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Abstract

Despite well-documented antimicrobial properties of Melaleuca cajuputi extracts, particularly from leaves and
essential oils, the antibacterial potential of flower extracts against multidrug-resistant (MDR) pathogens, such as
methicillin-resistant Staphylococcus aureus (MRSA), remains largely underexplored. This study characterized the
phytochemical composition, antioxidant, and antibacterial activities of ethanol extracts from M. cajuputi flowers. Dried
flowers of M. cajuputi were extracted with ethanol, followed by phytochemical analysis using liquid
chromatography/mass spectrometry (LC/MS). Antioxidant activity was determined using 1,1-diphenyl-2-picryl
hydrazyl (DPPH) radical and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS) radical scavenging assay.
Antibacterial activity of the crude extract was assessed using the agar well diffusion method. The minimal inhibitory
concentrations (MICs) and minimum bactericidal concentrations (MBCs) were determined by microdilution, including
time-kill assays. Scanning electron microscopy (SEM) was employed to investigate the effects of the extract on the
morphology of MRSA cells. Phytochemical profiling established that the extract was abundant in phenolics, flavonoids,
and tannins. Notable antioxidant capacity was observed, with ICso values of 11.28 &+ 0.30 pg/mL (DPPH) and 61.90 +
14.84 ng/mL (ABTS). Evaluation against 5 significant bacterial pathogens, including MRSA, revealed broad-spectrum
inhibitory effects. The lowest recorded MIC and MBC values were 0.33 and 5.31 mg/mL, respectively, with ranges
spanning 0.33 - 125 mg/mL (MIC) and 5.31 - 250 mg/mL (MBC). Time-kill studies indicated concentration- and time-
dependent bactericidal mode of action against most strains. At the same time, MRSA was primarily inhibited in a
bacteriostatic manner. SEM revealed dose-dependent morphological damage to MRSA cells, including membrane
disruption and shrinkage, indicating compromised cell envelope integrity. These findings indicate that M. cajuputi
flower extract is a promising candidate for natural antibacterial and antioxidant applications, meriting further
investigation for its role in controlling MDR bacterial infections.

Keywords: Melaleuca cajuputi, Antioxidant activity, Antibacterial activity, Liquid chromatography/mass spectrometry
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Introduction

Plants have historically served as a rich source of
bioactive molecules with antibacterial properties,
attracting attention for drug discovery efforts [1,2].
Melaleuca cajuputi, commonly known as Cajuput,
Gelam tree, Paper bark, or White Samet, is a species in

the family Myrtaceae, widely distributed across

Southeast Asia, Australia, and surrounding regions
[3,4]. Its essential oils and extracts have been
traditionally used to treat respiratory, skin, and wound
infections [4,5]. The White Samet (Melaleuca cajuputi)
forest in Narathiwat province represents a vital natural

resource with diverse ecological, economic, and cultural
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significance. Various parts of the tree served multiple
valuable roles in traditional and commercial
applications. The soft bark provides firewood and
materials for household items, the wood supports
construction, fuel needs, and the leaves are traditionally
brewed as herbal tea or distilled to yield cajuput oil for
ointments and insect repellent [6]. Ecologically, White
Samet forests play a crucial role in soil conservation,
erosion prevention, and providing habitats for wildlife,
including aquatic birds and pollinators such as bees, that
maintain ecosystem balance [6]. Moreover, as integral
components of peat swamp ecosystems, these forests
regenerate degraded areas, restore soil fertility,
sequester carbon, and mitigate the impacts of climate
change.

Multidrug resistance (MDR) imposes a significant
economic and public health burden worldwide. For
instance, it increases the cost and complexity of medical
care, prolongs hospital stays, and reduces the
productivity of patients and their caregivers [7]. MDR is
a global concern that transcends national borders and
affects countries of all income levels. Contributing
factors include inadequate access to clean water,
sanitation, and hygiene for both humans and animals;
poor infection prevention and control in homes,
healthcare facilities, and farms; limited availability of
quality, affordable vaccines, diagnostics, and medicines;
lack of awareness and knowledge; and insufficient
enforcement of relevant legislation [8]. Populations
living in resource-limited settings and vulnerable groups
bear a disproportionate burden from both the drivers and
consequences of antimicrobial resistance (AMR) [8].

Methicillin-resistant  Staphylococcus  aureus
(MRSA) is a major nosocomial and community-
acquired pathogen worldwide, associated with severe
infections and high morbidity [9]. Its resistance to
methicillin and related antibiotics severely limits
treatment options, driving the search for novel
antimicrobials. MRSA causes a spectrum of infections,
ranging from mild skin and soft tissue infections,
characterized by painful, swollen, erythematous lesions
that often resemble boils or abscesses, to invasive
diseases such as pneumonia, osteomyelitis, septic
arthritis, endocarditis, bacteremia, and sepsis [10].
These infections can present with fever, chills, fatigue,
and altered mental status [10]. MRSA’s multidrug

resistance complicates treatment, leading to prolonged

hospitalizations, increased healthcare costs, and higher
morbidity and mortality [1]. Transmission occurs
primarily through direct contact with colonized or
infected individuals or exposure to contaminated
surfaces and medical equipment. MRSA infections are
categorized as healthcare-associated (HA-MRSA),
which is linked to invasive procedures and multidrug
resistance, or community-associated (CA-MRSA),
which predominantly causes skin infections and
generally shows resistance only to f-lactam antibiotics
[9,11]. Both forms can persist asymptomatically for
extended periods, posing ongoing challenges to
infection control. Research into natural product
antimicrobials, particularly plant-derived compounds,
offers promising alternatives to combat MRSA’s
resistance profile [12].

