to treatment with the most
efcient plant extract (L. javanica ethyl acetate), an analysis
using SEM was conducted. Figure 1 displays the SEM mi-
crographs of the untreated bioflms (Figures 1(a) and 1(e))
and bioflms formed after treatment with L. javanica ethyl
acetate extract (Figures 1(b) and 1(f)) and the positive
controls: quercetin, 0.10mg/mL (Figures 1(c) and 1(g)) and
ciprofoxacin, 0.01mg/mL (Figures 1(d) and 1(h)).

L. javanica (ethyl acetate) showed the best antibioflm
activity of all the studied plant extracts for CBR and ESBL-K.
pneumoniae, as seen in Figures 1(b) and 1(f ), respectively.
Te SEM micrographs revealed fewer clusters of connected
microcolonies, indicating a considerable decrease in the
number of bioflms. With very few clumps of dispersed cells,
ciprofoxacin was found to have a more potent activity
(Figures 1(d) and 1(h)).

Comparatively, the untreated bioflms showed a dense
cluster of cells that exhibited continuous clumping and
substantial collection of cells (Figures 1(a) and 1(e)). In
comparison to L. javanica (ethyl acetate), quercetin was
found to be less efective at disrupting the formed bioflms
(Figures 1(c) and 1(g)); however, it displayed fewer cell
clumps than the untreated bioflms.

3.4.5. Reduction of K. pneumoniae Exopolysaccharides.
Te phenol-sulfuric acid technique was used to determine
the quantity of EPS at the corresponding MIC values of test
extracts in both pathogen strains. Results showed that there
was good linearity, as evidenced by the correlation co-
efcient (R) value of 0.9419 (Figure S1).

Te most signifcant reduction in EPS produced by ESBL-
K. pneumoniaewas shown by L. javanica (ethyl acetate), which
had the lowest EPS yield after treatment, resulting in 34.18%
inhibition. On the other hand, the lowest EPS inhibition at
4.62% was revealed by L. javanica (aqueous). However,
L. javanica (methanol), L. javanica (dichloromethane),
C. dimidiatus (ethyl acetate), C. dimidiatus (methanol),
C. dimidiatus (dichloromethane), H. populifolium (ethyl
acetate), and H. populifolium (dichloromethane) revealed
no inhibition of EPS, rather showing enhanced EPS

Table 6: Efect of plant extracts on initial cell attachment and bioflm development of K. pneumoniae strains.

Plant
extracts and control

Percentage (%) inhibition of initial cell
attachment

Percentage (%) inhibition of bioflm
development

CBR-K. pneumoniae ESBL- K. pneumoniae CBR-K. pneumoniae ESBL-K. pneumoniae
Aqueous extracts
L. javanica 49.40± 0.04c,d 15.17± 0.05a,b,c,d 42.37± 0.07c 13.87± 0.01d,e
C. dimidiatus 48.11± 0.05c,d 45.91± 0.02d 11.31± 0.03b,c − 45.47± 0.01a,b,c
H. populifolium 67.25± 0.06d 14.04± 0.05a,b,c,d 12.80± 0.02b,c 8.25± 0.04c,d,e

Dichloromethane extracts
L. javanica 34.13± 0.02b,c,d 28.52± 0.04b,c,d − 7.11± 0.08a,b,c 8.31± 0.02c,d,e
C. dimidiatus 22.81± 0.09b,c,d 23.80± 0.03b,c,d 11.16± 0.07a,b 12.75± 0.11b,c,d
H. populifolium 3.33± 0.04a,b,c 0.61± 0.04a,b,c − 60.29± 0.03a − 26.85± 0.06a,b,c,d

Ethyl acetate extracts
L. javanica 67.25± 0.01d 28.77± 0.10b,c,d 45.05± 0.08b,c 20.21± 0.01d,e
C. dimidiatus 0.07± 0.01a,b,c 20.21± 0.06b,c,d 9.72± 0.05b,c − 59.11± 0.14a,b
H. populifolium − 20.58± 0.07a,b − 7.93± 0.09a,b − 4.02± 0.04a,b,c 1.56± 0.14c,d,e

