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Abstract

Royal jelly, defined as a “superfood,” is a functional food and nutraceutical due to its bioactive compounds, and 
therefore provides health and medical benefits. However, its sensitivity to spoilage, the need for cold conditions 
for storage, and its undesirable taste and aroma reduce its functional and commercial value. This study aimed to 
perform microencapsulation of royal jelly in protective matrices by spray drying to overcome these problems. The 
freshness indicator of the 10-HDA content of the royal jelly used in the study was 2.44%. It was also revealed that 
it was suitable for microencapsulation in terms of its other properties. The air inlet temperature significantly influ-
enced all responses, while the coating material ratio influenced the encapsulation efficiency, antioxidant activity, 
and particle size. Also, feed pump speed affected solubility, moisture content, and water activity. According to 
desirability (0.81), the optimum spray-drying conditions to obtain the encapsulated royal jelly powder were air 
inlet temperature (145.81°C), coating material ratio (20%), and feed pump speed (9 mL/min) to obtain desired 
characteristics of spray-dried powder such as encapsulation efficiency (94.81%), water activity (0.204), total pheno-
lic content (128.91 mg GAE/100 g), solubility (96.27%) and particle size (619.76 nm). Under optimized conditions, 
the predicted values were close to the experimental values. The physicochemical, bioactive, and morphological 
properties of optimized powders were acceptable. 
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Introduction

Bee products have been reported to significantly impact 
innovative approaches in producing nutraceuticals and 
functional foods due to their health benefits and phar-
macological properties. Royal jelly, one of the apitherapy 
products among beekeeping products, has been used 
as a health enhancer since ancient times. It is a yellow-
ish-white, highly acidic colloid with a pH value generally 
varying between 3.6 and 4.2, creamy liquid secreted from 

the hypopharyngeal and mandibular glands of young 
worker bees of the Apis mellifera species and used in the 
nutrition of young larvae and queen bees (Ahmad et al., 
2020; Collazo et al., 2021). It has a sharp, tart taste and 
odor, and its solubility in water is low (Collazo et  al., 
2021). Royal jelly production (harvesting) generally 
starts in April and is completed in August at the latest. 
It contains essential components, primarily carbohy-
drates, proteins, and lipids, as well as vitamins, minerals, 
and smaller amounts of phenolic or volatile compounds 
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(El-Seedi et al., 2024; Maghsoudlou et al., 2019). Essential 
royal jelly proteins and 10-hydroxy-2-decenoic acid (10-
HDA) are the main bioactive components due to their 
different biological properties (Collazo et  al., 2021). 
Antilipidemic, antioxidant, antiproliferative, antimicro-
bial, neuroprotective, anti-inflammatory, immunomod-
ulatory, antiaging, and estrogenic activities of royal jelly 
or its specific components were reported (Bahari et al., 
2023). Therefore, studies on developing new functional 
foods by adding them to foods have recently increased 
due to these functional properties. 

Royal jelly is very sensitive to spoilage and deteriorates 
when stored under inappropriate conditions or via a 
broken cold chain during storage, eventually losing its 
functional properties and commercial value (Chen and 
Chen, 1995; Ulubayram and Cinar, 2023). Considering 
its favorable properties from an industrial perspec-
tive, the problems of royal jelly are that it is sensitive to 
environmental conditions, which require a cold chain 
after harvesting and during storage, and has a spicy 
and pungent taste and odor due to the presence of fatty 
acids. Several studies have been made to evaluate dif-
ferent preservation methods aiming for minimal loss 
in nutritional value and properties in royal jelly during 
storage (Dundar et  al., 2022; Ghadimi-Garjan et  al., 
2023; Sagona et al., 2022; Ulubayram and Cinar, 2023). 
Microencapsulation technology, recently applied to 
food, pharmacy, and agriculture, can solve these tech-
nical problems. 

Microencapsulation is a technology in which solid, liq-
uid, or gaseous (core) substances are entrapped within 
a continuous polymeric material matrix (wall or shell). 
Spray drying is the most commonly used method for 
microencapsulation of bioactive compounds due to its 
advantages such as rapid evaporation of water, continu-
ous operation, different dryer configurations, high pro-
duction speed, good product quality, relatively higher 
encapsulation efficiency, flexibility, and high integration 
into industrial production (Arpagaus et  al., 2018; Desai 
and Jin Park, 2005). Particles obtained after spray drying 
are fine powders consisting of spherical particles with 
sizes ranging from 10 to 100 µm, depending on the feed 
material used and working conditions (Ribeiro et  al., 
2020). The properties of microcapsules are affected by 
factors such as air inlet temperature, outlet temperature, 
feed pump speed, air flow rate, and concentration of the 
feed solution (Huang et al., 2023). The stability and prop-
erties of microparticles and their encapsulation efficiency 
also depend on the coating material used (Veiga et  al., 
2019). Maltodextrin is a hydrolyzed starch, and its most 
important advantage as a coating material is its low cost. 
It also has advantages such as neutral taste and aroma, 
low viscosity at high concentrations, good protection 
against oxidation, and good solubility. However, the most 

critical problems in using it as a coating material are poor 
interface properties and low emulsion-forming capacity 
(Balasubramani  et al., 2015). For this reason, maltodex-
trin should be used in combination with other surface-ac-
tive biopolymers such as gum Arabic (Carneiro et  al., 
2013). Gum Arabic is a highly effective polymer widely 
used as a coating material for bioactive compounds. It 
has high encapsulation efficiency due to its good film for-
mation capacity with biopolymers and plastic-like behav-
ior (Gonçalves et al., 2019). However, the high cost and 
irregular structure of this polymer restricts its use as a 
coating material and is used in binary or ternary mixtures 
with other polymers (Ribeiro et al., 2020). 