Numerous studies have demonstrated the
antimicrobial and antioxidant properties of various M.
cajuputi extracts [4,6,13-15]. Antibacterial assays
reveal potent activity against Gram-positive but not
Gram-negative pathogens, notably Staphylococcus
aureus, Staphylococcus epidermidis, and Bacillus
cereus [4]. Most research has focused on leaf extracts
or essential oils, with limited detailed investigation of
the flower extracts. Methanolic extracts of M. cajuputi
leaves and flowers exhibit significant antioxidant
activity, primarily due to high phenolic and flavonoid
contents identified via LC/MS and GC/MS analyses
[4,13]. These extracts efficiently scavenge free radicals
and demonstrate strong ferric reducing antioxidant
power. However, the activity of M. cajuputi flower
extract against multidrug-resistant bacteria such as
MRSA remains underexplored. Therefore, this study
addresses these knowledge gaps by evaluating the
antioxidant and antibacterial activities of M. cajuputi
flower extract, with a focus on MRSA, to provide
insights into its potential as a novel bioactive compound
for therapeutic use. These findings offer a scientific
basis for developing M. cajuputi flower constituents as

alternative antibacterial therapies.

Materials and methods

Extraction of Melaleuca cajuputi flowers

A voucher specimen (herbarium number: A
17937, BCU) was deposited at the Department of
Botany, Faculty of Science, Chulalongkorn University,
Bangkok, Thailand. The extraction method was slightly
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modified from the previous study [16]. Fresh flowers of
M. cajuputi were collected from the Sirindhorn Peat
Swamp Forest, Narathiwat Province, Thailand. The
samples were thoroughly washed and dehydrated in a
hot air oven at 40 °C for 48 h to ensure complete
removal of moisture. The dried flowers were then
pulverized into a fine powder using a laboratory blender.
A total of 100 g of powdered flowers was macerated in
400 mL of ethanol (1:4 w/v) and shaken at 150 rpm for
48 h at room temperature. The filtrate was obtained by
passing the extract through a muslin cloth, followed by
Whatman No. 1 filter paper. The combined filtrates were
concentrated by evaporating ethanol using a rotary
evaporator and subsequently dried with a freeze dryer.
The dried extract was kept in amber-colored bottles at 4

°C until further analysis.

Phytochemical constituent analysis

Total phenolic content analysis

The total phenolic content of the M. cajuputi
flower extract was measured using the Folin-Ciocalteu
method as previously described [17]. Briefly, the extract
stock solution was diluted to 1 mg/mL with distilled
water. For the assay, 20 puL of the diluted extract, 50 pL
of distilled water, and 20 pL of Folin-Ciocalteu reagent
were mixed in a 96-well microplate. After standing for
6 min, 100 puL of 7% Na.COs was added to each well.
The mixture was incubated at room temperature for 90
min before measuring absorbance at 760 nm with a
microplate reader. Gallic acid was used as the standard
for calibration (6.25 - 300 mg/mL, R? = 0.999). Results
are expressed as milligrams of gallic acid equivalents
(GAE) per gram of dry weight. All assays were
performed in triplicate.

Total flavonoid content analysis

The total flavonoid content was quantified using
the aluminium chloride (AICl3) colorimetric method
[17]. The stock extract solution was diluted to 1 mg/mL
with distilled water. Twenty-five pL of the extract were
mixed with 125 pL of distilled water and 10 puL of 5%
NaNO: solution in a 96-well microplate, and left for 6
min at room temperature. The mixture was added with
15 pL of 10% AICl; and incubated in the dark for 5 min.
Then, 50 pL of 1 M NaOH was added to each well, and
the absorbance was measured at 510 nm using a

microplate reader. Calibration curves were constructed

using epicatechin and quercetin standards (6.25 - 300
pg/mL, R* = 0.999). The results were expressed as
milligrams of catechin and quercetin equivalents per
gram of dry sample weight.

Total tannin content analysis

The total tannin concentration was determined
according to the method described by Haile and Kang
[18]. Standard solutions of tannic acid (6.25 - 400
pg/mL) and extract solutions (1 mg/mL) were freshly
prepared in distilled water. For the assay, 20 pL aliquots
of the solutions were mixed with 50 pL of distilled water
and 10 pL of Folin-Ciocalteu reagent in each well of a
96-well microplate. After allowing the mixture to react
for 6 min at room temperature, 100 pL of 35% Na>COs
solution was added. The reaction mixture was then
incubated at room temperature for 30 min, and the
absorbance was measured at 700 nm using a microplate
reader. The total tannin concentration was expressed as
milligrams of tannic acid equivalent (TAE) per gram of
dry weight sample.