Methanol extracts
L. javanica − 50.31± 0.11a 12.57± 0.02b,c,d − 27.80± 0.02a,b 4.64± 0.03c,d,e
C. dimidiatus 40.45± 0.07c,d 37.41± 0.02c,d − 17.98± 0.17a,b,c − 39.89± 0.05a,b,c,d
H. populifolium − 19.62± 0.05a,b − 35.26± 0.05a 35.15± 0.03b,c 19.83± 0.04a

Controls
Quercetin 42.57± 0.03c,d 40.66± 0.01b,c 35.15± 0.01c,d 31.81± 0.02a,b
Ciprofoxacin 69.25± 0.03d 62.45± 0.04e 71.42± 0.03b,c 68.51± 0.02e

Te presented values represent the average from three separate and independent experiments, alongside the standard deviation (SD). Comparison of
percentage inhibition at MIC value per K. pneumoniae strain was performed across each treatment. Diferent letters (a–e) indicate signifcant diferences at
p< 0.05 between the diferent treatments (against all extracts) at the same MIC value.
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production. Ciprofoxacin and quercetin revealed EPS in-
hibition of 38.11% and 24.94%, respectively (Figure 2(a)).

Furthermore, L. javanica (ethyl acetate) also revealed
a moderate percentage of EPS inhibition (36.95%) for CBR-K.
pneumoniae, followed byH. populifolium (aqueous) (27.85%).
No EPS inhibitory activity was recorded for L. javanica
(aqueous), L. javanica (methanol), L. javanica (dichloro-
methane), C. dimidiatus (ethyl acetate), C. dimidiatus
(dichloromethane), and H. populifolium (methanol).

Ciprofoxacin and quercetin revealed EPS inhibition at
51.56% and 34.55%, respectively, for the two K. pneumoniae
strains (Figure 2(b)).

3.4.6. Exopolysaccharides Microscopic Surface Topography
Characterization. Te surface topography of the examined
K. pneumoniae exopolysaccharides (EPS) was captured
using AFM. L. javanica (ethyl acetate) was selected for AFM

Table 7: Efect of plant extracts on disruption of mature bioflms formed by K. pneumoniae under dynamic and static conditions.

Plant
extracts and control

Percentage (%) inhibition of mature bioflm
formed under dynamic condition

Percentage (%) inhibition of mature bioflm
formed under static condition

CBR-K. pneumoniae ESBL-K. pneumoniae CBR-K. pneumoniae ESBL-K. pneumoniae
Aqueous extracts
L. javanica 20.79± 0.01a,b 15.90± 0.01a,b 16.45± 0.01b 11.73± 0.02a
C. dimidiatus 13.01± 0.01a,b − 55.83± 0.01a,b − 25.77± 0.03a,b − 37.11± 0.04a
H. populifolium − 1.48± 0.04a,b 6.51± 0.02a,b − 19.89± 0.02a,b 7.52± 0.01a

Dichloromethane extracts
L. javanica 17.35± 0.03a,b 1.12± 0.01a,b − 14.13± 0.03a,b 3.63± 0.01a
C. dimidiatus 7.57± 0.01a,b − 2.37± 0.01a,b 11.54± 0.02a,b 9.63± 0.01a
H. populifolium − 10.19± 0.02a,b − 37.67± 0.01a,b − 37.45± 0.04a,b − 32.79± 0.01a

Ethyl acetate extracts
L. javanica 8.69± 0.02a,b 21.36± 0.02a,b 6.88± 0.07a,b 7.28± 0.02a
C. dimidiatus − 20.20± 0.12a − 89.23± 0.20a − 61.64± 0.15a,b − 73.14± 0.21a
H. populifolium 9.39± 0.04a,b 11.18± 0.03a,b − 61.34± 0.06a,b − 91.55± 0.24a

