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Abstract

Medicinal plants are recognized for their rich bioactive compounds, offering significant
potential in the development of therapeutic alternatives to address current public health
challenges. Plumbago auriculata is a traditionally used plant with the potential to treat
various conditions. Therefore, this study evaluated the physicochemical properties and
antibacterial and antivirulence potential of the lyophilized extract from Plumbago auriculata
(ELPa). Physicochemical analysis revealed a highly porous morphology (pore diameter
5-10 pm), a yellowish-green color (Hue angle of 182.92), and a water activity (aw) of 0.5.
Antibacterial assays established a minimum inhibitory concentration (MIC) of 64 mg/mL
for clinical isolates of Escherichia coli (E. coli), Staphylococcus sciuri (S. sciuri), Staphylococcus
aureus (S. aureus), Candida tropicalis (C. tropicalis), Streptococcus agalactiae (S. agalactiae), and
Salmonella Dublin (S. Dublin) and 16 mg/mL for the E. coli CFT073 strain. Furthermore,
ELPa demonstrated significant antivirulence properties; at a concentration of 8 mg/mL,
the extract inhibited 55% of the swarming mobility and 58% of biofilm production in E. coli
CFT073 after 24 and 48 h of exposure, respectively. The finding suggests that ELPa is a
viable source of bioactive compounds with both antibacterial and antivirulence capabilities.

Keywords: Plumbago auriculata; Escherichia coli; swarming; antibacterial; lyophilization; biofilm

1. Introduction

Infectious diseases are a major cause of morbidity and mortality. The World Health
Organization (WHO) reports that six of the ten most important threats to global public
health are directly related to diseases, especially those caused by multi-resistant bacteria.
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Additionally, the WHO warns that the end of the antibiotic era is approaching, as antimicro-
bial resistance threatens to reach a point where infections cannot be easily treated [1,2]. This
problem is more pronounced in countries such as Mexico, where more than 700 thousand
deaths are reported annually [3]. The search for drugs targeting virulence factors offers
a new approach to antibacterial therapies, aiming to suppress the production of factors
essential to bacterial pathogenicity and thus prevent the development of drug resistance [4].
The global action plans proposed by the WHO (Plan for the Prevention and Control of Non-
Communicable Diseases 2013-2030 and Global Action Plan on Antimicrobial Resistance)
support urgent investment in the development of new drugs, diagnostics, and vaccines,
among others.

Plants could represent a feasible strategy used in traditional medicine to address
various health conditions, including bacterial infections. It is estimated that around 80% of
the world’s population uses plants as a primary treatment for other health conditions. It
has been widely documented that their biological properties are due to the broad spectrum
of their bioactive compounds [5].

The genus Plumbago comprises 280 species in the Plumbaginaceae family, native to
warm temperate to tropical regions of the world, and used worldwide. It includes perennial
shrubs or herbs, and the hairy calyx is a characteristic feature of the genus, associated
with insect capture among other functions. Plumbago is the largest genus in the family. In
southern Africa, five species are native, and two are cultivated. The species are grown and
used worldwide mainly for their medicinal and biological properties, attributed to their
chemical components [6,7]. The most cultivated species of the genus Plumbago are Plumbago
indica, Plumbago rosea, Plumbago zeylanica, and Plumbago auriculata (P. auriculata) [8,9].

One of the most representative species of the genus is Plumbago auriculata, popularly
known as “Blue Jasmine”. Traditionally, the powdered root has been used to treat a wide
range of diseases, including wounds, broken bones, and headaches. Although it is endemic
to South Africa, it is well-adapted in Mexico and is known as a house and ornamental
plant [10]. For this species, only floristic studies have been reported; antibacterial, anti-
inflammatory, antioxidant, antigenotoxic, and antiproliferative activities of polar extracts
have been reported, and phytochemicals such as saponins, terpenes, flavonoids, and
coumarins were identified [11,12].

An interesting fact is the limited information on the use of aqueous extracts, which
are highly sensitive to environmental factors, including light, heat, pH, oxygen exposure,
and the presence of oxidative enzymes [13]. In this context, freeze-drying is a technique
that offers an alternative for handling sensitive substances, preventing compounds from
undergoing adverse reactions, and consequently from losing biological activity [14].

By optimally preserving the structural properties of plant extracts, freeze-drying
becomes a key tool for ensuring the stability and efficacy of bioactive compounds. This
is especially relevant in the context of the global increase in bacterial diseases, where the
use of natural resources, such as P. auriculata, offers promising alternatives for developing
new treatments.

One of the Gram-negative bacteria that constitutes a public health problem worldwide
is Proteus mirabilis (P. mirabilis). It has a rod-shaped morphology, is well-known for its urease
production, and its exhibits a distinctive ability to differentiate into elongated swarmer
cells and a characteristic mobility pattern in the form of concentric halos on agar plates.
P. mirabilis belongs to the class Gammaproteobacteria and has long been recognized as a
member of the order Enterobacteriales [15]. In addition, within this family is Escherichia coli
(E. coli), a Gram-negative bacterium previously classified within the order Enterobacteriales.
It is recognized as a common cause of urinary tract infections (including kidney infections),
sepsis, and diarrhea. The combination of virulence factors and the ability to form biofilms
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makes E. coli a highly versatile and resistant pathogen, especially in hospital settings. Its
ability to adhere to tissues, evade immune responses, and survive in communities protected
by biofilms represents a significant challenge in the treatment of associated infections. This
knowledge underscores the need to develop targeted therapeutic strategies that address
both the virulence and the biofilm of E. coli [16]. Based on the above, the objective of
this work was to determine the physicochemical properties and the antibacterial and
antivirulence activities of lyophilized extracts from P. auriculata against strains of clinically
important bacteria.

