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In the context of growing infections, plant-derived natural compounds play a crucial role in the

search for new antimicrobial agents, as they offer a diverse array of bioactive molecules. Similarly,
nanomaterials, particularly those based on zinc oxide, hold great potential for biomedical applications
due to their unique properties. This study evaluates the antimicrobial efficacy of a formulation
combining propolis, pollen, and ZnO nanorods (PrPoZn0O). SEM and FTIR analysis confirmed ZnO
nanorod integration within the propolis-pollen matrix. Antimicrobial testing revealed significant
inhibitory effects on Staphylococcus aureus and Pseudomonas aeruginosa, with viability reduction of
up to 85% and biofilm inhibition of 50% and 40%, respectively. The PrPoZnO mixture also reduced
Candida albicans growth by 90%, inhibited biofilm formation by 60%, and suppressed the yeast-to-
hyphae transition, a key virulence factor. Furthermore, the biocompatibility testing of the PrPoZnO
mixture in several cell lines demonstrated no cytotoxic effects at the higher concentration, suggesting
its potential for safe biomedical applications. In terms of mechanism, PrPoZnO modulated oxidative
stress responses, decreasing ROS levels in bacteria while inducing ROS production in C. albicans,
suggesting that ZnO nanorods are the key player to induce mechanical damage of microbes. These
findings underscore the potential of PrPoZnO as an innovative and biocompatible compound,
supporting its suitability for further clinical investigation.
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Pathogenic microbes have evolved diverse strategies to invade human hosts and evade the immune system,
leading to antimicrobial resistance (AMR), which complicates the treatment of infections affecting millions of
people each year!. According to a 2023 report by the Global Antibiotic Resistance Research and Development
Hub, in partnership with the World Health Organization (WHO), AMR is among the top 10 global health
threats!. Conventional antimicrobial treatments rely primarily on small-molecule drugs, such as antibiotics,
which target pathogenic cells by disrupting their membranes or inhibiting nucleic acid replication. However,
the structural similarities between newly developed antibiotics and their predecessors often enable pathogens
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to rapidly develop resistance, resulting in the emergence of multidrug-resistant (MDR) strains®™%, underscoring

the need for new prevention and therapeutic strategies®. AMR is driven by multiple factors, including the
overuse of antimicrobial drugs in humans and animals, as well as improper/inappropriate prescribing practices®.
Studies have shown that prior exposure to antibiotics increases the likelihood of resistant infections, particularly
in patients with the highest exposure levels®’. Moreover, the horizontal transfer of resistance genes among
bacterial populations has further complicated the management of previously treatable infections. This challenge
is compounded by the limited production of new antibiotics by pharmaceutical companies in recent years®.
Among drug-resistant microorganisms, S. aureus, a Gram-positive bacterium, is responsible for a wide range
of infections in hospital settings, including skin infections, bacteremia, endocarditis, pneumonia, and food
poisoning®. Additionally, S. aureus can colonize multiple oral sites, such as oral mucosa, dorsal surface of tongue,
dental plaque, saliva, denture surfaces, and periodontal pockets. Although its presence in the oral microbiota
is often attributed to migration from the nasal cavity, the oral cavity might serve as an independent reservoir,
playing a key role in the spread of infection to other parts of the body, such as the bloodstream or lungs'.

P. aeruginosa, a Gram-negative bacterium, frequently implicated in nosocomial infections, also exhibits
significant resistance to both antibiotics and disinfectants'!. Although P. aeruginosa is primarily recognized
as a respiratory pathogen, often affecting the lower respiratory tract, molecular studies have identified its
presence in the oral microbiota, especially within biofilms in immunocompromised individuals. It has been
associated with periodontitis, gingivitis, and potentially contributes to the development of oral squamous cell
carcinoma. Additionally, P. aeruginosa may access the respiratory system through aspiration of oral microbiota
or via contaminated medical devices. In HIV-positive patients, it has been linked to the focal necrotizing lesions
of the oral mucosa'?. Invasive fungal infections also represent a major global health challenge, associated
with high morbidity and mortality. These infections are responsible for at least 1.5 million deaths annually
worldwide, underscoring the need for improved prevention, diagnosis, and treatment strategies'*!. The rising
incidence of mycoses in medicine is largely attributed to the increasing use of immunosuppressive therapies
and the prevalence of immune-related diseases. However, only four major antifungal classes —azoles, polyenes,
echinocandins, and fluorinated pyrimidines—have been introduced in the past 30 years?.. Compounding the
situation, new resistant fungal strains are emerging, partly due to cross-resistance between clinical antifungal
drugs and agricultural fungicides’. Opportunistic fungal infections, especially those caused by Candida species,
as well as emerging yeast species like Rhodotorula and Malassezia pose an increasing in human health?. Candida
albicans, the primary fungus responsible for oral infections, is a commensal organism in healthy individuals, but
may transition into a pathogen form under immunodepressive conditions or microbiome imbalances, leading to
oral candidiasis. This transition is mediated by its ability to shift from a yeast (blastospore) to hyphal forms, which
are more invasive and pathogenic. Additionally, the production of hydrolytic enzymes such as candidalysin may
damages epithelial cells, while the biofilm formation enhances resistance to antifungal treatments'>.

Given the rising challenge of antibiotic and antifungal resistance in infections, including those affecting
the oral cavity, alternative strategies have been actively investigated. Among these, natural compounds of plant
origin have attracted significant attention. Bee-collected pollen, gathered by worker bees and mixed with nectar
and saliva, has been rediscovered for its potential health benefits attributed to compounds such as rutin, vanillic
acid, gallic acid, and quercetinm.