This study aimed to minimize or eliminate the sensory 
problems of royal jelly in direct consumption and the 
requirement for a cold chain during long storage by 
microencapsulation coating with maltodextrin/gum 
Arabic binary blend by spray drying method. First, the 
ideal encapsulation process parameters were deter-
mined by response surface methodology, and optimized 
microencapsulated royal jelly was characterized in 
terms of physicochemical, bioactive, and morphological 
properties.

Materials and Methods

Materials

Fresh royal jelly was purchased from local producers 
affiliated with the Bursa Beekeepers’ Association in 
Türkiye and brought to the laboratory under cold chain 
conditions. It was stored at −20°C until further analy-
ses and processes. Maltodextrin (DE 16.5–20.0), gum 
Arabic, and other chemicals were purchased from Merck 
Chemical Co. (Darmstadt, Germany). 

Characterization of royal jelly

The pH, titratable acidity, antioxidant activity, and mois-
ture, protein, ash, 10-HDA, total phenolic contents were 
determined for the chemical characterization of royal 
jelly. 

Preparation of feed mixture and microencapsulation of 
royal jelly by spray drying

For the microencapsulation of royal jelly, the maltodextrin: 
gum Arabic (3:1, w/w) mixture was used as a wall mate-
rial. Royal jelly was mixed with coating material to obtain 
a desired core-to-wall material ratio of 1:10 (w/w). 
Maltodextrin and gum Arabic were dissolved in distilled 
warm water (50°C) by stirring at 400 rpm for 1 h, and the 
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Analytical methods

Physicochemical analysis
The moisture and ash contents of the samples were deter-
mined gravimetrically until constant weight was obtained 
using the AOAC method (AOAC, 1990). Kjeldahl method 
was used to determine the protein content of royal jelly, 
and the amount of protein was calculated using a factor 
of 6.25 for conversion (Yavuz and Gürel, 2017). The pH 
value of royal jelly was determined at room temperature 
with a pH meter ((Hanna HI 2002-02, Hanna, Vöhringen, 
Germany) previously calibrated with pH 4.0, 7.0, and 10.0 
buffer solutions. Titratable acidity was estimated by titra-
tion with 0.1 N NaOH until pH 8.1, and the results were 
expressed as citric acid %. The water activity of the pow-
der samples was determined using a water activity meter 
(AquaLab PawKit, Decagon Devices, USA), with an accu-
racy of ± 0.001 at 25°C. Color properties including L* (0 
and 100 indicate darkness and lightness, respectively), 
a* (+ and – represent greenness and redness, respec-
tively), and b* (− and + represent blueness and yellow-
ness, respectively) values of the optimized powders were 
determined using a colorimeter (Minolta Chroma Meter, 
CR-400, Osaka, Japan) calibrated with black and white ref-
erence plates.

mixture was stored at 4°C for the entire night to make 
sure the polymer molecules were fully saturated and 
rehydrated. Then, royal jelly was added to the coating 
material under continuous stirring and homogenized for 
2 min at 7500 rpm using Ultra Turrax (Daihan, HG-15D, 
Gang-Won-Do, South Korea). The obtained solutions 
were atomized using a laboratory-scale spray dryer 
(Unopex B15, Türkiye).

To determine the spray dryer conditions in the micro-
encapsulation of royal jelly, the air inlet temperature 
(120–160°C), coating material ratio (10–20%), and feed 
pump speed (6–12 mL/min) were used as operating con-
ditions. In all drying experiments, the nozzle air flow rate 
and the aspirator flow rate were kept constant at 8 L/min 
and 100% (35 m3/h), respectively. Atomization was done 
using a 0.19 mm diameter nozzle. The gathered powders 
were kept at 4°C after being moved into high-density poly-
ethylene bottles. Operating conditions including air inlet 
temperature, coating material ratio, and feed pump speed 
were varied according to experimental design shown in 
Table 1. The outlet temperatures during spray drying (at 5 
different times) were read from the instrument panel and 
recorded. It was observed that the outlet temperature var-
ied proportionally with the operating conditions (Table 1).

Table 1.  Experimental design of microencapsulation of royal jelly and the results obtained regarding responses.

