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Abstract

Background /Objectives: Resistance and toxicity limit topical agents for infected burns. We
evaluated biogenic silver nanoparticles (bio-AgNPs) combined with Brazilian stingless bee
Scaptotrigona bipunctata honey (SB honey). Methods: Bio-AgNPs and honeys from three
stingless bee species and Apis mellifera were screened against 11 reference and multidrug-
resistant (MDR) strains, including MRSA, MDR Escherichia coli, and MDR Pseudomonas
aeruginosa. The most active, SB honey, was combined with bio-AgNPs and assessed by
checkerboard (FICI), time-kill, and scanning electron microscopy (SEM). Each agent’s cyto-
toxicity was determined in HaCaT keratinocytes. Results: Combinations were synergistic
(FICI 0.50) against the three Gram-negative strains tested and additive (FICI 0.75) against
the three Gram-positive ones, lowering both inhibitory concentrations up to fourfold. The
combination reduced viable counts below detection faster than either agent alone at its
MBC against MDR P. aeruginosa (30 vs. 60 min) and S. aureus (7 vs. 10-24 h), and matched
the fastest single agent against E. coli, at two- to fourfold lower concentrations of both. SEM
showed surface damage and incomplete septa. These reduced concentrations fell below
each agent’s CCs, increasing the calculated selectivity index. Conclusions: Bio-AgNPs
and SB honey act jointly against the reference and MDR strains tested, all associated with
burn infections, at concentrations below each agent’s cytotoxic threshold, supporting their
further development as a topical antimicrobial.

Keywords: burn wound infection; drug combination; green synthesis; Meliponini; MRSA;
nanotechnology; stingless bee honey; Trichilia catigua

1. Introduction

Antimicrobial resistance poses an alarming and escalating threat to global public
health, with projections estimating over 39 million deaths attributable to drug-resistant
bacterial infections by 2050 [1]. This crisis is especially pronounced in burn patients, in
whom the loss of the protective skin barrier and compromised immune responses create a
favorable environment for opportunistic infections [2].

Multidrug-resistant (MDR) pathogens, particularly Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus (MRSA), along with other Gram-negative or-
ganisms such as Acinetobacter baumannii, are prevalent in burn wound infections and
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are associated with increased morbidity and mortality, further complicating therapeutic
management [3,4].

Conventional treatments have often proven inadequate in the face of MDR infec-
tions [5], underscoring an urgent need for innovative antimicrobial strategies that can
circumvent bacterial resistance mechanisms while remaining safe and effective for clinical
application. Among emerging alternatives, silver nanoparticles (AgNPs) and bioactive
natural products such as honey have attracted considerable attention due to their broad-
spectrum antimicrobial activity. Importantly, honey has been reported to rarely select for
stable resistance under repeated exposure [6,7], and certain native honeys, including those
from Brazilian stingless bees, may possess unique bioactive profiles relevant to wound
care [8,9].

Although AgNPs can exhibit toxicity at high concentrations, their antimicrobial ef-
ficacy can be enhanced when combined with other agents [10], allowing effective use at
lower, less toxic doses. In this context, pairing AgNPs with honey, which is well tolerated
by host tissue and exhibits minimal systemic toxicity [11], may reduce the concentration of
each agent required for antibacterial activity, and, with it, the associated cytotoxicity.

The nanoparticles used here also differ in how they are produced. Beyond conven-
tional chemical routes, AgNPs can be obtained by green (biogenic) synthesis, in which
plant extracts serve simultaneously as reducing and capping agents, converting Ag* to
metallic silver under mild conditions while stabilizing the resulting particles [12]. Unlike
chemically synthesized particles stabilized by simple agents such as citrate or borohydride,
biogenically produced AgNPs retain a surface layer of phytochemicals from the source
extract [13]. This capping layer is not merely a stabilizer: the adsorbed biomolecules have
been associated with the colloidal stability and biological activity of the particles and can
influence how they interact with biological membranes [14]. In the present work, the
bio-AgNPs were synthesized from a Trichilia catigua (catuaba) bark extract, so their surface
carries phytochemicals derived from this plant rather than a synthetic stabilizer.

Beyond their antimicrobial properties, both honey and AgNPs have been reported
to support wound healing, which adds to their interest for burn management. Honey’s
composition, rich in sugars, enzymes, antioxidants, and other bioactive compounds, has
been associated with tissue regeneration, reduced inflammation, and angiogenesis [15,16],
while AgNPs have been reported to modulate inflammatory responses and support fibrob-
last proliferation and migration, alongside recognized challenges regarding cytotoxicity
and stability [17]. These complementary profiles further motivate testing the two agents
in combination.

Honeybee honey has also been used in place of plant extracts for the green synthesis
of AgNPs [18,19], an approach more recently extended to stingless bee honey [20,21] and
pollen [22], and to microorganisms associated with stingless bee colonies [23]. In these
studies, however, the bee product is consumed in synthesis and becomes part of the
nanoparticle itself, rather than being used as a separate agent alongside it. Honey-silver
nanoparticle combinations in which the two agents were tested separately have yielded
mixed antibacterial outcomes, from synergy to indifference [24-26]; in all of them, the
nanoparticles were chemically synthesized and the honey came from Apis mellifera or was of
undeclared origin. Stingless bee honeys therefore remain largely unexplored as combination
partners for AgNPs. This leaves a specific gap: whether two biologically derived agents, a
phytochemical-capped biogenic nanoparticle and a Meliponini honey, behave differently
in combination from their conventional counterparts. Both differ substantially from the
nanoparticles and honeys used in those studies, and either difference could reshape the
nature and magnitude of the interaction.
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Accordingly, this work first screened the individual antibacterial activities of biogenic
silver nanoparticles and four honeys (Scaptotrigona bipunctata, Tetragona clavipes, Tetrag-
onisca angustula, and Apis mellifera) against a panel of reference and multidrug-resistant
pathogens. Honey from Scaptotrigona bipunctata, the most active of the four, was then
selected for detailed study in combination with the nanoparticles. Specifically, we evalu-
ated the antibacterial interaction (checkerboard/FICI), killing kinetics (time-kill curves),
effects on cell surface morphology (scanning electron microscopy) and cytotoxicity toward
human keratinocytes (MTT assay), from which the selectivity index was derived, to estab-
lish, in vitro, whether this biologically derived combination is effective against resistant
pathogens relevant to burn wounds.

2. Results
2.1. Honey pH and Baseline Antibacterial Screening of the Isolated Agents

All four honeys were characteristically acidic, with pH values across species corre-
sponding to: A. mellifera (3.50 = 0.10), S. bipunctata (3.45 & 0.09), T. angustula (3.88 = 0.12),
and T. clavipes (4.10 £ 0.09).