LC/MS analysis

Metabolite profiling of the extract was performed
at the Central Equipment Unit, Prince of Songkla
University, Thailand. The analysis was conducted using
a Liquid Chromatograph-Quadrupole Time-of-Flight
Mass Spectrometer (LC-QTOF MS), 1290 Infinity II
LC-6545 Quadrupole-TOF, Agilent Technologies USA,
in both positive and negative electrospray ionization
modes. Chromatographic separation was performed on
a Zorbax Eclipse Plus C18 Rapid Resolution HD
column (100x2.1 mm?, 1.8 um) maintained at 30 °C
with a total run time of 35 min. The mobile phase
consisted of water/acetonitrile (95:5%) with 0.1%
formic acid. The sample was prepared by dissolving in
ethanol and filtering through a 0.22 pm nylon
membrane; 2.0 pL was injected for each run. Data were
acquired over an m/z range of 100 - 1,000. Compound
identification was accomplished by comparing the
obtained mass spectra to entries in an online reference

database using LC-MS data processing software.

Antioxidant activity assay
The DPPH radical scavenging assay
The antioxidant activity was determined using the

DPPH radical scavenging assay [19]. Ascorbic acid
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solutions (0.39 - 25 pg/mL) and extract solutions (1.56 -
100 pg/mL) were prepared in methanol. One hundred
microliters of each ascorbic acid or extract solution was
dispensed into a 96-well microtiter plate in triplicate,
followed by the addition of 100 uL of 0.2 mM DPPH
solution. The mixtures were incubated in the dark at
room temperature for 30 min, and the absorbance was
measured at 517 nm. The antioxidant activity was
expressed as percent inhibition, calculated using the
formula: % inhibition = [(A sample/A contro1)]x100. The
half-maximal inhibitory concentration (ICso) of the
extract was calculated by plotting the percentage of
DPPH radical scavenging activity against various
extract concentrations, using ascorbic acid as the
reference antioxidant standard. All experiments were

performed in triplicate.

ABTS radical scavenging assay

The ABTS radical scavenging activity was
determined according to the previous method [20] with
minor modifications. The solution of ABTS (7 mM) and
potassium persulfate (2.45 mM) was prepared. The
ABTS + radical was produced by mixing the ABTS
solution with potassium persulfate at a ratio of 1:1 and
incubating in the dark for at least 16 h. The ABTS +
radical solution was diluted with ethanol to obtain an
absorbance of 1.4 + 0.02 at 734 nm. The ascorbic acid
standard (0.39 - 25 pg/mL) and extract solution (1.56 -
100 pg/mL) were prepared in ethanol. Then, the sample
or standard solutions (100 pL of each) were added to 10
mL of the ABTS + solution and thoroughly mixed in a
96-well microtiter plate, and incubated for 10 min. The
plate was measured for the absorbance at 734 nm. The
ICso of the extract was calculated by plotting the
percentage of ABTS radical scavenging activity against
various extract concentrations, using ascorbic acid as the
reference antioxidant standard. All experiments were

performed in triplicate.

Antibacterial activity of the extract

Bacterial strains

Five reference bacterial strains used in this study,
including Methicillin-Resistant Staphylococcus aureus
(MRSA) DMST 20652, Staphylococcus aureus ATCC
6538, Bacillus cereus BCC 6386, Enterococcus faecalis
TISTR 1485, and Pseudomonas aeruginosa ATCC

27853, were kindly provided by the Department of
Microbiology, Faculty of Science, Kasetsart University,
Bangkok, Thailand.

Agar well diffusion assay

The antibacterial activity of the crude extract was
evaluated using a slightly modified agar well diffusion
method [21]. Tryptic soy agar (TSA) plates containing
1.5x108 CFU/mL of each bacterial suspension were
prepared. The crude extract was dissolved in DMSO to
obtain a final concentration of 170 mg/mL. A 100 pL
aliquot of each extract was loaded into a 7 mm diameter
well cut into the agar using a sterile Cork borer, and
maintained at room temperature for 5 h to permit
adequate diffusion of the extract. The plates were
incubated aerobically at 37 °C for 24 - 48 h. Zones of
inhibition were measured to determine antibacterial
activity. All assays were performed in triplicate.

Determination  of  minimal  inhibitory
concentration (MIC) and minimal bactericidal
concentration (MBC)

MIC and MBC values of the extract were
determined using the broth microdilution method in a
96-well plate [22,23]. Each well (2 - 11) received 100
pL of TSB broth, and 200 pL of TSB was added to well
12. Then, 200 pL of the extract solution was added to
well 1 and serially diluted twofold across the plates to
achieve final concentrations of 1/2, 1/4, 1/8, 1/16, 1/32,
1/64, 1/128, 1/256, and 1/512 (Raw 10). Subsequently,
100 pL of bacterial inoculum (1x10° CFU/mL) was
transferred to each well. Wells 11 and 12 served as the
positive and negative controls. The microplates were
then incubated at 37 °C for 24 h. The lowest
concentration of crude extract that inhibited bacterial
growth and did not show turbidity is reported as the
MIC. To determine the MBC, 100 uL aliquots from the
4 clearest wells were spread onto TSA plates and
incubated at 37 °C for 48 h. The concentration that
produced > 99.9% reduction in viable cells (no growth
or fewer than 15 colonies) was recorded as the MBC

[24]. Each assay was performed in triplicate.
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Time-kill assay in the presence of the extract
against the tested bacteria

This experiment was conducted following a
slightly modified method from a previous study [25].
Five mL of each bacterial suspension in tryptic soy broth
(TSB) containing 1.5%10° CFU/mL were incubated with
the crude extract at concentrations equivalent to the MIC
of 0.5%, 1%, 2x, and 4x, and shaken at 150 rpm at 37 °C,
and viable bacterial counts (CFU/mL) were determined
every 2 h until 24 h. Tubes without the extract were
incubated under identical conditions. All experiments

were performed in triplicate.