Run Parameters Outlet temperature  
(°C)

Responses

X1 X2 X3 Y1 Y2 Y3 Y4 Y5 Y6 Y7

1 120 15 6 63 94.29 6.24 0.28 126.84 3.34 91.20 544.70

2 140 15 9 68 93.60 5.00 0.22 137.20 3.34 96.33 304.70

3 120 20 9 61 95.54 7.79 0.34 135.10 4.56 90.72 866.80

4 160 15 12 77 87.24 4.88 0.26 108.09 2.74 96.02 385.80

5 160 15 6 86 83.73 3.47 0.16 103.97 1.82 98.19 297.20

6 140 15 9 67 92.60 4.95 0.23 126.84 3.04 98.80 416.80

7 160 20 9 80 91.25 3.86 0.18 105.99 3.34 97.41 569.40

8 140 20 6 77 93.96 4.63 0.19 126.84 3.65 93.96 571.60

9 140 15 9 68 93.71 5.30 0.28 141.40 3.34 97.18 460.50

10 140 10 6 75 90.19 4.18 0.19 122.65 2.74 96.92 304.50

11 120 15 12 56 92.93 8.07 0.39 122.65 3.95 97.72 415.50

12 160 10 9 87 80.09 3.20 0.20 101.87 1.22 97.15 290.50

13 140 15 9 69 94.35 5.09 0.27 122.65 3.34 95.63 279.60

14 140 20 12 64 94.41 5.74 0.29 139.30 3.95 97.64 747.70

15 140 10 12 68 91.28 6.73 0.28 118.52 3.04 96.84 320.40

16 140 15 9 68 93.45 5.05 0.24 126.84 3.34 97.88 367.60

17 120 10 9 58 94.04 7.12 0.33 126.84 2.74 93.31 320.10

X1, air inlet temperature (oC); X2, coating material ratio (%); X3, feed pump speed (mL/min); Y1, encapsulation efficiency (%); Y2, moisture content 
(%); Y3, water activity; Y4, total phenolic content (mg GAE/100 g); Y5, antioxidant activity (% inhibition); Y6, solubility (%); Y7, particle size (nm). Outlet 
temperature is neither of  the variables. It was included in the table to only compare how it changed with respect to the other variables.
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incubation period, absorbance was measured on a spec-
trophotometer at a wavelength of 517 nm. The absor-
bance data obtained calculated the inhibition rate against 
the blank sample as DPPH radical scavenging activity (%). 

The antioxidant capacity of the samples according to 
the CUPRAC method was estimated by modifying the 
technique proposed by Nguyen et  al. (2022). For this, 
0.5 g of sample was diluted in 5 mL of pure water, and 
0.5 mL of the extract was mixed with 1 mL of 0.01 M 
copper (II) chloride solution, 1 mL of 0.075 M neocupr-
oine, and 1 mL of 1 M ammonium acetate (pH 7.0) solu-
tions. The mixture was incubated at room temperature 
for 30 min, and the absorbance was measured at 450 
nm against the reference solution, which contained no 
sample. The total antioxidant capacity was calculated 
based on the Trolox calibration curve and expressed 
as mg Trolox equivalent/g of sample on the dry weight  
(mg TE/g DW).

Microencapsulation efficiency
Encapsulation efficiency was estimated as a function of 
10-HDA, considered as an indicator of freshness using 
Equation 1.

	 = − ×HDA

HDA

SEncapsulation efficiency (%) 1 100
T

 	  (1)

where SHDA is the superficial 10-HDA content of micro-
capsules, and THDA is the total 10-HDA content of 
microcapsules.

Solubility
To determine powder solubility in water, 0.1 g of pow-
der sample was dispersed in 24.9 g of distilled water, 
stirred at 25°C for 30 min, and centrifuged at 4500 rpm 
for 20 min. 10 mL supernatant was transferred to a petri 
dish and dried in an oven at 105°C until a constant weight 
was reached. Solubility was calculated using Equation 2 
as follows (Laureanti et al., 2023):

	 = ×
2.5Solubility(%) 100mx
w

	  (2)

where m is the amount of dry matter at the end of the 
drying process (g), and w is the initial sample amount (g).

Particle size measurement
The particle size of microencapsulated powders was mea-
sured in the dry powder measurement unit of a laser dif-
fraction particle size measuring device (Mastersizer 3000, 
Malvern Instruments Ltd., Worcestershire, England). A 
feed pressure of 50 kPa was used, and the feed rate was 
adjusted manually to ensure a uniform flow of powders 
during the measurement. The average particle size of the 
samples was determined using volume-weighted average 

10-HDA analysis
The method by Antinelli et al. (2003) was used to deter-
mine the 10-HDA content of royal jelly and the microen-
capsulated royal jelly samples. 10-HDA extraction of the 
samples was prepared by sonication at room temperature 
for 30 min after dissolving approximately 1 g of sample in 
50 mL of solvent (methanol:ultrapure water, 50:50, v/v) 
and adjusting the pH value to 2.5 with phosphoric acid. 
Following sonication, samples were passed through a 
0.45 µm syringe filter and then injected with a volume of 
20 µL into high-pressure liquid chromatography.

10-HDA analysis was performed on the HPLC device 
using an analytical C15 column (150 mm × 4.0 mm ×  
5 μm). Methanol:ultrapure water (45:55 v/v) adjusted to 
pH 2.5 was used as the mobile phase. The flow rate and 
the column oven temperature were set to 0.5 mL/min 
and 35°C, respectively. To identify and quantify 10-HDA, 
the calibration curve was obtained using standard solu-
tions prepared at 5–100 µg/mL concentrations.