The isolated antibacterial activities of the four honeys and the green-synthesized silver
nanoparticles (bio-AgNPs) were initially screened across the complete bacterial panel. As
detailed in Table 1, marked differences in susceptibility were observed between pathogen
types and treatment agents.

Table 1. Minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of honeys from Apis mellifera, Scaptotrigona bipunctata, Tetragona clavipes, and Tetragonisca angustula,
and of biogenic silver nanoparticles (bio-AgNP), against reference and multidrug-resistant bacterial
strains. In each cell, the first value refers to the MIC and the second to the MBC.

Bacterial Strain A. mellifera  S. bipunctata T. clavipes T. angustula Bio-AgNP
% (vlv) % (vlv) % (vlv) % (v/v) uM
Gram-positive
S. aureus ATCC 25923 20/20 1.25/2.5 5/10 5/10 62.5/125
S. aureus BMB9393 (MRSA) >20/>20 1.25/2.5 5/10 5/10 62.5/125
S. pyogenes ATCC 19615 20/>20 1.25/5 10/10 10/10 62.5/250
S. epidermidis ATCC 12228 20/>20 1.25/1.25 10/20 10/20 31.25/125
C. acnes ATCC 6919 20/>20 25/2.5 10/10 5/10 250.0/500
Gram-negative
E. coli ATCC 25922 20/20 5/10 10/10 10/10 62.5/125
E. coli 5616 (MDR) >20/>20 5/10 10/20 10/20 125.0/250
P. aeruginosa ATCC 27853 20/20 5/10 10/10 5/10 15.62/31.25
P. aeruginosa 2491 (MDR) 20/>20 5/10 10/20 10/20 62.5/125
A. baumannii ATCC 19606 20/>20 25/25 5/10 10/20 31.25/62.5
K. pneumoniae ATCC 10031 >20/>20 5/10 10/10 20/20 31.25/62.5

ATCC—American Type Culture Collection; MRSA—methicillin-resistant Staphylococcus aureus;
MDR—multidrug-resistant. Clinical isolates (BMB9393, 2491, 5616) are described in Section 4.1.

Traditional Apis mellifera honey exhibited limited overall efficacy, showing Minimum
Inhibitory Concentrations (MICs) of 20% (v/v) against most reference strains, with no
inhibition of MRSA BMB9393, MDR E. coli 5616 or K. pneumoniae ATCC 10031 at the highest
concentration tested.

Conversely, native stingless bee honeys (Meliponini) demonstrated superior baseline
potency. Among them, honey derived from Scaptotrigona bipunctata (SB honey) emerged as
the most effective honey, displaying potent activity particularly against Gram-positive tar-
gets, with MIC values ranging from 1.25% to 2.5% (v/v). Tetragona clavipes and Tetragonisca
angustula honeys followed, generally requiring higher inhibitory concentrations (5% to 20%
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v/v). With the lowest MIC and MBC values across the whole panel, SB honey was selected
for the subsequent combination assays.

The bio-AgNPs displayed their lowest MIC values against Gram-negative strains, most
notably Pseudomonas aeruginosa ATCC 27853 (MIC 15.62 uM), followed by Acinetobacter
baumannii ATCC 19606 and Klebsiella pneumoniae ATCC 10031 (MIC 31.25 uM each). Against
Gram-positive reference strains, MIC values were generally higher, ranging from 31.25 pM
(Staphylococcus epidermidis ATCC 12228) to 250 pM (Cutibacterium acnes ATCC 6919).

2.2. Synergistic and Additive Interaction Profiles

The combination of SB honey and bio-AgNPs was evaluated by checkerboard assay
against six pathogens selected from the screening panel. Synergism (FICI < 0.50) was
observed against all three Gram-negative targets—E. coli ATCC 25922, P. aeruginosa ATCC
27853, and MDR P. aeruginosa 2491—with no indifferent or antagonistic interactions in any
combination (Table 2). FICI values for each independent replicate, calculated relative to
the MIC of each agent alone determined on the same plate, are given in Table S1. Under
synergistic conditions, the MIC of SB honey was reduced fourfold (from 5.00% to 1.25%
v/v), and the MIC of bio-AgNPs also decreased fourfold for all three strains.

Table 2. Checkerboard assay results for the combination of Scaptotrigona bipunctata (SB) honey and
biogenic silver nanoparticles (bio-AgNP) against reference and multidrug-resistant bacterial strains,
showing the minimum inhibitory concentrations (MIC) of each agent alone and in combination,
the Fractional Inhibitory Concentration Index (FICI), and the resulting antibacterial interaction

classification.
SB Honey Bio-AgNP
Bacteria % (vlv) (uM) FICI Interaction
MIC (i) MIC (c) MIC (i) MIC (c)
S. aureus ATCC 25923 1.25 0.62 62.50 15.62 0.75 Additive
MRSA BMB9393 1.25 0.62 62.50 15.62 0.75 Additive
S. epidermidis ATCC 12228 1.25 0.31 31.25 15.62 0.75 Additive
E. coli ATCC 25922 5.00 1.25 62.50 15.62 0.50 Synergistic
P. aeruginosa ATCC 27853 5.00 1.25 15.62 391 0.50 Synergistic
P. aeruginosa 2491 5.00 1.25 62.50 15.62 0.50 Synergistic

SB honey—honey produced by Scaptotrigona bipunctata; ATCC—American Type Culture Collection;
MRSA—methicillin-resistant Staphylococcus aureus; (i)—isolated; (c)—in combination.

Against Gram-positive pathogens (S. aureus ATCC 25923, MRSA BMB9393, and S.
epidermidis ATCC 12228), the combination produced consistent additive effects (FICI = 0.75).
This interaction reduced the required concentrations of both agents two- to fourfold, from
1.25% to 0.31-0.62% v /v for SB honey and from 31.25-62.50 uM to 15.62 uM for bio-AgNP.

2.3. Time-Kill Antibacterial Kinetics

To evaluate the time course of the antibacterial effect, population survival curves were
constructed over a 24-h exposure window. Against E. coli ATCC 25922 (Figure 1), the
individual treatments reduced viable counts below the limit of detection (LOD; 2 log1g
CFU/mL) within 4 h under bio-AgNP (125 uM) and within 7 h under SB honey (10% v/v).
Their combination (31.25 uM bio-AgNP + 2.5% SB honey) reached the same endpoint at
4 h, despite using fourfold lower concentrations of both agents.

Against S. aureus ATCC 25923, viable counts fell below the LOD earlier under the
combination than under either agent alone at its MBC (Figure 2). Isolated bio-AgNP
(125 uM) and SB honey (2.5% v/v) required between 10 and 24 h for viable counts to drop
below the LOD. Their combination (31.25 uM bio-AgNP + 1.25% SB honey) reduced viable
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counts below the LOD by 7 h, with no recoverable colonies thereafter, using half the honey
and one-quarter of the bio-AgNP concentration of the isolated treatments.

