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Honey has long been recognized for its antimicrobial properties, attributed to components such as
polyphenols and biodefense proteins. Among honey types, Manuka honey, rich in methylglyoxal, and
citrus honey, abundant in flavonoids and bioactive enzymes, exhibit potent antimicrobial activity.
This study aims to enhance the antimicrobial and antibiofilm efficacy of Manuka and citrus honey

by incorporating natural additives—aloe vera, Indian costus, and mint essential oil—into cream
formulations. Two emulsion types, aerosil fumed silica-based and arabic gum-based, were prepared
and optimized using sonication. The antimicrobial activity of these formulations was assessed against
pathogenic bacteria, including Bacillus cereus, Pseudomonas aeruginosa, Salmonella enterica subsp.
enterica serovar Typhimurium, Methicillin-resistant Staphylococcus aureus, Listeria monocytogenes,
Micrococcus luteus, Escherichia coli0157:H7, and Klebsiella pneumoniae, as well as fungi such as
Candida albicans and Aspergillus niger. The most effective formulations demonstrated inhibition zones
of up to 28 mm against B. cereus and 24 mm against S. Typhimurium. Additionally, antibiofilm activity
was evaluated using a 3D biofilm model, with formulations containing citrus honey and Indian costus
or Manuka honey and aloe vera achieving biofilm reductions of 44.39% and 21.33%, respectively,
against P. aeruginosa and MRSA. Furthermore, the composition of the citrus honey was analyzed
using gas chromatography-mass spectrometry to identify the volatile and non-volatile compounds
contributing to their antimicrobial properties. These findings suggest that honey-based formulations
enhanced with natural additives hold significant potential for combating biofilm-associated infections.

Antimicrobial resistance poses a significant clinical challenge, responsible for an estimated 700,000 deaths
annually worldwide due to drug-resistant infections!. This number is expected to rise dramatically in the
coming years. Most bacteria have developed resistance towards commercially available antibiotics due to the
misuse of antibiotics>. A systematic analysis of the Global Burden of Disease Study revealed that in 2019, 33
bacterial pathogens were associated with significant global mortality, highlighting the urgent need for innovative
antimicrobial strategies®. Bacteria predominantly exist in their natural habitats in the form of biofilms to
withstand extreme conditions®. Biofilms, which are a group of cells attached together and encased in protective
extracellular matrices, are a major contributor to chronic wound infections®. These structures shield bacteria
from the immune system and antibiotic treatments, allowing infections to persist and become resistant to
antibiotic therapies®. Chronic wounds, such as diabetic foot ulcers and pressure sores, are often the result of
biofilm formation, making effective treatments for these infections essential®. Therefore, research into alternative
natural antimicrobial agents and effective delivery systems is crucial in combating multidrug-resistant pathogens.

Honey has long been recognized for its therapeutic potential and remains a vital natural remedy for various
diseases’. Honey exerts antimicrobial properties, primarily due to its inherent components such as methylglyoxal
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(MGO), polyphenols, and bee defensin-1, which enable it to combat infections®. However, not all types of honey
exhibit the same antimicrobial effects. For instance, Manuka honey pose a remarkable antimicrobial effect
due to its high content of methylglyoxal, pinobanksin, and glyoxal, making it particularly effective in wound
care and microbial infection control’. Manuka honey’s low pH (3.5-4.5) enhances its bactericidal properties
by stimulating macrophage activity, reducing protease action, and promoting oxygenation in chronic wounds,
which are often associated with biofilm formation®.

Manuka honey’s unique antimicrobial profile, particularly its effectiveness against biofilm-associated
pathogens such as Staphylococcus aureus, Streptococcus pyogenes, Proteus mirabilis, Enterobacter cloacae,
Pseudomonas aeruginosa, Listeria moncytogenes, and Escherichia coli, is largely attributed to its non-peroxide
activity, driven by methylglyoxal®-!°. Citrus honey, another type of honey, derived from the nectar of citrus
blossoms, contains flavonoids, polyphenols, hydrogen peroxide!'!, and volatile compounds like limonene and
pinene!2. These components contribute to its antimicrobial properties, although its antimicrobial activity
primarily relies on hydrogen peroxide production for its antimicrobial activity. Citrus honey’s lower MGO
content compared to Manuka honey makes it less effective against certain pathogens. However, its phenolic
compounds and volatile oils provide a broader antioxidant and mild antimicrobial profile!*. Previous studies
have shown that citrus honey inhibits the growth of bacterial pathogens such as S. aureus, E. coli, P. aeruginosa,
and Klebsiella pneumoniae.

Several natural plant-based compounds, such as aloe vera, Indian costus (Saussurea costus), arabic gum,
and mint essential oil, pose strong antimicrobial and antioxidant effects!>~17. Aloe vera, with its antibacterial,
anti-inflammatory, and immunomodulatory properties, has been shown to effectively combat a range of Gram-
positive and Gram-negative bacteria, including K. pneumoniae, S. aureus, P. aeruginosa, and E. coli*®1°. The
active components of aloe vera, such as saponins and anthraquinones, contribute to its antimicrobial capabilities.
Indian costus has also been widely studied for its broad-spectrum antimicrobial activities, making it a promising
natural alternative to synthetic preservatives®. Similarly, Saussurea costus has demonstrated broad antimicrobial
activity against a wide range of pathogenic microorganisms??2. Mint essential oil, commonly used in the
pharmaceutical and cosmetic industries, also exhibits antimicrobial activity against both Gram-positive and
Gram-negative bacteria®®. Additionally, it has demonstrated antiviral and antifungal properties, enhancing its
versatility as a natural remedy?*. Arabic gum, derived from the resin of Acacia senegal and Acacia seyal, exhibits
notable antimicrobial activity due to its high polysaccharide content, which can inhibit the growth of various
bacteria and fungi, making it a valuable compound in both food preservation and pharmaceutical applications®*.
Recent advancements have proposed innovative therapeutic strategies targeting intracellular multidrug-resistant
bacteria, emphasizing the potential of combining novel delivery systems with natural antimicrobial agents?>.

Therefore, the current study aims to develop various therapeutic cream formulations incorporating both
Manuka and citrus honey, enhanced with natural compound additives. These formulations were then evaluated
for their antimicrobial efficacy against a range of pathogenic microorganisms. Additionally, this study assessed
the antibiofilm activity of these formulations against mature biofilms, which were formed by common skin
pathogens. A 3D-biofilm model was utilized to simulate in vivo conditions, specifically targeting biofilms
associated with chronic wounds. Furthermore, the composition of the citrus honey was analyzed using gas
chromatography-mass spectrometry (GC-MS) to identify the volatile and non-volatile compounds responsible
for the antimicrobial and antibiofilm properties of the formulations.