Another promising candidate for pharmaceutical applications is Propolis, a resinous substance collected by
bees from various plants, composed of plant resins, beeswax, and bee enzymes. The main bioactive constituents
of propolis include flavonoids, phenolic acids (such as caffeic acid and caffeic acid phenethyl ester - CAPE),
terpenes, esters, and aromatic compounds. These components confer a broad spectrum of therapeutic properties,
including antimicrobial, antioxidant, anti-inflammatory, anticancer, and cardioprotective effects!”.

Moreover, nanotechnology and nanomedicine represent promising tools in the fight against AMR.
Among various nanomaterials, ZnO-based nanoparticles exhibit strong antimicrobial properties and have
been investigated for infection control. In biomedical contexts, ZnO is recognized for its selective toxicity,
biocompatibility, ability to generate reactive oxygen species, and photochemical stability'®!°. Furthermore, ZnO
is classified as a generally recognized as safe (GRAS) material by the U.S. Food and Drug Administration, and
has been used to prevent microbial growth in food products®.

Therefore, the aim of this study was to determine whether the combination of propolis, pollen and Zinc oxide
nanorods possesses antimicrobial activity and to assess its plausible mode of action.

Results

Chemical profiles analysis of propolis and pollen

The chemical composition of propolis and pollen samples was investigated by ATR-FTIR analysis (Fig. 1A). The
IR spectrum of propolis (Fig. 1Aa) displays a broad band in the 3350-3250 cm™' range, which corresponds to
O-H stretching vibrations associated with the presence of phenolic compounds, such as flavonoids?!. Signals at
2917 cm™! and 2849 cm™! correspond to asymmetric and symmetric C-H stretching of CH, and CH; groups,
possibly linked to the presence of aliphatic hydrocarbons, fatty acids, wax esters, and lipid components of
propolis?2. The absorptions at 1736 cm™! and 1709 cm™! correspond to C = O stretching vibrations, primarily
from aliphatic esters. These bands are attributed to the presence of beeswax, which accounts for approximately
40% of the ester content in propolis®!. Signals in the 1660-1610 cm™! together with the absorption at 1515
cm™! region correspond to C = C stretching of the aromatic rings in the flavonoids?. The signal at 1462 cm™
corresponds to C-H bending in CH, and CH; groups and aromatic ring stretching, further confirming the
presence of flavonoid structures (with possible overlapping of signals of hydrocarbons). The signal at 1376 cm™
can also be associated with the C-H bending of CH; groups of flavonoids?!. In the range 1300 cm™-1100 cm™
different bands can be observed, due to asymmetrical O-H and C-CO bending of phenol and ester groups.
Within this range, the band at 1164 cm™ can be associated with C-O stretching and related to the esters®!. The
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Fig. 1. Chemical and thermal characterization of propolis and pollen. (A) ATR-FTIR spectra of propolis (A)
and pollen (B); (B) Simultaneous thermal analysis TG-DSC of propolis; (C) Simultaneous thermal analysis
TG-DSC of pollen. In (B,C) green-TG curve, blue-DTG curve, red-DSC curve.

intense signal at 1031 cm™ can be associated with the stretching of -CH,OH of phenols. Furthermore, the band
at 891 cm™! can correspond to aromatic ring vibration, supporting the presence of flavonoids?*. The bands at 767
cm™}, 729 cm™! and 719 cm™! are characteristic of CH, rocking and out-of-plane aromatic C-H deformation,
related to long-chain hydrocarbons from beeswax and phenolic structures?!. Absorptions at lower wavenumbers
have not been assigned.
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The ATR-FTIR spectrum of pollen (Fig. 1Ab) is characterized by the broad absorption from 3600 to 3000
cm™! of the O-H stretching vibrations of carbohydrates, phenols and water?. The signals observed at 2925
cm™ and the weaker one at 2854 cm™, correspond to the stretching of C-H groups and can be related to the
molecular vibrations of different pollen constituents such as lipids, fatty acids, carbohydrates, cellulose, and
other long-chain structures?. The signals at 1740 -1710 cm™' are due to C = O stretching vibration for the
presence of oxidized lipids or flavonoids. The signal at 1651 cm™ likely results from overlapping bands, mainly
attributable to the C = O stretching of amide I in proteins?® and to the H-O-H deformation vibration of water.
The absorption at 1547 cm™! can therefore be assigned to out-of-phase combination of N-H deformation and
C-N stretching of amide?. Moreover, the signal at 1516 cm™ is characteristic of C = C stretching of aromatic
structures and can be assigned to the presence of phenolic acids?’. In the spectral region 1400-1200 cm™! three
broad low-intensity absorption bands are observed. These are likely due to overlapping vibrations of protein
side chain COO- stretching vibrations (at 1414 cm™! and 1340 cm™!)%, amide III vibrations (the in-phase
combination of N-H deformation and C-N stretching vibrations at 1234 cm™!) and carbohydrate-related
C-O-H deformation and CH, bending®. The most intense band appears between 1180 and 940 cm™' with
a maximum at 1049 cm™ and a secondary maximum at 1033 cm™. These absorptions can be linked to the
presence of carbohydrates, related to C-O-C and C-OH stretching vibrations. The absorption bands observed
at 921, 865 cm™! 818 and 777 cm™! are associated with C~C-H deformation vibrations characteristic of pollen
wall compound (sporopollen)?®. Absorptions at lower wavenumbers have not been assigned.

