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Abstract  

 Bee pollen is a natural supplement composed of flower pollen, nectar and the secretions of bees. This research 

analyzed the composition of bee pollen using FTIR-ATR, which showed that bee pollen contains components that enhance 

antioxidant activity such as protein. The antioxidant potential of bee pollen extract was evaluated. Analyses on bee-pollen 

from ultrasonic extraction exhibited impressive radical scavenging properties in DPPH, ABTS and NO assay, without 

being a cell-toxic, and own potential for the investigations into gene expression and inflammatory cytokine modulation. 

For developing nanoemulsion in formulation, Box-Behnken Design using Response Surface Methodology (RSM) was 

used to determine the significant stability variables of particle size (PS), viscosity, and type of surfactant Tween. Phase 

separation was observed in 8 of 17 experimental trials, where higher pressure (7,000 psi) increased particle size and higher 

surfactant concentrations slightly enlarged particles but reduced zeta potential. Time exhibited a negligible impact. A 

combination of 2% surfactant and 5,000 psi pressure applied for 30 min was the optimal process condition, producing 

nanoparticles of 140.46 nm with a corresponding ZP of −24.46 mV, as corroborated by triplicate measurements. 

Formulations 1 - 3, 6, 9, 12 - 15, and 17 passed all stability tests. Conversely, formulations 4 - 5, 7 - 8, 10 - 11, and 16 

showed phase separation and need further modification. These results are in accordance with known stiffness stabilization 

mechanisms in nanoemulsion systems, evidencing a surfactant assisted particle dispersion enhancement. This 2-

dimensional strategy further promotes the functional possibility of bee pollen through powerful antioxidant profiling and 

rationally designed delivery systems. 

 

Keywords: Bee pollen extract, Antioxidant activity, Cytotoxicity, Nanoemulsion, Box-Behnken design, Response 

Surface Methodology 

 

Introduction 

 Bee pollen is a ball or pellet of field-gathered 

flower pollen packed by worker honeybees, and used as 

the primary food source for the hive. It is a nutritionally 

rich food, containing sugars, proteins, minerals,  

 

vitamins, fatty acids, enzymes, antioxidants and other 

bioactive substances with more than 250 reported 

constituents. The chemical composition of bee pollen 

depends on botanical source, geographical origin, and 
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environmental factors, and generally consists of 40% - 

85% carbs, 14% - 30% proteins and 1% - 10% lipids. 

It’s also packed with loads of vitamins and minerals 

including calcium, magnesium and potassium. Bee 

pollen is collected throughout the world and produced 

predominantly in nations such as Brazil, the Philippines 

and Morocco and is considered as having a good 

nutritional value comprising essential amino acids, 

flavonoids and phenolic compounds responsible for its 

bioactivity [1,2]. Its metabolites, especially the 

polyphenols and flavonoids, are metabolized through 

cytochrome P450 enzymes, which might affect on their 

bioavailability and health benefits [3]. Additionally, bee 

pollen has been found to have strong antioxidant and 

anti-inflammatory effects which are mainly due to its 

phenolic acid and flavonoid content. Recent studies 

further confirm that polyfloral bee pollen exhibits strong 

antioxidant and antimicrobial activities and can 

attenuate inflammation in TNF-α-stimulated airway 

epithelial cells through modulation of NF-κB signaling, 

supporting its potential as a health-promoting ingredient 

in pharmaceutical and nutraceutical formulations [4,5]. 

It has been shown to neutralize free radicals and 

decrease oxidative stress, and antioxidant potential is 

positively correlated with total phenolic content, 

although the amount varies as a function of the pollen 

type and method of extraction. Moreover, bee pollen 

extracts have been found to possess potent anti-

inflammatory effects, demonstrated by their ability to 

inhibit pro-inflammatory cytokines as TNF-α and IL-1β 

resulting in the diminished leukocyte accumulation, 

granulation tissue formation and angiogenesis in 

experimental models. Results of cytotoxicity studies 

show that most bee pollen extracts exhibit poor toxic 

behavior, supporting therapeutic use. Several extraction 

methods such as maceration and ultrasonic-assisted 

extraction have been used to maximize yield and 

recovery of bioactive compounds, and ultrasonic 

extraction was found to give higher phenolic content due 

to better cell wall disruption [6-11]. In line with this, 

recent investigations on rose and camellia bee pollen 

have demonstrated that ultrasonic or ultrasound-assisted 

treatments effectively disrupt pollen walls, enhance the 

release of nutritional components, and significantly 

improve in vitro and in vivo antioxidant capacity, 

highlighting ultrasound as a green technology for 

upgrading the biological activity of bee pollen 

ingredients [12,13]. 

 Nano emulsions are emulsions with droplet sizes 

in the nanometer range (20 - 200 nm). They are prepared 

by the dispersion of 2 immiscible compounds (i.e., 

either surfactants or co-surfactants) containing 

thermodynamically stable and transparent systems 

which enhance the bioavailability and stability of the 

encapsulated substances. The ingredients primarily 

consist of an oil phase, an aqueous phase, and 

emulsifiers like Tween 80 and glycerol. Nano emulsions 

have also found various applications in pharmaceutical, 

cosmetic, food and the related fields where they are 

generally employed for the enhancement of solubility, 

stability and skin permeation of active compounds. 

Recent studies have been aimed at creating bee pollen 

nano emulsions to overcome the drawbacks (low 

solubility and stability) of bee pollen extracts with 

improvement of antioxidant and antibacterial activities 

as well as permeation and extending shelf life. These 

formulations have potential applications as functional 

foods and as cosmetics [14-18]. 

 Thus, in the present study, it is desired that bee 

pollen could be extracted using maceration and 

ultrasonic approaches with a view to compare both 

yields since it is expected to follow by the evaluation of 

antioxidant, anti-inflammation and cytotoxic activities 

of the resulted extracts. The extracts will then be 

processed into nano emulsions using design of 

experiments software (Design Expert) for optimization 

and maximal efficacy and stability. The whole target is 

to obtain novel nano emulsion formulation to bee 

product of ordinary pollens so that it can be widely used 

in cosmetic and healthcare industry and directly 

absorbed to body because nano emulsion could improve 

the bioavailability and functional properties of 

ingredients. This practice shares the raising interest to 

obtain natural, effective and stable bioactive 

formulations in cosmetic production and more. To the 

best of our knowledge, there is still limited information 

on the integrated use of ultrasonic-assisted extraction 

and statistical optimization to simultaneously maximize 

the antioxidant and anti-inflammatory activities of bee 

pollen extracts and to tailor their incorporation into 

topical nanoemulsion. Previous study has either 

optimized the extraction of bee pollen bioactive using 

response surface methodology or developed pollen-
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based nanoemulsion for food applications, but they did 

not address cosmetic skin-care formulations or 

systematically link extraction efficiency, bioactivity, 

and colloidal stability within a single experimental 

framework [19]. In this context, the present work 

provides a 2-dimensional strategy that combines 

ultrasound-assisted extraction with Box-Behnken 

design-guided nanoemulsion formulation to generate a 

non-cytotoxic bee pollen extract with strong radical 

scavenging and NO-inhibitory capacity and to identify 

process parameters that yield physically stable, skin-

compatible nanoemulsions suitable as cosmetic delivery 

vehicles.  