Scanning electron microscopy (SEM) of treated
MRSA

The effect of the crude extracts on MRSA cells
was examined using scanning electron microscopy
(SEM), following a modified protocol based on Santajit
et al. [26]. MRSA cells (1x10° CFU/mL) were
incubated in TSB containing the crude extract at its MIC
and MBC for 6 h. Cells treated with 1% DMSO served
as the negative control. After incubation, the bacterial
suspensions were centrifuged at 3,500xg for 3 min,
transferred onto sterile glass coverslips (1.0x1.0 cm?),
and fixed with 2.5% glutaraldehyde (Sigma-Aldrich,
USA) for 2 h. All SEM preparation and imaging
procedures were performed according to the
manufacturer’s instructions by the staff at the Scientific

Equipment Center, Kasetsart University, Thailand.

Statistical analysis

All experiments were conducted in triplicate, and
the data are presented as the mean + standard deviation
(SD). Statistical analyses were carried out using
GraphPad Prism version 10.0 (GraphPad Software, La
Jolla, CA, USA). Statistical significance was considered
as p <0.05.

Results and discussion

Total phenolic content, total flavonoid content,
and total tannin content

The M. cajuputi flower ethanol extract exhibited a
high total phenolic content (TPC) of 327.11 + 3.90 mg
gallic acid equivalents (GAE)/g, alongside substantial
total flavonoid content (TFC) quantified as 28.88 + 1.32
mg catechin equivalents (CE)/g and 200.25 + 1.97 mg
quercetin equivalents (QE)/g and total tannin content

(TTC) of 350.09 + 6.89 mg tannic acid equivalent
(TA)/g. These phytochemical profiles suggest that the
flower extract contains abundant phenolic, flavonoid,
and tannin compounds, which are well-established
contributors to antioxidant and antimicrobial activities
in plant-derived extracts [4]. Phenolic compounds in
plant extracts are well-recognized antioxidants, exerting
their effects through radical scavenging and metal ion
chelation, thereby protecting biomolecules from
oxidative damage [4]. The high TPC value indicates a
significant presence of these bioactive molecules, which
likely play a major role in the observed radical
scavenging and antimicrobial efficacy of the extract [4].
Flavonoids, quantified here in terms of catechin and
quercetin  equivalents, also have established
pharmacological roles, including anti-inflammatory,
antimicrobial, and antioxidative effects, which occur as
diverse subclasses such as flavonols and flavones within
M. cajuputi [13,27]. Similarly, the quantified flavonoid
content, represented by both catechin and quercetin
equivalents, reflects a diverse flavonoid composition,
including flavonols and flavones that contribute to
various pharmacological effects [13,27]. Comparisons
with previous studies revealed that M. cajuputi flower
extracts typically exhibit variable but generally high
phenolic content, consistent with their strong
antioxidant potential [4,13]. Variation in TPC and TFC
values among studies can be attributed to differences in
extraction solvents, geographical location, harvest time,
and plant part used [28]. Notably, the use of ethanol as
an extraction solvent in this study effectively recovered
polar phenolic compounds, aligning with reports that
polar solvents enhance the extraction of antioxidant
phytochemicals [29,30]. The presence of these
phenolics and flavonoids strengthens the therapeutic
prospects of M. cajuputi flower extract as a natural
source of antioxidants and antibacterials, supporting its
application in food, pharmaceutical, and cosmetic

industries.

LC/MS analysis of the flower from M. cajuputi
The phytochemical profile of the M. cajuputi
flower extract was determined by LC/MS analysis. The
LC/MS chromatogram is presented in Figure 1, and the
molecular formulas, along with the relative abundances
(expressed as peak area %) of the identified compounds,

are summarized in Table 1. Analysis in negative
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ionization mode revealed that galloyl derivatives were
the predominant compounds, with tannins constituting
the major chemical group. The compound with the
highest relative content was 1,2,3,5-Tetra-O-
galloylhamamelofuranose (17.72%), followed by other
1,2'-Di-O-
galloylhamamelofuranose ~ (9.57%) and  3-O-

galloylated tannins such as

Galloylhamamelitannin (8.28%). These polyphenolic
compounds are known for their potent antioxidant
activities, protein-binding properties, and antimicrobial
effects [14]. Catechols and simple phenolics, including
gallic acid and 4-glucogallic acid, were present at
approximately 4% each. Both are simple phenolic acids
with  effective  radical-scavenging and  anti-
inflammatory activities [4,27,31]. Flavonoids and
glycosides, including Quercetin 3-galactoside (8.89%),
Kaempferol-7-o-glucoside (8.37%), and Quercetin
(4.55%), highlight a significant flavonoid presence.
Flavonoid glycosides are generally more bioavailable
and contribute to antioxidant, anti-inflammatory, and
antimicrobial activities [32]. The abundance of galloyl
derivatives and flavonoids suggests a high capacity for
neutralizing free radicals and reducing oxidative stress,
properties that benefit cellular protection and potentially
lower the risk of chronic diseases [4]. Tannins and
flavonoids are also well-documented for their
antimicrobial, antifungal, and antiviral activities,
exerted through mechanisms such as membrane

destabilization, enzyme inhibition, and interaction with

microbial proteins [33,34]. The combination and
diversity of these compounds suggest strong potential
for the extract in health-related applications, including
anti-inflammatory, anticancer, and antimicrobial uses.