2. Materials and Methods
2.1. Materials and Reagents

Trifluoroacetic acid (HPLC grade), acetonitrile (HPLC grade), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazole bromide (MTT), and the Supelco® (Bellefonte, PA, USA) C18
column were obtained from Sigma-Aldrich, Merck (Darmstadt, Germany). Mueller-Hinton
broth and Mueller-Hinton agar were obtained from DIFCO Becton Dickinson and company
(7 Loveton Circle, Sparks, MD, USA). The antibiotic amikacin 500 mg/2 mL solution for
injection was obtained from Pharmaceutical Marketing Company of Chiapas S.A.P.I of
C.V. Glycerol, glucose, glacial acetic acid, and crystal violet were obtained from J.T. Baker
(Mallinckrodt Baker S.A. de C.V. Xalostoc, Edo de Mex). The solvents hexane and methanol
were obtained from Golden Bell (Cuenca #63, Col Alamos, Del. Benito Juarez CDMX). The
bacterial strains were provided by the Microbiology Laboratory of UAGro. The flowers of
P. auriculata were collected at the Autonomous University of Guerrero Botanical Garden.

2.2. Plant Material

Flowers of P. auriculata were collected at the Autonomous University of Guerrero
(UAGRO) Botanical Garden in November 2024. Herbarium specimens were prepared for
deposition at the UAGro Herbarium and authenticated by M. C. Francisco S. Maradiaga Ce-
cefla. Taxonomic identification confirmed that the specimens were Plumbago auriculata, com-
monly known as blue jasmine. The voucher number assigned was EscamillaB-006FCQB.

2.3. Preparation and Lyophilization of the Aqueous Extract

To obtain the aqueous extract (EA), the flowers were cleaned and cut into small pieces.
The plant material underwent solid-liquid extraction by the infusion technique [17]. Fresh
plant material was placed in hot distilled water (60 °C) for 4 h. The EA was then filtered,
frozen at —20 °C, and stored in the dark until lyophilization. To obtain the freeze-dried
extract of P. auriculata (ELPa), frozen samples were freeze-dried following the established
protocol [18] using a FreeZone 4.5 L freeze dryer (Labconco, Kansas, MO, USA) with the
vacuum chamber set to 12 kPa and a temperature of —50 °C. The lyophilized samples were
stored at room temperature in Falcon tubes (50 mL) protected from light. The percentage
yield of the lyophilized extract was calculated using Equation (1).

(g) of the lyophilized extract obtained
(g) of the plant material

% yield = x 100 (1)

2.4. Preliminary Phytochemical Profiles by HPLC and GC-MS of the ELPa

Two fractions were obtained from the lyophilized samples: an aqueous (polar) fraction
and a hexane (nonpolar) fraction. The aqueous fraction was chromatographically analyzed
for ELPa using a Supelco® C18 column (250 x 4.6 mm internal diameter, 5 um particle size
(Sigma-Aldrich)). The mobile phase consisted of a 0.5% aqueous solution of trifluoroacetic
acid (solvent A) and acetonitrile (solvent B). The following gradient was used: 0-1 min,
0% B; 2-3 min, 5% B; 4-20 min, 30% B; 21-23 min, 50% B; 24-25 min, 80% B; 26—-27 min,
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100% B; 28-30 min, 0% B. The flow rate was maintained at 0.9 mL/min, and the injection
volume was 10 pL. Absorbance was measured at 330 and 280 nm. A preliminary iden-
tification of resolved peaks was performed by comparing their characteristic bands and
retention times with those of known compounds [19].

Gas chromatography-mass spectrometry (GC-MS) analysis of the hexane fraction
was performed as described by Sanchez-Valdeolivar et al. (2020) [20]. Samples were
analyzed in triplicate using an Agilent 6890 series gas chromatograph equipped with a
5973N mass selective detector (Agilent Technologies, Inc., Santa Clara, CA, USA). The
experimental conditions of the GC-MS system were as follows: HP-5MS nonpolar capillary
column (30 m, ID: 0.20 mm, film thickness: 0.25 um). The carrier gas was helium at a flow
rate of 1.0 mL/min. In gas chromatography, the oven temperature program was 50 °C,
increasing to 230 °C at 2 °C/min. The injection volume was 1 uL. Samples were dissolved
in hexane. All results were compared using the NIST/EPA /NIH mass spectral library
version 1.7a/ChemStation.

2.5. Microstructure of the ELPa

The ELPa microstructure was characterized using environmental scanning electron
microscopy (ESEM), following the methodology described by Delgado et al. (2020) [21] with
some modifications. The ELPa was placed on aluminum supports secured with double-
sided copper conductive tape and directly analyzed using an environmental scanning
electron microscope (Carl Zeiss, EVO LS10, Munich, Germany). Operating conditions
included an accelerating voltage of 30 kV and a water vapor pressure of 40 Pa. For image
acquisition, a backscattered electron detector (NTS BSD) was used. Images were captured
in grayscale and stored as TIFFs at 1024 x 768 pixels for later analysis.