Methanol extracts
L. javanica − 7.41± 0.01a,b − 26.83± 0.01a,b − 46.40± 0.05a,b − 18.52± 0.02a
C. dimidiatus − 21.99± 0.02a − 66.48± 0.03a,b − 86.72± 0.04a − 67.79± 0.05a
H. populifolium 17.17± 0.01a,b − 15.73± 0.02a,b 11.81± 0.02a,b − 84.85± 0.26a

Controls
Quercetin − 27.08± 0.01a − 44.55± 0.01a − 35.46± 0.02a − 52.25± 0.02a
Ciprofoxacin 42.16± 0.01b 37.72± 0.02b 51.66± 0.01c 53.19± 0.01b

Te presented values represent the average from three separate and independent experiments, alongside the standard deviation (SD). Comparison of
percentage inhibition at MIC value per K. pneumoniae strain was performed across each treatment. Diferent letters (a–c) indicate signifcant diferences at
p< 0.05 between the diferent treatments (against all extracts) at the same MIC value.
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Figure 1: SEM micrographs showing bioflm inhibitory activity of L. javanica (ethyl acetate extract) against CBR and ESBL-producing
K. pneumoniae at 20 KX magnifcation. (a) CBR-K. pneumoniae (without treatment), (b) CBR-K. pneumoniae (treated with L. javanica -ethyl
acetate extract), (c) CBR-K. pneumoniae (treated with quercetin -positive control), (d) CBR-K. pneumoniae (treated with ciprofoxacin -positive
control), (e) ESBL-K. pneumoniae (without treatment), (f) ESBL-K. pneumoniae (treated with L. javanica -ethyl acetate extract), (g) ESBL-K.
pneumoniae (treated with quercetin-positive control), (h) ESBL-K. pneumoniae (treated with ciprofoxacin -positive control).
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due to the shown EPS inhibition (above) as compared to the
other plant extracts examined. Te AFM results revealed
distinct variations between the topographies of EPS that had
been treated and the untreated control. Untreated CBR and
ESBL-producing K. pneumoniae produced EPS with irreg-
ular shapes and rough surfaces that were primarily made up
of unevenly distributed lumps and were easily seen as foggy
patches around the cells (Figure 3: A1 and E1). Te EPS
produced by both strains appeared tubular and compact
when viewed with the microscope.

Te treated EPS at MIC value showed the maximum
lump heights of 206.5 nm and 409.8 nm for CBR and
ESBL-producing K. pneumoniae, respectively (Figure 3:
B1 and F1). Te 3D scans revealed a marked decrease in
surface roughness (Ra) (Figure 3: B2 and F2) where the Ra
for CBR and ESBL-producing K. pneumoniae were
36.9 nm and 123 nm, respectively. Te EPS subjected to
treatment with positive control of ciprofoxacin also
showed reduced surface roughness and height as revealed
in Figure 3D and 3H.

3.4.7. Curli Reduction in K. pneumoniae Strains. Te efects
of plant extracts on the presence of K. pneumoniae curli
fbres are shown in Table 8. According to the fndings, none
of the plant extracts tested at concentrations of 0.12mg/mL
and 0.25mg/mL inhibited the production of curli in the
K. pneumoniae strains. Curli expression was reduced by
L. javanica (ethyl acetate), L. javanica (dichloromethane),
C. dimidiatus (aqueous), and H. populifolium (aqueous)
extracts at 0.50mg/mL in both strains. At the same

concentration, L. javanica (aqueous) and H. populifolium
(methanol) also inhibited the expression of curli in ESBL-K.
pneumoniae. Furthermore, at 1.00mg/mL, 50% of the plant
extracts such as L. javanica (aqueous), L. javanica (ethyl
acetate), L. javanica (dichloromethane), C. dimidiatus
(aqueous), H. populifolium (aqueous), and H. populifolium
(methanol) inhibited curli formation in both K. pneumoniae
strains.

Ciprofoxacin reduced curli in the two strains tested at
diferent concentrations (0.12 to 1.00mg/mL), while quer-
cetin only showed curli reduction at 0.50 and 1.00mg/mL
for both strains. No inhibitory activity was observed for the
untreated control tested against both strains (Table 8).