Meanwhile, analysis conducted in positive
ionization mode revealed 3 major phytochemical groups
in the extract, which consisted of flavonoid glycosides
(quercetagetin  3-rhamnoside), phenolic compounds
(eugenitol), and triterpenoids (2-(2-methylbutanoyl)-9-
(3-methyl-2E-pentenoyl)-2b,9a-dihydroxy-4Z,10(14)-
oplopadien-3-one). Extensive studies corroborate these
physiological functions and nutritional significance.
Quercetin  derivatives, including rhamnosides, are
prominent flavonoid glycosides that offer substantial
antioxidant  [35], anti-inflammatory [36], and
antimicrobial properties [37], as well as cellular
protection against oxidative stress. Eugenitol and related
phenolic compounds are noted for their potent
antioxidant [38] and antimicrobial activities [39], and
possibly exert anti-inflammatory and cytoprotective
effects. Triterpenoids display a range of biological
activities, with evidence for anti-inflammatory [40],
antibacterial [41], immunomodulatory [42], and
hepatoprotective effects [43], which enhances the
pharmacological value of triterpenoid-rich plant
extracts. This systematic phytochemical classification
provides a framework for understanding the extract’s
bioactive profile and its potential pharmacological
effects.

Negative mode
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Figure 1 The LC/MS Chromatogram of M. cajuputi flower ethanolic extract.
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Table 1 Phytochemical constituents in the crude ethanol extract of M. cajuputi flowers identified by LC/MS.

47,10(14)-oplopadien-3-one

Molecular Retention  Fragment  Score Diff Relative
No Compound . . .
Formula time (min) ions (m/z) (DB) (DB,ppm) content (%)
Negative mode

4-Glucogallic acid Ci3 His Ono 1.464 331.07 99.54 0.38 4.74
Gallic acid C7 H Os 3.056 169.01 99.95 —0.26 4.04
1,2"-Di-O-

Ca0 Hao O14 7.906 483.07 99.28 —-0.07 9.57
galloylhamamelofuranose
3-0-Galloylhamamelitannin Cy7 H24 O3 10.352 635.09 99.5 0.13 8.28
1,2',3,5-Tetra-O-

C34 Hps O22 14.587 787.10 99.65 0.45 17.72
galloylhamamelofuranose
Quercetin 3-galactoside C21 Hyo O12 15.351 463.09 99.09 —-0.03 8.89
Kaempferol-7-o-glucoside Cz1 H0 Oy 19.468 447.09 98.84 0.02 8.37
Quercetin Cis Hio O7 24.405 301.03 99.46 —-0.26 4.55

Positive mode

Quercetagetin 3-rhamnoside C21 H2p Oz 15.385 487.08 98.49 —0.48 8.06
Eugenitol Ci1 Hio O4 24.806 207.07 98.26 —-1.98 44.96
2-(2-Methylbutanoyl)-9-(3-methyl-
2E-pentenoyl)-2b,9a-dihydroxy- Ca6 H3s Os 27.923 453.26 98.81 -0.32 2.51

Antioxidant activity

The antioxidant activity was evaluated using 2
complementary radical scavenging assays, DPPH and
ABTS, with results expressed as ICso values (ug/mL).
Ascorbic acid, a well-established antioxidant standard,
exhibited ICso values of 8.67 + 0.41 pg/mL (DPPH) and
17.08 + 0.38 ug/mL (ABTS), confirming the validity of
the assay. The ethanolic extract of M. cajuputi flowers
demonstrated superior antioxidant capacity, with
notably low ICsg values of 11.28 = 0.30 pg/mL (DPPH)
and 61.90 + 14.84 pg/mL (ABTS) (Figure 2). This
indicates a strong radical scavenging ability comparable
to that of ascorbic acid, particularly in the DPPH assay.
The extract’s potent antioxidant activity, as evidenced
by these low ICso values in both DPPH and ABTS
assays, is closely associated with its high phenolic
(327.11 + 3.90 mg GAE/g) and flavonoid contents
(28.88 £ 1.32 mg CE/g and 200.25 + 1.97 mg QE/g).
Phenolic and flavonoid compounds are well-
documented for their electron-donating capabilities,
which enable the neutralization of free radicals by
stabilizing unpaired electrons, thereby conferring
antioxidant effects [44]. These compounds may also act
synergistically, enhancing the overall scavenging

capacity of the extract. Comparatively, the antioxidant
activity of the M. cajuputi flower extract in this study is
consistent with or exceeds values reported for related
Melaleuca species and other medicinal plants. For
example, Khongsai ef al. [14] reported total phenolic
contents in M. cajuputi extracts correlating with
significant free radical scavenging activity. The greater
activity observed in the flower extract compared to the
leaf extract is a common finding in plant studies [45], as
flowers tend to accumulate higher concentrations of
bioactive flavonoids and phenolics due to their
ecological role in attracting pollinators and protecting
reproductive tissues [4].