Total phenolic content and antioxidant activity
The total phenolic contents of royal jelly and microen-
capsulated royal jelly samples were determined based on 
the method suggested by Tolun et al. (2016). Accordingly, 
3 mg of the sample was weighed, and 6 mL of solvent 
containing ethanol:acetic acid:pure water (50:8:42) was 
added. For the dissolution process to occur, it was vor-
texed and kept in a water bath at 40°C for 30 min. The 
solution was vortexed again to ensure homogeneous dis-
tribution and was filtered using a 0.45 µm syringe filter. 
The prepared extract (200 µL) was mixed with 2.5 mL of 
Folin–Ciocalteu reagent, and the mixture was kept in the 
dark for 5 min after vortexing. Afterward, 2 mL of 7.5% 
Na2CO3 solution was added to the mixture, and the sam-
ples were incubated for 1 h at room temperature in the 
dark. Consequently, the absorbance of the samples was 
measured at a wavelength of 760 nm using a spectropho-
tometer (Shimadzu, UV-1800, Japan). The results were 
calculated using the equation obtained from the stan-
dard gallic acid calibration curve at the same wavelength 
and expressed as mg gallic acid equivalent (GAE)/100 g 
sample weight.

The antioxidant activity of the samples was determined 
using 1,1-diphenyl-2-picryl hydrazyl (DPPH) and Copper 
(II) ion reduction-based antioxidant capacity (CUPRAC) 
methods. The antioxidant capacity of the samples, based 
on the DPPH radical scavenging activity, was determined 
following the method of Bagheri et al. (2020), with slight 
modifications. The sample was extracted by maceration 
with an orbital shaker for 24 h at room temperature using 
ethanol at 3 g/mL. At the end of the period, 500 µL of 
the extract was mixed with 2.5 mL of methanolic solution 
containing 0.12 mM DPPH, and the mixture was incu-
bated on the shaker in the dark for 2 h. At the end of the 
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Japan). Before the observation, the particles were fixed 
on stubs using double-sided adhesive carbon tape and 
coated with palladium-gold using Sputter Coater 108 
Auto (Cressington Scientific Instruments, Watford, UK). 
The SEM was operated with an acceleration of 10 kV and 
magnification of 1000 and 5000X. 

Experimental design and statistical analysis

Optimization was practiced with response surface meth-
odology (RSM) to determine the effect of independent 
variables (air inlet temperature [X1], coating material 
ratio [X2] and feed pump speed [X3]) on the dependent 
variables, including encapsulation of efficiency (Y1), 
moisture content (Y2), water activity (Y3), total pheno-
lic content (Y4), antioxidant activity (Y5), solubility (Y6), 
and particle size (Y7). Box–Behnken design algorithm 
was employed to evaluate the primary, interaction, 
and quadratic effects of factors. Since the relationship 
between the responses and the independent variables 
was unknown, the second-order polynomial approach 
was used to obtain actual response surfaces for the trials 
(17 runs with 12 factorial and 5 center points) (Table 1). 
Second-order polynomial equations were applied to the 
data obtained for predicting responses, as follows:

	 β β β β
= = = = +

= + + +∑ ∑ ∑∑2
  

1 1 1 1

k k k

o i i ii i ij i j
j j i j i

Y X X X X 	 (5)

where Y is the predicted response; Xi and Xj are the level 
of independent variables; β0 is the second-order reac-
tion constant; and βi, βii, and βij are the linear, quadratic, 
and interaction regression coefficients, respectively. The 
total error criteria were subjected to a 95% confidence 
level statistical significance test. The statistical software 
package Design Expert 13.0 (trial version) (Statese Inc., 
Minneapolis, USA) was used to determine the regres-
sion coefficients, lack of fit, and model efficiency (mea-
sured by the R2 value) for each response optimization and 
analysis of variance (ANOVA). The desirability function 
(range 0–1) was used to determine the ideal levels of 
independent parameters. All processing trials were car-
ried out in duplicate.

Results and Conclusions

Characterization of royal jelly

Royal jelly is a valuable source of nutrients and bioactive 
components and the composition of which depends on 
several factors, such as beekeeping season, climatic con-
ditions, ecosystem in which the honeybees live, honey 
resources accessible to the honeybees, the pollution 

diameter (d4.3) and particle surface area (d3.2) values 
(Carneiro et al., 2013).

Flowability, wettability, loose and tapped bulk densities, 
particle density, porosity
The flowability and wettability properties of the microen-
capsulated powders at the optimum condition were deter-
mined using the method by Gül et al. (2022). The angle 
of repose (AOR) approach was used to evaluate the flow-
ability. In the system used for heap formation (Torontech, 
Ontario, Canada), the output of the calibrated funnel, 
through which the powder falls to the ground, was kept 
constant at 10 mm in all measurements. The AOR (θ) was 
calculated using Equation 3, as given below:

	 θ = ( ) hAOR arctan
r

	 (3)

where h is the height of powder after dropping; r is the 
average radius of powder after dropping. The AOR below 
30°, between 30 and 45°, between 45 and 55°, and higher 
than 55° indicate good flowability, some cohesiveness, 
real cohesiveness, and limited flowability, respectively.

For measuring wettability, 5 g optimized powder was 
transferred to 100 mL water, and the time required for 
them to entirely spread on the distilled water surface was 
determined using a calibrated funnel.