 

Materials and methods 

 Materials  

 Bee pollen granules were obtained from Big Bee 

Farm, Samut Prakan, Thailand, and kept in airtight 

containers at 4 °C until use. Ethanol (analytical grade, 

95% v/v; Merck, Germany) was used as the extraction 

solvent. For antioxidant experiments, 2,2-diphenyl-1-

picrylhydrazyl (DPPH), 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt 

(ABTS), potassium persulfate, sodium nitroprusside, 

sulfanilamide, N-(1-naphthyl)ethylenediamine 

dihydrochloride, Trolox and MTT 

(3‑(4,5‑dimethylthiazol‑2‑yl)-2,5‑diphenyltetrazolium 

bromide) were purchased from Sigma-Aldrich (St. 

Louis, MO, USA), while isopropanol, phosphoric acid 

and other routine reagents were of analytical grade 

(Merck, Germany). Cell culture reagents including 

RPMI‑1640 medium, fetal bovine serum, L‑glutamine, 

penicillin G and streptomycin were obtained from Gibco 

(Thermo Fisher Scientific, Waltham, MA, USA). 

FTIR‑ATR spectra of bee pollen were recorded on a 

JASCO FT/IR‑4600 spectrometer equipped with a 

diamond ATR crystal (JASCO Corporation, Tokyo, 

Japan). Rotary evaporation of extracts was performed 

using a Rotavapor R‑210 (BUCHI, Flawil, Switzerland), 

and ultrasonic‑assisted extraction employed a 

DRAWELL ultrasonic extractor (DRAWELL, USA). 

Nanoemulsions were produced using a high‑pressure 

homogenizer (Microfluidizer M‑110P, Microfluidics, 

Westwood, MA, USA), and particle size and zeta 

potential were evaluated using a dynamic light 

scattering instrument (Zetasizer Nano ZS, Malvern 

Panalytical, Malvern, UK). Absorbance in antioxidant, 

anti‑inflammatory and cytotoxicity assays was 

measured using a microplate reader (Bio‑Rad, 

Richmond, CA, USA). 

 

 Preparation of bee pollen extract 

 Bee pollen processed 2 ways, obtained from Big 

Bee Farm in Thailand, was prepared as follows: 

 

 Maceration method 

 For the extraction, the bee pollen was grounded to 

a fine powder and then extracted with 95% v/v ethanol 

in the proportion of 1:4 (w/v). The combination was 

shaken at 30 °C and 100 rpm for 8 h, and then incubated 

at room temperature for 24 h. The filtrate was filtered 

using Whatman No. 1 filter paper after which a clear, 

sediment free solution was obtained. This extraction was 

repeated 5 times. Finally, the solvent was evaporated 

using a rotary evaporator (BUCHI, Switzerland) under 

vacuum pressure of 175 mbar at 50 °C, 20 rpm, for 

approximately 60 min until complete solvent removal 

[20]. 

 

 Ultrasonic-assisted extraction method 

 Bee pollen was pulverized and then extracted with 

95% v/v ethanol (1:4 w/v). The mixture was 

ultrasonicated at a frequency of 25 kHz (DRAWELL 

ultrasonic extractor, USA) at controlled parameters (60 

°C for 60 min) using sonication for extraction. The 

extract was further filtered with Whatman No. 1 filter 

paper until a clear and free from sediments solution was 

obtained. This extraction step was repeated 5 times. The 

solvent was evaporated using a rotary evaporator 

(BUCHI, Switzerland) at the same conditions as in the 

maceration method (175 mbar vacuum pressure and 50 

°C, 20 rpm) for approximately 60 min until complete 

solvent removal. The extracts obtained by both the 

methods were assured by percentage yield (%) using the 

equation: 

 

Yield of extract (%)  =
 Weight of extract obtained (g)

Weight of bee pollen used (g)
×100 

          

 The extract was preserved in a dark container at 4 

°C to prevent damage until further analysis. 
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 Antioxidant activity of bee pollen extract 

 DPPH assay 

 The DPPH solution (0.2 mM) was obtained by 

dissolving 0.04 g of DPPH in 100 mL of ethanol. The 

mixture was homogenized with the aid of a vortex mixer 

before being covered with aluminum foil or kept in a 

dark container and stored at 4 °C prior to analysis. For 

the assay, 0.1 mL of crude BP extract was placed in 

triplicate test tubes. Then 2.9 mL of the prepared DPPH 

solution was added to each of the tubes of the extract to 

start the reaction. All samples were combined and 

incubated in the dark for 30 min. The absorbance was 

measured at 517 nm. The antioxidant capacity of the 

crude bee pollen extract was calculated and the IC50 

value (the concentration of the extract which inhibits 

50% of DPPH radicals) was established [21,22].  

 

 ABTS radical scavenging assay 

 The antioxidant ability of bee pollen extract was 

measured using the 2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical 

cation decolorization assay [23]. Briefly, the ABTS 

stock solution was prepared by dissolving 0.0496 g of 

ABTS in DI water, in a volume of 50 mL using a 

volumetric flask. The solution was wrapped with 

aluminum foil to avoid light exposure and aged for 14 - 

16 h [24]. The potassium persulfate (K₃S₅O₈–) solution 

was generated by dissolving 0.0166 g of K3S5O8 in DI 

water, and the volume was made up to 25 mL using a 

volumetric flask, also kept in the dark using aluminum 

foil for 14 - 16 h. Working ABTS radical solution was 

prepared by mixing the ABTS solution with K3S5O8 at 

1:0.5. The resulting mixture was diluted 20 times to 

obtain an absorbance of 0.7 - 1.0. Trolox was employed 

as the standard antioxidant and was prepared at 1,000 

mg/L concentration in methanol by dissolving 0.0499 g 

of Trolox, and the total volume was made up to 50 mL 

in a volumetric flask. The reference solution was kept in 

the dark by covering it with an aluminum foil [25]. 

 

 Nitric Oxide (NO) radical scavenging assay 

 Nitric oxide radical scavenging activity (NO) was 

evaluated according to the method described earlier. NO 

scavenging activity was evaluated by sodium 

nitroprusside NO-generating method. The assay 

comprised 50 μL 10 mM sodium nitroprusside in PBS 

into wells of 96-well plate with bee pollen crude extract 

supplemented. After then, 100 μL of Griess reagent (2% 

sulfanilamide in 4% phosphoric acid plus 0.2% 

naphthylethylenediamine) was added and incubated for 

2 h. The absorbance was read at 540 nm, and the 

antioxidant activity (AE) of the bee pollen crude extract 

was determined. The scavenging takes place when the 

antioxidants compete with oxygen resulting in 

decreased generation of NO. This technique allows a 

quantitative evaluation of the capacity of the extract to 

prevent nitrite release by scavenging NO [26]. 

 All IC50 values for antioxidant and 

anti‑inflammatory assays are reported as micrograms of 

bee pollen extract per milliliter (µg/mL) of the 

corresponding reaction or culture medium. 