Materials and methods

Emulsion preparation and cream formulation

Different creams were formulated using either Manuka or citrus honey (supplied from the local market and
used as delivered without any further purification or modifications), combined with silica or arabic gum (AG)
as thickeners. Aloe vera gel (AVG), Indian costus (IC), and mint essential oil (MEO) were incorporated as
antimicrobial agents in various formulations, as detailed in Table 1. Two types of emulsions were created using
either Manuka or citrus honey in a 1:1 ratio: (a) The first emulsion was prepared with aerosil fumed silica,
paraffin oil, and Tween 20 in a 1:4:4 ratio (Fig. 1a). (b) The second emulsion was made with AG at 1% (w/v) in
glycerol (Fig. 1b). Each emulsion underwent sonication for 5 min using a 400-watt ultrasonic micro-tip probe
(Ultrasonic Get 750). Following the addition of Manuka or citrus honey along with other additives (Table 1),
the sonication was continued for an additional 5 min to ensure proper homogenization. All emulsions were
prepared at room temperature.

Bacterial strains

The indicator pathogenic bacteria used in this study were purchased from American-type culture collection
(ATCC). These pathogens include Bacillus cereus ATCC 33,018, Escherichia coli O157:H7 ATCC 700,728,
Klebsiella pneumoniae ATCC 13,883, Listeria monocytogenes ATCC 19,115, Micrococcus luteus ATCC 10,240,
Methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43,300, Pseudomonas aeruginosa ATCC 35,032,
Staphylococcus aureus ATCC 25,923, Salmonella enterica subsp. enterica serovar Typhimurium ATCC 14,028,
Candida albicans ATCC 10,231, and Aspergillus niger NRRL 326. All pathogenic bacterial strains were cultured
and propagated on a Luria Bertani (LB) broth medium under aerobic conditions at 37 °C with the exception
of B. cereus, which was incubated at 30 °C. Fungal strains were cultured and propagated on a Sabouraud dextrose
broth (SDB) medium under aerobic conditions, with A. niger incubated at 30 °C and C. albicans at 37 °C. These
conditions were maintained to support the specific growth requirements of each microorganism.

Agar well diffusion assay
The agar well diffusion method was employed in this study to assess the antimicrobial activity. Mueller-Hinton
(MH) agar plates were employed for bacterial growth, while Sabouraud dextrose agar (SDA) was used for fungal

Scientific Reports |

(2025) 15:7477 | https://doi.org/10.1038/541598-025-90072-6 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Cream 1 (C1) Silica emulsion and Manuka honey (1:1) Cream A (CA) | AG emulsion and Manuka honey (1:1)

Cream 2 (C2) Silica emulsion (25 mL), and Manuka honey (22.5 g) contains MEO Cream B (CB) AG emulsion (25 mL) and Manuka honey (22.5 g) contains MEO
(2.5mL) (2.5mL)

Cream 3 (C3) (Silzlc_: ge)mulsion (25 mL) and Manuka honey (12.5 g) contains AVG Cream C (CC) ?1(2} ;r;l)ulsion (25 mL) and Manuka honey (12.5 g) contains AVG

Cream 4 (C4) Silica emulsion (25 mL) and Manuka honey (21 g) contains IC (4 g) Cream D (CD) | AG emulsion (25 mL) and Manuka honey (21 g) contains AVG (4 g)

Cream 5 (C5) Silica emulsion and citrus honey (1:1) Cream E (CE) | AG emulsion and citrus honey (1:1)

Cream 6 (C6)

Silica emulsion (25 mL) and citrus honey (22.5 g) contains MEO (2.5
mL)

Cream F (CF)

AG emulsion (25 mL) and citrus honey (22.5 g) contains MEO (2.5
mL)

Cream 7 (C7)

Silica emulsion (25 mL) and citrus honey (12.5 g) contains AVG (12.5 g)

Cream G (CG)

AG emulsion (25 mL) and citrus honey (12.5 g) contains AVG

(125g)

Cream 8 (C8) Silica emulsion (25 mL) and citrus honey (21 g) contains IC (4 g)

Cream H (CH) | AG emulsion (25 mL) and citrus honey (21 g) contains AVG (4 g)

Table 1. The Formulation of different creams based on Manuka and citrus honey emulsions. First Emulsion:
prepared using aerosil fumed silica, paraffin oil, and Tween 20 in the ratio of 1:4:4, respectively. Second
emulsion: prepared from AG at the level of 1% (w/v) in glycerol. AG: arabic gum. AVG aloe vera gel, IC Indian
Costus, MEO mint essential oil.

Fig. 1. Different cream formulations based on Manuka or citrus honey (a) and silica emulsions or (b) AG
emulsions.

growth. To ensure uniform microbial growth, the agar plates were inoculated by evenly spreading microbial
suspensions across the entire surface. Wells, typically 6 to 8 mm in diameter, were aseptically punched into the
agar using a sterile cork borer. Each well was carefully filled with 100 uL of the antimicrobial cream or control
samples. Positive controls were included for comparative purposes, with novobiocin used for Gram-positive
bacteria and polymyxin B for Gram-negative bacteria. For the negative control, distilled water was used. The
plates inoculated with bacterial pathogens were incubated under aerobic conditions at 37 °C for 24 h, except for
B. cereus, which was incubated at 30 °C for the same duration. Plates inoculated with A. niger were incubated
at 30 °C for seven days, while those inoculated with C. albicans were incubated at 37 °C for 48 h. Following the
incubation peroid, the diameter of inhibition zones was measured.

Development of 2D biofilm

Both P. aeruginosa and MRSA strains were cultured overnight at 37 °C with shaking in LB broth. Following
incubation, 100 uL of the bacterial suspension was transferred into each well of a 96-well microtiter plate. The
plates were sealed with Parafilm and placed in a sealed container along with two 200 mL beakers of water to
maintain humidity. The plates were incubated for 72 h at 37 °C. After incubation, planktonic cells were discarded
by gently inverting the 96-well plate over a waste container. The biofilm was then carefully scraped and collected
using a pipette®®.

Alginate beads synthesis

Biofilm beads were synthesized based on a previously published method with slight modifications”. A 4% (w/v)
solution of sodium alginate (Sigma Aldrich, St. Louis, MO, USA) was prepared, and 250 pL of freshly collected
biofilm bacteria (as described above) was mixed with 1.5 mL of the alginate solution. The biofilm-alginate
mixture was then dispensed dropwise into a crosslinking solution composed of 1.5% CaCl, in 13 mM HEPES
buffer (Sigma Aldrich) using a sterile syringe fitted with a 25 G needle, while gently swirling the beaker to ensure
even crosslinking. The beads were allowed to crosslink at room temperature for 20 min. After crosslinking, the
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solution was removed, and the beads were washed twice with sterile 13 mM HEPES buffer. The biofilm beads
were then distributed into 96-well plates containing LB broth, with one bead per well. To test the stability of the
beads, they were incubated in LB broth for 2 weeks, with the medium being replaced every 3 days.