2.6. Physicochemical Analysis of the Color and a, of the ELPa

The color analysis of ELPa was performed following the procedure described by Li
et al. (2021) [22] using a CI62 X-Rite Spectrocolorimeter (X-Rite, Grandville, MI, USA).
The CIELAB parameters were determined: L* (Lightness, range 0 (darkest) to 100 (bright-
est)), a* (reddish-greenish), and b* (yellowish-blue). From these values, chroma values
(C*=Vvb2 + a2 and the hue angle (Hue) °H = 180 + (Arc Tan (b*/a*)) were calculated
using the corresponding equations.

The water activity (a.) of ELPa was assessed following the established protocol [23],
using the AquaLab electronic water activity system (Aqualab Dew Point 4TEV, Medstead,
UK) at 25 °C.

2.7. Antibacterial Activity
2.7.1. Bacterial Strains

The microorganisms used in this investigation were clinical isolates of Proteus mirabilis
884, Escherichia coli CFTO73, E. coli IEC-181-2, E. coli clinical isolate, Salmonella Dublin 9676,
Staphylococcus sciuri 2996, Staphylococcus aureus 923, C. tropicalis, and S. agalactiae, provided
by the Microbiology Laboratory of UAGro. The bacterial strains were preserved at —80 °C
in cryovials containing Mueller-Hinton broth (MH broth) and glycerol (30% v/v). Before
use, the bacterial strains were activated (37 °C for 24 h) in MH broth. The inoculum for the
assay was prepared by suspending colonies directly in Mueller-Hinton agar and adjusting
the suspension to a McFarland 0.5 standard. Amikacin was used as the positive control.

2.7.2. Determination of Minimum Inhibitory Concentrations of ELPa

The minimum inhibitory concentration (MIC) of ELPa was determined by the broth
microdilution method, following the standards of the Clinical and Laboratory Standards
Institute (CLSI) [24] with some modifications. Amikacin (100 ng/mL) was used as a positive
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control. Briefly, after preparing a stock solution of ELPa, we performed twofold serial
dilutions (4-64 mg/mL) in a sterile 96-well plate containing MH broth (100 uL). We then
inoculated the wells with 3 pL of the bacterial inoculum suspension (4.5 x 10* CFU/mL)
and incubated them at 35 °C for 24 h. Finally, 30 uL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazole bromide (MTT) was added to assess metabolic activity. The MIC was
defined as the lowest concentration that inhibited visible bacterial growth.

2.8. Antivirulence Activity
2.8.1. Effect of Amikacin and ELPa on Swarming Mobility

Amikacin (AMK) is proposed as a control antibiotic to determine the concentration
at which it affects swarming mobility in the four clinical isolates: P. mirabilis 884, E. coli
IEC-181-2, E. coli CFT073, and an E. coli clinical isolate. AMK was tested below the CLSI
cutoff point (16 pg/mL) at 1.5, 0.75, 0.37, 0.18, and 0.09 pg/mL (sub-MIC concentrations).
These concentrations were prepared in MH agar supplemented with 1.5% glucose prior
to inoculating the plates with the strains. Plates were incubated overnight at 37 °C, after
which the cultures were examined to determine the effect of each concentration on growth
and swarming mobility [25].

To determine whether ELPa affects the swarming mobility of clinical isolates of
Proteus mirabilis 884, E. coli, E. coli IEC 181-2, and E. coli CFT073, the diffusion technique
described by Panayi et al. (2022) [26] was used, with some modifications. Strains from a
24 h culture at 37 °C on MH agar (DIFCO Becton Dickinson)) were used for this study. ELPa
was dissolved in 1000 pL of sterile water, and concentrations of 4, 8, 16, 32, and 64 mg/mL
were added to Petri dishes containing MH agar with 1.5% glucose. Once the agar had
solidified, 5 puL of the bacterial suspension of the clinical E. coli isolates E. coli IEC 181-2
and E. coli CFT073 (7.5 x 10° CFU) was inoculated in the center of the dish. The dishes
were incubated at 37 °C, with readings taken at 24, 48, and 72 h. AMK (0.37 pg/mL) was
used as a positive control, and Mueller-Hinton agar with 1.5% glucose, without extracts,
was used as a negative control. The diameter of the mobility zone was measured with a
digital vernier (Proconso, Monterrey, México), and the percentage of inhibition of swarming
mobility was calculated using Equation (2).