 

 Anti-inflammatory activity  

 Murine monocyte-derived macrophage cell line, 

RAW 264.7 cells, were maintained in the complete 

medium, RPMI-640 medium containing 3.7 µg/mL 

NaHCO3, 2 mM glutamine, 100 U/mL penicillin G, 100 

µg/mL streptomycin, and 10% fetal bovine serum. The 

cells were incubated at 37° C under a humidified 

atmosphere of 5% CO2. The adherent cells were 

disassociated by trypsin-EDTA solution prior to the 

experiments. The cells were incubated with 10, 20, 30 

and 40 µg/mL of bee pollen extract or 10, 25, 50 and 100 

µg/mL of Eryngium foetidum extract for 24 h in a CO2 

incubator [27]. The 100 µL of supernatant were mixed 

in 100 µL Griess reagent (0.5% sulfanilamide, 0.05% N-

(1-Naphthyl) ethylenediamine dihydrochloride in 2.5% 

H3PO4) in 96-well tissue culture plates [28] after 

incubation. The reaction mixture was incubated for 20 

min at 37 °C, and absorbance at 570 nm was assessed in 

an ELISA plate reader. The data were obtained by 

subtracting values from unstimulated control wells 

without LPS stimulus, and IC50 values (as-free 

concentrations) were determined relative to control 

wells without test substance [29]. This approach allows 

assessing anti-inflammatory properties by suppressing 

nitric oxide production, an important inflammatory 

mediator generated by activated macrophages. 

 

 Cytotoxicity MTT assay 

 Cell cytotoxicity was evaluated by the MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide) assay, that determines mitochondrial 

dehydrogenase activity in living cells. RAW264. Seven 
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macrophage cells were cultured in 96-well flat-

bottomed plates in 100 μl medium containing 5×104 

cells per well and co-incubated in a CO2 incubator for 1 

- 2 h for adherence of cells. Test compounds (100 μL) 

were added at nominal concentrations of 10, 25, 50, and 

100 µg/mL and the cells were then incubated for 48 h at 

37 °C in a humidified atmosphere of 5% CO2. Following 

an incubation, the culture media was aspirated from the 

cells and 10 μL of MTT solution (5 µg/mL in PBS) was 

added into each well. The plates were then re-incubated 

for another 2 h for the formazan crystals to form. 

Afterwards, adding 100 μl of 0.04 N HCl in isopropanol 

dissolved the purple formazan crystals. The absorbance 

was read at 570 nm in an ELISA reader (Bio-Rad, 

Richmond, CA). Cell viability (%) was estimated by 

comparing OD values obtained from treated and 

untreated control cells. Each experiment was conducted 

in triplicate [30]. 

 

 Experimental designs of nanoemulsion by 

Response Surface Methodology (RSM) 

 The experimental design used for optimization of 

nano emulsion formulations by Response Surface 

Methodology (RSM) was performed using Design-

Expert software, a dedicated tool for multi-factor Design 

of Experiments (DOE) that allows to analyze and 

optimize the process through mathematical models. In 

this study, a Box-Behnken Design (BBD) was adopted 

to develop quadratic models using surfactant 

concentration (X₁, 1% - 3%), homogenization time (X₂, 

10 - 30 min), and the pressure (X₃, 2,500 - 7,500 psi) as 

independent variables at 3 coded levels (−1, 0 and +1). 

These experimental and coded values of the 3 

independent factors were employed to optimize the 

design of bee pollen extract nano emulsion for best 

performance using Response Surface Methodology 

(RSM) at high, medium and low levels (Table 1).

Table 1 The actual levels of independent variables at factor levels used in RSM. 

Symbols Independent variables 
Actual levels at factor levels 

−1 0 1 

X1 Surfactant Percentage (%) 1 2 3 

X2 Time (Min.) 10 20 30 

X3 Pressure (psi) 2,500 5,000 7,500 

 

 In this study, the 3 independent factors were fixed 

at the following actual ranges: Surfactant concentration 

1% (w/w) - 3% (w/w), homogenization time 10 - 30 min, 

and homogenization pressure 2,500 - 7,500 psi, which 

correspond to the coded levels −1, 0, and +1 listed in 

Table 1. These ranges were selected based on 

preliminary screening experiments, which showed that 

surfactant contents below 1% led to rapid phase 

separation, whereas levels above 3% did not further 

reduce droplet size and tended to decrease the 

magnitude of zeta potential, processing times shorter 

than 10 min yielded incompletely emulsified systems, 

while times longer than 30 min caused over-processing 

without meaningful size reduction, and pressures below 

2,500 psi produced coarse emulsions, whereas pressures 

beyond 7,500 psi increased droplet size due to shear-

induced coalescence. 

 The 1st degree Hadamard spherical response 

surface plane was utilized to analyze the impact of 

independent variables (X1, X2 and X3) on the 

observations for 2 years based on a set of a total of 17 

experiments conducted to produce the appropriate 

conditions for the size of the nanoparticle and zeta 

potential, involving 3 experiments at the center point. 

Response Surface Methodology was utilized for 

optimizing experimental conditions via response surface 

methodology via Box-Behnken designs in Design 

Expert Ver. 13. This elaborate statistical tool depends on 

the principles of experimental design and mathematical 

modeling to determine the relationships between 

multiple independent variables and the outcome. Result 

analysis depends on the anticipated quadratic regression 

models, which are used to create optimal response 

points based on a composite desirability function values 

between 0 and 1. The primary steps include 

experimental design, such as central composite design 

data collection, number of factors response equations, 

and parameter optimization, undertaken via algorithms 

such as modified differential evolution, to produce 

accuracy according to several constraints. The study was 
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developed as follows: Factor 1 Surfactant: 1% - 3%, 

Factor 2 Pressure: 2,500 - 7,500 psi and Factor 3 Time: 

10 - 130 min. As shown in Table 2. After determining 

the 17 conditions by the analytical program, the 

formulations of the nano emulsion were conducted 

using a high-pressure homogenizer reducing the size of 

the particle, which was the Microfluidizer (MODEL: M-

110P, USA). The formulations were then analyzed 

about the size of the particle and the zeta potential to 

explore correlations between the 2 observations over the 

various conditions. The conditions chosen by the 

program were finally formulated experimentally 3 times 

to increase accuracy and verify the predicted point.

 

Table 2 Experimental design based on the Box–Behnken method for factor variation. 

Run 
Factor 1 (X1): 

Surfactant (%) 

Factor 2 (X1): 

Pressure (psi) 

Factor 3 (X1): 

Time (min) 

1 2 5,000 20 

2 1 5,000 30 

3 1 5,000 10 

4 3 5,000 10 

5 2 5,000 20 

6 3 5,000 10 

7 1 2,500 20 

8 2 2,500 30 

9 3 5,000 30 

10 3 7,500 20 

11 1 2,500 20 

12 2 5,000 20 

13 2 7,500 10 

14 2 5,000 20 

15 2 5,000 20 

16 1 7,500 20 

17 2 7,500 30 

 

 FTIR-ATR spectroscopy and spectral data 

processing 

 Bee pollen samples were analyzed for their 

structural characteristics and functional groups using 

attenuated total reflection-Fourier transform infrared 

(ATR‑FTIR) spectroscopy. The measurements were 

carried out with a JASCO 4,600 spectrometer equipped 

with a diamond crystal, on which individual bee pollen 

granules were placed and pressed to ensure intimate 

contact with the ATR surface. Spectra were recorded in 

the wavenumber range of 400 - 4,000 cm−1, with 32 

scans accumulated at a resolution of 4 cm−1 for each 

sample, and the resulting spectra were exported and 

re‑plotted using GraphPad Prism 10 for subsequent 

analysis of the absorption bands corresponding to 

characteristic functional groups present in the bee pollen 

matrix [31]. 