While loose bulk density is the amount of mass per unit 
volume, tapped bulk density is the volume occupied by a 
certain amount of powder after a certain number of shak-
ing operations. A 10 mL measuring tube was used for this. 
Loose bulk density (ρL) was measured by dividing the 
mass of the powder by its volume after it was placed on the 
measuring tube, while tapped bulk density (ρT) was deter-
mined by dividing the mass by the last read volume after 
125 manual tapping movements (Atalar and Yazici, 2018). 

Particle density was determined using a gas multipyc-
nometer (Quantachrome Instruments, Boynton Beach, 
USA). The measurement was conducted in the presence 
of helium gas after the optimized powder was placed in 
the measurement cell. 

Porosity (Ɛ) was calculated using Equation 4, based on 
the relationship between tapped bulk density (ρT) and 
particle density (ρP).

	 ρ ρ
ρ
−

ε = ×100( )P T
P

	 (4)

Particle morphology
The particle morphology was screened using a scan-
ning electron microscope (SEM) (FEI, Quanta FEG 250, 
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method. Ozkok and Silici (2017) reported that the total 
phenol content of royal jelly from Türkiye was 59.2 mg 
GAE/100 g. In another study, Sonmez et al. (2023) deter-
mined the average total phenolic content of royal jelly 
samples as 4.86 mg GAE/g. Pavel et al. (2014) stated that 
commercial and local royal jelly samples offered for con-
sumption in Romania had higher total phenol amounts 
(15.4–32.5 and 14.6–39.9 mg GAE/g royal jelly, respec-
tively). The total phenolic content of royal jelly samples 
produced in Taiwan was reported to be between 150 
and 219 µg/g, which is approximately 25 times lower 
than our findings (Liu et  al., 2008). Considering these 
data, it was observed that the polyphenolic content of 
royal jelly depends on various factors. The total pheno-
lic content also varies depending on the dietary source 
(Botezan et  al., 2023). The antioxidant activity of royal 
jelly was determined by DPPH and CUPRAC as 44.75% 
and 51.92 mmol TE/g, respectively. Mokaya et al. (2020) 
stated that average DPPH free radical scavenging activity 
of 14  fresh royal jelly samples from Kenya is 170 g/mL. 
Buratti et al. (2007) tested the antioxidant power of four 
different origin royal jelly samples with the DPPH test 
and found the values to be between 1.4 and 7 mg/mL. It 
has been reported that the antioxidant activity of royal 
jelly is due to the presence of phenolic compounds, var-
ious peptides, and 10-HDA, a fatty acid derivative found 
only in royal jelly (Sonmez et al., 2023).

Model fitting 

The data from the independent variables (air inlet tem-
perature, coating material ratio, and feed pump speed) 
for the responses, including encapsulation efficiency, 
product yield, moisture content, water activity, total phe-
nolic content, antioxidant activity, powder solubility, and 
particle size were fitted in the second-order quadratic 
model, and the results are illustrated in Tables 1 and 2. 
The ANOVA was performed at a 5% confidence level 
for the significance and lack-of-fit test. According to the 
ANOVA table results, the responses whose models were 
insignificant or whose model incompatibility was signifi-
cant were not included in the optimization. Accordingly, 
while the models of each response were substantial, 
only the model incompatibility value of the antioxidant 
activity response was significant (Table 2). Therefore, 
in determining the optimum process conditions, all the 
remaining process responses (encapsulation efficiency, 
water activity, total phenolic content, powder solubil-
ity, and particle size) except antioxidant activity were 
included in the optimization as factors.

The regression coefficient (R2), adjusted regression coef-
ficient (R2adj), and coefficient of variation (CV) values 
were used to determine the model’s reliance on the exper-
imental data. Since the statistically insignificant terms in 

sources during the bees’ flight, and also the genetics of 
the colony. Royal jelly derives the phenotypic develop-
ment of female bee larvae, enabling them to transform 
into a fertile queen bee instead of a sterile worker bee. 
It also plays a vital role in the social behavior of the bee 
colony by stimulating memory and learning. Because of 
its nutritional and nutraceutical qualities, royal jelly has a 
high commercial value and can be consumed by humans 
as a functional food (Ahmad et al., 2020; Collazo et al., 
2021; El-Seedi et al., 2024).

The contents of dry matter, protein, ash, and 10-HDA 
with pH, titratable acidity, total phenolic content, and 
antioxidant activity (DPPH and CUPRAC) were deter-
mined to characterize the supplied royal jelly. The pH 
value of the royal jelly used in this study was 4.03. Royal 
jelly is a relatively acidic food with a high buffering capac-
ity (pH 3.20–4.01) (Botezan et al., 2023). The pH of royal 
jelly has been reported to be between 3.4 and 4.5 (Collazo 
et al., 2021; Yavuz and Gürel, 2017). The titratable acidity 
of royal jelly was determined as 29.84% in terms of citric 
acid, which was found to be consistent with the titrat-
able acidity results of royal jelly produced in Romania 
(Moraru et al., 2023, 2024), and the dry matter content 
was determined as 33.32%. In a study conducted by 
Moraru et al. (2023), who compared royal jelly samples 
sold in the market with those produced by themselves, 
the samples’ dry matter content was between 34.17 and 
35.22%. Emir (2020) also stated that the dry matter con-
tent of the royal jelly samples collected from different 
producers in different production seasons was between 
28.84 and 34.67%. The ash content of the royal jelly sam-
ple was determined to be 0.95%, which was consistent 
with the study findings of Moraru et al. (2024) for fresh 
royal jelly from the market. Royal jelly has an ash content 
between 0.8 and 3%, and most of it consists of potassium, 
calcium, sodium, zinc, magnesium, copper, iron, and 
manganese (Ecem Bayram et al., 2021).