3.4.8. Reduction in Hypermucoviscosity Phenotype. Te
impact of the studied plant extracts on K. pneumoniae’s
hypermucoviscosity was assessed through the use of a string
test where the viscosity of the strains gradually decreased in
a concentration dependent manner. For CBR-K. pneumo-
niae (Figure 4(a)), L. javanica (ethyl acetate) showed potent
hypermucoviscosity reduction, observed by the least length
of mucoid string (1mm) at 1.00mg/mL, followed by
L. javanica (methanol), H. populifolium (aqueous), and
H. populifolium (dichloromethane) (2mm at 1.00mg/mL).
However, inhibition was not observed for C. dimidiatus
(dichloromethane) and H. populifolium (ethyl acetate) at all
the concentrations as observed with the negative control
(Figure 4(a)-A, B, C).

Similarly, for ESBL-K. pneumoniae (Figure 4(b)),
L. javanica (ethyl acetate), C. dimidiatus (aqueous),
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Figure 2: Exopolysaccharide percentage inhibition in ESBL-producingK. pneumoniae (a) and CBR- K. pneumoniae, (b) by all plant extracts
at respective MIC values. Statistical signifcance of the test plant extracts and controls are indicated with diferent letters (A–E) with p value
<0.05.
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Figure 3: AFM micrographs showing the surface topography of exopolysaccharides produced by Lippia javanica (ethyl acetate extract)
treated and untreated CBR and ESBL-producing K. pneumoniae strains at a scan size of 5.00 μm (5,000 nm).

Table 8: Efect of plant extracts on Klebsiella pneumoniae curli.

Plant
extracts

Concentration (mg/mL) (A) Concentration (mg/mL) (B)
Control 0.12 0.25 0.50 1.00 Control 0.12 0.25 0.50 1.00

Aqueous extracts
L. javanica + + + + − + + + − −

C. dimidiatus + + + − − + + + − −

H. populifolium + + + − − + + + − −

Dichloromethane extracts
L. javanica + + + − − + + + − −

C. dimidiatus + + + + + + + + + +
H. populifolium + + + + + + + + + +

Ethyl acetate extracts
L. javanica + + + − − + + + − −

C. dimidiatus + + + + + + + + + −

H. populifolium + + + + + + + + + +
Methanol extracts
L. javanica + + + + + + + + + +
C. dimidiatus + + + + + + + + + +
H. populifolium + + + + − + + + − −

Controls
Quercetin + + + − − + + + − −

Ciprofoxacin + − − − − + − − − −

Untreated + + + + + + + + + +
Key: A: CBR-K. pneumoniae, B: ESBL-K. pneumoniae, +: positive, − : negative, control: untreated K. pneumoniae strains.
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H. populifolium (aqueous), and H. populifolium (dichloro-
methane) revealed good hypermucoviscosity inhibition,
showing the least length of mucoid string (2mm) at 1.00mg/
mL and 3mm at 0.50mg/mL, while other plant extracts
revealed the higher length of mucoid strings at those
concentrations.

4. Discussion

Over the years, the use of plants in traditional medicine has
piqued the attention of several researchers to discover ef-
fective plant extracts that can be used in the management of
microbial infectious diseases [30]. South African medicinal
plants are of great interest because despite the botanical and
cultural diversity of South Africa, only a few plant species
have hitherto become fully commercialised as medicinal
products [38] and less explored for antivirulence activities.
Terefore, three medicinal plants (C. dimidiatus,
H. populifolium, and L. javanica) indigenous to South Africa,
reported to have ethnomedicinal uses againstK. pneumoniae
infections, were examined in this study to validate some of
their antipathogenic/antivirulence activities.