% Swarming mobility inhibition = [1 — (treatment diameter/control diameter)] x 100 (2)

2.8.2. Effect of ELPa on Initial Biofilm Inhibition

The effect of ELPa on biofilm formation by clinical isolates of Proteus mirabilis 884,
E. coli, E. coli IEC 181-2, and E. coli CFT073 was assessed according to the established
protocol [5]. Strains from a 24 h culture at 37 °C on MH agar (DIFCO Becton Dickinson)
were used in this study. ELPa concentrations of 4, 8, and 16 mg/mL were added to each
well of a 96-well plate (Costar, Corning, NY, USA). Subsequently, 100 puL of inoculum
(1 x 10% CFU/mL) was added to the wells. The 96-well plates were incubated for 48 h at
37 °C. The contents of each well were washed with 200 uL of saline solution and fixed with
200 pL of methanol for 15 min. The plates were then air-dried and stained with 200 pL of
crystal violet (1%). The crystal violet was removed, and 200 pL of glacial acetic acid (33%,
v/v) was added to the wells. Finally, a microplate reader (Multiskan Fc, Thermo Scientific,
Waltham, MA, USA) was used to measure absorbance at 540 nm. The percentage of biofilm
inhibition was calculated using Equation (3).

% Biofilm inhibition = [1 — (treatment absorbance/control absorbance)] x 100  (3)
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2.9. Statistical Analysis

Data are presented as the mean (+standard deviation) across three experiments con-
ducted at independent times. Statistical analysis was performed using one-way ANOVA
with a Dunnett post hoc test using GraphPad Prism V 8.0. Results with p < 0.05 were
considered statistically significant.

3. Results and Discussion
3.1. Preparation and Lyophilization of the Aqueous Extract

After infusion extraction of P. auriculata flowers, followed by lyophilization, the final
yield was 0.281%.

The use of lyophilization as a method for extract concentration is key to preserving the
chemical stability and bioactive composition of plant metabolites, as this process prevents
thermal and oxidative degradation that can occur with conventional drying methods.
Several authors have demonstrated that lyophilization enables the production of extracts
with greater purity and stability, thereby preserving thermosensitive and photosensitive
compounds [27].

Ibarra et al. (2017) [28] reported the percentage yield of the dried-leaf extraction of
P. auriculata using the percolation method with methanol as the solvent. The yield was
13.89%. These variations can be attributed to factors such as the solid-to-liquid ratio, particle
size of the plant material, contact time, and extraction temperature, which directly influence
process efficiency. Furthermore, it is essential to note that higher yields do not necessarily
imply a higher concentration of bioactive metabolites, as sugars, proteins, and other soluble
non-phenolic compounds are also extracted [29].

3.2. Identification of the Preliminary Phytochemical Profiles by HPLC of the ELPa (Polar Extract)

The chromatograms of the ELPa are presented in Figure 1a. A total of 4 peaks related
to flavonoid-type compounds were observed.

a)
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Figure 1. HPLC chromatogram of ELPa from P. auriculata. (a) Chromatogram with absorbance at
280 nm. (b-e) Broadening of the absorption bands of Peaks 1-4.

As shown in Figure 1, the peaks in the chromatograms exhibited retention times (fR)
ranging from 8.202 to 9.367 min. Based on the {g and the absorption bands in the UV-Vis
spectra (Figure 1a—e) of the peaks shown in Table 1, a preliminary analysis of the metabolites
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present in the ELPa was performed by comparing these parameters with known standards
and the literature data.

Table 1. Preliminary phytochemical profile by HPLC-UV-Vis analysis of ELPa.

Peak Retention Time (min) Absorption Bands (nm) Compound Affinity Refs.
1 8.202 213.4,273.4 Coumaric acid [7,30]
2 8.762 212.2,251.0, 338.6 Lignan [29]
3 8.883 95.8,215.7,289.9 Vanillin/Rutin [7,30]
4 9.367 251.0, 338.6 Quercetin 3-O-glucoside [30,31]

Accordingly, for Peak 1 (Figure 1b), the observed absorption bands at 213.4 and
273.4 nm were identical to those of coumaric acid (Figure 2a). For Peak 2 (Figure 1c),
the observed absorption bands at 212.2, 251 and 338.6 nm, together with analysis of the
UV-Vis bands and the literature, suggest a link (Figure 2b). Regarding Peak 3 (Figure 1d)
absorption bands at 195.8, 215.7, and 306 nm were observed, and UV-Vis analysis indicated
the presence of rutin and/or vanillin (Figure 2c,d). Finally, for peak 4 (Figure le), based
on its retention time and UV-Vis band (251 and 338.6 nm), the presence of the compound
quercetin 3-O-glucoside was determined (Figure 2e).

a)

HO

OH

Figure 2. Chemical structures of the compounds identified in the ELPa correspond to: (a) coumaric
acid, (b) lignan, (c) rutin, (d) vanillin, and (e) quercetin 3-O-glucoside.

To date, no reports have been found on secondary metabolites in ELPa from the
flowers of P. auriculata. However, reports on the phytochemical composition of the alcoholic
extract of the flowering aerial parts of P. auriculata Lam, describe the presence of sixteen
compounds (gallic acid, chlorogenic acid, catechin methyl gallate, caffeic acid, syringic acid,
pyrocatechol, rutin, ellagic acid, coumaric acid, vanillin, ferulic acid, naringenin, taxifolin,
cinnamic acid, and kaempferol) [7]. Likewise, other studies (UPLC-MS/MS) on leaf, root,
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and stem extracts (70% ethanol) from Plumbago zeylanica have reported the presence of
hydroxyplumbagic acid, 3-O-B-D-xylopyranosyl plumbagic acid, atractylolide, cinchonain,
plumbagin, and cinchonain [30].