The most notable component in determining the quality 
of royal jelly is 10-HDA, and its content was determined 
as 2.44% by HPLC. Similarly, Beykaya et al. (2023) found 
that the average 10-HDA content of royal jelly produced 
in Bingöl was 2.32%. Keskin et al. (2020) stated that the 
content of 10-HDA in 105 royal jelly samples from dif-
ferent years varied between 2.1 and 2.6% on average. In 
another study by Kolayli et al. (2016), the 10-HDA con-
tent of 18 royal jelly samples was between 1 and 3.9%. 
According to international regulations, the 10-HDA 
value of fresh royal jelly is considered a freshness indica-
tor and should be higher than 1.4%. In this context, it was 
found that the royal jelly sample is suitable for freshness 
and, therefore, is a suitable raw material for the study.

The total phenolic content of the royal jelly was deter-
mined as 204.41 mg GAE/100 g using the Folin–Ciocalteu 
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rate resulted in an increase in the outlet temperature 
(Figure 1A). The drying kinetics justifies the relationship 
between temperature and feeding rate in the scenario of 
particle creation and yield maximization, where evapora-
tion is based on the boundary layer theory and the influ-
ence of Peclet number (Gil-Chávez et al., 2020).

A low air inlet temperature and a high feed pump speed 
cause the outlet temperature to decrease, increasing the 
moisture level in the final product. This leads to the for-
mation of “humidity” particles that can stick to the drying 
chamber and thus affect particle recovery. Furthermore, 
a low outlet temperature increases the overall humidity 
of the drying chamber and reduces the evaporation rate, 
affecting the sample’s particle size (Nuzzo et  al., 2015; 
Singh and Van den Mooter, 2016).

The relationship between outlet temperature (OT) and 
independent variables were presented as below through 
Equation 6.

	 OT = �68 + 11.38X1 − 0.62X2 − 4.5X3 − 2.25X1X2  
− 0.5X1X3 − 1.5X2X3 + 1.38X1

2 + 1.87X2
2  

+ 1.12X3
2		  (6)

Where OT, outlet temperature (°C); X1, air inlet tempera-
ture (°C), X2, coating material ratio (%); X3, feed pump 
speed (mL/min).

Encapsulation efficiency

The 10-HDA content, a freshness indicator of royal jelly, 
was selected as the index to evaluate microencapsulation 
efficiency. In the experimental design used in the opti-
mization study (Table 1), the average of all encapsulation 

the model increase R2, it is more appropriate to use the 
corrected R2 value in evaluating the model’s inadequacy. 
The fact that the R2 value is close to the R2adj value in the 
applied model indicates that the model does not contain 
statistically insignificant terms (Benković et al., 2015). In 
this case, it can be said that the models created for the 
responses obtained in the optimization trial do not con-
tain insignificant data. The CV value expresses the devia-
tion from the mean value, and a high value indicates that 
the data deviates too much from the mean. As a result 
of the optimization study, it is seen that the CV is low 
(0.56–15.39) in the parameters included in the optimi-
zation. In the subsequent observations of the regression 
model, Adeq precision and Pred-R2 statistics were used 
for the prediction model. The Adeq precision is desired 
to be greater than 4, and the value obtained in the opti-
mization study of royal jelly is greater than 4. 

Outlet temperature
One of the crucial elements of the spray drying process is 
the outlet temperature. The outlet temperature, depend-
ing on spray-drying operating conditions, affects the bio-
active properties of the product during spray drying, and 
is known to affect powder properties and product stabil-
ity by causing changes in water activity and moisture con-
tent in the powder. The impact of the tested spray-drying 
conditions on the outlet temperature throughout the 
process is given in Table 1. The outlet temperature was 
measured in the range of 56–86°C. The lowest outlet 
temperature was obtained at the lowest air inlet tempera-
ture (120°C) and the highest flow rate (12 mL/min), and 
the highest value was determined at 160°C and 9 mL/
min. As can be seen in the ANOVA results (Table 2), lin-
ear and quadratic coefficients are significant for air inlet 
temperature and feed flow rate. As expected, increasing 
the air inlet temperature and decreasing the feed flow 
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Figure 1.  The 3D graphs about the effect of microencapsulation process parameters on outlet temperature.
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conducted by Tan et al. (2015). Similarly, Laureanti et al. 
(2023) reported that combining GA and MD leads to 
increased encapsulation efficiency and improved pres-
ervation of bioactive compounds such as polyphenols. 
The synergy between gum Arabic and maltodextrin 
contributes to the increase in encapsulation efficiency 
by increasing the stability and dispersibility of bioactive 
compounds. The emulsifying properties of gum Arabic 
help form stable emulsions, while the matrix-forming 
ability of maltodextrin creates a protective environ-
ment for the encapsulated compounds. The relationship 
between encapsulation efficiency and independent vari-
ables are presented as below in Equation 7.