Since bioactive phytochemicals are vital and responsible
for various activities, the extraction process is also crucial
[39]. For this reason, varying extractants of diferent po-
larities were pivotal to deduce the most potent bioactive
components from the plants. Results showed that the
methanol extract had the highest yield followed by the
aqueous extracts with up to 36.71% for C. dimidiatus.
Congruent with our fndings, Truong et al. [40], Itumeleng
et al. [39], Adam et al. [41], and Elof et al. [42] also reported
a higher percentage yield from methanol extracts, followed
by aqueous extracts. Highly polar solvents such as methanol
and water thus favour extraction efciency and yield
compared to solvents with lesser polarity for plant species
containing high levels of phenolic compounds.

For the development, modernisation, and quality control
of various formulations from medicinal plants, chemical
analysis of plant extracts is crucial [43]. Due to high sen-
sitivity and accurate mass spectral detection, coupled with
high-resolution chromatographic separation in LC-MS,
analysis using this instrument has become more common in
medicinal plant research [44]. For this reason, it was
employed in our study for the chemical profling of
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Figure 4: (a): Efect of plant extracts (C. dimidiatus (A), H. populifolium (B), and L. javanica (C)) in reducing CBR-K. pneumoniae
hypermucoviscosity. Means are values of triplicate independent experiments ± SD. AQ: aqueous, EA: ethyl acetate, ME: methanol, and
DCM: dichloromethane. (b) Efect of plant extracts (C. dimidiatus (A), H. populifolium (B), and L. javanica (C)) in inhibition of
ESBL-K. pneumoniae hypermucoviscosity. Means are values of triplicate independent experiments ± SD. AQ: aqueous, EA: ethyl
acetate, ME: methanol, and DCM: dichloromethane.
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L. javanica (ethyl acetate), C. dimidiatus (aqueous), and
H. populifolium (aqueous). Te LC-MS analysis of the se-
lected extracts revealed phytochemical compounds be-
longing to diferent classes such as the favonoids, terpenes,
verbascosides, phenolic acids, glycosides, quinic acids, and
a derivative class of compounds which could contribute to
their bioactivities. Tese classes of compounds are partic-
ularly interesting due to their previously reported phar-
macological properties. For example, Maroyi [45]
documented apigenin identifed in L. javanica (Table 2) to
possess antibacterial and hepatoprotective properties.
Luteolin, another favonoid shown in the spectra, has been
reported by Kumar and Pandey [46] to possess anti-
infammatory and analgesic efects. According to Moham-
mad et al. [47], favonoids, a group of naturally occurring
phenolic compounds, are abundant in plants and are re-
nowned for their signifcant health-promoting advantages.
Tey have been documented to possess antibacterial, anti-
infammatory, antimutagenic, antiallergic, antithrombotic,
and vasodilator properties [48].

Terpenes, also observed as part of the plants’ compounds
have been recognized as natural antimicrobial compounds
[49]. Antimicrobial activities of terpenes against Escherichia
coli O157: H7, Salmonella typhimurium, Clostridium per-
fringens, Campylobacter jejuni, and Helicobacter pylori have
been reported by Mahizan et al. [50] and Tapa et al. [51].
Furthermore, Shi et al. [52] have reported the antibacterial
activity of verbascosides against multidrug-resistant
P. aeruginosa. Tis could be due to the presence of the
unique multihydroxyl groups in their chemical structures
which could perturb the lipid/water interface. Other possible
mechanisms of inhibition by phytochemical compounds
include competing and interfering with the activity of the
signal molecules, due to their structural similarity or deg-
radation of the signalling molecules [53].

Te extracts (aqueous, ethyl acetate, methanol, and
dichloromethane) from the three plant species were tested
against two hypervirulent strains of K. pneumoniae, namely,
carbapenem resistant (CBR) and extended spectrum beta
lactamase (ESBL) K. pneumoniae. CBR-K. pneumoniae was
investigated in this study due to its intriguing ability to
produce carbapenemases (KPC), a common resistance
mechanism seen in K. pneumoniae. Tis resistance mech-
anism poses a signifcant challenge for efective treatment,
leading to a global health concern associated with high
mortality rates [12]. Carbapenem-resistant K. pneumoniae
exhibits rapid transmission, extensive resistance to antibi-
otics, and limited treatment options [12]. Similarly, ESBL-K.
pneumoniae was studied due to its ability to produce
extended-spectrum beta-lactamases (ESBL). According to
Fils et al. [54], the worldwide spread of ESBL-K. pneumoniae
is a critical issue, prompting the World Health Organization
to categorize it as a priority pathogen, alongside other ESBL-
producing Enterobacteriaceae, for which new treatment
options are urgently needed [54].