Construction of 3D biofilm model

The 3D biofilm model was developed by embedding biofilm beads between two layers of alginate matrix. To
begin, 150 uL of 4% alginate solution was applied as the first matrix layer onto ThinCert Cell Culture inserts
(1.0 um pore diameter, transparent, sterile) designed for 24-well plates (Greiner Bio One, Gloucestershire, UK).
The alginate layer was cross-linked by exposure to a CaCl,/HEPES buffer solution for 5 min, followed by two
washes with sterile 13 mM HEPES buffer. Two 5-day-old biofilm beads were then placed on top of the first
alginate layer. A second layer of 150 uL of 4% alginate was applied to cover the beads, forming the complete
matrix. This resulted in the biofilm beads being encased between two layers of alginate matrix, creating the 3D
biofilm model*.

Evaluating the constructed 3D biofilm model

The constructed 3D biofilm model was treated with four cream formulations (C5, C7, C8, and CB ) at a ratio of
1:1 cream to LB broth for a period of 3 days. After incubation, the alginate matrix from both treated and untreated
control groups was carefully removed from the Boyden chamber inserts using a sterile loop. The removed matrix
was then un-crosslinked by incubating it in 1 mL of 33 mM trisodium citrate (Fisher Scientific, Hampton,
NH, USA) for 20 min. Following un-crosslinking, the bacterial content within the matrix was quantified by
performing 10-fold serial dilutions and plating on LB agar®.

GC-MS analysis of citrus honey

The volatile and non-volatile compounds in citrus honey were analyzed using a GC-MS/MS triple quadrupole
system (Agilent Technologies 7890B), following the methodology described by Alissandrakis et al. (2005) and
Wang et al. (2025)*>%. For the extraction of volatile compounds, solid-phase microextraction (SPME) was
employed. Briefly, 1-2 g of citrus honey were placed in a vial, to which 10 mL of deionized water was added
to facilitate dilution. Sodium chloride was then added to the vial to saturation, enhancing the volatilization of
the compounds. The sealed vial was subsequently heated to a temperature range of 40-60 °C for a period of
30-60 min to encourage the release of volatiles into the headspace. During this process, an SPME fiber (PDMS
or DVB/CAR/PDMS) was exposed to the headspace for a specified duration to absorb the released volatile
compounds.

For the extraction of non-volatile compounds, 5 g of citrus honey were diluted with 10 mL of distilled
water. This mixture was then subjected to liquid-liquid extraction using 10 mL of an organic solvent, such as
dichloromethane or ethyl acetate. After phase separation, the organic phase was carefully collected, and the
solvent was removed under reduced pressure. The resulting extract was reconstituted in a GC-compatible solvent
(methanol) before conducting analysis by GC-MS triple quadrupole system. This dual extraction approach
enabled the comprehensive profiling and quantification of both volatile and non-volatile constituents within the
citrus honey.

Statistical analysis

Graphs and statistical analyses were conducted using R software (version 3.2.5). Depending on the experimental
design, one-way or two-way analysis of variance (ANOVA) was applied to evaluate the significance of
comparisons. Tukey’s Honestly Significant Difference (HSD) test was used for pairwise comparisons to test
significant main effects or interactions. A p-value of <0.05 was considered statistically significant.

Results

Antimicrobial susceptibility analysis of cream formulations against pathogenic bacteria and
fungi

The antimicrobial sensitivity of different bacteria and fungi towards to the prepared cream formulations was
assessed using well diffusion assay. A larger inhibition zone corresponds to greater antimicrobial efficacy of the
formulation against the tested microorganism. Interestingly, cream formulations based on citrus honey and
silica emulsion showed a higher antimicrobial efficacy compared to those based on Manuka honey and AG
against the tested pathogenic bacteria and fungi (Fig. 2 and Table S1). The pathogenic bacteria being tested
in this study were more affected by various cream formulations compared to the tested fungi. C8 formulation
exhibited the highest antimicrobial activity against a wide range of pathogenic bacteria compared to other cream
formulations.

For B. cereus, several cream formulations exhibited antimicrobial activity, with cream formulation C6 showing
the highest inhibition zone of 28 + 2 mm, indicating strong efficacy against this Gram-positive bacterium. Other
formulations such as Cl1, C2, C4, C5, CD, and CG displayed moderate inhibition zones ranging from 13 to
19 mm, while some formulations did not exhibit any inhibitory effects. In the case of P. aeruginosa, a Gram-
negative bacterium known for its resistance to many antibiotics, the most potent formulation was C7, with
an inhibition zone of 23 + 2.1 mm. Other formulations, such as C5, C8, and CB, also showed a high efficacy
with inhibition zones ranging from 19 to 21 mm. Formulations C1 to C4 and C6 generally displayed moderate
activity, while formulations CD, CE, and CF showed no activity.

For S. Typhimurium, formulation CD was the most effective, with an inhibition zone of 24 + 1.9 mm,
followed by formulation CC (20 + 1.4 mm). The activity of the cream formulations against K. pneumoniae was
relatively limited, with formulation C4 demonstrating the highest inhibition zone of 18 + 1.9 mm. Formulations
C1, C3, C5, C6, and C7 showed minimal to moderate activity, while the other formulations did not exhibit any
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Fig. 2. The antimicrobial effect of various cream formulations prepared in this study against different
pathogenic bacterial and fungal strains using well diffusion assay. The values represent the means of three
independent replicates of the inhibition zone diameter (mm).The error bars represent the standared error of
the mean (SEM).

antimicrobial effects. For M. luteus, formulations C1, C5, and C6 were the most effective, with inhibition zones
of 18 + 1.4 mm,18 + 1.5 mm, and 17 + 1.4 mm, respectively. The formulation C2 was the most potent against
MRSA, with an inhibition zone of 24 + 1.9 mm, indicating strong antimicrobial activity. Formulation C1 also
showed significant activity with an inhibition zone of 16 + 1.6 mm, while other formulations displayed minimal
or no activity. For E. coli O157:H7 formulation CE was the most effective with a 15 + 1.5 mm inhibition zone.
Formulations C1, C4, C5, C6, and C8 displayed moderate activity with inhibition zones ranging from 11 to
13 mm, while the remaining formulations had no significant activity. For L. monocytogenes, formulation C4
was the most effective, with an inhibition zone of 19 + 1.8 mm, followed by formulations C6 and C2, each with
inhibition zones ranging from 14 to 16 mm. Formulations C4 and C5 showed the highest antimicrobial activity
against S. aureus, with inhibition zones of 27 + 1.8 mm and 26 + 2 mm, respectively. Formulations C7 and C8
also exhibited significant activity with inhibition zones of 20 + 2 mm and 22.5 + 2.1 mm, respectively.

For C. albicans yeast, formulations C2, C8, and CG were the most effective with inhibition zones ranging
from 17 to 18 mm. The remaining formulations either had moderate or no significant activity. A. niger was not
affected by any of the tested formulations, as indicated by the absence of inhibition zones across all formulations
for this fungus.