	 Y1 = �93.54 − 4.31X1 + 2.45X2 + 0.46X3  
+ 2.42X1X2 + 1.22X1X3 − 0.15X2X3  
− 3.12X1

2 − 0.2X2
2 − 0.88X3

2	 (7)

where Y1, encapsulation efficiency (%); X1, air inlet tem-
perature (°C), X2, coating material ratio (%); X3, feed 
pump speed (mL/min).

Moisture content and water activity

It is essential to include moisture content and water activ-
ity as a response in encapsulation by spray drying because 
water content plays a role in ensuring the efficiency of 
the drying process, determining the capsule morphol-
ogy and, therefore, the physical properties, and ensuring 
long-term and safe storage. As seen in Table 1, the micro-
capsules’ moisture content and water activity values were  
3.2–8.07% and 0.16–0.39, respectively. As expected, the 
lowest moisture content was obtained at 160°C air inlet 
temperature and 10% coater concentration, and high 
outlet temperature. Similarly, the lowest water activity 
value was determined when the air inlet temperature was 
160 °C, the coating material ratio was 15%, the feed pump 

efficiency responses was 94.27%, indicating that royal 
jelly was retained mainly in microcapsules. Shahidi 
Noghabi and Molaveisi (2019) and González-Peña et al. 
(2021) also gave similar reports on spray-drying micro-
encapsulation of maltodextrin/Arabic gum mixture. 
According to the parameters in the experimental design, 
the encapsulation efficiency ranged from 80.09 to 95.54%. 
The highest encapsulation efficiency was obtained when 
the air inlet temperature was 120°C, the coating material 
ratio was 20%, the feed pump speed was 9 mL/min, and 
the outlet temperature was 61°C. On the other hand, the 
lowest encapsulation efficiency was determined in the 
conditions where the outlet temperature was the highest 
(86°C).

The coating material ratio and air inlet temperature were 
found to be statistically effective on the encapsulation 
efficiency of royal jelly (P < 0.05); however, the feed pump 
speed was found to be ineffective (P > 0.05). The 3D plots 
and contour lines showing the change in the encapsula-
tion efficiency of royal jelly affected by independent vari-
ables are shown in Figure 2. 

When the graphs are examined, it is observed that the 
encapsulation efficiency decreases significantly with the 
increase in the air inlet temperature. A similar result was 
obtained in the study conducted by Mehran et al. (2020), 
who reported that high inlet temperature negatively 
affects encapsulation efficiency. This can be attributed to 
the deterioration of the microcapsule wall at higher tem-
peratures, which results in the greater release of the core 
material. The encapsulation efficiency increases with 
the increase in the coating ratio, and there is a positive 
effect between the coating material and the core material, 
which can be explained by the protective effect of malto-
dextrin, protecting the active ingredient from oxidation 
and providing resistance to high temperatures (Vargas 
et al., 2024). This finding is also consistent with the study 
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powders, and a decrease in moisture content from 2.23 
to 1.61% was reported when the temperature increased 
from 140 to 200°C (Tonon et al., 2011). Similarly, in the 
study by Shi et al. (2018), a decrease in moisture percent-
age was observed (from 2.09 to 1.43%) in the spray drying 
of watermelon when the temperature increased from 120 
to 150°C. As seen in Figure 2, an increase in the moisture 
content of the particles and, therefore, in the water activ-
ity value was observed with the rise in feed pump speed, 
probably resulting from the short contact time between 
drying air and product (Atalar and Dervisoglu, 2015). 
The relationship between moisture content and water 
activity, and independent variables are presented below 
in Equations 8 and 9, respectively.

	 Y2 = �5.08 – 1.73X1 + 0.1X2 + 0.86X3 + 0.002X1X2  
– 0.11X1X3 – 0.36X2X3 + 0.38X1

2+0.035X2
2  

+ 0.021X3
2		  (8)

	 Y3 = �0.25 – 0.07X1 – 0.01X2+ 0.05X3 – 0.01X1X2  
– 0.01X1X3 + 0.01X2X3 + 0.02X1

2 – 0.01X2
2  

+ 0.01X3
2		  (9)

where Y2, moisture content (%); Y3, water activity; X1, air 
inlet temperature (°C), X2, coating material ratio (%); X3, 
feed pump speed (mL/min).

speed was 6 mL/min, and the outlet temperature was 
above 85 °C. A higher outlet temperature led to a lower 
residual water activity and moisture content in the powder. 
Similar results are available in the literature for obtaining 
encapsulated powder by spray drying (Nguyen et al., 2024; 
Vargas et  al., 2024). The water activity of microcapsules 
was below 0.35 (except for trial no. 11), which indicated 
limited water availability for the growth of microorgan-
isms and supporting stability (Lejaniya and Pui, 2022). 
Similarly, low water activity (0.28 at 170°C with malto-
dextrin as wall material) was reported by Manickavasagan 
et al. (2015) for date powder obtained through spray dry-
ing. Moreover, even lower values reaching up to 0.028 
were obtained in the optimization study for beetroot juice 
microencapsulation (Tumbas Šaponjac et al., 2020).