3.3. Chemical Profile of the Hexane Extract of Plumbago Auriculata Flower by GC-MS
(Non-Polar Extract)

Analysis of the GC-MS chromatograms of the hexane extract of P. auriculata flowers
identified six phytochemical compounds (Figure S1). Table 2 lists the detected compounds,
in elution order. The most abundant compounds in the extract were decanedioic acid,
dibutyl ester (73%), and heptacosane (12%), which together accounted for approximately
85% of the extract’s content. Compound identification was based on peak area (%) and
retention time (fg) (Table 2).

Table 2. Chemical composition of the hexane extract of Plumbago auriculata using GC-MS.

Compound Compound Molecular Molecular Weight Peak Area Retention Time
p Name Formula (g/mol) Area (%) (tr)
1 Methyl stearate CHs (Cég)lé €0, 298.51 116,144,899.4 7.71 18.547

3
2 Decanedioic acid, dibutyl ester C18H3404 314.46 992,065,803.4 65.89 18.941
3 Heptyl hexacosyl ether C33HggO 480.8924 87,082,321.55 5.78 21.81
9-(2,2-Dimethylpropanoyl-
hydrazone)-3,6-dichloro-2,7-bis-
4 [2-(diethylamino)- C30HygpCIhN4O3 577.6 47,020,231.96 3.12 23.322
ethoxyfluorene
5 Nonadecane Cy9H40 268.5 89,823,505.32 5.97 24.885
6 Heptacosane Cy7Hs4 380.74 173,470,695.5 11.52 27.863

It is important to note that this is the first report of a GC-MS analysis of a hexane ex-
tract from P. auriculata flowers. However, similar studies have been documented for other
species of the genus Plumbago. One example is the study by Hasan et al. (2023) [31],
which identified compounds such as 1,3-dimethylbenzene, p-cymene, benzaldehyde, o-
cymene, 5-ethyl-2-methyl-o-xylene, «-cymene, decenal, dodecane, 2,6-dimethylnaphthalene,
2,6-di-tert-butyl-1,4-benzoquinone, 2-methoxy-4-vinylphenol, eugenol, 3-elemene, 2,4-di-tert-
butylphenol, x-bisabolene, (3-ionone, dodecanoic acid, germacrene D, 2,6-di-tert-butyl-1,4-
benzenediol, 2-(1,1-dimethylethyl)phenol, 2,6-di-tert-butyl-4-ethylphenol, tetradecanoic
acid, eudesmol-(1,11)-dioxo-8,12-diol, spathulenol, hexadecanoic acid, diisobutyl phthalate,
piperine, hexadecanoyl-hydroxy acetone, 1,1,3-trimethyl-3-phenyl-1,3-dihydroxyindene,
bromohexane, diethanolamine, tripropyl phosphate, methyl heptadecanoate, benzene-
1,1-(1,2,3-trimethylpropyl)-1,2-di amino, hexadecanoic acid, eicosane, phytol, methyl
11-octadecenoate, methyl palmitate, diethyl phthalate, eicosene, nonacosanoic acid, do-
cosene, 2,6,10,15-tetramethyl heptadecane, tetrosene, heneicosane, diisopropyl phthalate,
and octacosane from the essential oil of P. auriculata flowers.

3.4. Microstructure of the ELPa

Microscopic characteristics revealed agglomerates with irregular and fractured sur-
faces (Figure 3a). Concavities of approximately 30 um were observed (Figure 3b). However,
a detailed analysis of the ELPa microstructure revealed the presence of porous channels
with rough and irregular surfaces (Figure 3c). It was also observed that the ELPa has pores
with diameters ranging from 5 to 10 um (Figure 3d). The microstructure was notable for
its uniformly distributed, honeycomb-like concavities, which give the ELPa an irregular
porous structure (Figure 3d).
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Figure 3. Scanning electron microscopy (SEM) micrographs of ELPa: (a) (200 x), (b) (500x), (c) (500x),
and (d) (200x).

A study by Oikonomopoulou et al. (2011) [32] demonstrated that environmental
scanning electron micrographs of rice and strawberries, obtained at lower pressures during
freeze-drying, showed significantly increased porosity. On the other hand, Kim et al.
(2008) [33] freeze-dried on polymers such as polylactic acid, demonstrating a honeycomb-
like morphology. This structural pattern results from the formation and sublimation of
aligned solvent crystals during the controlled freezing stage. These crystals act as templates
that direct the formation of microtubes or pores in the final material.

3.5. Physicochemical Analysis of ELPa
Determination of Color and ay,

Determining the color of an ELPa is key because it serves as an indicator of its quality,
chemical composition, and stability. Color is associated with the presence of bioactive
compounds such as polyphenols, flavonoids, and anthocyanins, which are sensitive to
processing conditions. Color changes may reflect oxidation, thermal degradation, or loss of
extract activity [34]. Additionally, colorimetric analysis of ELPa was performed using the
CIE L a*b* system. It was observed that ELPa exhibited yellow tones (b*: 3.66), followed by
green tones (a*: —0.796), luminosity closer to dark colors than to light ones (L of 19.168),
and low saturation (C: 2.383), which, in addition to the hue angle, positioned ELPa within
the green color range (°H: 182.92).