Escherichia coli ATCC 25922

CFU mL"™’

LOD
101 1 1 1 1 1 1 1 1 L] 1 L] 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h)
M Untreated control SB honey (10% v/v)
@ bio-AgNP (125 pyM) -k Combination (31.25 uM + 2.5% viv)

Figure 1. Time-kill kinetics of Escherichia coli ATCC 25922 exposed to isolated bio-AgNP (125 uM),
isolated SB honey (10% v/v), and their combination (31.25 uM bio-AgNP + 2.5% SB honey) over 24 h.
Data points represent mean =+ SD of viable colony counts (CFU/mL, log scale) from three independent
experiments. The dashed horizontal line indicates the limit of detection (LOD; 10> CFU/mL). Error
bars, where not visible, are smaller than the symbol size.

Staphylococcus aureus ATCC 25923

1 010_
10°
108
107-
106-

105

CFU mL™"

104-
103-

102 tOD

101 T T T T T T T T T T T 1
Time (h)
4 Untreated control SB honey (2.5% viv)
@ bio-AgNP (125 uM) -k Combination (31.25 uM + 1.25% v/iv)

Figure 2. Time-kill kinetics of Staphylococcus aureus ATCC 25923 exposed to isolated bio-AgNP
(125 uM), isolated SB honey (2.5% v/v), and their combination (31.25 uM bio-AgNP + 1.25% SB honey)
over 24 h. Data points represent mean + SD of viable colony counts (CFU/mL, log scale) from
three independent experiments. The dashed horizontal line indicates the limit of detection (LOD;
102 CFU/mL). Error bars, where not visible, are smaller than the symbol size.
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Because the starting inoculum of S. aureus was approximately 10° CFU/mL (Figure 2),
reductions to below the LOD corresponded to approximately 3 logyo, and the > 3 log1g
bactericidal criterion could not be formally assessed for this strain. The comparison between
treatments is therefore based on the time required to reach the LOD from a common starting
inoculum.

The most pronounced effect was observed against the clinical MDR P. aeruginosa 2491
isolate. In the 24-h design, all three treatments brought it below the LOD by the first
sampling point (2 h; Figure 3a); the isolate was therefore re-tested over a shorter interval
(Figure 3b), in which both individual agents required 60 min to drive viable counts below
the LOD, whereas the combination (31.25 uM bio-AgNP + 2.5% SB honey) did so within
30 min. By 15 min, the combination had already reduced viable counts by 2.9 logj( (from
5.53 to 2.62 log1p CFU/mL), whereas the isolated bio-AgNP and SB honey had produced
reductions of only 0.13 and 0.34 log1, respectively. All P. aeruginosa treatments satisfied the
bactericidal criterion (>3 logj reduction from the 0-h inoculum).

In the 24-h assays, untreated controls grew exponentially, exceeding 10° CFU/mL by
24 h (Figures 1, 2 and 3a). In the short-interval assay (Figure 3b), the untreated control
remained viable but increased only slightly over 120 min (from approximately 2.5 x 10° to
7.7 x 10° CFU/mL), consistent with the lag phase that precedes exponential growth.

2.4. Surface Morphological Alterations via Scanning Electron Microscopy

For scanning electron microscopy, S. aureus ATCC 25923 was imaged at a higher cell
density than that used in the susceptibility and time-kill assays and exposed for a fixed
3 h to fixed concentrations of each agent, conditions chosen to reveal morphological and
field-scale changes rather than to reproduce inhibitory endpoints (Section 4.6). At low
magnification (3000x; Figure 4), the distribution and coverage of cells across the field
were examined, and at high magnification (50,000 x; Figure 5), the surface morphology of
individual cells.

At low magnification (3000 x; Figure 4), untreated control cells (Figure 4a) formed
a dense, near-confluent layer covering most of the substrate. Cells exposed to SB honey
(Figure 4b) or bio-AgNP alone (Figure 4c) retained comparably high substrate coverage but
were organized into discrete aggregates separated by wider channels of exposed substrate.
The combination (Figure 4d) was the only condition showing a clear reduction in coverage,
with sparsely distributed cells and extensive bare areas. This effect occurred even though
each agent was present at a lower concentration than in its isolated treatment (half the
honey and one-quarter the bio-AgNP).

At higher magnification (50,000 ; Figure 5), control cells (Figure 5a) displayed a
smooth, intact surface and turgid spherical morphology. At this scale, ultrastructural
changes at the cell surface became apparent: cells treated with the individual agents
(Figure 5b,c) largely retained their spherical shape but showed more numerous localized
surface protrusions than the control, along with occasional amorphous cells that had lost
the typical spherical outline (arrows). In the combination group (Figure 5d), these features
were accompanied by a higher frequency of cells displaying incomplete division septa
(arrowheads), consistent with the reduced coverage seen at low magnification.
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(a) Pseudomonas aeruginosa 2491
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(b) Pseudomonas aeruginosa 2491
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Figure 3. Time-kill kinetics of the clinical multidrug-resistant isolate Pseudomonas aeruginosa 2491
exposed to isolated bio-AgNP (125 uM), isolated SB honey (10% v/v), and their combination (31.25 pM
bio-AgNP + 2.5% v/v SB honey). (a) 24-h experiment (n = 1), with sampling at 0, 2, 4,7, 10 and 24 h.
(b) Independent short-interval experiment, with sampling at 0, 15, 30, 60 and 120 min; data points
represent the mean + SD of viable counts (CFU/mL, log scale) from three independent experiments,
each with an independently prepared inoculum. The dashed horizontal line indicates the limit of
detection of the plating method (LOD; 102 CFU/mL). Error bars, where not visible, are smaller than

the symbol size.
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Figure 4. Low-magnification (3000 x) scanning electron micrographs of S. aureus ATCC 25923 after 3 h
of treatment. (a) Untreated control. (b) 1.25% (v/v) SB honey. (c) 125 uM bio-AgNP. (d) Combination
of SB honey (0.62% v/v) and bio-AgNP (31.25 uM). Scale bars = 20 um.

2.5. In Vitro Cytotoxicity and Selectivity

Cytotoxicity was determined for each agent alone in HaCaT keratinocytes. As pre-
sented in Table 3, the 50% cytotoxic concentration (CCsg) was 64.00 uM (95% confidence
interval [CI]: 61.38-66.61) for bio-AgNPs and 7.79% v/v (95% CI: 6.94-8.63) for SB honey.