 

 Particle size and Zeta potential measurement of 

nano emulsion 

 Particle Size and Zeta Potential Measurement of 

Nano emulsion the prepared nano emulsion 

formulations with the proper ratio were chosen for 

measurement of particle size by using a particle size 

analyzer, Zetasizer Nano Micromeritics; MODEL: 

Nanoplus. Scattering was performed in an optical 

quality 3 mL borosilicate cell in 90° angle. The samples 

were iso-osmotically diluted in distilled water to avoid 

multiple scattering effects [32]. A diluted sample of the 

emulsion with approximately 250 µL, was put into 50 
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mL beaker with 100 mL of deionized water whilst gently 

mixing with glass rod [33]. The temperature was kept at 

25 °C constant style [34]. The nanoparticle size, 

polydispersity index, and zeta potential of the nano 

emulsions are reported herein. The process is based on 

dynamic light scattering, using a helium-neon laser of 

633 nm wavelength and detection angle of 173°. In this 

process, every measurement was performed in 

quintuplicate to achieve accuracy. 

 

 Stability testing 

 The formulation of the product was titrated with 

distilled water to 3,000 μL and showed no phase 

separation after storing at room temperature for 3 days 

and so was picked for the experiments. Stability of the 

emulsions was determined by the centrifugal test with 

3,500 rpm for 30 min. The accelerated stability protocol 

applied in this study was adapted from ICH Q1A(R2) 

guidelines for stability testing of new drug products. 

Visual inspection of the resultant appearance was used 

to check for any phase separation, indicating emulsion 

instability. Emulsions that showed no phase separation 

were further subjected to a Heating-Cooling cycle test 

for assessment on the influence of temperature variation 

on product stability. Product samples were held at 4 °C 

for 48 h and subsequently at test temperature for 48 h. 

The cycle sequence was repeated 6 times (24 days) and 

visual assessments were conducted during the testing 

period. Afterwards, the samples were retained at 25 °C 

and the experiment was conducted 3 times (12 days), 

with visual assessment. No phase separation showed 

emulsion stability, 24 adapted from Shafiq-un-Nabi et 

al. [35]. 

 

 Statistical data analysis 

 The data are presented as means and standard 

deviations from at least 3 independent experiments. 

Statistical differences between groups were analyzed 

using One-Way ANOVA, and difference comparisons 

were further made with a post-hoc test (p < 0.05) in 

GraphPad Prism 10 (GraphPad Software, Boston, MA, 

USA). 

 

Results and discussion 

 FTIR-ATR spectroscopy and spectral data 

processing 

 The absorbance of bee pollen was recorded in the 

wavenumber range of 400 - 4,000 cm−1, and the 

resulting spectrum is presented in Figure 1. These 

spectral features are consistent with previous reports on 

bee pollen, where ATR‑FTIR bands associated with 

proteins, phenolics and polysaccharides have been 

correlated with high total polyphenol content and 

antioxidant activity. In the ATR‑FTIR spectra of the bee 

pollen, broad bands in the region 3,200 - 3,400 cm−1 

were assigned to O–H and N–H stretching vibrations of 

phenolic compounds and proteins, whereas bands at 

2,800 - 3,000 cm−1 corresponded to C–H stretching of 

carbohydrates and lipids. Prominent absorption in the 

amide I (around 1,600 - 1,700 cm−1) and amide II 

(around 1,500 - 1,540 cm−1) regions indicated the 

presence of proteinaceous constituents, which are 

known contributors to the nutritional and antioxidant 

profile of bee pollen. In addition, the signals observed 

between 900, and 1,200 cm−1 were attributed to C–O 

stretching and C–O–C vibrations of polysaccharides and 

other phenolic‑rich carbohydrates, further supporting 

the contribution of these functional groups to the overall 

antioxidant potential of the samples [36,37]. Previous 

reports have indicated that the main constituents of bee 

pollen are carbohydrates, proteins, amino acids and 

lipids, together with other minor components present at 

levels below 2% [38]. In this analysis, the IR spectra 

were interpreted based on peak positions corresponding 

to the functional groups of these molecular components. 

The absorption bands attributed to the functional groups 

of the compounds present in the bee pollen samples are 

summarized in Table 3.
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Figure 1 Characteristic FTIR-ATR spectrum of bee pollen with the assignation of major underlying molecular vibrations. 

The broad band around 3,283 cm−1 corresponds to O–H stretching vibrations of hydroxyl groups, while peaks near 2,922 

cm−1 are attributed to C–H stretching of aliphatic chains. The band at 1,640 cm−1 is associated with C=O stretching of 

amide or conjugated carbonyl groups, and the peaks at 1,415 - 772 cm−1 indicate C–O and C–O–C stretching typical of 

carbohydrates and other pollen components. 

 

Table 3 FTIR-ATR peak assignments of bee pollen samples. 

Peak 

no. 

Absorption peaks from 

bee pollen sample (cm-1) 
Assignment Ref. 

1 3,283.21 
N–H stretching mode from protein and O–H stretching mode from 

carbohydrates (primarily glucose, fructose, and sucrose) and water. 
[39] 

2 2,922.59 C–H stretching mode from sugars, glucans, and lipids [39] 

3 1,640.16 C=O stretching mode from amide I of proteins [31] 

4 1,415.49 C-H deformation mode from lipids and cellulose [40] 

5 1,028.84 C-O and C-C stretching mode from sugar and protein [39] 

 

 The result of bee pollen extraction 

 The comparison of bee pollen extraction, 

displayed in Figure 2(a), shows that the extract 

produced by using ultrasonic method Figure 2(c) was 

darker and viscous compared to the maceration method 

Figure 1(b). Quantitatively, the ultrasonic extraction 

process extracts highest percent of crude extract and 

recorded as 15.8318 ± 0.13, whereas in case of 

maceration its value was found to be 12.1564 ± 0.06 

(Table 4). The improved yield of the ultrasound-assisted 

extraction could be ascribed to the cavitation effect 

induced by ultrasonic waves that can destroy the 

integrity and structure of pollen matrix, promoting the 

bioactive compounds diffusing from inside to outside 

and increasing contact surface area between solvent and 

pollen so that resulted in a higher extraction efficiency. 

The effectiveness of ultrasonic extraction has been 

justified based on its capacity to destroy matrix structure 

and improve mass transfer of bioactive compounds 

[41,42]. Several research have reported the increase in 

bioactive content based on Ultrasonic extraction, 

especially Total Phenolic Content (TPC) and Total 

Flavonoid Content (TFC), that increased antioxidant 

property with reducing the processing time and used 

solvent [43]. The influence of cavitation phenomenon, 

caused by the ultrasonic waves, on increasing the 
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solvent-pollen interface favors enhanced bioactive 

compounds release [44] making this method more 

efficient and eco-friendlier than conventional extraction 

(maceration for comparison).

 

 

                                      (a)                                       (b)                        (c) 

Figure 2 Visual characteristics of bee pollen and its extracts. (a) Bee pollen granules before extraction. (b) Bee pollen 

extract obtained by maceration, showing a viscous brown appearance. (c) Bee pollen extract obtained by ultrasonic 

extraction, exhibiting a darker and more concentrated appearance than the macerated extract. 

 

Table 4 The comparison percentage of yield of crude bee pollen extract.  

Extraction Method Percentage of yield (Mean ± S.D.) 

Maceration 12.1564 ± 0.06ᵃ 

Ultrasonic 15.8318 ± 0.13ᵇ 

Note: The values in the same column with different superscript letters are significantly different at p < 0.05. 