The thermal behaviour of propolis and pollen was investigated using thermogravimetric analysis (TG) with
simultaneous differential scanning calorimetry (DSC) under a nitrogen atmosphere up to 600 °C. The first
derivative (DTG) curve was used to identify the main decomposition steps. The thermogram of propolis (Fig. 1B)
indicates a total mass loss of 90.6%. The DSC curve shows an initial endothermic event at 71.6 °C (0.4% weight
loss), attributed to the melting of beeswax®, in agreement with the ATR-FTIR findings. The main decomposition
stage (89.8% weight loss) occurs at 100-550 °C, with a peak at 407.9 °C, resulting from the simultaneous
degradation of various organic compounds present in propolis®’. In the case of pollen, the thermogram (Fig.
1C) shows a total mass loss of 72.8%, consistent with previous findings®!. The initial weight loss (8.1%) occurs at
40-100 °C and is attributed to the evaporation of adsorbed water. A second stage, at 117-250 °C (24.0% weight
loss), with a main peak at 199.4 °C and a shoulder at 165.3 °C, corresponds to the degradation of proteins due to
the cleavage of peptide bonds®2. A third event (27.1% weight loss) is observed at 250-394 °C, with a peak at 300.0
°C, and is attributed to the decomposition of lipids and carbohydrates33 . Finally, at 395-600 °C, a fourth thermal
event (13.4% weight loss) is recorded, with a main peak at 409.6 °C, corresponding to the thermal degradation
of sporopollenin®. These observations are consistent with the ATR-FTIR results.

Antimicrobial properties of propolis and pollen

Propolis, pollen, and their mixture were tested on two representative bacterial species: the Gram-positive S.
aureus and the Gram-negative P. aeruginosa, as well as on the yeast C. albicans to assess their antimicrobial
activity.

In the case of S. aureus (Fig. S1), a 1:10 dilution of propolis resulted in a 50% reduction in colony-forming
units (CFUs) after 1 h of treatment, and complete suppression of cell viability after 2 h. In contrast, pollen alone
or in combination with propolis had no effect against S. aureus.

Regarding P. aeruginosa (Fig. S2), pollen was able to reduce cell viability at all tested dilutions, with the
most pronounced effect observed at 1:10 and 1:100 dilutions. On the other hand, propolis alone did not induce
bacterial cell death. Furthermore, the combination of propolis with pollen appeared to mask or inhibit the
antimicrobial activity of pollen.

Finally, treatment with propolis, pollen, or their mixture had no effect on C. albicans (Fig. S3).

To increase an antimicrobial activity of the substances the Zinc oxide nanorods were added to the mixture,
producing the PrPoZnO mixture.

Characterization of PrPoZnO mixture

In order to increase the antimicrobial activity of the PrPo mixture, ZnO nanorods were added to the suspension
to produce PrPoZnO mixture. These ZnO nanorods originate from a porous, paper-like structure and have
diameters below 100 nm on both surfaces. Furthermore, the nanorods display a highly crystalline nature with a
hexagonal wurtzite structure, and no crystalline impurities were detected, as reported in®.

The SEM image of the 1:10 PrPoZnO mixture (Fig. 2) reveals the structural characteristics of the components,
particularly the ZnO nanorods (highlighted by white arrows) embedded within the propolis-pollen matrix. This
observation provides insight into the microstructural formation of the mixture, with ZnO nanorods having
dimensions between 40 and 50 nm and lengths that can approach 800 nm after sonication.

The mixture containing ZnO NRs, pollen and propolis was characterized by ATR-FTIR. The IR spectrum
(Fig. 3A) is primarily characterized by signals attributed to propolis (at 1736 cm™!, 1462 cm™, 1375 cm™,
1196 cm™, 728 cm™! and 718 cm™) and pollen (at 1413 cm™, 1344 cm™}, 864 cm™, 818 cm™ and 777 cm™).
Several absorption bands result from the overlap of these two organic components (at 3308 cm™!, 2917 cm™,
2849 cm™!, 1623 cm™, 1516 cm™, 1310 cm™!, 1264 cm™, 1243 cm™, 1221 cm™!, 1147 cm™, 1051 cm™),
1031 cm™, 919 cm™}, 615 cm™! and 509 cm™!). In contrast, characteristic absorption bands of ZnO NRs are not
distinctly observed in the spectrum.

The thermal behaviour of the mixture containing ZnO NRs, pollen and propolis was characterized using
TG-DSC up to 600 °C and DTG was plotted. The thermogram (Fig. 3B) showed a total mass loss of 68.9%. The
initial event at 69.0 °C is attributed to water evaporation. Subsequent events at 176.8 °C (shoulder at 204.8 °C)
and 299.1 °C closely reflect the thermal behaviour of pollen. An additional event at 371.4 °C is associated with
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Fig. 2. SEM analysis of the 1:10 PrPoZnO mixture. SEM image of 1:10 PrPoZnO mixture, consisting of
propolis, pollen, and zinc oxide. The white arrows indicate the nanorod structures formed by ZnO. Image
acquired with an acceleration voltage (EHT) of 1.50 kV and a working distance (WD) of 2.4 mm. The signal
was captured in SE2 (Secondary Electron 2) mode with a magnification of 40,000x.

propolis degradation, while the peak at 427.3 °C corresponds to sporopollenin decomposition of pollen. The
result confirms the contribution of propolis and pollen to the thermal profile of the composite.