When evaluated against the MIC of each pathogen, the isolated agents generally
yielded low selectivity indices (SI), with SI(i) values as low as 1.02 for bio-AgNPs and 1.56
for SB honey against several strains, indicating cytotoxic and inhibitory concentrations in a
similar range. Because the combination lowered the required inhibitory concentration up
to fourfold, the combination-based SI increased across all tested strains. For bio-AgNDPs,
the SI rose to 4.10 for most strains and reached 16.41 against P. aeruginosa ATCC 27853. For
SB honey, the SI increased up to 24.92 against S. epidermidis ATCC 12228, indicating that,
on a calculated basis, the concentrations required in combination fall below the cytotoxic
threshold of each isolated agent.
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Figure 5. High-magnification (50,000 ) scanning electron micrographs of S. aureus ATCC 25923
after 3 h of treatment. (a) Untreated control. (b) 1.25% (v/v) SB honey. (c) 125 uM bio-AgNP.
(d) Combination of SB honey (0.62% v/v) and bio-AgNP (31.25 uM). White arrows indicate amorphous
cells with loss of the typical spherical morphology; arrowheads indicate cells with incomplete division

septa. Scale bars =2 pm.

Table 3. Cytotoxic concentration for 50% of HaCaT keratinocytes (CCsp) and selectivity index (SI) of
SB honey and bio-AgNP against reference and MDR strains, calculated from the MIC of each agent
alone and in combination.

Bio-AgNP SB Honey
. . CC50 =64.00 uM CC50 =7.79%

Bacterial Strain (95% CI: 61.38-66.61) (95% CI: 6.94-8.63)
SI (i) SI (0 SI (i) SI (o)
E. coli ATCC 25922 1.02 4.10 1.56 6.23
S. aureus ATCC 25923 1.02 4.10 6.23 12.56
MRSA BMB9393 1.02 4.10 6.23 12.56
S. epidermidis ATCC 12228 2.04 4.10 6.23 24.92
P. aeruginosa ATCC 27853 4.10 16.41 1.56 6.23
P. aeruginosa 2491 1.02 4.10 1.56 6.23

CCsp—cytotoxic concentration for 50% of the cells; Sl—selectivity index (CCsy/MIC);
ATCC—American Type Culture Collection; MRSA—methicillin-resistant Staphylococcus aureus; (i)—SI
calculated relative to the MIC of the isolated compound; (c)—SI calculated relative to the MIC of the
compound in combination. CCsj values are expressed with their 95% confidence interval (CI).
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3. Discussion

Both conventional Apis mellifera and native stingless bee honeys (Meliponini) possess
complex, multi-targeted antimicrobial compositions. However, the ultimate efficacy of a
honey matrix is driven not only by its botanical source, but also by the specific entomologi-
cal contributions of the bee species itself, since enzymatic secretions, endogenous peptides,
and processing methods vary between species [27-29]. In this study, Scaptotrigona bipunc-
tata (SB) honey demonstrated potent baseline activity, particularly against Gram-positive
bacteria (MIC 1.25-2.5% v/v), inhibiting critical pathogens such as MRSA BMB9393 at con-
centrations where A. mellifera honey did not reach complete inhibition. Its advantage was
not confined to Gram-positive targets: even against the Gram-negative MDR E. coli 5616,
SB honey achieved complete inhibition (MIC 5.0% v/v), whereas A. mellifera honey did not
inhibit it at the highest concentration tested (MIC >20% v/v). This differential susceptibility
suggests that the specific biochemistry of native Meliponini honey may confer antibacterial
advantages against these resistant isolates. The peroxide-dependent and non-peroxide
factors that could account for this difference are considered in turn below.

A commonly proposed mechanism for honey’s antibacterial activity relies on a balance
between peroxide and non-peroxide components. Enzymatic generation of hydrogen
peroxide (HyO,) is described as inducing oxidative stress, DNA degradation, and growth
arrest [30,31]. As reported by Nishio et al. [32], the addition of catalase can drastically
reduce honey’s baseline activity against S. aureus and E. coli, in line with a contribution
from hydrogen peroxide to the activity of those honeys.

Non-peroxide factors likely provide additional support and may help explain the
differential efficacy observed between honey sources. Both SB and A. mellifera honeys
exhibited similarly low pH values (SB 3.45 £ 0.09; A. mellifera 3.50 £ 0.10), which broadly
contributes to disrupting the bacterial proton-motive force [33]; this alone, however, does
not account for the superior potency of the SB honey.

Phenolic acids and flavonoids repeatedly reported in stingless bee honey, such as
quercetin, p-coumaric, ferulic, and syringic acids, act largely at the cell envelope and on
cytoplasmic targets such as DNA gyrase [34-38], the former consistent with the surface
alterations later observed by electron microscopy. Although the present sample was
not phytochemically characterized, these compounds are documented constituents of SB
honey [9,39—41] and are proposed as plausible contributors to the antibacterial activity
observed here.

Taken together, these proposed mechanisms are consistent with the profile observed
in our own data: SB honey inhibited most Gram-positive strains at 1.25% (v/v), including S.
aureus, MRSA BMB9393, and S. epidermidis, whereas most Gram-negative strains required
5.0%. Two strains departed from this grouping—C. acnes among the Gram-positives
and A. baumannii among the Gram-negatives, both inhibited at 2.5%—indicating that
the Gram stain predicts susceptibility only as a general tendency and that strain-level
factors also contribute. Because these low-molecular-weight phenolics act at envelope
and cytoplasmic targets, their reach depends on cell wall architecture: in Gram-positive
bacteria the targets are shielded only by a porous, if thick, peptidoglycan layer, whereas in
Gram-negative species the additional lipopolysaccharide-rich outer membrane imposes a
selective permeability barrier that likely restricts their access [42,43]. This offers a plausible
explanation for the generally lower MICs observed against Gram-positive targets, although
the comparatively low MIC against A. baumannii ATCC 19606 (2.5% v/v) indicates that this
barrier effect is not absolute and that susceptibility also varies at the strain level.

In contrast to the honey’s profile, the bio-AgNPs were most active against Gram-
negative strains: the lowest MIC was recorded against P. aeruginosa ATCC 27853 (15.62 uM),
versus 62.5 uM for most Gram-positive strains, while C. acnes stood apart at 250 uM. This
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high MIC is expected under the anaerobic conditions used to culture this species, since
the antibacterial activity of AgNPs depends on the oxidative dissolution of silver to Ag™,
which is strongly attenuated in the absence of oxygen [44,45].