Water activity (aw) strongly influences the growth and metabolic activity of microor-
ganisms, as well as the rates of chemical and enzymatic reactions. It is a critical parameter
for the stability and quality of lyophilized products. The ELPa had an a,, of 0.5. Notably,
an aw below 0.6 inhibits the growth of bacteria, yeasts, and molds; however, as the a
exceeds 0.6, chemical and enzymatic reactions predominate, which can affect the quality
and stability of the product [23,35].
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3.6. Antibacterial Activity
Minimum Inhibitory Concentration (MIC)

The MIC is the lowest concentration of an antimicrobial agent (extracts, antibiotics,
purified compounds) that inhibits the growth of microbial pathogens after a 24 h incuba-
tion [35]. Results obtained for determining the MIC showed that ELPa exhibited antibacte-
rial activity, inhibiting the growth of all strains tested (Table 3). However, the lowest MIC
was 16 mg/mL for the E. coli CFTO73 strain, and the remaining bacteria (Gram-positive
and Gram-negative) ATCC and clinical isolates presented an MIC of 64 mg/mL.

Table 3. Minimum inhibitory concentration (MIC) of ELPa.

Bacteria ELPa (mg/mL)
Staphylococcus sciuri 29061 64
ATCC Staphylococcus aureus 25923 64
Escherichia coli CFT073 16
Escherichia coli 64
Escherichia coli 181-2 64
N Streptococcus agalactiae 208310265 64
Clinical isolates Salmonella Dublin 9676 64
Candida tropicalis 64
Proteus mirabilis 884 64

Although there are few reports on the antibacterial activity of P. auriculata, there are
reports on other species of the genus Plumbago. In this regard, Saha & Paul (2014) [36],
determined the MIC of the methanolic extract of Plumbago indica leaves, which inhibited
the growth of Bacillus subtilis, Bacillus megaterium, Pseudomonas aeruginosa, Escherichia coli,
Shigella sonnei, and Vibrio cholerae at an MIC of 125 ug/mL, while for S. aureus, Shigella
dysentariae, and Salmonella paratyphi, an MIC of 62.5 ng/mL was observed. For Bacillus
cereus and Salmonella typhi, MICs of 31.25 pug/mL were observed. The results were not
similar to those observed for the MIC of the ELPa, which was attributed to differences in
the phytochemical composition between the two species [37]. Likewise, Khatun (2023) [38]
points out that P. indica contains a wide range of bioactive compounds, such as alkaloids,
flavonoids, saponins, glycosides, tannins, and naphthoquinones, including plumbagin.
Within this range of metabolites, the compounds identified in the EA of P. auriculata flowers
by HPLC in this study include flavonoids such as cyanidin, coumaric acid, lignans, api-
genin diglucoside, rutin, and vanillin. Several authors have reported that these compounds
exhibit antibacterial activity against Gram-positive and -negative bacteria [39], demonstrat-
ing that p-coumaric acid killed the bacteria by disrupting bacterial cell membranes and
binding to bacterial genomic DNA to inhibit cellular functions. In addition, when E. coli
is treated with anthocyanins, there is a significant increase in cell membrane permeability
and growth inhibition [40]. Moreover, plumbagin impaired E. coli cell membrane structure
and function [41].

3.7. Antivirulence Activity
Effect of Amikacin and ELPa on Swarming Mobility

Amikacin is proposed as an antibiotic to control swarming mobility. According to
the CLSI, the MIC breakpoints for amikacin in Escherichia coli and Proteus mirabilis are
<16 ug/mL. To determine the concentration that affects swarming mobility without affect-
ing the growth of P. mirabilis and E. coli strains, concentrations below the breakpoint (0.09,
0.18,0.37,0.75, and 1.5 ug/mL) were evaluated. The results indicated that at 1.5 pg/mL,
AMK completely inhibited the swarming mobility at 24 h for E. coli IEC-181-2 (Figure 4(A6)),
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the E. coli clinical isolate (Figure 4(B6)), and E. coli CFT073 (Figure 4(C6)). However, at the
same concentration for P. mirabilis 884, a 58.63% inhibition of the concentric halo was ob-
served at 24 h compared to the control (Figure 4(D6)). At 0.75 ug/mL, a complete reduction
in the mobility halo was still observed for the E. coli CFT073 strain (Figure 4(C5)).

0.75

i\\ \

0.18 0.37

Amikacin concentrations (ug/mL)

Figure 4. Effect of amikacin on swarming mobility at 24 h. Images of amikacin on the swarming
mobility of (A1-A6) E. coli IEC-181-2; (B1-B6) clinically isolated E. coli; (C1-C6) E. coli CFT073, and
(D1-D6) P. mirabilis 884. C—: Mueller-Hinton agar with 1.5% glucose.

Finally, it was observed that at a concentration of 0.37 pg/mL, amikacin reduced the
mobility of the four selected strains without affecting growth (Figure 4(A4,B4,C4,D4));
therefore, this concentration was used as a positive control for the assays in this study.

To determine the antivirulence activity of ELPa, a swarming mobility assay was
performed, as swarming mobility is essential for bacterial virulence and pathogenicity. The
effect of ELPa on the swarming mobility of P. mirabilis 884, E. coli IEC 181-2, clinical isolates
of E. coli, and E. coli CFT073 was evaluated. The results are shown in Table 4, and the
swarming morphology at 24 h is shown in Figure 5.