Antimicrobial and antibiofilm activity of the PrPoZnO mixture against representatives of
gram-positive and gram-negative bacteria

The PrPoZnO mixture was tested on two representative bacterial species, the Gram-positive S. aureus and
the Gram-negative P. aeruginosa, to assess its antimicrobial activity and also its potential to prevent biofilm
formation, as biofilms are known to enhance bacterial resistance to treatment and contribute to chronic
infections. The results demonstrate the PrPoZnO mixture’s efficacy against both bacterial species. For S. aureus
(Fig. 4A), after just 1 h of exposure, the 1:1000 dilution led to a 40% reduction in CFUs, while the 1:10 dilution
resulted in an 85% reduction. These findings suggest that even at lower concentrations, the PrPoZnO mixture
exhibits potent antimicrobial activity. In Fig. 4B, the mixture’s anti-biofilm activity was evaluated, and the 1:10
dilution was able to inhibit biofilm formation by approximately 50%, highlighting its ability to prevent microbial
adherence and biofilm development. Similarly, for P. aeruginosa (ATCC15692) (Fig. 5A), the antimicrobial
effect of the PrPoZnO mixture was evaluated after 2 h of treatment, showing a dose-dependent reduction in
CFUs. The 1:1000 dilution caused a 70% reduction in bacterial viability, while the 1:10 dilution produced an
85% reduction. In Fig. 5B, the 1:10 dilution again demonstrated antibiofilm activity, reducing biofilm formation
by approximately 40%. These findings collectively confirm that the PrPoZnO mixture possesses significant
antimicrobial and antibiofilm properties against both S. aureus and P, aeruginosa, suggesting its potential for use
in the treatment of bacterial infections and the prevention of biofilm-associated complications.

Antifungal and antibiofilm activity of PrPoZnO mixture against C. albicans

After testing the PrPoZnO mixture’s activity against bacterial species, its effect on C. albicans, a yeast known for its
role in fungal infections, was evaluated. Given that C. albicans is a more complex eukaryotic organism compared
to the bacteria tested, the reduction in growth was observed to occur over a longer period, reflecting the typically
slower response of fungi to treatments. In Fig. 6A, the PrPoZnO mixture caused a significant reduction in C.
albicans growth, with the 1:100 dilution resulting in a 60% decrease in CFUs after 16 h of incubation, and the
1:10 dilution showing a 75% reduction. After 24 h, these reductions were even more pronounced, with the 1:100
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Fig. 3. Characterization of the mixture containing ZnO NRs, propolis and pollen. (A) ATR-FTIR

spectrum

with highlighted characteristic signals of propolis (W) and pollen (=); (B) Simultaneous thermal analysis TG-

DSC (green-TG curve, blue-DTG curve, red-DSC curve).

dilution causing a 75% decrease and the 1:10 dilution nearly eliminating fungal growth, with a 90% reduction
in CFUs. These results suggest that the PrPoZnO mixture exhibits a potent antifungal effect, particularly at
higher concentrations. In Fig. 6B, the antibiofilm activity of the PrPoZnO mixture against C. albicans was also
assessed. Biofilm formation is a key factor in the pathogenicity and persistence of fungal infections, and the
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Fig. 4. Effect of PrPoZnO mixture treatment on Gram-positive S. aureus. (A) Percentage of colony-forming
units (CFU) of S. aureus without or with treatment at different mixture concentrations, assessed by plate
counting. (B) Anti-biofilm activity of the mixture, shown as its ability to inhibit S. aureus biofilm formation,
measured by Crystal Violet (CV) assay. The experiment was performed in triplicate. Data are presented

as mean + SD. Statistical significance was determined by one-way ANOVA GraphPad Prism 9.0 software.
Differences with p-values < 0.05 were considered statistically significant and are indicated as follows: * p <0.05,
*p<0.01,*** p<0.001.
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Fig. 5. Effect of the PrPoZnO mixture treatment on Gram-negative P. aeruginosa. (A) Percentage of colony-
forming units (CFU) of P. aeruginosa without or with treatment at different mixture concentrations, assessed
by plate counting. (B) Anti-biofilm activity of the mix, shown as its ability to inhibit P. aeruginosa biofilm
formation, measured by Crystal Violet (CV) assay. The experiment was performed in triplicate. Data are
presented as mean + SD. Statistical significance was determined by one-way ANOVA GraphPad Prism 9.0
software. Differences with p-values <0.05 were considered statistically significant and are indicated as follows: *
p<0.05,** p<0.01, ** p<0.001.

mixture demonstrated about 60% inhibition of C. albicans biofilm formation, further supporting its potential as
a therapeutic agent for managing both fungal growth and biofilm-associated infections.

Effect of the PrPoZnO mixture on the yeast-to-hyphae transition in C. albicans

Given the promising antifungal activity of the PrPoZnO mixture against C. albicans, it was essential to evaluate
its effect on the yeast-to-hyphae transition, a critical factor in the pathogenicity of C. albicans. Hyphal formation
plays a key role in tissue invasion, biofilm development, and immune evasion, making it an important target for
antifungal therapies. To investigate the effect of the.