Nanoparticle activity at this scale is governed more by size and surface chemistry than
by penetration of intact particles across the cell wall. The bio-AgNPs used here had a mean
hydrodynamic diameter of 82.73 nm, far larger than the porin channels that gate solute
passage across the Gram-negative outer membrane, which admit molecules only up to
~600 Da through pores on the order of 1 nm [46]; in P. aeruginosa and A. baumannii these
channels are more restrictive still, excluding solutes above ~200 Da [46]. Entry of intact
particles through this route is therefore implausible, and for particles well above 10 nm the
predominant antibacterial contribution is understood to arise from the sustained release
of Ag* through oxidative dissolution at the particle surface, rather than from the particle
itself [47]. Released Ag* crosses the envelope and acts through electrostatic interaction
with membrane proteins, generation of reactive oxygen species, binding to protein thiol
groups, and interaction with nucleic acids [47]. The greater susceptibility of Gram-negative
strains is in agreement with reports of stronger silver-mediated inhibition in Gram-negative
than in Gram-positive bacteria [43], though the overlap in MIC ranges indicates a tendency
rather than a rule.

Surface chemistry governs the first step of this process. The bio-AgNPs carried a zeta
potential of —23.27 mV, a moderate negative charge expected to produce electrostatic repul-
sion against the equally electronegative bacterial surface. The fact that activity is retained
despite this repulsion points to a compensatory role for the capping layer derived from the
Trichilia catigua bark extract. As reported by Ferreyra Maillard et al. [48], hydrophobic and
aromatic moieties in biogenic capping layers interact favorably with membrane lipid head
groups, promoting attachment and membrane destabilization.

When SB honey and bio-AgNPs are combined, more than one mechanism could
contribute to the interaction observed in the checkerboard assay. One is a localized Fenton-
like reaction, in which hydrogen peroxide from the honey matrix reacts with silver ions shed
by the bio-AgNPs to form hydroxyl radicals, which would amplify oxidative stress beyond
either agent alone [49]. This pathway is chemically plausible but was not tested here.

A further mechanism that may contribute is a reciprocal permeabilization of the bacte-
rial envelope, consistent with the concentration reductions observed here. p-Coumaric acid,
one of the main phenolic compounds reported in SB honey [9,39], compromises bacterial
membrane integrity and barrier function, causing leakage of cytoplasmic contents [35], an
effect shared to varying degrees by other honey-associated phenolic acids such as ferulic,
protocatechuic, and syringic acid [50]. At the concentrations reached in monotherapy, this
permeabilization is likely only partial, weakening without abolishing the outer-membrane
barrier, which would predict the honey’s higher MICs. In combination, the two agents
may relieve each other’s principal barrier: the partial phenolic-mediated permeabiliza-
tion lowers the threshold for Ag* entry, while the membrane permeabilization driven by
the nanoparticles, which is known to enhance the intracellular access of co-administered
antibacterial agents [51], in turn facilitates the access of honey-derived phenolics to their
targets. This reciprocal relief offers a rationale for the reduced concentrations of both agents
required in combination and parallels the synergistic FICI values obtained against the
Gram-negative strains (Table 2), in which the outer membrane is the principal barrier.

The classification of the Gram-positive results depends on the interpretive scheme
adopted: under the more conservative criteria proposed by Odds [52], in which
0.5 < FICI < 4 indicates no interaction, these combinations would be classified as in-
different, whereas the synergistic classification of the Gram-negative results (FICI < 0.5)
is unaffected.
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These mechanisms may also help explain why earlier honey-silver combinations have
yielded variable results. Taherpour et al. [26] recorded no synergy, only additivity against E.
coli and indifference against the remaining strains, whereas Senanayake et al. [25] reported
synergy against Gram-negative species (FICI 0.44-0.48) as observed here. In both studies,
the nanoparticles were chemically synthesized (citrate or borohydride reduced) rather than
biogenic, and the honey was of honeybee or undeclared origin. If the interaction depends
jointly on the capping-mediated membrane association of the nanoparticles and on the
peroxide activity and phenolic profile of the honey, its occurrence and magnitude are likely
to vary with the specific partners combined.

The combination also acted rapidly. Containing each agent at half its isolated MIC
(Table 1), it reduced viable counts of MDR P. aeruginosa 2491 below the LOD within 30 min,
a >3 logjg reduction from the starting inoculum (Figure 3b), and those of E. coli ATCC 25922
within 4 h (Figure 1). Against S. aureus, counts fell below the LOD within 7 h (Figure 2).
This speed of action is relevant to burn wound management, where the immediate loss
of the skin barrier and accompanying immune suppression open a narrow window for
opportunistic colonization: virulent S. aureus releases collagenases and hyaluronidases that
promote local tissue invasion [53], and MRSA has become a predominant pathogen in burn
units [54].

Because attachment and extracellular polymeric substance production begin within
hours of surface contact [55], a treatment that shortens the interval in which viable cells
persist may correspondingly narrow the window available for surface colonization. This
margin would be species-dependent (Figures 2 and 3b). Beyond speed of action, combin-
ing biogenic AgNPs with agents acting through distinct pathways has been reported to
restrict the emergence of resistance that the nanoparticle alone selects for over repeated
exposure [56].

Scanning electron microscopy of S. aureus provided a qualitative morphological coun-
terpart to these kinetic findings: despite lower concentrations of both agents than in the
isolated treatments, the combination was the only condition showing a clear reduction in
cell coverage. Localized surface protrusions were visible across all treated groups: isolated
SB honey, isolated bio-AgNP, and their combination alike. This is consistent with the classic
cellular stress response in which structural integrity is compromised and cytoplasmic mate-
rial begins to leak [57]. What set the combined treatment apart was not the presence of these
protrusions, which occurred under every condition, but the reduced cell density noted
above, accompanied by a higher frequency of cells displaying incomplete division septa.
Notably, honey has been reported to interfere with bacterial cell separation: Henriques
et al. [58] observed that exposed cells can form the division septum but fail to complete
separation, possibly through inhibition of enzymes required for cell cleavage. Whether a
similar process underlies the incomplete septa observed here, and whether they reflect a
genuine effect on cell division, remains to be established.

Beyond mechanism and kinetics, a central translational question for any combination
therapy is whether increased efficacy comes at the cost of increased host toxicity. This
concern is well illustrated by silver sulfadiazine, still one of the most widely used topical
antimicrobials in burn care, whose free silver ions can damage human dermal fibroblasts
and epidermal keratinocytes and potentially delay re-epithelialization [59]. It thus offers a
familiar point of reference for the trade-off examined here. Our cytotoxicity assays showed
that, used alone, both bio-AgNPs and SB honey required concentrations close to their
respective CCsq values to achieve inhibitory activity, yielding selectivity indices near 1 for
several strains, an unfavorable margin for topical use.