The antibiofilm activity of cream formulations against pathogenic bacteria and fungi using
3D biofilm model

The effects of the cream formulations C7, C8, C5, and CB on dispersing and killing cells within well-established
biofilms formed by MRSA and P. aeruginosa were evaluated using a 3D biofilm model to simulate the in vivo
biofilm formation. The results are presented as logl0 CFU/ml, representing the bacterial load under different
treatment conditions, including untreated controls and treatment with the cream formulations at a ratio of 1:1
cream to LB broth (Fig. 3).

At the 1:1 ratio, the cream formulations demonstrated varying effects on biofilm dispersal and bacterial
killing. For MRSA, the C7 formulation, composed of citrus honey, silica emulsion, and IC, reduced the bacterial
count to a logl0 value of 8.38+0.1, indicating a moderate effect on biofilm dispersal and bacterial killing. In
contrast, the C8 formulation, which includes citrus honey, silica emulsion, and AVG, and the C5 formulation,
containing only citrus honey and silica emulsion, did not significantly impact the bacterial count, showing no
clear effect on MRSA biofilm disruption. Interestingly, the CB formulation, a Manuka honey cream with AV
as an additive, resulted in a significant reduction in the bacterial load, bringing the logl0 CFU/ml value to
8.18+0.2, suggesting that this formulation has potent biofilm-disrupting and killing properties against MRSA
(Fig. 3a).
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Fig. 3. The antibiofilm activity of different cream formulations (C5, C7, C8, and CB) against MRSA and P.
aeruginosa biofilms grown in 3D biofilm model. (a) The antibiofilm activity expressed as CFU/mL (Log10).
Error bars represent SEM of five independent replicates. Statistical significance is indicated: P<0.01 (**¥),
P<0.001 (***), compared to the control group. (b) Percentage biofilm reduction of MRSA and P. aeruginosa
upon treatment with the cream formulations. Data are presented as means of five independent replicates with
shaded regions representing SEM.
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Compound Retention Time (min) | Molecular Weight (g/mol) | Molecular Formula | Intensity

Methyl 2-furoate 6.362 112.10 CH0, 620,780.63
1,3,5-Benzenetriol 15.154 126.11 CeHO, 348,000.27
5-Hydroxymethylfurfural | 23.278 126.11 CHO, 2,906,299.25
n-Hexadecanoic acid 42.059 256.42 C,¢H,,0, 511,097.69

Table 2. The most abundant compounds in citrus honey identifed using GC-MS with their retention times,
molecular weights, molecular formulas, and intensities.

In the case of P. aeruginosa, all cream formulations at the 1:1 ratio effectively reduced the bacterial load,
indicating a significant disruption of the biofilm. The C5 formulation was particularly potent, reducing the
bacterial count to 6.26 +0.07 log10 CFU/ml, suggesting a strong effect on biofilm disruption and bacterial killing
(Fig. 3a).

Figure 3D illustrates the percentage of biofilm reduction and killing for MRSA and P. aeruginosa in response
to the cream formulations at the 1:1 ratio. For MRSA, both the C7 and CB formulations achieved significant
reductions compared to other formulations (P <0.05), with biofilm reduction and killing rates of 19.36% and
21.33%, respectively. In the case of P. aeruginosa, the C5 formulation demonstrated the highest signifcant efficacy
(P<0.01), with a biofilm reduction of 44.39%.

GC-MS analysis of citrus honey

Citrus honey was subjected to GC-MS analysis to determine the compounds contributing to its potent
antimicrobial activity. The GC-MS analysis of citrus honey identified four major compounds contributing to its
chemical profile.(Table 2). Each compound was characterized by its retention time, molecular weight, molecular
formula, and intensity. The most abundant compound identified was 5-Hydroxymethylfurfural (HMF), detected
at a retention time of 23.278 min.

Discussion

This study investigated the preparation of diverse cream formulations incorporating Manuka and citrus honey,
supplemented with either AVG, IC, or MEO, using AG or silica emulsion as thickeners. In the silica-based
emulsions, silica acts as a stabilizer, creating a stable oil-in-water emulsion due to its hydrophilic-lipophilic
balance properties. Similarly, in AG-based emulsions, AG serves as a natural emulsifier, leveraging its amphiphilic
nature to stabilize the emulsion. The aqueous phase in these formulations is provided by the honey and any
hydrophilic additives, while paraffin oil serves as the oil phase3*!. These multiple formulations aim to evaluate
how the inclusion of different natural additives such as IC, MEO, and AVG in conjunction with Manuka or citrus
honey impacts the antimicrobial and antibiofilm activities of the creams.

The antimicrobial susceptibility analysis of these formulations demonstrated varied efficacy against a range of
pathogenic bacteria and fungi, emphasizing the influence of formulation composition on antimicrobial activity.
Generally, formulations based on citrus honey and silica emulsion exhibited superior antimicrobial activity
compared to those based on Manuka honey and AG. This difference highlights the synergistic interaction
between citrus honey, silica, and other additives, enhancing the antimicrobial properties of these formulations.

The formulations demonstrated broad-spectrum antimicrobial activity against Gram-positive and Gram-
negative bacteria. Specifically, B. cereus, a Gram-positive bacterium, was highly susceptible to the C6 formulation,
which exhibited the highest inhibition zone (28+2 mm). This enhanced activity may be attributed to the
synergistic effect of citrus honey and silica emulsion, which likely disrupts bacterial cell walls. The synergestic
effect of the combination between citrus honey and other componds such as antibiotics have been shown
previously*%. Other formulations (C1, C2, C4, C5, CD, and CG) exhibited moderate activity, further highlighting
the antimicrobial potential of citrus-honey-based creams.

P aeruginosa is a challenging Gram-negative pathogen known for its inherent antibiotic resistance. In
this study, the C7 formulation exhibited significant efficacy against P. aeruginosa, with an inhibition zone of
23 +2.1 mm. This notable activity may be attributed to the synergistic effects of citrus honey, silica emulsion, and
IC, which likely enhance biofilm disruption and cell membrane penetration. Previous research has demonstrated
that honey possesses broad-spectrum antimicrobial properties, including activity against P. aeruginosa, due to its
ability to inhibit quorum sensing and disrupt biofilms*. Additionally, studies on silver-silica nanocomposites
have shown their effectiveness in compromising the cell wall integrity and metabolism of P. aeruginosa, leading
to increased susceptibility*’. The incorporation of IC, known for its antimicrobial properties, may further
contribute to the observed efficacy. Formulations C5, C8, and CB also displayed considerable activity against
P, aeruginosa, indicating the potential of these combinations. Further investigation into their specific modes of
action is warranted to fully understand their therapeutic potential.