PrPoZnO mixture on hyphal formation, stereomicroscopic images (Fig. 7) were taken of C. albicans cells
grown in Spider medium. The control group displayed clear hyphal growth (upper panels), while the treated
group, exposed to 1:10 PrPoZnO mixture, showed a complete absence of hyphal formation (lower panels). This
suggests that the PrPoZnO mixture interferes with C. albicans’ ability to form hyphal structures, potentially
reducing its virulence.
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Fig. 6. Effect of the PrPoZnO mixture treatment on C. albicans. (A) Percentage of colony-forming units
(CFU) of C. albicans without or with treatment at different mix concentrations, assessed by plate counting.
(B) Anti-biofilm activity of the mix, shown as its ability to inhibit C. albicans biofilm formation, measured
by Crystal Violet (CV) assay. The experiment was performed in triplicate. Data are presented as mean+ SD.
Statistical significance was determined by one-way ANOVA GraphPad Prism 9.0 software. Differences with
p-values < 0.05 were considered statistically significant and are indicated as follows: *p <0.05, **p <0.01,

P p<0.001.
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Fig. 7. Effect of PrPoZnO mixture on C. albicans hyphal formation. Stereomicroscopic images of C. albicans
showing hyphal formation in the absence or presence of the mixture treatment.
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Effect of PrPoZnO mixture on ROS production in microbial cells
In bacteria, ROS are typically produced in response to various environmental stressors, including antimicrobial
treatments, and are often considered indicators of oxidative stress and cellular damage. Given the antimicrobial
properties of the PrPoZnO mixture, its effect on ROS levels in bacterial cells was evaluated as a potential
mechanism underlying its antimicrobial action. Figure 8 shows ROS production in S. aureus (Fig. 8A) and P
aeruginosa (Fig. 8B) following treatment with the PrPoZnO mixture. Interestingly, a decrease in ROS levels was
observed in the treated samples compared to the controls, by 40% in S. aureus and 60% in P. aeruginosa after
treatment with the 1:10 dilution. This reduction may initially appear paradoxical, as ROS production is typically
associated with microbial stress and cell death. However, it suggests that the PrPoZnO mixture might modulate
oxidative stress due to the phenolic compounds of propolis and pollen, while the ZnO nanorods act as nano-
niddles that induce a mechanical cell death.

To compare directly the ROS production in C. albicans, the H,DCF-DA staining was also measured with
a fluorescence microplate reader. In this case, a 5-fold increase of ROS was observed compared to the control
(Fig. 8C). To further investigate the role of oxidative stress in the antifungal mechanism of the PrPoZnO
mixture, ROS production in C. albicans was analyzed using DHE probe. Approximately 20% of the treated cells
were fluorescent after DHE staining, compared to 4% in the control group, indicating a significant elevation in
superoxide radicals (Fig. S4A). The data was also confirmed by a fluorescence microplate reader (Fig. S4B). DHE
staining revealed that 1:10 PrPoZnO treatment resulted in a 4.5-fold increase in ROS-positive cells compared to
the control, indicating an increase in superoxide production. These results suggest that the PrPoZnO mixture
induces a substantial increase in ROS production in C. albicans, which may contribute to its antifungal activity
by disrupting cellular processes through oxidative damage.

Effects of PrPoZnO mixture on Saos-2, HaCaT and FB789 cells viability

Once the beneficial effects of the PrPoZnO mixture in combating the targeted microorganisms have been
established, it is essential to assess its biocompatibility to further support its potential applications. The MTT
assay revealed that exposure of Saos-2, HaCaT, and FB789 cells to the PrPoZnO mixture did not affect cell
viability after 16, 24, 48, and 72 h of treatment, leading to an increase in cell viability in HaCaT and FB789
cells, except at 72 h in HaCaT cells. Nevertheless, no significant cytotoxic effects were observed at the tested
concentration (1:10), as shown in Fig. 9. These results suggest that the biocompatibility of the PrPoZnO mixture
holds potential for biomedical applications.

Evaluation of shelf life of PrPoZnO mixture

To assess the long-term antimicrobial efficacy of the mixture, the test on S. aureus was repeated using the
PrPoZnO mixture stored at 4 °C for 1 month, 6 months, and 12 months. The results in Fig. 10 show that the
mixture retained its antimicrobial activity over time, particularly at the 1:10 and 1:100 dilutions, where a
progressive reduction in CFU was observed after 4 h of treatment in the case of 12 months. The antimicrobial
activity was also monitored after 1 h and 2 h of treatment, as reported in Fig. S5, for the 12-month storage,
indicating a lower activity for shorter treatment times.

Discussion

The findings of this study demonstrated the promising antibacterial and antifungal potential of the PrPoZnO
mixture, which combines propolis, pollen, and ZnO nanorods. This formulation provided a multifaceted
approach by targeting both Gram-positive and Gram-negative bacteria, inhibiting biofilm formation, and
exerting antifungal effects against C. albicans.

The PrPoZnO mixture exhibited significant antimicrobial activity against S. aureus and P. aeruginosa, two
bacterial pathogens commonly associated with multidrug resistance. Notably, the mixture was highly effective
even after short exposure times (1-2 h), suggesting rapid bacterial killing. These results are consistent with
previous studies demonstrating the role of ZnO nanoparticles in bacterial membrane disruption and oxidative
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Fig. 8. Effect of the PrPoZnO mixture treatment on microbial ROS levels. (a) S. aureus (b) P. aeruginosa and
(¢) C. albicans ROS levels measured in untreated and mixture-treated samples using H,DCF-DA assay and

are expressed as Relative Fluorescence Intensity (RFI). The experiment was performed in triplicate. Data are
presented as mean + SD. Statistical significance was determined by one-way ANOVA GraphPad Prism 9.0
software. Differences with p-values <0.05 were considered statistically significant and are indicated as follows: *
p<0.05,** p<0.01, ** p<0.001.
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Fig. 9. Effect of the PrPoZnO mixture treatment on Saos-2, HaCaT and FB789. Cell viability (%) measured in
untreated and 1:10 mixture-treated samples of Saos-2 (A), HaCaT (B) and FB789 (C). Each experiment was
performed in triplicate. Data are presented as mean + SD. Statistical significance was determined by one-way
ANOVA GraphPad Prism 9.0 software. Differences with p-values <0.05 were considered statistically significant
and are indicated as follows: * p <0.05, ** p<0.01, *** p<0.001.