Because the concentration required for inhibitory activity dropped substantially in
combination, the selectivity indices expanded accordingly. For the bio-AgNPs, the index
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rose from approximately 1 in monotherapy to 4.10 across most strains, including the
multidrug-resistant MRSA BMB9393 and P. aeruginosa 2491, and reached 16.41 against the
susceptible reference strain P. aeruginosa ATCC 27853. For SB honey, it rose from a range of
1.56-6.23 to 6.23-24.92. The improvement was observed in both MDR isolates tested (MRSA
BMB9393 and P. aeruginosa 2491) as well as in the reference strains, rather than confined
to any single strain. Within the concentration ranges tested in this in vitro keratinocyte
model, the calculated margin between antibacterial and cytotoxic concentrations was wider
for the combination than for either agent alone. Whether this translates into a genuine
safety advantage over silver sulfadiazine or other current topical antimicrobials would
require direct comparative testing under matched conditions, including in vivo wound-
healing models.

Three boundaries frame the interpretation of these results. First, the mechanisms pro-
posed above were inferred from the established chemistry of both agents rather than tested
directly; targeted assays separating the phenolic, peroxide, and capping contributions,
ideally paired with phytochemical characterization of the honey across batches, are needed
to confirm them. Second, the time-kill assays were designed to describe killing kinetics at
equivalent multiples of the MIC and did not include each agent alone at its concentration in
the combination; they therefore do not quantify the interaction between the agents, which
was assessed here by the checkerboard assay. Third, cytotoxicity was determined for each
agent separately, so the selectivity indices for the combination are calculated under an
assumption of non-interactive cytotoxicity; measuring the combination directly would
refine these estimates. Beyond these, the study is entirely in vitro, and validation in ex vivo
or in vivo wound models remains the necessary step before the combination’s therapeutic
margin can be claimed as a clinical advantage.

4. Materials and Methods
4.1. Bacterial Strains and Culture Conditions

The individual and combined antibacterial activities were evaluated using reference
strains and MDR isolates relevant to skin and wound infections. The reference panel
comprised four Gram-positive strains, Staphylococcus aureus ATCC 25923, Staphylococcus
epidermidis ATCC 12228, Streptococcus pyogenes ATCC 19615 and Cutibacterium acnes ATCC
6919, and four Gram-negative strains, Escherichia coli ATCC 25922, Pseudomonas aeruginosa
ATCC 27853, Acinetobacter baumannii ATCC 19606 and Klebsiella pneumoniae ATCC 10031.
All reference strains were held by the Laboratory of Basic and Applied Bacteriology (LBBA),
Department of Microbiology, State University of Londrina (UEL), Londrina, PR, Brazil.
Unless otherwise stated, strains were cultured and assayed aerobically at 37 °C; C. acnes
ATCC 6919 was cultured and assayed under anaerobic conditions using a GasPak system
at 37 °C.

Three clinical MDR isolates were also included: methicillin-resistant S. aureus (MRSA)
BMB9393, belonging to the Brazilian Epidemic Clone lineage; P. aeruginosa 2491, a hospital-
acquired urinary tract isolate obtained from the University Hospital (Hospital das Clinicas,
Londrina, PR, Brazil); and E. coli 5616, a urinary-tract isolate provided by the Adolfo Lutz
Institute (Sao Paulo, SP, Brazil). All three clinical isolates met the criteria for multidrug
resistance [60]: the two Gram-negative isolates were non-susceptible to agents in at least
three antimicrobial categories, and MRSA is considered MDR by definition, as oxacillin
resistance predicts non-susceptibility to all 3-lactam categories. Their full resistance profiles
are given in Table 4.
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Table 4. Antimicrobial resistance profiles and provenance of the clinical multidrug-resistant isolates
used in this study.

Isolate Origin/ Resistance Profile (Agent; Antimicrobial Classification
Donor Source Category)
Brazilian Epidemic Clone L s -
MRSA BMB9393 lineage; LBBA collection,  Viethicillin/oxacillin (B-lactams), defining MRSA

UEL the MRSA phenotype.

P. aeruginosa 2491

Urinary tract infection;
Hospital das Clinicas,
Londrina, PR (Prof. F. E.
Carrara Marroni)

Amikacin, gentamicin (aminoglycosides);
ciprofloxacin, levofloxacin
(fluoroquinolones); cefepime, ceftazidime
(antipseudomonal cephalosporins); MDR (>5 categories)
imipenem, meropenem (carbapenems);
piperacillin—tazobactam
(B-lactam/ 3-lactamase-inhibitor)

E. coli 5616

Ampicillin (penicillins);
amoxicillin—clavulanate,
ampicillin-sulbactam,
piperacillin—tazobactam

Urinary tract infection; (B-lactam/ B-lactamase-inhibitor
Adolfo Lutz Institute, combinations); cefazolin, cefuroxime, MDR (>7 categories)
Sao Paulo, SP cefpodoxime, ceftriaxone (cephalosporins,

1st-3rd gen.); aztreonam (monobactams);
imipenem, meropenem (carbapenems);
sulfonamides (folate-pathway inhibitors);
fosfomycin (phosphonic acids)

MRSA—methicillin-resistant Staphylococcus aureus; MDR—multidrug-resistant (non-susceptible to
>1 agent in >3 antimicrobial categories, per Magiorakos et al. [60]).

All strains were preserved in Brain Heart Infusion broth supplemented with 20%
(v/v) glycerol and stored at —20 °C. For the P. aeruginosa isolates, working stocks were
additionally maintained as stab cultures at room temperature, with cryopreserved backups
held at —80 °C.

4.2. Acquisition of Honeys and Biogenic Silver Nanoparticles

Honeys from three native stingless bee species (Tetragonisca angustula, Scaptotrigona
bipunctata, and Tetragona clavipes) came from a private meliponary in Londrina, PR, Brazil
(23°18/50" S, 51°17'19"” W), and Apis mellifera honey from an apiary in Sertaneja, PR, Brazil
(23°02/17" S, 50°47'39" W); all were harvested in February 2020. Samples were diluted to
50% (v/v) in sterile distilled water, sterilized by filtration through a 0.22 um membrane and
stored until use at 4 °C (stingless bee honeys) or at room temperature (A. mellifera honey).
The pH of each undiluted honey was measured in triplicate at room temperature with a
calibrated pH meter (Starter ST2200-F; OHAUS Corporation, Parsippany, NJ, USA).

Biogenic silver nanoparticles (bio-AgNPs) were provided by GRAL Bioativos Ltda.
(Londrina, Brazil), where they were synthesized biologically from an aqueous bark extract
of Trichilia catigua, following the patented protocol (BR 10 2021 016375 5) [61]. Physicochem-
ical characterization was performed for the manufacturer by the Technological Research
Institute (IPT, Sao Paulo, Brazil) using dynamic light scattering and electrophoretic light
scattering (Zetasizer Nano, Malvern Instruments, Malvern, UK). The bio-AgNPs had a
mean hydrodynamic diameter of 82.73 nm, a polydispersity index of 0.17, and a zeta
potential of —23.27 mV.