Table 4. Effect of ELPa on the mobility and inhibition of swarming mobility.

Strain/ .
Time (h) Concentrations (mg/mL)
i1s . o1e Zone
Zone Mobility Inhllontlon Zone Mobility Inhllontlon Zone Mobility Inhlnbltlon Mobility Inhibition (%)
(mm) (%) (mm) (%) (mm) (%)
(mm)
P. mirabilis 884 C+ 16 32 64
24 34.12+0.13 12.104+0.33 NP 100 £ 0 **** NP 100 =4 0 **** NP 100 =4 0 ****
48 38.02 +0.60 6.03 +1.48 NP 100 £ 0 **+** NP 100 4 0 **** NP 100 =4 0 ****
72 39.86 +0.05 5.63 £0.12 NP 100 £ 0 **+** NP 100 4 0 **** NP 100 4 0 ****
E. coli CFT073 C+ 4 8 16
24 25.32£0.16 3028 £045  28.26 +0.85*** 19.80 +1.40 15.68 4 0.56 **** 55.50 £ 1.6 **** NP 100 + 0 ****
48 33.16 +0.05 1090+ 0.14 3292 4 0.57 **** 9.61 £ 1.57 **** 18.66 & 0.16 ****  48.76 £ 0.45 **** NP 100 =4 0 ****
72 35.56 +0.05 7.58 £0.14 35.34 £ 0.48 **** 8.16 £ 1.25**** 20.72 £0.16***  46.15 4 0.42 **** NP 100 4 0 ****

https://doi.org/10.3390/appliedchem6020032


https://doi.org/10.3390/appliedchem6020032

AppliedChem 2026, 6, 32 12 of 17
Table 4. Cont.
Strain/ .
Time (h) Concentrations (mg/mL)
Zone Mobility InhlE)lthn Zone Mobility Inhlzntlon Zone Mobility Inhlobltlon Mo(l;rillity Inhibition (%)
(mm) (%) (mm) (%) (mm) (%) (
mm)
E. coli IEC-181-2 C+ 16 32 64
24 35.14 +0.08 13194022  30.86 & 0.47 **** 14.60 +1.30 26.10 + 0.59 ****  27.78 £ 1.64 **** NP 100 = 0 ****
48 36.68 +0.08 13.0£0.20 33.8 & 0.51 **** 8.74 £ 1.38 **** 28.66 + 0.18 **** 22.62 £ 0.49 **** NP 100 = 0 ****
72 39.86 £0.5 1050 +£0.12  36.54 £ 0.36 **** 7.16 £ 0.92 #*** 30.74 £ 0.18 ¥+ 21.90 £ 0.46 **** NP 100 =4 0 ****
E. co_li clinically C+ 16 32 64
isolated
24 29.27 +0.26 8.57 +£1.65 31.10 £ 0.1 **** 14.37 £ 027 % 22,62 +0.29***  37.72 £ 0.81 **** NP 100 = 0 ****
48 29.30 £0.52 7.80 £1.69 35.3 4 0.23 **** 5.15 £ 0.63 **** 28.38 £0.35 23.75 + 0.95 **** NP 100 =+ 0 ****
72 29.47 £0.37 6.92 +1.03 36.38 £0.13 **** 4.08 £ 0.18 **** 30.82 £ 0.35***  19.23 £ (.93 **** NP 100 £ 0 ****

ELPa: lyophilized extract of P. auriculata. C+: positive control, Amikacin (0.37 ug/mL). The results express the
mean and SD of three replicates. For the percentage of inhibition of the strains, the statistical test used was
Dunnett’s test compared with the positive control (C+). **** Statistically significant difference with a value of
p < 0.0001. NP: without mobility.

V77

ELPa concentrations (mg/mL)

Figure 5. Representative images of ELPa on the swarming mobility of (A1-A5) Proteus mirabilis 884;
(B1-B5) E. coli CFT073; (C1-C5) E. coli IEC 181-2, and (D1-D5) clinically isolated E. coli. C+: Amikacin
(0.37 ug/mL); C—: Mueller-Hinton agar with 1.5% glucose inoculated with the clinical isolates at
24 h.

The P. mirabilis 884 strain showed high sensitivity to the ELPa extract, demonstrating
a complete reduction in the swarming mobility halo (100% reduction) at concentrations
of 16, 32, and 64 mg/mL (Figure 5(A3-A5), and Table 4) compared to the negative con-
trol (Figure 5(A1)) at 24 h. Likewise, for all concentrations evaluated within this range
(16-64 mg/mL), 100% inhibition of swarming mobility was observed at all three exposure
times analyzed compared to the negative control (Table 4).

For E. coli CFT073, the strain showed high sensitivity at 16 mg/mL, which com-
pletely inhibited the mobility halo formation (Figure 5(B5)) compared with the negative
control (Figure 5(B1)). Across the three exposure times (24-72 h), the results showed
a time-dependent relationship, with 100% inhibition maintained at 24, 48, and 72 h at
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this concentration. At 24 h, the second most effective concentration was 8 mg/mL, with
55.5% inhibition; at 48 h, this decreased to 48.76%, and at 72 h, it was slightly reduced to
46.15%. Overall, at 72 h, all tested concentrations showed lower inhibitory activity than at
24 h (Table 4).