Against S. Typhimurium, formulation CD was the most effective (24+1.9 mm). This suggests that the
combination of Manuka honey and AG in CD formulation may offer targeted antimicrobial effects. However,
the overall efficacy of this formulation was not consistently superior across all tested bacteria. Limited activity
against K. pneumoniae was noted, with only formulation C4 showing a notable inhibition zone (18 +1.9 mm).
The efficacy against MRSA was particularly promising, with formulation C2 exhibiting the highest activity
(24+1.9 mm). The efficacy of the formulations against MRSA was particularly promising. Formulation C2
demonstrated the highest activity (24+1.9 mm), highlighting its potential for treating MRSA infections, an
increasing concern due to antibiotic resistance*. Formulation C1 (16+ 1.6 mm) also showed moderate activity.
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The antimicrobial properties of diiferent Pakistani honeys were evaluted against S. Typhimurium showing
high efficacy®®. Additionally, the antimicrobial properties of Manuka honey have been well-documented,
particularly against Gram-positive bacteria such as MRSA. Studies have shown that Manuka honey exhibits
significant antibacterial activity against MRSA strains, making it a potential alternative treatment for antibiotic-
resistant infections®. These findings highlight the potential of citrus honey and silica emulsion-based creams as
alternative therapies for antibiotic-resistant infections.

The antifungal activity of the formulations was less pronounced compared to their antibacterial effects. For
C. albicans, formulations C2, C8, and CG showed inhibition zones between 17 and 18 mm, indicating moderate
antifungal effects. These results suggest that while the formulations possess some antifungal properties, further
optimization may be required to enhance their effectiveness against fungal pathogens. On the other hand, A.
niger exhibited resistance to all tested formulations, likely due to the inherent structural robustness of its spores
and hyphae. The tough outer layers of A. niger, including its thick spore wall and the production of biofilms, pose
significant challenges for antimicrobial agents, which often require enhanced potency or specialized mechanisms
to penetrate and disrupt these defenses’®,

The differences in antimicrobial activity are influenced by the structural complexity of microbial cell walls
and membranes, intrinsic resistance mechanisms, and the specific bioactive components of each formulation.
The high antimicrobial efficacy of citrus-honey-based formulations can be attributed to flavonoids and phenolic
compounds, which target microbial cell walls and membranes®. In contrast, Manuka honey, rich in MGO,
demonstrated selective activity depending on the microbial target. Silica emulsion enhanced antimicrobial
efficacy by providing a stable delivery matrix for active compounds. Essential oils, such as those in formulations
C2 and C6, disrupted microbial membranes through interactions with phospholipids, causing leakage of cellular
contents’’. Gram-positive bacteria, with their thick peptidoglycan layers, were generally more susceptible to
these formulations, while Gram-negative bacteria, with their outer lipopolysaccharide membranes, exhibited
reduced susceptibility. Formulations like C7 overcame these defenses through components such as MEO, which
disrupts lipid bilayers.

The efficacy of the formulations in disrupting biofilms and killing bacterial cells within the biofilm was
assessed using a 3D biofilm model, which mimics the in vivo environment. Biofilms pose a significant barrier
to the action of antimicrobial agents due to their ability to limit drug penetration, reduce metabolic activity of
embedded cells, and induce the expression of resistance mechanisms*!. As such, breaking down biofilms is a
crucial challenge in the treatment of chronic infections, especially those caused by multidrug-resistant bacteria
like MRSA*2,

In this study, formulations C7 and CB demonstrated moderate biofilm disruption in MRSA. At a 1:1 cream-
to-LB broth ratio, both formulations achieved log10 reductions of 8.38 £0.1 and 8.18 0.2 CFU/ml, respectively.
These reductions can be attributed to the unique combinations and specific ratios of the components in C7
and CB creams, which may synergistically enhance their efficacy. Although other formulations share individual
ingredients with C7 or CB, the precise balance of citrus honey and AVG in C7, as well as Manuka honey and
MEQO in CB, appears to create an optimal microenvironment that facilitates biofilm penetration and disruption.
These specific ratios likely optimize the antimicrobial properties of the components, enhancing their efficacy.
Additionally, the synergistic interactions between the ingredients in C7 and CB may play a crucial role. For
instance, AVG in C7 might enhance the penetration of active compounds through the biofilm matrix, while
citrus honey contributes potent antimicrobial activity. Similarly, the combination of Manuka honey and MEO in
CB provides broad-spectrum antimicrobial effects and disrupts the biofilm architecture effectively. Furthermore,
the emulsion base (silica in C7 and AG in CB) may influence the stability, delivery, and prolonged release of
active ingredients, ensuring targeted and effective action against MRSA biofilms. This indicates the importance
of formulation optimization, including precise ingredient selection and ratio balancing, in enhancing the efficacy
of biofilm-targeting antimicrobial therapies. The potential of honey and plant essential oils to reduce biofilm
formation and promote the dispersal of biofilms have been demonstrated previously*>#4.

For P. aeruginosa, a pathogen known for its ability to form resilient biofilms that protect against immune
responses and antibiotics?®, all formulations showed significant biofilm disruption. The C5 formulation
exhibited the most substantial reduction in biofilm viability, achieving a logl0 reduction of 6.26 +0.07 CFU/
ml. This finding suggests that C5 may have superior efficacy in penetrating and disrupting the biofilm matrix,
a challenge due to the biofilm’s extracellular polymeric substance (EPS), which acts as a physical barrier to
antimicrobial agents. C5 consists of a 1:1 ratio of silica emulsion to citrus honey, creating a highly concentrated
formulation with a balance that may enhance the antimicrobial activity of the honey while maintaining an
optimal consistency for biofilm penetration.

Biofilm-associated infections caused by P. aeruginosa are particularly problematic in clinical settings, as this
pathogen is known to be resistant to many antibiotics, including those that target planktonic cells*®. Honey has
been shown previously to effectively reduce and eliminate biofilms formed by P. aeruginosa?’. This disruption
is particularly important in clinical settings, where P. aeruginosa biofilms contribute to persistent infections,
especially in cystic fibrosis patients and those with implant-related infections*. These results emphasize the
potential of formulation C5 as a promising therapeutic candidate for treating P. aeruginosa biofilm-related
infections by disrupting the biofilm architecture and enhancing the penetration of antimicrobial agents.

Given the high antimicrobial activity observed in citrus-honey-based formulations, we conducted a
comprehensive GC-MS analysis of citrus honey to identify the bioactive compound. The analysis revealed four
major constituents, with 5- HMF emerging as the most abundant compound. HMF is a furan derivative with
an aldehyde and a hydroxymethyl group, formed from reducing sugars. HMF is a well-established bioactive
compound with robust antimicrobial and antioxidant properties?. Alongside HME, the analysis identified
methyl 2-furoate (an ester of furoic acid), 1,3,5-benzenetriol (phenolic compound), and n-hexadecanoic acid
(saturated fatty acid), each of which has been implicated in antimicrobial activity. These compounds exert their
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effects through diverse mechanisms, including microbial membrane disruption, metabolic pathway interference,
and oxidative stress induction®.