The same batch of bio-AgNPs used in this study was further characterized in previous
studies: transmission electron microscopy, performed at the State University of Maringa
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on a JEM-1400 microscope (JEOL Ltd., Tokyo, Japan), showed particles of approximately
80-100 nm surrounded by an organic coating consistent with the plant-derived capping
layer [62,63], and X-ray diffraction showed peaks characteristic of crystalline silver [62].
The ultraviolet—visible (UV-Vis) spectrum of the same batch, recorded after storage at 4 °C
in the dark, showed a surface plasmon resonance band at 457 nm (Figure S1).

The pH measurements and all antibacterial, scanning electron microscopy and cyto-
toxicity assays were performed between February 2021 and January 2022.

4.3. Determination of Minimum Inhibitory (MIC) and Bactericidal (MBC) Concentrations

MIC values were determined via the broth microdilution method in 96-well plates
following Clinical and Laboratory Standards Institute (CLSI, [64]) guidelines. Honeys were
assayed as two-fold serial dilutions ranging from 0.1562% to 20% (v/v), and bio-AgNPs
from 3.9 to 500 uM. Bacterial suspensions were prepared in saline solutions, standardized to
0.5 McFarland standard (equivalent to 1.5 x 108 colony-forming units (CFU)/mL), diluted
1:100 in Mueller-Hinton (MH) broth (Difco, BD, Sparks, MD, USA), and inoculated into
wells to achieve a final density of 5.0 x 10° CFU/mL. Microplates were incubated at 37 °C
for 24 h (48 h under anaerobic conditions for C. acnes, as described in Section 4.1). Positive
(inoculated broth without treatment) and negative (sterile broth with treatment) controls
were included. Growth was assessed visually at the end of incubation and scored against
the corresponding treatment-only sterility control at the same concentration, which served
as the turbidity and color blank for each honey and bio-AgNP dilution. The MIC was
defined as the lowest concentration showing no visible growth relative to this blank.

The MBC was determined by subculturing 10 pL from the MIC well and from all
wells corresponding to higher concentrations onto MH agar (Difco, BD, Sparks, MD, USA).
Plates were incubated at 37 °C for 24 h (48 h under anaerobic conditions for C. acnes), and
the MBC was defined as the lowest concentration that eliminated > 99.9% of the initial
bacterial inoculum (National Committee for Clinical Laboratory Standards, NCCLS [65]).

4.4. Checkerboard Synergy Assays

The antibacterial interaction between SB honey and bio-AgNPs was assessed by broth
microdilution using a double concentration gradient of both agents, following a modified
checkerboard method [66,67]. In 96-well plates, SB honey was serially diluted along one
axis and bio-AgNPs along the other, generating all pairwise combinations of the two agents.
Bacterial suspensions were standardized in sterile saline (0.85% NaCl) to the 0.5 McFarland
turbidity standard (1.5 x 108 CFU/mL) and diluted 1:100 in Mueller-Hinton broth before
inoculation, reaching a final density of 5.0 x 10> CFU/mL per well. Sterility and growth
controls were included, and plates were incubated at 37 °C for 24 h.

The fractional inhibitory concentration (FIC) of each agent was calculated by dividing
its MIC in combination by its MIC alone, and the fractional inhibitory concentration
index (FICI) was obtained as the sum of the two individual FICs (Equation (1)) [67,68].
Interactions were classified as synergistic (FICI < 0.5), additive (0.5 < FICI < 1), indifferent
(1 < FICI < 2), or antagonistic (FICI > 2) [67,68]. In each plate, the MIC of each agent alone
was determined in duplicate alongside the checkerboard, and the FICI of each replicate
was calculated relative to these values.

MIC, ; binati MICp ; binati
FICI = FIC FICr — in combination in combination 1
A ’ MICA alone " MICB alone ( )

4.5. Time-Kill Population Kinetics

Time-dependent bactericidal effects were assessed by viable cell counting, adapted
from NCCLS document M26-A [65]. Three representative strains were selected: a Gram-
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positive reference (S. aureus ATCC 25923), a Gram-negative reference (E. coli ATCC 25922),
and a clinically relevant multidrug-resistant isolate (MDR P. aeruginosa 2491). Bacterial
suspensions were prepared in sterile saline (0.85% NaCl), standardized to the 0.5 McFarland
turbidity standard (1.5 x 10% CFU/mL), and diluted 1:100 in Mueller-Hinton (MH) broth
to a starting inoculum of approximately 5 x 10° CFU/mL. Cultures were exposed to
each agent alone at its MBC, which corresponded to twice its MIC (Table 1), and to the
combination at twice the combination MIC (Table 2), alongside an untreated growth control.

Aliquots were withdrawn at 0, 2, 4, 7, 10 and 24 h, serially diluted in saline, and
spot-plated (10 pL, in triplicate) on MH agar; colonies were counted after 18 h at 37 °C and
the starting density was confirmed by the 0-h viable counts. Because MDR P. aeruginosa
2491 was cleared before the first post-treatment time point of this design, a short-interval
experiment was subsequently carried out for this isolate alone, using an independently
prepared inoculum and sampling at 0, 15, 30, 60 and 120 min. Both designs are reported for
MDR P. aeruginosa 2491 (Figure 3a,b); E. coli ATCC 25922 and S. aureus ATCC 25923 were
assessed under the 24-h design only (Figures 1 and 2).

Results are expressed as the mean =+ SD of the resulting viable counts. The LOD of the
plating method was 100 CFU/mL (2 logjg CFU/mL). Bactericidal activity was defined as a
>3 logio reduction in viable counts relative to the 0-h inoculum (NCCLS [65]). Time points
from which no colonies were recovered are reported as values below the LOD rather than
as complete elimination of the bacterial population.

4.6. Scanning Electron Microscopy (SEM)

Morphological and topographical changes were evaluated as previously described [69],
with modifications. Because SEM requires sufficient surface cell density to obtain repre-
sentative fields, S. aureus ATCC 25923 was prepared at an initial density of 108 CFU/mL
in MH broth—higher than the 5 x 10° CFU/mL used in the susceptibility and time-kill
assays, though lower than the 10 CFU/mL of the original protocol. As MIC and MBC
were determined at the standard 5 x 10° CFU/mL inoculum, cells at this higher density
were exposed to fixed concentrations selected to ensure a detectable morphological effect
rather than to the MIC or MBC values: isolated SB honey at 1.25% (v/v), isolated bio-AgNP
at 125 uM, and their combination at 0.62% (v/v) honey + 31.25 uM bio-AgNP, alongside an
untreated control. All conditions shared the same starting inoculum and were incubated at
37 °C for a fixed 3 h period (versus the treatment-dependent times of 30 min to 6 h in the
original protocol). After incubation, 10 pL of each suspension was deposited onto glass
coverslips (instead of glass slides) pre-coated with 1% poly-L-lysine (Sigma-Aldrich, St.
Louis, MO, USA).