 

 Antioxidant activities based on test of DPPH, ABTS and NO methods 

 The bee pollen extracts obtained from Maceration and Ultrasonic-Assisted Extraction were screened for its 

antioxidant activity by DPPH and ABTS methods and anti-inflammatory (NO method). Results are shown in Table 5. 

 

Table 5 The comparison of antioxidant activity of bee pollen extracts.  

Method 
Antioxidant Activity (IC50: µg/mL) 

DPPH ABTS NO 

Maceration 4.00 ± 0.02 a 15.29 ± 0.50 b 15.73 ± 0.27 b 

Ultrasonic Assisted 2.81 ± 0.02 a 12.84 ± 0.29 b 9.54 ± 0.07 a 

Note: Mean values with different superscript letters within the same column are significantly different (p ≤ 0.05). 

 

 The difference in scavenging activity of DPPH on 

the maceration and ultrasonic method was mainly due to 

the cavitation effect produced during sonication. 

Besides, comparing IC50 values in Table 5 extract 

obtained from ultrasonic extractions shown significantly 

lower (2.81 ± 0.02 µg/mL) than that of macerations 

(4.00 ± 0.02 µg/mL), which is showing superior 

antioxidant activity. An observed acceleration effect of 

ultrasonication upon extraction rate is the increased 

localized high temperature and pressure from cavitation 

bubble collapse that facilitates disruption of cell walls 

and increases the mass transfer of antioxidant 

compounds into the solvent [45]. The cavitation favors 

the release of compounds complexed on the cell wall, 

such as polyphenols and other antioxidant components 

that are not so available by maceration [46]. This 

mechanism explains why the DPPH radical scavenging 

activity cannot rise more than 16% - 40% in SSAE of 

different plant materials compared to their 

corresponding maceration. Regarding ABTS radical 

scavenging activity, ultrasonic extraction (IC50 = 12.84 

± 0.29 µg/mL) is more efficient than maceration (IC50 = 

15.29 ± 0.50 µg/mL). ABTS assay The ABTS assay acts 

through a different mechanism than DPPH and is based 

on the use of the radical cation (ABTS•+; = 414, 645, 

734 and 815 nm) [47]. Ultrasonic extraction is more 

effective than small sample preparation in the ABTS 

method due to a wider range of extracted antioxidant 
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substances, including both polar and non-polar 

antioxidants. Contrary to DPPH that is an adequate 

indicator of the activity that involves solely hydrogen 

atom transfer, the ABTS assay may also detect 

compounds which act through electron transfer [48]. 

The advantage of the ultrasonic treatment lies in part in 

its ability to extract substances with different 

stoichiometry to ABTS radicals as those compounds 

that have a larger reaction stoichiometry may scavenge 

several ABTS molecules per antioxidant molecule. 

Regarding NO inhibition, the UE is much more effective 

(IC50 = 9.54 ± 0.07 µg/mL) than maceration (IC50 = 

15.73 ± 0.27 µg/mL). These IC50 values correspond to 

9.54 ± 0.07 µg/mL and 15.73 ± 0.27 µg/mL of bee 

pollen extract in the reaction mixture, respectively. This 

difference is especially interesting because NO, 

although necessary for functions like blood pressure 

regulation and immune response under basal conditions, 

can cause tissue damage and inflammatory disease if 

produced in excess [49]. The better inhibitory effect of 

NO from ultrasonic extracts may be attributed to the 

higher content that they contain phenolic compounds 

and flavonoids, which have been proven to inhibit NO 

production in LPS-stimulated RAW 264.7 macrophage 

cells [50]. Ultrasounds cavitation effect of extraction 

seems to more effectively release components that can 

either scavenge NO or block the production of this 

molecule and inflammation pathways involved in its 

synthesis, to induce potential anti-inflammatory 

applications [51]. Taken together, it can be seen that 

ultrasonic assisted extraction is superior to conventional 

maceration in all of 3 antioxidant activity assays (DPPH 

assay, ABTS method and NO inhibition), with reduced 

IC50 values (higher antioxidant activity). This 

superiority might be due to the distinctive physical 

mechanism of UA extraction, cavitation force can 

enhance cell disruption and mass transfer, and release 

more varieties of bioactive compounds from plant 

materials. Differences observed between the 2 methods 

are more evident in complex matrices where antioxidant 

compounds are tightly held to cellular structures or form 

complexes with other biomolecules. These results 

indicate that the extraction method plays a crucial role 

in the determination of antioxidant capacity of natural 

products, and ultrasonic extraction demonstrates unique 

merits for the development of functional foods, research 

of medical pharmaceuticals, and examination on natural 

product. In agreement with our findings, several 

comparative studies have demonstrated that ultrasound-

assisted extraction is more efficient than conventional 

maceration and other techniques in concentrating 

antioxidant constituents. Previous reported that 

ultrasonication of propolis using 70% ethanol yielded 

higher extraction efficiency, total phenolic content and 

flavonoid content than both maceration and microwave 

extraction, resulting in extracts with superior radical 

scavenging activity. Likewise, ultrasound-assisted 

extraction of crude pollen significantly enhanced total 

polyphenol and flavonoid contents under optimized 

conditions, which translated into improved antioxidant 

capacity of the pollen extracts. Together with the lower 

IC50 values observed for the ultrasonic bee pollen 

extracts in DPPH, ABTS and NO assays in this study, 

these data support ultrasound-assisted extraction as a 

comparatively more effective and green strategy for 

enhancing the antioxidant activity of bee-derived 

ingredients [52,53]. When comparing the 3 assays, a 

coherent pattern was observed, in which the ultrasonic 

bee pollen extract consistently exhibited lower IC50 

values than the macerated extract in DPPH, ABTS and 

NO tests, indicating a globally higher antioxidant and 

NO-scavenging potential. Although DPPH and ABTS 

are both based on radical scavenging, they operate 

through partially different reaction mechanisms and 

solvent environments, so only a moderate correlation 

between their results is generally expected, while the 

NO assay reflects the ability of phenolic- and flavonoid-

rich extracts to modulate a biologically relevant reactive 

nitrogen species rather than a stable synthetic radical. In 

this context, the agreement across DPPH, ABTS and NO 

assays in our study suggests that the phenolic profile 

enriched by ultrasound-assisted extraction confers a 

broad-spectrum antioxidant response, consistent with 

previous reports that combined DPPH/ABTS/NO 

measurements provide complementary and partially 

correlated information on the antioxidant capacity of 

plant and bee pollen extracts [54-57]. 

 

 Results of cytotoxic activity  

 The aims of this study were to prepare products 

contained of bee pollen extract in addition as skin care 

cosmetic ingredients. In order to determine appropriate 

test conditions including concentration and exposure 

time ensuring that analysis is not disturbed by 
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cytotoxicity, the authors performed a cytotoxicity test 

using RAW 264.7 macrophage cells. The cytotoxicity 

was determined in RAW264.7 macrophage cells by 

MTT assay. This assay assesses mitochondrial activity 

through the number of viable cells with active 

mitochondria and complete reactions convert yellow 

reagent to purple formazan crystals [58]. The bee pollen 

extract extracted by an ultrasound extraction was also 

analyzed, and when tested against LPS-stimulated 

macrophages in a control experiment. This IC50 value is 

equivalent to 3.17 ± 0.07 µg/mL of extract per mL of 

culture medium. These results suggest that US-EEBP 

was not cytotoxic to cells. Therefore, the MTT assay is 

employed as a basic screening test to find out non-toxic 

doses of any chemical/drug agents and for calculating 

the inhibitory concentration (IC50) which refers to the 

concentration where 50% cell loss was observed [59]. 