Conclusion

This study demonstrates the significant antimicrobial and biofilm-disrupting potential of citrus-honey-based
formulations, particularly those incorporating natural additives such as AVG, IC, and MEO. The formulations
showed broad-spectrum antimicrobial activity, with citrus honey-based creams, especially C5, C6,and C7, proving
effective against key pathogens such as B. cereus and P. aeruginosa, while Manuka-honey-based formulations,
particularly C2, C4, and CD, were more effective against MRSA and S. Typhimurium. Additionally, moderate
antifungal activity was observed against C. albicans. Biofilm disruption was demonstrated with significant
reductions in MRSA biofilm viability in formulations C7 and CB. C5 exhibited the most substantial reduction
in P. aeruginosa biofilm viability, demonstrating its potential in disrupting biofilm-associated infections caused
by this resilient pathogen. The GC-MS analysis of citrus honey identified four major bioactive compounds,
including 5-HME, methyl 2-furoate, 1,3,5-benzenetriol, and n-hexadecanoic acid, all of which contribute to the
antimicrobial and antioxidant properties of the formulations. These findings suggest that citrus-honey-based
creams, particularly when optimized with specific bioactive compounds, show promise as effective therapies for
bacterial infections, including antibiotic-resistant strains.

Future research could significantly expand upon these findings by further investigating the underlying
mechanisms driving the antimicrobial and biofilm-disrupting effects of the individual compounds identified
through GC-MS analysis, with particular emphasis on the pivotal role of 5-HME A deeper understanding of
how 5-HMF interacts with microbial cell structures, metabolic processes, and resistance mechanisms could
unlock new avenues for its application in antimicrobial therapies. Furthermore, exploring the synergistic effects
of 5-HMF in combination with other bioactive compounds, such as methyl 2-furoate and n-hexadecanoic acid,
could provide valuable insights into their collective impact on biofilm disruption and microbial susceptibility.
This provides promising avenues to develop novel, natural-based therapies for the management of persistent
infections in chronic wounds, potentially addressing the growing concern of antibiotic resistance.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.

Received: 23 November 2024; Accepted: 10 February 2025
Published online: 03 March 2025

References

1. Watkins, R. R. & Bonomo, R. A. Overview: Global and local impact of antibiotic resistance. Infect. Dis. Clin. North. Am. 30(2),
313-322. https://doi.org/10.1016/j.idc.2016.02.001 (2016).

2. Muteeb, G., Rehman, M. T., Shahwan, M. & Aatif, M. Origin of antibiotics and antibiotic resistance, and their impacts on drug
development: A narrative review. Pharmaceuticals (Basel) 16(11), 1615. https://doi.org/10.3390/ph16111615 (2023).

3. Swetschinski, L. R. et al. Global mortality associated with 33 bacterial pathogens in 2019: A systematic analysis for the global
burden of Disease Study 2019. Lancet 400(10369), 2221-2248. https://doi.org/10.1016/50140-6736(22)02185-7 (2022).

4. Tkuma, K., Decho, A. W. & Lau, B. L. T. The extracellular bastions of bacteria: A biofilm way of life. Nat. Educ. Knowl. 4(2), 2 (2013).

5. Vestby, L. K., Gronseth, T., Simm, R. & Nesse, L. L. Bacterial biofilm and its role in the pathogenesis of disease. Antibiot. (Basel
Switzerland) 9(2), 59. https://doi.org/10.3390/antibiotics9020059 (2020).

6. Pouget, C. et al. Biofilms in diabetic foot ulcers: Significance and clinical relevance. Microorganisms 8(10), 1580. https://doi.org/10
.3390/microorganisms8101580 (2020).

7. Kumar, S., Verma, M., Hajam, Y. A. & Kumar, R. Honey infused with herbs: A boon to cure pathological diseases. Heliyon 9(12).
https://doi.org/10.1016/j.heliyon.2023.623302 (2023).

8. Nolan, V. C,, Harrison, J. & Cox, J. A. G. Dissecting the antimicrobial composition of honey. Antibiot. (Basel) 8(4), 251. https://do
i.org/10.3390/antibiotics8040251 (2019).

9. Wang, S., Qiu, Y. & Zhu, F. An updated review of functional ingredients of Manuka Honey and their value-added innovations. Food
Chem. https://doi.org/10.1016/j.foodchem.2023.138060 (2023). [Volume(Issue)]:[Page numbers].

10. Tacopetti, L., Perazzi, A., Martinello, T., Gemignani, F. & Patruno, M. Hyaluronic acid, Manuka Honey and Acemannan gel: wound-
specific applications for skin lesions. Res. Vet. Sci. 130, 194-202. https://doi.org/10.1016/j.rvsc.2020.01.009 (2020).

11. Fratianni, E et al. In vitro prospective healthy and nutritional benefits of different Citrus monofloral honeys. Sci. Rep. 13(1), 1088.
https://doi.org/10.1038/541598-023-27802-1 (2023).

12. Manyi-Loh, C. E., Ndip, R. N. & Clarke, A. M. Volatile compounds in honey: A review on their involvement in aroma, botanical
origin determination and potential biomedical activities. Int. J. Mol. Sci. 12(12), 9514-9532. https://doi.org/10.3390/ijms12129514
(2011).

13. Deglovic, J., Majtanova, N. & Majtan, J. Antibacterial and antibiofilm effect of honey in the prevention of dental caries: A recent
perspective. Foods 11(17), 2670. https://doi.org/10.3390/foods11172670 (2022).

14. Gulfraz, M. et al. Compositional analysis and antimicrobial activity of various honey types of Pakistan. Int. J. Food Sci. Technol.
46(2), 263-267. https://doi.org/10.1111/j.1365-2621.2010.02472.x (2011).

15. Nejatzadeh-Barandozi, F. Antibacterial activities and antioxidant capacity of Aloe vera. Org. Med. Chem. Lett. 3(1), 5. https://doi.
0rg/10.1186/2191-2858-3-5 (2013).

16. Ahmed, A. M., Elnour & Abdurahman, N. H. Current and potential future biological uses of Saussurea costus(Falc.) Lipsch: A
comprehensive review. Heliyon 10(18), €37790. https://doi.org/10.1016/j.heliyon.2024.e37790 (2024).

17. Hejna, M., Kovanda, L., Rossi, L. & Liu, Y. Mint oils: in vitro ability to perform anti-inflammatory, antioxidant, and antimicrobial
activities and to enhance intestinal barrier integrity. Antioxid. (Basel Switzerland) 10(7), 1004. https://doi.org/10.3390/antiox1007
1004 (2021).

18. Chelu, M. et al. Antibacterial Aloe vera based biocompatible hydrogel for use in dermatological applications. Int. J. Mol. Sci. 24(4),
3893. https://doi.org/10.3390/ijms24043893 (2023).

19. Lawrence, R., Tripathi, P. & Jeyakumar, E. Isolation, purification and evaluation of antibacterial agents from Aloe vera. Braz J.
Microbiol. 40(4), 823-828. https://doi.org/10.1590/S1517-83822009000400023 (2009).