Te plant extracts at varying concentrations were
assessed for their MIC activities against the studied CBR and
ESBL K. pneumoniae strains. Te MIC determination is
considered the gold standard which reveals the lowest

concentration of the treatment that inhibits the visible
growth of the pathogen [55]. Findings from this study
showed the MIC results that ranged from 0.78mg/mL to
6.25mg/mL. van Vuuren and Muhlarhi [56] defned MIC
activities of plant extracts with noteworthy activities as
values of 1.00mg/mL or lower. Tus, C. dimidiatus
(dichloromethane) was regarded as the most potent due to
its MIC value of 0.78mg/mL on CBR-K. pneumoniae,which
was signifcantly lower than any of the other tested plant
extracts. Several literature reports have been documented on
the antibacterial properties of various plants against diferent
pathogens such as in Mashamba et al. [28]. However, limited
information exists on the antibacterial activity of
C. dimidiatus. Variations observed in MIC values of the
plant extracts may arise due to the diference in their
chemical constituents [57]. Te low activity of most of our
tested plant extracts can be explained by the fact that
K. pneumoniae, a Gram-negative bacterium, has a murein
cell wall and an outer membrane, which is a complex barrier
system against the permeation of polar plant extracts.
Similar results have also been reported by Cosa et al. [7],
Perera et al. [58], and Mogana et al. [59]. Furthermore,
Gram-negative bacteria often reduce their outer membrane
permeability by reducing the number of porins and inducing
drug efux pumps which transport drug molecules out-
wardly, making the bacterial cells resistant to treatments
[60]. For these reasons, further studies using the plant ex-
tracts were focused on extracellular bacterial virulence
factors of K. pneumoniae, including bioflm formation,
exopolysaccharide, and curli production as well as
hypermucoviscosity.

K. pneumoniae is known for its strong propensity to
form bioflms which appear as a mucoid, cohesive slime
layer, and it is considered a major factor in its resistance
against antimicrobials and contributes to pathogenicity [61].
Bioflms are extracellular network-like aggregates of bac-
terial cells adhering to tissues, organs, and medical devices.
Tey are composed of polysaccharides, extracellular DNA,
and proteins [62]. Te development of K. pneumoniae
bioflm is initiated by the adhesion of cells [63], a proven
preliminary stage which reveals an organism’s potential to
bind to the host cell [64], followed by the formation of
microcolonies, maturation, and propagation of free-living
cells [63]. Te bioflm biomass screening in this study
employed the crystal violet staining technique which has
been reported by Ramos-Vivas et al. [65] to be widely ac-
cepted and used by many researchers due to the simplicity of
its implementation for sessile bioflm detection.

Te results showed that L. javanica (ethyl acetate)
inhibited K. pneumoniae bioflm cell attachment, thereby
reducing the pathogen’s ability to attach and live in a pro-
tective scafold. Te ability of L. javanica extracts to reduce
cell attachment is supported by the fndings reported by
Shirinda et al. [66] suggesting that the organic extract of
L. javanica twigs inhibited the initial cell attachment of
bioflm in Clostridium perfringens. Furthermore, L. javanica
(ethyl acetate) also revealed the highest percentage in-
hibition on preformed and mature bioflm of K. pneumoniae
strains. Based on the documented literature, this could be
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due to the activity of verbascoside, a prominent bioactive
constituent identifed in L. javanica as shown in Table 2. Shi
et al. [52] have reported that verbascoside is implicated in the
eradication of bioflms formed by Gram-negative bacteria
such as Pseudomonas aeruginosa and Staphylococcus aureus.
Congruent to this, fndings from Jang et al. [67] also revealed
over 60% inhibition of E. coli bioflms by phenylethanoid
glycoside (verbascoside). Apigenin, also present in
L. javanica, could be implicated in the antibioflm activity
observed. Tis can be supported by the fndings of Liu et al.
[68], where apigenin was shown to reduce the initial ad-
herence and bioflms formed by Streptococcus mutans.