damage'!. Additionally, the antimicrobial properties of bee-derived products, such as pollen and propolis, are
largely attributed to their rich composition of flavonoids and phenolic compounds™®. It was also demonstrated
that ethanolic extracts from stingless bee pollen pots exhibited antibacterial activity against P. aeruginosa®.
Similarly, a systemic review encompassing data on 600 different bacterial strains confirmed the antibacterial
potential of propolis, highlighting its broad spectrum of activity, particularly against Gram-positive bacteria,
including methicillin-resistant S. aureus®.

The antimicrobial effects of PrPoZnO align with studies on honey-propolis-pollen combinations, which have
shown enhanced antimicrobial properties against various pathogens.

In this work, the synergistic effects of these natural compounds, combined with the mechanical and oxidative
damage induced by ZnO nanorods, suggest that PrPoZnO could serve as a potent alternative to conventional

antibiotics and antifungal drugs.
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Fig. 10. Effect of PrPoZnO mixture stability analyzed on Gram-positive S. aureus. Percentage of colony-
forming units (CFU) of S. aureus without or with treatment at different mixture concentrations, assessed
by plate counting. The experiment was performed in triplicate. Data are presented as mean + SD. Statistical
significance was determined by one-way ANOVA GraphPad Prism 9.0 software. Differences with p-
values < 0.05 were considered statistically significant and are indicated as follows: * p <0.05, ** p<0.01, ***
p<0.001.

The ability of PrPoZnO to inhibit biofilm formation in both S. aureus and P. aeruginosa further underscores
its clinical relevance. Biofilms are a major concern in medical settings, as they enhance bacterial resistance to
antibiotics and immune responses. The results showed that PrPoZnO reduced biofilm formation by 50% in S.
aureus and 40% in P. aeruginosa, demonstrating its potential in preventing chronic infections.

These findings are in line with clinical studies on the use of propolis in oral care products, such as mouthwashes
and mucoadhesive gels, which have shown effectiveness in controlling dental biofilms and reducing pathogenic
microbial counts®. For instance, a study investigating a 3% Brazil propolis extract mouthwash found significant
reductions in plaque deposits and insoluble polysaccharide content of the biofilm when used as an oral hygiene
measure?’. Given these results, PrPoZnO could be further explored as an adjunct in biofilm control strategies,
particularly in medical device coatings or wound dressings.

Beyond its antibacterial effects, PrPoZnO exhibited significant antifungal activity against C. albicans. The
mixture reduced its growth in a concentration- and time-dependent manner, achieving a 90% reduction in
vitality at the highest tested concentration. Notably, PrPoZnO inhibited the yeast-to-hyphae transition, a critical
virulence factor in C. albicans pathogenicity. The absence of hyphal growth in treated samples suggested that
PrPoZnO interfered with fungal cell differentiation, potentially limiting its ability to invade host tissues and
establish persistent infections. This antifungal activity aligns with previous reports on the role of flavonoids
and phenolic acids in disrupting fungal membrane integrity and metabolic pathways?!. Given the increasing
resistance of fungal pathogens to conventional antifungals, the observed efficacy of PrPoZnO supported its
function as a valuable alternative or adjunct in antifungal therapy.

A key mechanistic finding of this study was the differential modulation of reactive oxygen species (ROS) by
PrPoZnO in bacteria versus fungi. In bacterial cells, PrPoZnO reduced ROS levels, suggesting a protective effect
against oxidative stress, potentially mediated by phenolic compounds in propolis and pollen. The antibacterial
activity, however, appeared to be primarily driven by ZnO nanorods, which likely exerted their effect through
disruption of the bacterial cell wall and membrane integrity. Conversely, in C. albicans, PrPoZnO significantly
increased ROS production, leading to oxidative damage and cellular dysfunction. Elevated ROS levels likely
contributed to the antifungal effect by damaging essential macromolecules, including proteins, lipids, and
nucleic acids. These findings are in agreement with studies showing that ZnO nanoparticles induced oxidative
stress in fungi, disrupting cellular processes and leading to apoptosis*?. The ability of PrPoZnO to exert species-
specific oxidative effects highlighted its dual-mode antimicrobial action, making it a promising candidate for
broad-spectrum antimicrobial applications.

Ensuring the biocompatibility of antimicrobial agents is crucial for their clinical application. In this study,
cytotoxicity assays using Saos-2 osteosarcoma cells, HaCaT human keratinocytes, and FB789 primary human
fibroblasts demonstrated that PrPoZnO mixture showed no toxicity at the concentration with the maximum
antimicrobial activity, leading to increased cell proliferation, supporting its potential safety in biomedical
applications. Accordingly, a study demonstrated that nanohydroxyapatite (nanoHA)-based surfaces enriched
with Brazilian propolis extracts, developed as a bioactive biomaterial for dental applications, exhibited
biocompatibility in fibroblast cultures*>.