Scientific Reports |

(2025) 15:7477 | https://doi.org/10.1038/541598-025-90072-6 nature portfolio


https://doi.org/10.1016/j.idc.2016.02.001
https://doi.org/10.3390/ph16111615
https://doi.org/10.1016/S0140-6736(22)02185-7
https://doi.org/10.3390/antibiotics9020059
https://doi.org/10.3390/microorganisms8101580
https://doi.org/10.3390/microorganisms8101580
https://doi.org/10.1016/j.heliyon.2023.e23302
https://doi.org/10.3390/antibiotics8040251
https://doi.org/10.3390/antibiotics8040251
https://doi.org/10.1016/j.foodchem.2023.138060
https://doi.org/10.1016/j.rvsc.2020.01.009
https://doi.org/10.1038/s41598-023-27802-1
https://doi.org/10.3390/ijms12129514
https://doi.org/10.3390/foods11172670
https://doi.org/10.1111/j.1365-2621.2010.02472.x
https://doi.org/10.1186/2191-2858-3-5
https://doi.org/10.1186/2191-2858-3-5
https://doi.org/10.1016/j.heliyon.2024.e37790
https://doi.org/10.3390/antiox10071004
https://doi.org/10.3390/antiox10071004
https://doi.org/10.3390/ijms24043893
https://doi.org/10.1590/S1517-83822009000400023
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Surjushe, A., Vasani, R. & Saple, D. G. Aloe vera: A short review. Indian J. Dermatol. 53(4), 163-166. https://doi.org/10.4103/001
9-5154.44785 (2008).

Deabes, M. M., Abd El-Fatah, S. I, Salem, S. H. & Naguib, K. M. Antimicrobial activity of bioactive compounds extract from
Saussurea costus against food spoilage microorganisms. Egypt. J. Chem. 64(6), 2833-2843 (2021).

Idriss, H. et al. Inhibitory activity of Saussurea costus extract against bacteria, Candida, herpes, and SARS-CoV-2. Plants 12(3), 460.
https://doi.org/10.3390/plants12030460 (2023).

Hudz, N. et al. Mentha piperita: Essential oil and extracts, their biological activities, and perspectives on the development of new
medicinal and cosmetic products. Molecules 28(21), 7444. https://doi.org/10.3390/molecules28217444 (2023).

Ali, B. H,, Ziada, A. M. & Blunden, G. Biological effects of gum Arabic: A review of some recent research. Food Chem. Toxicol.
47(1), 1-8. https://doi.org/10.1016/j.£ct.2008.07.001 (2008).

Wang, Z.J. et al. A new therapeutic strategy for infectious diseases against intracellular multidrug-resistant bacteria. J. Control Rel.
375, 467-477. https://doi.org/10.1016/j.jconrel.2024.09.028 (2024).

Ali, H. R, Collier, P. & Bayston, R. A three-dimensional model of bacterial biofilms and its use in antimicrobial susceptibility
testing. Microorganisms 12, 203. https://doi.org/10.3390/microorganisms12010203 (2024).

Zommere, Z. & Nikolajeva, V. Immobilization of bacterial association in alginate beads for bioremediation of oil-contaminated
lands. Environ. Exp. Biol. 15(9), 105-111. https://doi.org/10.22364/eeb.15.09 (2017).

Alissandrakis, E., Tarantilis, P. A., Harizanis, P. C. & Polissiou, M. Aroma investigation of unifloral Greek citrus honey using solid-
phase microextraction coupled to gas chromatographic-mass spectrometric analysis. Food Chem. 100(1), 396-404. https://doi.or
¢/10.1016/j.foodchem.2005.09.015 (2007).

Wang, Z. J. et al. Bioactivity ingredients of Chaenomeles speciosa against microbes: Characterization by LC-MS and activity
evaluation. J. Agric. Food Chem. 69(16), 4686-4696. https://doi.org/10.1021/acs.jafc.1c00298 (2021).

Chen, M. X., Alexander, K. S. & Baki, G. Formulation and evaluation of antibacterial creams and gels containing metal ions for
topical application. J. Pharm. 2016 Article ID. 5754349, 10pages. https://doi.org/10.1155/2016/5754349 (2016).

Hall, T. J. et al. (n.d.). Antimicrobial emulsions: Formulation of a triggered release reactive oxygen delivery system. Mater. Sci. Eng.
C https://doi.org/10.1016/j.msec.2019.05.020

Abdelhady, A. S., Darwish, N. M., Abdel-Rahman, S. M. & Abo El Magd, N. M. The combined antimicrobial activity of citrus
honey and fosfomycin on multidrug resistant Pseudomonas aeruginosa isolates. AIMS Microbiol. 6(2), 162-175. https://doi.org/10
.1021/acs.jafc.1c00298 (2020).

Wang, R., Starkey, M., Hazan, R. & Rahme, L. Honey’s ability to counter bacterial infections arises from both bactericidal
compounds and QS inhibition. Front. Microbiol. 3, 144. https://doi.org/10.3389/fmicb.2012.00144 (2012).

Anas, A. et al. Sequential interactions of silver-silica nanocomposite (Ag-SiO2NC) with cell wall, metabolism and genetic stability
of Pseudomonas aeruginosa, a multiple antibiotic-resistant bacterium. Lett. Appl. Microbiol. 56(1), 57-62. https://doi.org/10.1111
/lam.12015 (2013).

Liu, C. et al. Clinical practice guidelines by the infectious diseases society of America for the treatment of methicillin-resistant
Staphylococcus aureus infections in adults and children: executive summary. Clin. Infect. Dis. 52(3), 285-292. https://doi.org/10.10
93/cid/cir034 (2011).

Hussain, M. B. et al. Evaluation of the antibacterial activity of selected Pakistani honeys against multi-drug resistant Salmonella
typhi. BMC Complement. Altern. Med. 15, 32. https://doi.org/10.1186/s12906-015-0549-z (2015).

Sherlock, O. et al. Comparison of the antimicrobial activity of Ulmo honey from Chile and Manuka honey against methicillin-
resistant Staphylococcus aureus, Escherichia coli, and Pseudomonas aeruginosa. BMC Complement. Alternative Med. 10, 47. https://
doi.org/10.1186/1472-6882-10-47 (2010).

Khwaza, V. & Aderibigbe, B. A. Antifungal activities of natural products and their hybrid molecules. Pharmaceutics 15(12), 2673.
https://doi.org/10.3390/pharmaceutics15122673 (2023).

Fratianni, E. et al. In vitro prospective healthy and nutritional benefits of different Citrus monofloral honeys. Sci. Rep. 13(1), 1088.
https://doi.org/10.1038/s41598-023-27802-1 (2023).