Te weak inhibitory activities observed at this stage for
the other studied plant extracts could be based on these
extracts possessing phytochemicals serving as additional
nutrients to promote bacterial growth [30]. Most of the plant
extracts studied were observed to be less potent on the
mature bioflms with not more than 21.36% bioflm re-
duction. Previous authors such as Bi et al. [69] and
Mashamba et al. [28] had opined that eliminating preex-
isting bioflms by plant extracts poses a great challenge as
several bioflm-forming bacteria have shown resistance.
Once mature bioflms are formed, it is more difcult to treat
and remove them [70]. Tis could be due to the complexity
of the physical structure of mature bioflms which makes
them difcult to eradicate. Other possible reasons for this
can include the presence of persister cells, high volumes of
exopolysaccharides, as well as phytochemical removal from
the matrix by efux pumps leading to a reduction in the
bactericidal efciency of administered treatments [70].

Overall, the antibioflm experiments revealed that
L. javanica (ethyl acetate) has the potential to disrupt
K. pneumoniae cell aggregates before the bioflm fully forms.
Based on the efcacy of this extract observed against
K. pneumoniae bioflms, in situ visualization was employed
for the qualitative observation of bioflm disruption using
SEM due to its excellent resolution, magnifcation, and
actual sample structure preservation [71, 72]. Te SEM
analysis confrmed the antibioflm activity of L. javanica
(ethyl acetate) against the studied K. pneumoniae strains.
Furthermore, only few clumps of microcolonies, with
a signifcant reduction in the number of bioflms compared
to the untreated cells, were revealed.

A key component of the bioflm extracellular matrix
often produced by a wide range of microorganisms is
exopolysaccharide (EPS) [73]. EPS plays a major role in
holding the bacterial community together, attaching the cells
to solid surfaces, ensuring optimum hydration and avail-
ability of nutrients [74]. Since EPS aids K. pneumoniae
immune invasion and increases pathogenicity in bioflm-
forming organisms generally, we assessed EPS as a con-
tributing factor to the pathogenicity of bioflm-forming
K. pneumoniae. Out of all plant extracts tested for EPS
inhibition, L. javanica (ethyl acetate) revealed the highest
percentage of EPS inhibition. Little is known about the
abilities of the studied plants to inhibit EPS production.
However, extracts ofMangifera indica have been reported by
Husain et al. [75] to decrease the production of EPS in
a treated culture of Pseudomonas aeruginosa where the

extract exhibited 50.20% and 58.30% reduction at 400 μg/mL
and 800 μg/mL, respectively, which is a signifcantly higher
activity than what we observed for L. javanica extracts.

To validate the inhibitory efect of L. javanica (ethyl
acetate) on EPS production, in situ visualization was per-
formed using the AFM. Te AFM allows for the quantif-
cation of EPS, revealing their roughness and height at the
nanometre scale [71, 76]. In this study, the AFM micro-
graphs of EPS treated with L. javanica (ethyl acetate) at MIC
value exhibited distinguishable changes in surface roughness
and height observed when compared to the untreated EPS.
Tis could be due to the presence of camphene, a bioactive
constituent in L. javanica previously reported by Adeosun
et al. [12] to show exopolysaccharide inhibitory activity
against K. pneumoniae. Te AFM-based methodology
employed in this study was useful to provide surface in-
formation regarding the efect of plant extract on
K. pneumoniae EPS, a major component that makes up its
bioflm matrixosome.