Moreover, in another study, the experimental paste composed of calcium hydroxide (CH) and propolis was
tested in the subcutaneous tissue of rats to evaluate its biocompatibility, confirming the absence of a persistent
inflammatory reaction and the formation of new connective tissue in the area in contact with the testing paste**.
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Regarding pollen, it has been studied that hemp pollen extracts did not have toxic effects on prostate PC3 and
C2C12 myocyte cells showing no significant changes in cell viability, supporting the idea that hemp pollen can
be used in food, pharmaceutical, and cosmetic applications without harmful effects*.

These results align also with previous research demonstrating the biocompatibility of ZnO-based
antimicrobial agents. For instance, ZnO nanorods have been evaluated in human cell lines such as MCF7 and
HaCaT, showing minimal toxicity at antibacterial concentrations*. Additionally, ZnO has been approved as a
safe material by the FDA, and its antimicrobial applications have been explored in textiles, food packaging, and
medical coatings’. Given its low cytotoxicity and strong antimicrobial properties, PrPoZnO holds promise as a
safe and effective alternative for antimicrobial applications.

Conclusions

The PrPoZnO mixture presented a highly effective antimicrobial and antifungal agent, combining the bioactive
properties of propolis, pollen, and ZnO nanorods. Its rapid bactericidal action, ability to inhibit biofilm
formation, and potent antifungal activity against C. albicans suggest potential applications in clinical and
pharmaceutical settings. Mechanistically, its differential modulation of ROS highlighted a dual antimicrobial
strategy, reducing oxidative stress in bacteria while inducing lethal oxidative damage in fungi. Furthermore, its
demonstrated biocompatibility supported its suitability for biomedical applications, including wound healing,
oral health, and antimicrobial coatings. Future research should explore in vivo efficacy and optimize formulation
strategies for enhanced therapeutic potential.

Materials and methods

Sample Preparation

Propolis and pollen used in this study were bought in a local store. The mixture of propolis, pollen and zinc
oxide nanorods (PrPoZnO) was prepared by first dissolving 0.2 g of propolis in 2.8 mL of glycerin and separately
dissolving 1.8 g of pollen in 7.2 mL of water. The two solutions were then combined and 0.2 g of zinc oxide
Nanorods (ZnO), prepared and characterized as described in*> were added in a final volume of 10 mL. This
formulation resulted in concentrations of 20 mg/mL for propolis, 180 mg/mL for pollen, and 20 mg/mL for ZnO.
The mixture was stored at 4 °C and, when necessary, serial dilutions were performed in H,O , to obtain dilutions
of 1:10, 1:100, and 1:1000 as indicated.

Chemical analysis of propolis, pollen and PrPoZnO

Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) spectroscopy was used to determine
the chemical nature of propolis, pollen, and of the mixture containing ZnO NRs, propolis, and pollen (solids
only). The analysis was performed using a Vertex 70 spectrometer (Bruker Optics, GmbH, Ettlingen, Germany)
equipped with a single-reflection diamond ATR cell, a standard MIR source (HeNe), and a room-temperature
DTGS detector. Spectra were recorded with 64 scans in the mid-infrared range (400-4000 cm™!) at a resolution

of 4 cm™L.

SEM analysis
Field Emission Scanning Electron Microscopy (FE-SEM) imaging was performed on the produced materials
using a Zeiss Auriga SEM, operating at an accelerating voltage of 5 keV.

TGA analysis

Thermal analysis of propolis, pollen, and the mixture containing ZnO NRs, propolis, and pollen (solids only)
was carried out using an SDT-Q600 analyzer (TA Instruments, New Castle, DE, USA). Samples were heated at a
rate of 10 °C/min under a nitrogen (N) atmosphere with a flow rate of 100 mL/min up to 600 °C. The thermal
behavior was analyzed by plotting the weight (%) vs. temperature (°C) curve (TG) using TA Universal Analysis
2000 software (version 4.5 A). Differential thermogravimetry (DTG) and differential scanning calorimetry
(DSC) curves were also obtained. Weight loss and peak temperatures were evaluated from the TG curve and the
DTG or DSC curves, respectively.

Antimicrobial activity assay

The antimicrobial activity of the PrPoZnO mixture was evaluated by incubating standardized microbial
suspensions (Staphylococcus aureus ATCC 25923 and Pseudomonas aeruginosa ATCC 15692 at 10’ CFU/mL,
and Candida albicans ATCC 10231 at 10° CFU/mL) with the mixture dilutions 1:10, 1:100 and 1:1000. A control
without the PrPoZnO mixture was included. All samples were incubated at 37 °C in the case of S. aureus and P
aeruginosa and at 28 °C for C. albicans under constant agitation for selected time intervals. At each time point,
aliquots were serially diluted and plated on LB agar for bacteria and on YPD for yeast. After incubation, Colony-
Forming Units (CFU) were counted to assess microbial viability in treated samples compared to the control.

Antibiofilm activity assay

To assess the antibiofilm activity of the PrPoZnO mixture, standardized microbial suspensions of S. aureus and
P aeruginosa at 10’ CFU/mL, and C. albicans at 105 CFU/mL were distributed in 96-well microtiter plates.
Control wells contained only microbial suspensions, while test wells were supplemented with 1:10 PrPoZnO
mixture. Plates were incubated at 37 °C for S. aureus and P. aeruginosa and at 28 °C for C. albicans under constant
agitation for 24 h to allow biofilm formation. After incubation, non-adherent cells were removed by washing
the wells twice with distilled water, followed by staining with 0.3% Crystal Violet for 15 min. Excess stains were
removed through additional washing, and the bound dye was solubilized with EtOH 96%. Absorbance was
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measured at 570 nm using a microplate reader, with biofilm inhibition determined by comparing absorbance
values of treated samples to those of untreated controls.