Samples were fixed in 0.1 M sodium cacodylate buffer (pH 7.2) containing 2.5% (v/v)
glutaraldehyde and 2% (v/v) paraformaldehyde for 20 h at 4 °C. Fixed cells underwent
graded dehydration in an ethanol series (70%, 80%, 90%, and 100% v/v), critical-point
drying with CO, (CPD 030; BAL-TEC AG, Balzers, Liechtenstein), and gold sputter-coating
(SCD 050; BAL-TEC AG, Balzers, Liechtenstein) before topographical observation using an
FEI Quanta 200 scanning electron microscope (FEI Company, Hillsboro, OR, USA).

4.7. In Vitro Cytotoxicity and Selectivity Index

The cytotoxic profiles of the isolated agents were screened against the immortal-
ized human keratinocyte cell line (HaCaT; kindly provided by the Laboratory of Virol-
ogy, Universidade Estadual de Londrina) via colorimetric 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich, St. Louis, MO, USA) assays based
on ISO 10993-5 [70] guidelines. Cells were seeded in 96-well plates at an initial density
of 1 x 10* cells per well in Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich,
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St. Louis, MO, USA) and incubated at 37 °C under 5% CO, to establish a confluent mono-
layer. The medium was subsequently replaced with DMEM containing treatments of honey
(0.1953% to 25% v/v) or bio-AgNPs (0.78 to 100 uM).

After 24 h of exposure, the treatment medium was completely removed from all wells
to prevent direct chemical interaction between honey constituents and the tetrazolium salt,
and 50 pL of MTT solution (5 mg/mL in phosphate-buffered saline) was added to each
well for a 4-h incubation. Formazan crystals were solubilized with 100 pL of isopropanol
per well, and plates were agitated for 30 min before reading. Absorbance was recorded at
570 nm with a 690 nm reference wavelength to correct for background and non-specific
turbidity, in a Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA)
running Gen5 software (version 2.01.14). Cell viability was expressed as a percentage of the
untreated control, and the 50% cytotoxic concentration (CCsp) was calculated using linear
regression analyses.

The selectivity index (SI) was calculated as the ratio of the CCs of each isolated agent
to the corresponding bacterial MIC, determined both for the agent alone and for the agent
in combination. A higher SI reflects a wider safety window, with SI > 1 indicating that
antibacterial activity occurs below the cytotoxic threshold [71].

4.8. Statistical Analysis

Unless otherwise stated, antibacterial assays were performed in three independent
biological replicates. Minimum Inhibitory Concentration (MIC), Minimum Bactericidal
Concentration (MBC) and Fractional Inhibitory Concentration Index (FICI) values are
reported as the mode, in accordance with CLSI (2018) [64] recommendations; this reflects
the discrete, two-fold dilution nature of these assays rather than a continuous variable
amenable to parametric testing. Time-kill kinetics are expressed as the mean =+ standard
deviation (SD) of viable colony counts (CFU/mL), with error bars shown in Figures 1-3.
Cytotoxicity (MTT) assays were performed in triplicate; CCsy values were obtained by
linear regression (Microsoft Excel; version 2019; Microsoft Corporation, Redmond, WA,
USA), and the mean CCsy and its 95% confidence interval were calculated across the three
replicates from Student’s t-distribution, using Python (version 3.13.16; Python Software
Foundation, Wilmington, DE, USA) with SciPy (version 1.18.1).

5. Conclusions

Combining biogenic silver nanoparticles with Scaptotrigona bipunctata honey produced
synergistic antibacterial effects against the Gram-negative strains and additive effects
against the Gram-positive strains among the six strains tested in combination, including
the MDR isolates MRSA BMB9393 and P. aeruginosa 2491. In every case, the combination
lowered the concentrations of both agents required for inhibition. In the time-kill assays, at
a fraction of the concentrations of the isolated treatments, it brought viable counts below
the LOD faster than either agent alone against MDR P. aeruginosa 2491 and S. aureus, and
as fast as the fastest single agent against E. coli. Scanning electron microscopy of S. aureus
revealed surface disruption and a higher frequency of cells with incomplete division septa.
The reduced concentrations required in combination also fell below the cytotoxic threshold
of each isolated agent, increasing the calculated selectivity index.

Together, these results establish in vitro that two biologically derived agents can be
combined to retain antibacterial activity against the reference and MDR strains tested, all
associated with burn wound infections, at substantially reduced doses of each. Validation
in ex vivo or in vivo wound models, together with compositional characterization of the
honey matrix, represents the next step toward a clinically applicable formulation.
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6. Patents

A Brazilian patent application covering the nanoparticle-honey composition reported
here has been filed with the Instituto Nacional da Propriedade Industrial (INPI): “Com-
posicao de nanoparticulas de prata com mel de abelhas sem ferrao” (Composition of silver
nanoparticles with stingless bee honey), application No. BR 10 2026 009921 0, filed on 24
April 2026 by Universidade Estadual de Londrina (UEL).

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics15111054 /s1, Figure S1: UV-Vis spectrum of the bio-
AgNP batch used in the antibacterial assays; Table S1: FICI of each independent checkerboard
replicate, calculated relative to the MIC of each agent alone determined on the same plate.
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Abbreviations

The following abbreviations are used in this manuscript:

AgNP Silver nanoparticle

ATCC American Type Culture Collection
bio-AgNP  Biogenic silver nanoparticle

CCs 50% cytotoxic concentration

CFU Colony-forming unit

CI Confidence interval

CLSI Clinical and Laboratory Standards Institute
DMEM Dulbecco’s Modified Eagle Medium

FIC Fractional inhibitory concentration

FICI Fractional inhibitory concentration index
HaCaT Human immortalized keratinocyte cell line
LOD Limit of detection
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MBC Minimum bactericidal concentration
MDR Multidrug-resistant
MH Mueller-Hinton (broth/agar)
MIC Minimum inhibitory concentration
MRSA Methicillin-resistant Staphylococcus aureus
MTT 3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium bromide
NCCLS National Committee for Clinical Laboratory Standards (now CLSI)
SB Scaptotrigona bipunctata (honey)
SD Standard deviation
SEM Scanning electron microscopy
SI Selectivity index
UV-Vis Ultraviolet—visible (spectroscopy)
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