The observed difference in antioxidant potential
between the DPPH and ABTS assays aligns with their
distinct radical species and reaction kinetics. DPPH
primarily measures hydrogen donation to a stable
nitrogen-centered  radical,  favoring  lipophilic
antioxidants, while ABTS assesses scavenging of a
water-soluble radical cation and is responsive to both
hydrophilic and lipophilic compounds [46]. This feature
explains the stronger activity of the flower extract in the
DPPH assay relative to ABTS, likely reflecting its

phenolic profile. Variation in phytochemical content
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may also result from botanical origin, processing, and
storage conditions. Overall, the high phytochemical
content and robust radical scavenging activity of M.

cajuputi flower extract support its potential as a valuable

1001

IC50 in ug/mL

DPPH

natural source of antioxidants. Further investigation into
its application in nutraceutical, pharmaceutical, or
cosmetic formulations aimed at mitigating oxidative

stress-related diseases is warranted [47].

ABTS

Figure 2 The ICs values of antioxidant assays for M. cajuputi flower ethanolic extract.

Agar well diffusion assay

The crude ethanolic extract of M. cajuputi flower
at 170 mg/well exhibited significant antibacterial
activity against all tested bacterial strains, as measured
by the agar well diffusion assay (Table 2). MRSA
DMST 20652 showed the highest susceptibility, while
P. aeruginosa ATCC 27853, E. faecalis TISTR1485,
and S. aureus ATCC6538 demonstrated moderate
susceptibility, and B. cereus BCC6386 was the least
susceptible. These results indicate that the crude extract
possesses broad-spectrum antibacterial properties,
particularly strong against MRSA, suggesting its

potential as a natural antimicrobial agent. The highest

susceptibility of MRSA DMST 20652 is with previous
reports of antibacterial activity of M. cajuputi extracts,
attributed to their bioactive flavonoids, alkaloids, and
phenolics [4]. The moderate susceptibility observed in
other strains aligns with findings that M. cajuputi
extracts are generally more effective against Gram-
positive bacteria, with some activity against Gram-
negative species depending on extract concentration and
method. The comparatively lower susceptibility of B.
cereus BCC 6386 may reflect differences in cell wall
structure and resistance mechanisms to the extract’s
phytochemicals [13,27].

Table 2 Antibacterial activity of M. cajuputi flower ethanolic extract against test bacteria determined by agar well

diffusion assay.

Bacterial strains

Inhibition zone (mm * SD)

MRSA DMST 20652
P. aeruginosa ATCC 27853
E. faecalis TISTR 1485
B. cereus BCC 6386
S. aureus ATCC 6538

38.33+0.58
30.67 £ 0.58
30.00 + 1.00
25.67 £0.58
28.50 £ 0.71
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Minimum Inhibitory Concentration (MIC) and
Minimum Bactericidal Concentration (MBC)

MIC and MBC values of the M. cajuputi flower
extract against 5 bacterial strains are shown in Table 3.
MIC values ranged from 0.33 to 125 mg/mL, while
MBC values ranged from 5.31 to 250 mg/mL. The
extract exhibited the most potent antibacterial activity
against MRSA DMST 20652, with MIC and MBC
values of 0.33 and 5.31 mg/mL, respectively. The
MBC/MIC ratio, a well-established parameter for
distinguishing bactericidal from bacteriostatic effects,

was calculated accordingly. Ratios < 4 indicate

Table 3 The minimum inhibitory concentration (MIC)

cajuputi flower extract against tested bacterial strains.

bactericidal activity, whereas ratios > 4 suggest
bacteriostatic effects [48]. For MRSA DMST 20652, the
MBC/MIC ratio was 16, indicating a bacteriostatic
effect. In contrast, E. faecalis TISTR1485 and P.
aeruginosa ATCC 27853 both showed a ratio of 2,
consistent with strong bactericidal activity. Similarly, B.
cereus BCC 6386 had a ratio of 2, indicating bactericidal
activity but requiring higher concentrations than the
other tested strains. S. aureus ATCC 6538 demonstrated
a ratio of 1, reflecting equivalent inhibitory and
bactericidal concentrations, albeit at higher extract
doses.

and the minimum bactericidal concentration (MBC) of the M.

Bacterial test

The M. cajuputi flower extract (mg/mL)

MIC MBC MBC/MIC ratio
MRSA DMST 20652 0.33 5.31 16
E. faecalis TISTR 1485 2.66 5.31 2
P. aeruginosa ATCC 27853 21.25 42.50 2
S. aureus ATCC 6538 85 85 1
B. cereus BCC 6386 125 250 2

Values are presented as mean + SD from 2 independent experiments performed in triplicate.