ROS detection in S. aureus and P. aeruginosa

Reactive oxygen species (ROS) production in S. aureus and P. aeruginosa was assessed after treatment with 1:
10 PrPoZnO mixture. Standardized microbial suspensions (107 CFU/mL) were incubated with 1:10 PrPoZnO
mixture in 96-well microtiter plates (final volume of 100 uL per well) for 1 h at 37 °C under constant agitation.
Following this incubation, an equal volume (100 pL) of H,DCFDA at 100 uM was added to each well, achieving a
final dye concentration of 50 M. The plates were further incubated in the dark for 1 h under the same conditions.
Fluorescence intensity, reflecting intracellular ROS levels, was measured using a GloMax luminometer with
excitation and emission wavelengths set at 485 nm and 530 nm, respectively.

ROS detection in C. albicans

ROS production in C. albicans after exposure to the PrPoZnO mixture was assessed using DHE fluorescent
probes for the detection of superoxide radicals specifically. Standardized C. albicans suspensions (10° CFU/
mL) were incubated with 1:10 PrPoZnO in tube for 16 h at 28 °C under constant agitation. After incubation, the
resulting pellet was washed twice with 1X PBS to remove excess media.

For the detection of superoxide radicals, cells were stained with DHE at a final concentration of 20 uM for
15 min at 37 °C, in the dark under agitation. After staining, cells were washed again with 1X PBS to remove
excess dye. The samples were then mounted on glass slides and examined using a fluorescence microscope at
100x magnification.

Fluorescence was observed with the following filters: DHE fluorescence was observed using an excitation
wavelength of 518 nm and an emission wavelength of 605 nm. Fluorescence intensities corresponding to
ROS production were recorded, with appropriate control samples used for comparison. The amount of ROS
was assessed by evaluating the number of positive cells for ROS production compared to the total number
of counted cells. Moreover, ROS production in C. albicans was assessed after treatment with 1: 10 PrPoZnO
mixture. Standardized microbial suspensions (10° CFU/mL) were incubated with 1:10 PrPoZnO mixture in
96-well microtiter plates (final volume of 100 pL per well) for 16 h at 30 °C under constant agitation. Following
this incubation, an equal volume (100 pL) of H,DCFDA at 100 uM was added to each well, achieving a final
dye concentration of 50 uM. The plates were further incubated in the dark for 1 h under the same conditions.
Fluorescence intensity, reflecting intracellular ROS levels, was measured using a GloMax luminometer with
excitation and emission wavelengths set at 485 nm and 530 nm, respectively.

Hyphal formation assay in C. albicans

The effect of PrPoZnO mixture on hyphal formation in C. albicans was evaluated by culturing the cells in Spider
medium, which induces hyphal growth, with or without the 1:10 PrPoZnO mixture. Once culture medium
has solidified, 5 pL aliquot of a standardized C. albicans suspension (10° CFU/mL) was added to each well.
The cultures were incubated at 37 °C for 5 days in a humid environment. After incubation, the morphological
changes in the cells were assessed under a stereomicroscope to determine the extent of hyphal formation.

Cell culture

Human osteogenic sarcoma cells (Saos-2), human keratinocyte cells (HaCaT) and human primary fibroblast cells
(FB789) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM, Aurogene, Rome, Italy), supplemented
with 10% fetal bovine serum (FBS, Aurogene, Rome, Italy), 2 mM L-glutamine, 100 units/mL penicillin and
100 mg/mL streptomycin (Aurogene, Rome, Italy), at 37 °C with 5% CO2 in a humidified incubator. Cells were
maintained at 70-80% confluence and passaged at a ratio of 1:5, 1:10 and 1:2, respectively, after trypsinization with
0.05% trypsin/0.02% EDTA (Aurogene, Rome, Italy). Cells between passages 3-7 were used for all experiments.

Cell viability assay

Cell viability was assessed using the MTT assay as described by Bossu et al.*3. Briefly, 3x 10* Saos-2, HaCaT
and FB789 cells were seeded in 96-well plates and exposed to 1:10 dilution of PrPoZnO mixture for 16, 24,
48 and 72 h. MTT solution (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich, St.
Louis, MO, USA) at a concentration of 5 mg/mL in PBS was added to each well and the cells were incubated
for 4 h at 37 °C. Formazan crystals were dissolved with DMSO, and absorbance was measured at 570 nm using
a Multiskan™ FC microplate photometer (Thermo Fisher Scientific, Waltham, MA, USA), with a reference
wavelength of 630 nm. Results were expressed as percent cell viability compared with untreated control cells.

Statistical analysis

All experiments were performed at least in triplicate. Data are presented as mean + SD. The statistical significance
was determined by Student’s t test or one-way ANOVA coupled with a Bonferroni post-test (GraphPad Prism
5.0 software, GraphPad Software Inc., La Jolla, CA, USA). Differences with p-values<0.05 were considered
significant and were indicated as follows: *p <0.05, **p <0.01 and ***p <0.001.

Data availability
The datasets produced or analyzed during the current study are available from the corresponding author upon
request.
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