This lack of effects at the cellular level may be explained 

by the mode of extract action (lack of involvement in 

apoptotic-induced cell death and no impact on 

mitochondrial metabolism) [60]. Mechanistically, the 

absence of cytotoxicity in RAW 264.7 macrophages at 

the concentrations tested is likely related to the balanced 

phytochemical profile of the bee pollen extract, in which 

phenolic compounds, flavonoids, amino acids and 

vitamins act predominantly as antioxidants and 

modulators of redox-sensitive signaling rather than as 

direct pro-apoptotic agents. Several studies have shown 

that polyphenol-rich bee pollen preparations can 

upregulate endogenous antioxidant defenses and 

attenuate oxidative and inflammatory damage in 

epithelial and immune cells without impairing basal cell 

viability, mainly through scavenging reactive oxygen 

and nitrogen species and downregulating NF-κB- and 

MAPK-dependent inflammatory pathways. In this 

context, the maintenance of mitochondrial 

dehydrogenase activity and cell morphology observed in 

our MTT assay suggests that, under the tested 

conditions, bee pollen constituents support cellular 

homeostasis and exert cytoprotective rather than 

cytotoxic effects in macrophages [61,62]. There is some 

indication that some extracts may cause false positives 

by chemical reaction [58]. Nevertheless, in the present 

study, it is clearly shown that bee pollen extract has no 

effects on cell viability throughout all test conditions. 

This information provides evidence for the safe use of 

this extract as a cosmetic ingredient, according to 

cytotoxicity evaluation standards prescribed in ISO 

10993-5. In our study, no significant loss of RAW 264.7 

cell viability was observed over the tested range of bee 

pollen extract concentrations, and the calculated IC50 for 

cytotoxicity was higher than the maximal concentration 

used in subsequent mechanistic assays, indicating that 

the extract can be regarded as non-cytotoxic under the 

experimental conditions employed. 

 

 Results of the anti-inflammatory activity 

 Nitric Oxide Inhibitory Assay measures the level 

of nitric oxide (NO), an important inflammatory 

mediator generated by macrophage cells, which reflects 

the capacity of bee pollen extracted using ultrasonic 

extraction to suppress NO generation. The extract 

suppressed the release of nitric oxide from the sample 

(control) up to sequential concentrations of 100, 75, 50, 

25 and 10 µg/mL respectively in a concentration-

dependent manner. These results indicate the anti-

inflammatory activity of bee pollen extract, ultrasonic 

solvent extraction in decreasing nitric oxide release 

from LPS-stimulated macrophage as IC50 of 2.54 ± 0.21 

µg/mL. The anti-inflammatory activity of the ultrasonic-

extracted bee pollen in RAW 264.7 macrophages 

showed a remarkable decrease in NO production in a 

dose-dependent manner. In other words, the 

concentration required to inhibit 50% of NO production 

was 2.54 ± 0.21 µg of bee pollen extract per mL. This 

suggests high correlation between the concentration and 

inhibitory effects on nitric oxide release. Elevation of 

the extract concentration may result in NO inhibition 

rate increment between 10 to 100 µg/mL. These results 

coincide with the outcomes of a study on Clerodendrum 

petasites leaf extract where further NO inhibitory 

properties were observed at higher concentrations [63]. 

As to the mechanism of NO inhibition, it could be 

concerned with blocked NF-κB signaling pathways or 

downregulation of NOS enzyme expression. This study 

evidences the potential anti-inflammatory activity of bee 

pollen extract obtained by ultrasonic extraction method, 

in NO inhibition mechanisms from macrophage culture 

cells which is corroborated with other medicinal herb 

extracts. 

 

 Results of nano emulsion formulation  

 The optimization of nano emulsion formulations 

with a statistical technique such as Response Surface 
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Methodology (RSM) combined with the Box-Behnken 

Design (BBD) was performed using Design Expert Ver. 

13. formulation samples were found by this software. 

The external appearance and color of the formulations 

were creamish white in color, which were found to be 

similar for all tested samples as evident by the 

experimental observations. In case of the phase 

separation, formulation numbers 4, 5, 7, 8, 10, 11, 16 

and17 exhibited separate layer formation (Figure 3), 

indicating that instability occurred in these nano 

emulsion systems. Such phase separation is also due to 

the coalescence of oil droplets or Ostwald ripening by 

energy accumulation inside the system [64]. It was 

reported that Ostwald ripening is considered as the main 

degradation in nano emulsions, especially in those 

retarded with low oil phase fractions [65,66].

 

 

Figure 3 Nano emulsion formulations developed using Box-Behnken design (BBD) methodology from Design Expert 

software Ver. 13, n = 17. 

 

 Results on factor correlation in nano emulsion 

development 

 The relationships between factors (Surfactant (%), 

Pressure (psi), Time (min)) and responses (Particle 

size(nm), Zeta potential(mV)) in Table 6 show that 

particle size positively correlates with pressure. 

PARTICLE SIZE Specifically, increase in pressure to 

7,000 psi causes to significantly increase the particle 

size (327.33 nm), decrease pressure to 3,000 psi results 

reduces the particle size (113.33 nm). Interestingly, the 

increase in homogenization pressure to 7,000 psi did not 

further reduce the droplet size but instead led to larger 

particles, which can be attributed to over-processing of 

the nanoemulsion. At very high energy inputs, the 

intense shear and turbulence increase the collision 

frequency between newly formed small droplets, and 

when the surfactant adsorption to the fresh interface is 

not fast enough to provide complete coverage, shear-

induced coalescence and partial Ostwald ripening can 

occur, resulting in an apparent increase in mean particle 

size. Similar pressure-dependent behavior has been 

reported for microfluidized and high-pressure 

homogenized emulsions, where droplet size decreases 

only up to an optimum pressure, beyond which 

additional pressure or passes cause re-coalescence and a 

slight growth of the average droplet diameter [67-69]. In 

addition, the particle size is varied to certain extent by 

surfactant concentration (%), higher surfactant content 

(4%) has a few larger particles than 2%. By contrast, it 

seems that time has little influence on the particle size 

and only minor differences were observed across a 

variety of different time-points. Determination of Zeta 

Potential (mV) shows that the values decrease slightly 

with % surfactant concentration. In our system, 

increasing the concentration of Tween surfactant 

slightly enlarged the mean droplet size and reduced the 

magnitude of the negative zeta potential, indicating that 

excess non‑ionic surfactant may promote limited droplet 

growth and partial screening of surface charge at the oil-

water interface. This trend is consistent with previous 

nanoemulsion studies reporting that higher Tween 80 

levels can initially decrease droplet size by lowering 

interfacial tension, but beyond an optimum range further 

addition leads to droplet growth and decreased absolute 

zeta potential due to changes in interfacial packing and 

electrostatic environment [70,71]. This discovery is 

supported by previous studies that proposed the 

possibility of higher surfactant concentration resulting 

in lower Zeta potential values reaching till or near to the 

iso-electric point, beyond which it rises in some cases 
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[72]. Furthermore, was observed that pressure has an 

important impact on Zeta potential with the greatest one 

(7,000 psi) causing a higher value of -10 mV which may 

be due to structural changes occurring at particle 

surfaces. But a very strong concentration of surfactant 

can reduce the Zeta potential (and its system stability). 