Sovljanski, O., Cvetanovi¢ Kljaki¢, A. & Tomi¢, A. Antibacterial and antifungal potential of plant secondary metabolites. in Plant
Specialized Metabolites (eds Mérillon, J.-M. & Ramawat, K. G.) 1-36 (Springer Nature Switzerland, 2023). https://doi.org/10.1007/
978-3-031-30037-0_6-1

Donlan, R. M. & Costerton, J. W. Biofilms: Survival mechanisms of clinically relevant microorganisms. Clin. Microbiol. Rev. 15(2),
167-193. https://doi.org/10.1128/CMR.15.2.167-193.2002 (2002).

Saud, B., Khatri, G., Amatya, N., Paudel, G. & Shrestha, V. Methicillin-resistant and biofilm-producing staphylococcus aureus in
nasal carriage among health care workers and medical students. Can. J. Infect. Dis. Med. Microbiol. 2023, 8424486. https://doi.org
/10.1155/2023/8424486 (2023).

Wahdan, H. A. Causes of the antimicrobial activity of honey. Infect 26(1), 26-31. https://doi.org/10.1007/BF02768748 (1998).
Wang, Z. et al. Light controllable chitosan micelles with ROS generation and essential oil release for the treatment of bacterial
biofilm. Carbohydr. Polym. 205, 533-539. https://doi.org/10.1016/j.carbpol.2018.10.095 (2019).

Hoiby, N., Bjarnsholt, T., Givskov, M., Molin, S. & Ciofu, O. Antibiotic resistance of bacterial biofilms. Int. J. Antimicrob. Agents
35(4), 322-332. https://doi.org/10.1016/j.ijantimicag.2009.12.011 (2010).

Asma, S. T. et al. An overview of biofilm formation-combating strategies and mechanisms of action of antibiofilm agents. Life
(Basel Switzerland). 12(8), 1110. https://doi.org/10.3390/life12081110 (2022).

Lu, J. et al. Honey can inhibit and eliminate biofilms produced by Pseudomonas aeruginosa. Sci. Rep. 9(1), 18160. https://doi.org/
10.1038/541598-019-54576-2 (2019).

Stewart, P. S. & Franklin, M. J. Physiological heterogeneity in biofilms. Nat. Rev. Microbiol. 6(3), 199-210. https://doi.org/10.1038/
nrmicrol1838 (2008).

Makarewicz, M., Kowalski, S., Lukasiewicz, M. & Malysa-Pasko, M. Antimicrobial and antioxidant properties of some commercial
honeys available on the Polish market. Czech J. Food Sci. 35(5), 401-406. https://doi.org/10.17221/350/2016-CJFS (2017).
Deryabin, D. G. & Tolmacheva, A. A. Antibacterial and anti-quorum sensing molecular composition derived from Quercus cortex
(oak bark) extract. Molecules 20(9), 17093-17108. https://doi.org/10.3390/molecules200917093 (2015).

Author contributions

A. (Marwa N. Ahmed) performed the statistical analysis, figures, planned the methodology, manuscript writing
and editing. C.D. (Omnia A. Elnasser and Sara A. Farghali) assisted in the preparation of cream formulations
and performed the antimicrobial experiments. E. (Ossama A. Ibrahim) conducted the prparations of all cream
formulations tested in this study and assisted in the manuscript writing review and editing. F. (Hala R. Ali)
performed the construction of 3D-biofilm model and assisted in the manuscript writing review and editing. G.
(Olfat S. Barakat) performed the conceptualization of this research work and manuscript writing and editing. All
authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

Scientific Reports |

(2025) 15:7477

| https://doi.org/10.1038/s41598-025-90072-6 nature portfolio


https://doi.org/10.4103/0019-5154.44785
https://doi.org/10.4103/0019-5154.44785
https://doi.org/10.3390/plants12030460
https://doi.org/10.3390/molecules28217444
https://doi.org/10.1016/j.fct.2008.07.001
https://doi.org/10.1016/j.jconrel.2024.09.028
https://doi.org/10.3390/microorganisms12010203
https://doi.org/10.22364/eeb.15.09
https://doi.org/10.1016/j.foodchem.2005.09.015
https://doi.org/10.1016/j.foodchem.2005.09.015
https://doi.org/10.1021/acs.jafc.1c00298
https://doi.org/10.1155/2016/5754349
https://doi.org/10.1016/j.msec.2019.05.020
https://doi.org/10.1021/acs.jafc.1c00298
https://doi.org/10.1021/acs.jafc.1c00298
https://doi.org/10.3389/fmicb.2012.00144
https://doi.org/10.1111/lam.12015
https://doi.org/10.1111/lam.12015
https://doi.org/10.1093/cid/cir034
https://doi.org/10.1093/cid/cir034
https://doi.org/10.1186/s12906-015-0549-z
https://doi.org/10.1186/1472-6882-10-47
https://doi.org/10.1186/1472-6882-10-47
https://doi.org/10.3390/pharmaceutics15122673
https://doi.org/10.1038/s41598-023-27802-1
https://doi.org/10.1007/978-3-031-30037-0_6-1
https://doi.org/10.1007/978-3-031-30037-0_6-1
https://doi.org/10.1128/CMR.15.2.167-193.2002
https://doi.org/10.1155/2023/8424486
https://doi.org/10.1155/2023/8424486
https://doi.org/10.1007/BF02768748
https://doi.org/10.1016/j.carbpol.2018.10.095
https://doi.org/10.1016/j.ijantimicag.2009.12.011
https://doi.org/10.3390/life12081110
https://doi.org/10.1038/s41598-019-54576-2
https://doi.org/10.1038/s41598-019-54576-2
https://doi.org/10.1038/nrmicro1838
https://doi.org/10.1038/nrmicro1838
https://doi.org/10.17221/350/2016-CJFS
https://doi.org/10.3390/molecules200917093
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Fundin
Open accgss funding provided by The Science, Technology & Innovation Funding Authority (STDF) in cooper-
ation with The Egyptian Knowledge Bank (EKB).

The authors did not receive support from any organization for the submitted work and have no relevant
financial or non-financial interests to declare.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-90072-6.

Correspondence and requests for materials should be addressed to M.N.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:7477 | https://doi.org/10.1038/541598-025-90072-6 nature portfolio


https://doi.org/10.1038/s41598-025-90072-6
https://doi.org/10.1038/s41598-025-90072-6
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Formulation and evaluation of therapeutic antimicrobial citrus and Manuka honey creams with aloe vera, mint essential oil, and Indian costus
	﻿Materials and methods
	﻿Emulsion preparation and cream formulation
	﻿﻿Bacterial strains﻿
	﻿﻿Agar well diffusion assay﻿
	﻿Development of 2D biofilm
	﻿Alginate beads synthesis
	﻿Construction of 3D biofilm model
	﻿Evaluating the constructed 3D biofilm model
	﻿GC-MS analysis of citrus honey
	﻿Statistical analysis

	﻿Results
	﻿Antimicrobial susceptibility analysis of cream formulations against pathogenic bacteria and fungi
	﻿The antibiofilm activity of cream formulations against pathogenic bacteria and fungi using 3D biofilm model