The antibacterial mechanisms underlying the
observed effects likely involve multiple biochemical
disruptions. Given the extract’s efficacy against both
Gram-positive and Gram-negative bacteria, the potential
modes of action may include perturbation of the
bacterial cytoplasmic ~membrane, inhibition of
peptidoglycan synthesis, and interference with essential
intracellular processes [49,50]. The antibacterial

mechanisms underlying the observed effects likely

involve multiple biochemical disruptions. As illustrated
in Figure 3 (agar well diffusion assay plate), the ethanol
extract of M. cajuputi (White Samet) flower generated
the largest and clearest zone of inhibition compared to
hexane extracts from flower and leaf, as well as the
ethanol leaf extract, visually confirming its superior
anti-MRSA activity during initial screening. This image
highlights the extract's effective diffusion and

bactericidal potential against the test strains.
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Figure 3 Representative agar well diffusion assay results. Tryptic soy agar plate inoculated with Methicillin-Resistant

Staphylococcus aureus (MRSA) DMST 20652, showing zones of inhibition around wells containing M. cajuputi flower
and leaf extracts (170 mg/mL). The control well (DMSO) showed no inhibition.

The antimicrobial efficacy of the flower extract
can principally be attributed to its high content of total
phenolic compounds and flavonoids. Phenolics
destabilize bacterial membranes and inhibit enzymes
[51], whereas flavonoids chelate metal ions and generate
bactericidal oxidative stress [49]. For instance, phenolic
acids such as gallic acid and ferulic acid permeabilize
membranes, disrupt ion pumps, and acidify the
cytoplasm, leading to protein denaturation and bacterial
death [52]. These effects are especially pronounced in
Gram-positive bacteria due to their lack of an outer
membrane, whereas Gram-negative bacteria exhibit
greater resistance because of their complex membrane
structures [52]. Tannins are known to kill or inhibit
MRSA through multi-targeted disruption of protein
synthesis machinery and bacterial structure at the
molecular level [53]. Flavonoids exert antibacterial
effects by chelating metal ions essential for bacterial
metabolism and by generating bactericidal oxidative
stress [54]. Additionally, they can disrupt membrane
permeability [55], inhibit DNA gyrase activity (which is
important for DNA replication in bacteria), and affect

enzyme functions through hydroxylation and other
chemical modifications [56]. These actions result in
bacterial leakage, defective cell division, and ultimately,
cell death. Specific structural features of flavonoids,
such as hydroxyl groups and prenylation, enhance these
antibacterial activities [57]. These bioactivities
corroborate previous empirical data demonstrating the
inhibitory effects of M. cajuputi ethanol extracts against
pathogens, including MRSA, S. aureus, and B. cereus
via agar diffusion and MIC/MBC assays [4,13,27].

Time-kill assay

The time-kill assay revealed a distinct dose- and
time-dependent antibacterial activity of M. cajuputi
flower extract against B. cereus BCC6386, S. aureus
ATCC6538, P. aeruginosa ATCC 27853, E. faecalis
TISTR1485, and MRSA DMST 20652 (Figure 4). In all
experiments, the untreated control showed sustained
bacterial proliferation over 24 h, as demonstrated by
consistently elevated logiy CFU/mL values. Upon
treatment, bacterial viability declined in proportion to

extract concentration and exposure duration. Notably, at
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concentrations of 1x MIC and above (1%, 2x and 4x), a
rapid reduction in CFU counts was observed within the
first 4-8 h, with near-complete bacterial eradication
achieved at 2x and 4x MIC by 8 - 24 h, depending on
the tested strains. Exposure to Sub-MIC (0.5x MIC)
resulted in limited growth inhibition, reflected by lower
but persistent CFU counts compared to controls. The
extract exhibited a bacteriostatic rather than bactericidal
mode of action on MRSA DMST 20652 across all
evaluated concentrations, as evidenced by the stable
CFU counts and the absence of further decline. These
findings demonstrate that M. cajuputi flower extract
exhibits strong, broad-spectrum bactericidal activity in
both a concentration- and time-dependent manner
against Gram-positive and Gram-negative bacteria.

The findings from the time-kill assay in this study
are consistent with previous reports that demonstrate a
dose- and time-dependent bactericidal mode of action of
plant extracts, particularly those derived from
Melaleuca species. The rapid decline in viable cell
counts at concentrations equal to or higher than the MIC,
especially for Gram-positive bacteria, aligns with the
reports by Al-Abd et al. [4]; Isah et al. [13]. In which M.
cajuputi  flower extract exhibited significant
antibacterial activity, with complete eradication
achieved at higher concentrations and extended
exposure times. In the present study, the extract was less
effective against Gram-negative bacteria, including P.
aeruginosa ATCC 27853, which required higher
concentrations for comparable bactericidal action.
Time-kill assays showed faster bactericidal killing (> 3-
logio CFU/mL reduction within 6 - 8 h at > 2x MIC) for
Gram-positive bacteria (e.g., MRSA at 0.66 mg/mL, E.
faecalis TISTR 1485 at 5.32 mg/mL), while Gram-
negative P. aeruginosa required higher concentrations
(= 42.5 mg/mL) and longer exposure (8 - 14 h) for
equivalent killing. This differential efficacy is attributed
to Gram-positive bacteria's single peptidoglycan layer
(easily disrupted by phenolics/flavonoids) versus Gram-
negative outer membrane lipopolysaccharide barrier

that limits extract penetration, a common pattern for

plant antimicrobials [13]. This differential susceptibility
is a well-established phenomenon noted in studies of
various natural product antimicrobials [58]. Overall,
these time-kill kinetics reinforce the potential of M.
cajuputi flower extract as a broad-spectrum antibacterial
agent, confirming both the rapid and concentration-
dependent lethality observed for botanical extracts in the
literature. Such findings support ongoing efforts to
develop plant-derived antimicrobials as alternative or
adjunct solutions to combat the growing challenge of
drug-resistant pathogens.