Another factor increasing the pathogenicity in
K. pneumoniae is its propensity to generate curli, known as
thin aggregative fmbriae [77]. Curli is known for forming
interbacterial bundles and interacting directly with the
substratum, allowing for a cohesive and stable association of
cell aggregates [78]. Hence, curli expression in bacteria is
linked to bioflm formation, contributing to virulence [79].
A reduction in curli expression was observed for L. javanica
(ethyl acetate), L. javanica (dichloromethane) as well as the
aqueous extracts of C. dimidiatus and H. populifolium at
0.50mg/mL for both K. pneumoniae strains. Tis infers that
the plant extracts can efciently inhibit the formation of
curli, hence inhibiting their ability to adhere to host tissue
and enhance bioflm formation. Bioactive compounds such
as luteolin, tricin, and quercetin-rutinoside isomers 1 and 2
observed from the chemical profling of L. javanica could
have aided the curli reduction since Pruteanu et al. [80] have
reported that the abovementioned compounds can inhibit
the assembly of amyloid curli fbres and interfere with
bacterial bioflm formation.

In addition to the aforementioned virulence factors,
K. pneumoniae’s hypermucoviscous nature contributes to its
pathogenicity [81]. Tis factor is signifcant since it renders
the hypervirulent K. pneumoniae strains resistant to mac-
rophage phagocytosis and neutrophil-mediated death,
allowing them to spread more efciently throughout the
body of the host [82]. A hypervirulent K. pneumoniae is
frequently associated with a hypermucoviscous phenotype,
a capsule-associated mucopolysaccharide web [83]. Results
from this study revealed a gradual decrease in the viscosity of
K. pneumoniae strains where L. javanica (ethyl acetate) was
noted for a strong antihypermucoviscosity activity, with the
least mucoid string length of less than 2mm at 1.0mg/mL
concentration for the studied K. pneumoniae strains. Tis is
signifcantly lower than the 5mm standard length defned by
a positive string test [84]. L. javanica (ethyl acetate) extracts
thus revealed high potential in regulating the hyper-
mucoviscosity phenotype.

Te studied indigenous South African medicinal plants
not only serve as abundant reservoirs of bioactive
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compounds but also possess antibacterial and antivirulence
activities, suggesting that they are promising in the devel-
opment of novel drugs to combat K. pneumoniae resistance.

As the persistence of multidrug resistance in K. pneumoniae
continues thereby necessitating the need for alternative therapies
[85], further studies may involve progressing through various
drug development stages such as conducting in-vivo assays using
unique cell lines, determining binding afnity, and other general
screening to evaluate the biological and pharmacological activity
of the potential drug candidates [86]. In addition, preclinical
studies and clinical trials can be conducted. Tese phases en-
compass activities such as safety assessment, determining ap-
propriate dosages, evaluating acute and chronic toxicity,
stability, formulation components, pharmacokinetics, allergic
responses, efectiveness, haemolytic and local irritation assess-
ments, mutagenicity, reproductive and carcinogenic efects, and
more. Subsequently, the ultimate step involves the Food and
Drug Administration (FDA) fling, inspection, approval, and
postmarket surveillance [86].

5. Conclusions

Tis study revealed the three selected South African me-
dicinal plants (C. dimidiatus, H. populifolium, and
L. javanica) as prospective antibacterial and antivirulent
agents against CBR- and ESBL-positive K. pneumoniae
strains. A notable antibacterial activity was observed for
C. dimidiatus (dichloromethane). Te plant of L. javanica
decreased virulence factors of K. pneumoniae strains, in-
dicating its potential to be used in the development of
antipathogenic drugs. Chemical profling of L. javanica
(ethyl acetate), C. dimidiatus (aqueous), andH. populifolium
(aqueous) identifed diterpene, hydroxy-dimethoxyfavone,
and 4,5-dicafeoylquinic acid, respectively, as dominant
compounds. Te highly complex profle of chemical com-
pounds from C. dimidiatus, H. populifolium, and L. javanica
can be further explored for their antivirulence properties
against K. pneumoniae strains. Tis study contributes to the
search for solutions to the threats posed by antibiotic re-
sistance through the exploration of plant extracts used in
traditional medicine.
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