Other findings imply that the size and Zeta potential 

could be well controlled through pressure and 

production time [73]. Accordingly, such experimental 

observations are in general agreement with the 

established research activities, particularly as for the 

effects of pressure and surfactant on particle size and 

Zeta potential.

 

Table 6 Box-Behnken design (BBD) showing the variation of formulation conditions. 

Run 
Factor 1 X1: 

Surfactant (%) 

Factor 2 X2: 

Pressure (psi) 

Factor 3 X3: 

Time (min) 

Response 1: Particle 

size (nm) 

Response 2: Zeta 

potential (mV) 

1 2 5,000 20 262 −20 

2 1 5,000 30 284.67 −15 

3 1 5,000 10 284.33 −14 

4 3 5,000 10 113.33 −25 

5 2 5,000 20 262.33 −20 

6 3 5,000 10 113.33 −25 

7 1 2,500 20 204.67 −22 

8 2 2,500 30 275 −17 

9 3 5,000 30 114 −24 

10 3 7,500 20 327.33 −29 

11 1 2,500 20 291 −13 

12 2 5,000 20 263 −20 

13 2 7,500 10 293.33 −22 

14 2 5,000 20 262.67 −20 

15 2 5,000 20 264.67 −20 

16 1 7,500 20 312.67 −17 

17 2 7,500 30 298 −22 

 

 Particle size distribution analysis and 

measurement of zeta potential yield important 

information on the stability degree of colloidal systems. 

Figure 4(a) shows the particle size distribution in 

nanometers measured by Dynamic Light Scattering 

(DLS), a technique related to Brownian motion where 

larger particles move more slowly than small ones. The 

latter data also show particle homogeneity with the 

mean particle size and Polydispersity Index (PDI) are 

important parameters indicating system stability [74]. 

The surface charge property was determined in terms of 

zeta potential measured by Electrophoretic Light 

Scattering (ELS) as shown in Figure 4(b). Values of 

approximately 0 mV represent a state of electrostatic 

instability, and higher abs vol are correlated with 

increased stability (preventing particle aggregation) 

[75]. Interdependence of particle size and zeta potential 

plays a key role in colloidal stability: Larger particles 

with lower zeta potentials have higher chances to 

aggregate, whereas either pH or formulation changes 

may optimize both properties for better dispersion 

integrity .
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(a)                                                   (b) 

Figure 4 Normal probability plots of particle size and zeta potential. (a) Normal plot of externally studentized residuals 

for particle size (nm), showing that most data points fall close to the reference line, indicating an approximately normal 

distribution of residuals. (b) Normal plot of externally studentized residuals for zeta potential (mV), with data points also 

clustering around the reference line, supporting the adequacy of the model assumptions for zeta potential. 

 

 

 

 

 

 

 

 

 

(a)                                                               (b) 

                               (c)                                                                                                                 (d) 

Figure 5 Contour and 3D surface plots describing the effects of pressure and surfactant concentration on particle size and 

zeta potential. (a) Contour plot of particle size (nm) as a function of pressure (psi) and surfactant concentration (%), 

illustrating regions where smaller particle sizes are obtained. (b) Contour plot of zeta potential (mV) as a function of 

pressure and surfactant concentration, highlighting conditions that yield more negative surface charge. (c) Three-

dimensional response surface of particle size showing the combined influence of pressure and surfactant concentration 

on nanoscale dimensions. (d) Three-dimensional response surface of zeta potential depicting how changes in pressure and 

surfactant concentration modify the surface charge of the particles. 

 

 The contour plot s of Figure 5(a) show that the 

particle size decreases with increase in pressure and  

 

surfactant concentration. The increased shear forces 

caused by pressure increase particle fragmentation while 
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surfactants prevent particles from aggregating due to 

stabilization at the interface [77,78]. As can be seen in 

Figure 4(b), the value of zeta potential increased with 

surfactant concentration, which implies a better 

electrostatic stabilization due to better surface charge 

density [79,80]. The 3D surface plot of Figure 5(c) 

exhibits the particle size reduction in optimum pressure-

surfactant regions, however; above optimum surfactant 

concentration leads to the particles re-aggregation due 

to micelles formation. Moreover, the correlation 

between surfactant concentration and zeta potential 

increment shown in Figure 5(d), further supports 

colloidal stability via an electrostatic repulsion 

mechanism [81]. Collectively, these observations 

emphasize the vital role of process parameters in 

establishing stability of nano-colloidal systems. 

 Prior studies have shown that increasing surfactant 

will significantly reduce particle size due to reduction of 

surface tension and depressing particle aggregation. 

Higher Zeta potential is also related to better stability of 

the system, so non-ionic surfactants including Tween 80 

are able to increase Zeta potential dramatically. In 

addition, application of high shear forces between 

particles during product formation (e.g. 

microfluidization or homogenization) facilitates 

reduction in particle size. Use of surfactant with these 

high-pressure techniques produce smaller and more 

stable particles. Graph data and studies provide evidence 

that the pressure and surfactant are key factors to control 

particle size and zeta potential: first, while pressure 

drives particle size down by means of physical 

breakdown mechanisms, Surfactant plays a role 

maintaining system stability acting on Zeta potential 

values which in turn reduce aggregation [77].

 

 

Figure 6 Desirability and response contour plots used to determine the optimal formulation conditions. (a) Desirability 

contour plot as a function of surfactant concentration (%) and pressure (psi), indicating the region with the highest overall 

desirability for simultaneous optimization. (b) Contour plot of particle size (nm) showing the predicted nanoparticle size 

at the optimal conditions suggested by the model. (c) Contour plot of zeta potential (mV) illustrating the predicted surface 

charge at the same optimal conditions, ensuring sufficient colloidal stability. 

 

 Figure 6 plots the outcomes of our study through 

3 different graphical parts: Design log, Particle size 

(nm), Zeta potential (mV). These sections demonstrate 

the effects of different parameters on the measured 

responses by the experimental system. The log of the 

experimental design as a function of changes in the 

parameter values for X₁, and X₂ is based on Model (C = 

10). The green shaded region shows the values of 

response for the balanced combination of X₁ and X₂ 

which will lead to optimal experimental parameters. The 

Particle size analysis demonstrates that nanoparticles on 

smaller sizes, marked by green and yellow areas in the 

figure, would contribute to improve process efficiency 

of chemical and biological processes due to surface area 

exposure [82]. The Zeta potential curve reveals the 

colloidal stability, and green and yellow areas point to 

optimal stability range. Within these ranges, higher 

absolute potential values inhibit particle aggregation via 

electrostatic repulsion according to the colloidal science 

principles. 