Scanning electron microscopy

MRSA remains a predominant nosocomial
pathogen and poses significant clinical challenges due
to its multidrug resistance [59]. Accordingly, MRSA
was prioritized for subsequent mechanistic analyses,
which incorporated time-kill kinetic assays and
scanning electron microscopy (SEM) to visualize
ultrastructural ~ bacterial ~damage. Morphological
alternations in MRSA DMST 20652 cells following
exposure to M. cajuputi flower ethanolic extract at its
MIC (0.33 mg/mL) and MBC (5.31 mg/mL) were
visualized using SEM (Figure 5). Untreated MRSA
cells exhibited smooth, spherical, and well-defined
coccoid morphology with intact cell surfaces and no
evidence of cell damage or lysis (Figure 5(A)). In
contrast, cells exposed to 1x MIC extract exhibited early
morphological disruption, characterized by a less
uniform, rougher surface and mild deformation, while
generally retaining their overall shape (Figure 5(B)).
Notably, exposure to the 1x MBC extract induced
severe structural abnormalities as cells appeared
shrunken, extensively deformed, and exhibited major
loss of surface integrity, indicative of substantial
membrane damage and cellular collapse (Figure 5(C)).
These findings highlight a clear concentration-
dependent disruptive effect of the M. cajuputi flower
extract on MRSA cell morphology, with higher
concentrations producing more significant structural

changes consistent with bactericidal activity.
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Figure 4 Time-killing kinetics of the M. cajuputi flower extract against B. cereus BCC 6386 (A), S. aureus ATCC 6538
(B), P. aeruginosa ATCC 27853 (C), E. faecalis TISTR 1485 (D), and MRSA DMST 20652 (E). Error bars represent

reproducibility across 3 independent experiments.

These changes indicate compromised cell
envelope integrity and cellular leakage of cellular
contents. Such ultrastructural alterations have been
reported in MRSA and other bacteria treated with
antimicrobial agents that disrupt the cell wall and
membrane [60]. Previous studies using scanning
electron microscopy have observed similar phenomena,
such as cell wall disintegration, shrinkage, and surface
irregularities, following exposure to antibacterial
compounds, including essential oils and silver
nanoparticles [61]. These disruptions can increase
permeability, leading to cell death [62]. The organic
debris observed on the treated cells likely represents
lysed cell components and extruded cytoplasmic
material, further supporting the bactericidal effect seen
in the time-kill assay (Figure 4). The similarity of

morphological damage between MIC and MBC assay
reinforces the extract's efficacy in compromising MRSA
cell structures at both inhibitory and bactericidal
concentrations. Collectively, these SEM findings
provide visual confirmation of the extract’s disruptive
effect on MRSA morphology and cell integrity,
complementing the quantitative antibacterial data. This
strengthens the potential of M. cajuputi flower extract as
a natural antimicrobial agent against resistant bacterial
strains. In future studies, we plan to determine the
synergistic activity of the extract with conventional
antibiotics, investigate the pure bioactive compounds of
the M. cajuputi flower ethanol extract, and assess the
cytotoxicity of these pure active compounds toward

mammalian cells.
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Figure 5 SEM images of Methicillin-Resistant Staphylococcus aureus DMST 20652 after incubation with M. cajuputi

flower extract at 1x MIC and 1x MBC for 6 h. The initial bacterial cell density was 1x10° cells cm>. Untreated cells
served as the control (A), while bacterial cells were treated with ethanolic extract at 1x MIC (B) and 1x MBC (C). Arrows

indicate disrupted cell structure.

This study has some limitations that merit
consideration. First, evaluations were conducted in vitro
only. While the M. cajuputi flower ethanol extract
showed promising anti-MRSA activity (MIC 0.33
mg/mL), in vivo efficacy, bioavailability, and toxicity
await assessment in animal models and pharmacokinetic
studies. Second, although several solvents (e.g., hexane,
water) were screened via agar well diffusion, the ethanol
extract offered the highest yield and potency. Future
fractionation could further isolate and optimize active
compounds. Finally, mechanisms beyond SEM
morphology (e.g., efflux pump inhibition, quorum
sensing) were not examined. Targeted assays in

subsequent work would elucidate the mode of action.

Conclusions

In conclusion, the ethanol extract of M. cajuputi
flower exhibited strong antioxidant and broad-spectrum
antibacterial activities, primarily attributed to its high
phenolic, flavonoid, and tannin contents. The extract
demonstrated significant bactericidal and bacteriostatic
effects against multiple clinically relevant bacteria,
including drug-resistant strains such as MRSA. Kinetic
analyses confirmed a dose- and time-dependent
reduction in bacterial viability, with the greatest efficacy
observed at higher extract concentrations. Scanning
electron microscopy revealed substantial morphological
disruptions in  MRSA cells, characterized by
compromised envelope integrity and cell shrinkage,
providing visual evidence of membrane-targeted
antibacterial mechanisms. These findings indicate that
M. cajuputi flower extract is a promising natural

antibacterial candidate for combating multidrug-

resistant pathogens. They warrant further investigation
into their therapeutic applications and potential
synergistic effects with existing antibiotics.
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