On the other hand, in the clinical isolates E. coli IEC-181-2 and clinically isolated
E. coli (Figure 5(C3-C5,D3-D5)), the ELPa exhibited an effect on swarming mobility at a
concentration of 32 mg/mL, with inhibition ranging from 19-37% across the three exposure
times (Table 4).

To cause urinary tract infections, E. coli uses various virulence factors, including fim-
briae, biofilm formation, swarming mobility, flagella, lipopolysaccharides, outer membrane
proteins, and hemolysins. These factors are essential for enabling bacteria to colonize
the urinary tract and persist despite effective host defense. Furthermore, these same vir-
ulence factors may be linked to antibiotic resistance [38]. Swarming mobility is a key
process in E. coli pathogenicity. During this process, bacteria differentiate into a highly
mobile and elongated form that enables mass migration on solid surfaces, facilitating tissue
colonization and biofilm formation, thereby contributing to their virulence [42].

On the other hand, P. mirabilis employs various virulence factors, including urease,
toxins (hemolysin, toxic agglutinin, and ZapA metalloprotease), flagella, fimbriae, and
biofilm formation [43].

A study by Panayi et al. (2022) [26] evaluated ethanolic extracts of oregano and
rosemary at 1 mg/mL and observed a significant inhibition of E. coli swarming mobility,
with 54.7% and 58.3%, respectively. Furthermore, they state that swarming mobility
is quorum-sensing-dependent. These extracts can be considered anti-quorum-sensing
inhibitors in E. coli without affecting bacterial growth. They can serve as a viable alternative
for treating infectious diseases caused by antibiotic-resistant pathogens.

3.8. Antivirulence Activity
Effect of ELPa on Initial Biofilm Inhibition

Therefore, the ability of ELPa to inhibit bacterial biofilm formation was evaluated
at concentrations of 4, 8, and 16 mg/mL against E. coli IEC-181-2, a clinical isolate of
E. coli, P. mirabilis 884, and E. coli CFT073 after 48 h of exposure. Amikacin served as the
positive control, and the biofilm that formed in the absence of ELPa treatments served as
the negative control.

However, the percentage inhibition results were most notable for E. coli CFT073
(Figure 6). At 16 mg/mL, biofilm production was inhibited 63% (<0.0001) compared with
the positive control. At 8 mg/mL, inhibition was 58% (<0.0001), and at 4 mg/mL, it was
20% (<0.0001).

A bacterial biofilm is a structure composed of extracellular polymeric substances
produced by one or more bacterial species that adhere to a surface. These structures confer
protection by helping bacteria evade antibiotics [44].

The observed inhibitory effect on biofilm formation may be linked to bioactive com-
pounds in P. auriculata, such as plumbagin. Another study by Jamal et al. (2018) [45]
evaluated the antibiofilm activity of plumbagin against clinical isolates of E. coli. Plumba-
gin was effective, with minimum inhibitory concentration (MIC) values ranging from 0.029
to 0.117 pg/mL, and growth inhibition of 79% to 99% across the evaluated strains. This
activity is comparable to, and in some cases superior to, conventional antibiotics such as
gentamicin and vancomycin. At MIC X2 concentrations, plumbagin dramatically reduced
biofilm formation, showing a significant decrease in adherent cell density in crystal violet
assays. This effect is attributed to its ability to disrupt essential metabolic processes and
alter gene expression associated with extracellular matrix production [46].
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Figure 6. Percentage inhibition of biofilm formation by ELPa. C (+): positive control, Amikacin
(100 pg/mL). C (—): negative control, Mueller-Hinton broth with 1.5% glucose inoculated with E. coli
CFTO073 at 48 h. The values shown represent the mean and standard deviation of three replicates.
One-way ANOVA followed by Dunnett’s post hoc analysis with respect to the positive control C (+).
**4* Statistically significant difference with a p-value < 0.0001.

4. Conclusions

This study revealed that ELPa exhibits broad-spectrum in vitro antibacterial activity
against both Gram-negative and Gram-positive bacteria, including ATCC strains and
clinical isolates. At sub-inhibitory concentrations (Sub-MIC), ELPa effectively inhibited
swarming mobility and biofilm production in P. mirabilis 884, E. coli IEC-181-2, E. coli
CFT073, and an E. coli clinical isolate. The biological activity of ELPa is supported by the
preliminary identification of five polar (coumaric acid, lignan, rutin, vanillin, and quercetin
3-O-glucoside) and six non-polar compounds. However, further studies are needed to
purify these constituents and unequivocally determine their biological activity, as well as
to evaluate their antibacterial and antivirulence effects individually and in combination
with conventional antibiotics.

Supplementary Materials: The following supplementary material can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/appliedchem6020032/s1, Figure S1. GC-MS chromatograms
of the hexane fraction of ELPA. (A) Peaks show retention times of the chemical compounds.
(B) Spectrum of methyl stearate. (C) Decanedioic acid, dibutyl ester. (D) Heptyl hexacosyl ether.
(E) 9-(2/,2’-Dimethylpropanoylhydrazone)-3,6-dichloro-2,7-bis-[2-(diethylamino)-ethoxyfluorene].
(F) Nonadecane. (G) Heptacosane.
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