 

 Results of emulsion stability tests 

 The stability analysis data of the nanoemulsion 

formulations shown in Table 7 revealed that most 
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formulations passed through centrifugation, cooling 

heating and freeze thaw studies, which are typical 

accelerated testing to simulate long term storage 

conditions however few (formulations 4, 5, 7, 8, 10, 11 

and 16) showed phase separation at least during thermal 

cycling and freeze-thaw stress studies. This finding is in 

accordance with the confirmations of Restu et al. [83] 

that reported these methods as suitable approaches for 

physical stability prediction of nanoemulsions. The poor 

stability observed in some formulations was probably 

due to the unfavorable surfactant proportions combined 

with interfacial film properties, since particle size 

distribution and viscosity can act directly on emulsion 

destabilization mechanisms including coalescence and 

Ostwald ripening. Overall, the formulations that 

exhibited macroscopic phase separation are unlikely to 

be suitable for direct commercialization without further 

optimization. To prevent this instability, future work 

should focus on adjusting the surfactant-to-oil ratio, 

introducing an appropriate cosurfactant, and modifying 

the oil phase composition to reduce Ostwald ripening, 

while simultaneously increasing the viscosity of the 

continuous phase and refining homogenization 

parameters to obtain smaller and more narrowly 

distributed droplets. These strategies have been widely 

reported to expand the nanoemulsion region and to 

improve the long-term physical stability of cosmetic and 

food-grade nanoemulsions [84,85].

  
Table 7 Emulsion stability test results. 

Method Condition Result 

Centrifugal test Centrifuged at 3,500 rpm for 30 min 
Samples 4, 5, 7, 8, 10, 11, and 16 showed phase 

separation in sample 17 

Cooling-Heating 

cycle 

Stored at 4 and 40 °C for 48 h per cycle, 

alternating for 6 cycles (total 12 days) 

Samples 4, 5, 7, 8, 10, 11, and 16 showed phase 

separation in sample 17 

Freezing-Thawing 

cycle 

Frozen at −21 °C and thawed at 25 °C for 

48 h per cycle, alternating for 3 cycles 

(total 12 days) 

Samples 4, 5, 7, 8, 10, 11, and 16 showed phase 

separation in sample 17 

 

 Results of particle size and zeta potential 

measurements of nano emulsions 

 The in vitro studies represented in Figure 7 

identifying the optimization and validation nano 

emulsion formulation with bee pollen extract through 

Response Surface Methodology (RSM) following Box-

Behnken design. The appearance of the optimized nano 

emulsions formulations was shown in Figure 7(a) under 

optimal conditions (n = 3), and they appeared as 

transparent and homogenous liquid preparations, which 

indicated successful emulsion formation and its 

stability. What is more, Figure 7(b) also provides strong 

proof for the predictability of RSM-BBD model as an 

excellent agreement between predicted and observed 

experimental values for both critical quality attributes of 

interest is obtained. Statistical analysis shows no 

significant differences (p > 0.05) between the predicted 

values (140.46 nm for the particle size and −24.46 mV 

for zeta potential) and experimentally confirmed results 

(141.07 nm, −23.99 mV, respectively). The excellent 

correlation between model and experiment (∼1% 

variance) attests to the effectiveness and reliability of 

the optimization routine used for the conditioning of 

critical parameters for colloidal stability. The negative 

zeta potentials of both predicted and measured data 

ensure sufficient electrostatic stabilization. Moreover, 

with the particle size about 140 nm, nanoparticle 

preparation of nano emulsion has been optimized 

successfully by a surfactant concentration of 2% (w/w) 

at pressure as high as 5,000 psi in homogenizer's 

headspace and for a period of 30 min.
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(a)                               (b) 

Figure 7 Nanoemulsion formulation at optimal conditions and comparison between predicted and experimental values. 

(a) Photograph of the nanoemulsion formulation prepared under the optimal conditions (n = 3), showing a homogeneous 

and visually stable dispersion. (b) Bar graph comparing predicted and actual values of particle size (SP vs. SA) and zeta 

potential (ZP vs. ZA); no significant differences are observed between predicted and experimental data (p > 0.05), 

confirming the reliability of the optimization model. 

 

 Additionally, Figure 8 shows the correlation 

between particle size (Figure 8(a)) and zeta potential 

(Figure 8(b)) for nanoemulsions with respect to 

nanoparticle size in terms of which decreasing particle 

size is associated with a decrease in its zeta potential, 

i.e., larger particles have relatively lower values of zeta 

potentials. The decreased electrostatic repulsion forces 

between larger particles that can facilitate particulate 

aggregation may account for this behavior. In the case 

of smaller nanoparticles with high zeta potentials, 

interparticle repulsion is more significant and would 

therefore lead to better system stability. In line with this 

observation, increased zeta potentials were proven to 

support nanoemulsion stability by enhanced 

electrostatic repulsion forces against coalescence [86]. 

The following studies reported by Mohammed et al. 

[87]; Zhao et al. [88] also verify that the size-zeta 

potential relationship is an important factor to consider 

when optimizing colloidal stability, where smaller 

highly charged particles with retained dispersion 

integrity exhibit repulsive forces due to electro-static 

charges.

 

 

                                               (a)                                                 (b) 

Figure 8 Particle size and zeta potential of nanoemulsions across 17 experimental runs. (a) Bar graph of particle size (nm) 

for each run, showing the variation in droplet size under different combinations of pressure and surfactant concentration, 

with error bars representing standard deviation. (b) Bar graph of zeta potential (mV) for the same runs, indicating 

negatively charged droplets with varying magnitudes of surface charge that reflect differences in colloidal stability among 

formulations. 
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Conclusions 

 The research shows that bee pollen extract had 

considerable antioxidant activities in DPPH, ABTS, and 

NO assays, while the ultrasound-assisted extract was 

non-cytotoxic to RAW 264.7 macrophages at the 

concentrations tested in the MTT assay, supporting its 

safe use as a cosmetic ingredient. Optimized nano 

emulsion formulations were designed by Box-Behnken 

Design (BBD) and Response Surface Methodology 

(RSM); instability problems, including phase separation 

in 8 of the 17 prepared formulations, were considered to 

be associated with particle size, viscosity, and selection 

of surfactant (Tween). Stability is influenced by 

surfactant concentration and the pressure used for 

homogenization. Higher pressure (7,000 psi) led to 

larger particles whereas lower pressure (3000 psi) 

caused stability problem. High levels of surfactant 

slightly increased the size of particles and decreased zeta 

potential, while time had almost no effect on particle 

size. Optimization using Design Expert 13 resulted in 

selecting optimum conditions (surfactant concentration: 

2%, pressure: 5,000 psi, and time of formation: 30 min) 

to produce the nano emulsion having particle size of 

140.46 nm with zeta potential of −24.46 mV checked by 

its reproducibility while performing experiment. 

Stability evaluation demonstrated that under some 

centrifugal, thermal and freeze-thaw conditions there 

were encapsulated systems which withstood comparable 

stresses and others that required refocusing for potential 

commercialization due to separation. This highlights the 

importance of selective tuning of surfactant systems or 

homogenization schemes to improve long term stability. 

Beyond confirming the well-established antioxidant 

potential of bee pollen, our study advances the field by 

quantitatively coupling extraction technology, 

bioactivity profiling and nanoemulsion engineering in a 

single workflow, thereby enabling a rational translation 

of bee pollen into a topical cosmetic platform rather than 

a conventional oral supplement. This explicit 

comparison with earlier bee pollen nanoemulsion works 

underscores that the novelty of our contribution lies not 

only in the use of RSM and Box–Behnken design, but in 

the combined, application-driven optimization of 

extraction, biological activity and nanoemulsion 

stability for a topical cosmetic platform. By identifying 

an ultrasound-assisted extract that exhibits potent 

DPPH, ABTS and NO scavenging without cytotoxicity 

and by defining an optimized set of homogenization and 

surfactant conditions that minimize phase separation, 

this work offers a practically applicable formulation 

space for future development of bee pollen-based 

dermocosmetic products. 
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