As seen in Table 2, the air inlet temperature and feed 
pump speed significantly affected the moisture con-
tent and water activity of the microcapsules (P < 0.01), 
while the coating ratio did not have any effect on these 
properties (P > 0.05). Higher temperatures provide lower 
moisture percentages to products (Figure 3) due to the 
greater the heat transfer rate to the particle, which accel-
erates the moisture evaporation from the material during 
encapsulation by spray drying (Fazaeli et  al., 2012). A 
similar result was observed in a study conducted on acai 
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(2014), who reported that the total phenolic content of 
amla juice powder was significantly reduced (P < 0.01) 
when the air inlet temperature was increased from 
125 to 175°C. Although the ratio of coating material to 
phenolic substance did not show a statistically signifi-
cant effect (P > 0.05), increased quantities of maltodex-
trin:gum Arabic resulted in noticeably higher retention 
of phenolic compounds, suggesting that higher levels of 
coating materials had a more protective impact on the 
nutraceutical components during spray drying (Singh 
et al., 2019). Maltodextrin as a polymeric coat may help 
retain the nutraceutical ingredient in the microcapsules, 
which could explain this behavior (Sablania and Bosco, 
2018). The relationship between total phenolic content 
and independent variables are presented in Equation 10.

	 Y4 = �29.39 − 2.25X1 + 1.59X2 + 0.16X3 − 1.13X1X2  
+ 0.57X1X3 + 1.05X2X3 − 3.21X1

2 − 0.59X2
2  

− 0.03X3
2		  (10)

where Y4, total phenolic content (mg GAE/100 g); X1, air 
inlet temperature (°C), X2, coating material ratio (%); X3, 
feed pump speed (mL/min).

Antioxidant activity

One of the key markers of the effectiveness of the micro-
encapsulation process is the preservation of the anti-
oxidant qualities of bioactive compounds during spray 

Total phenolic content

Royal jelly has several functional characteristics, such 
as antibacterial, anti-inflammatory, vasodilatory, hypo-
tensive, antihypercholesterolemic, antitumor, and anti-
oxidant properties (Martinello and Mutinelli, 2021). 
According to Kausar and More (2019), the pharmaco-
logical effects of phenolic components in royal jelly may 
be partly due their antioxidant qualities. The total phe-
nolic content of microcapsules ranged from 101.87 to 
141.4 mg GAE/100 g. The highest total phenolic content 
was obtained in Run 9 at 140°C air inlet temperature, 
15% coating material ratio, and 9 mL/min feed pump 
speed, and the outlet temperature was at moderate lev-
els (68°C) under these operating conditions. According to 
the results in Table 2, air inlet temperature presented a 
significant (P < 0.01) effect on the total phenolic content. 
Although a partial increase in the total phenolic content 
of encapsulated royal jelly was observed with the rise 
in air inlet temperature to 140°C, a significant decrease 
was observed at higher temperatures (Figures  4A and 
4B), probably due to the heat sensitivity of phenolic con-
tents and their degradation at high temperatures (Singh 
et al., 2019). Gupta et al. (2011) suggested that heat may 
structurally alter polyphenol compounds and bind them 
with other compounds. Georgetti et al. (2008) speculated 
that isoflavone degradation could be linked to heat-in-
duced oxidation or decomposition of thermally sensi-
tive substances, leading to a decrease in total polyphenol 
content. A similar result was obtained by Mishra et  al. 
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Figure 4.  The 3D graphs about the effect of microencapsulation process parameters on total phenolic content (A–B) and 
antioxidant activity (C–D).
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In Run 6, where the highest solubility was determined, 
the air inlet temperature, the coating material ratio, and 
the feed pump speed were 140°C, 15%, and 9 mL/min, 
respectively. The air inlet temperature and feed pump 
speed were found to have a significant (P < 0.05) positive 
effect, whereas the coating material ratio harmed the sol-
ubility of powders (P > 0.05; Figures 4A and 4B). A sim-
ilar trend was observed by Seyrekoglu et al. (2024), who 
indicated that the solubility of Hypericum perforatum 
microcapsules increased with the increase in air inlet 
temperature and a decrease in coating-to-extract ratio. 
Zouari et  al. (2020) reported that air inlet temperature 
exceeding 140°C causes lower solubility in milk powders. 
Likewise, in our study, the acceleration of the increase in 
solubility with the rise in air inlet temperature decreases 
at temperatures exceeding 140°C. The amount of energy 
from high temperatures in the spray drying process is 
sufficient to break the intermolecular bonds in the prod-
uct, causing the release of hydroxyls that facilitate the 
hydration of the product. In addition, at higher air inlet 
temperatures, particles with lower moisture content are 
formed and are less sticky, thus improving the hydration 
of the product due to the higher surface area in contact 
with the rehydration water (Pombo et  al., 2020). The 
effect of the coating material ratio on solubility was insig-
nificant, which can be explained by the fact that both 
materials (maltodextrin and gum Arabic) have high sol-
ubility as coating agents. However, an increased coating 
material ratio resulted in lower solubility of the microen-
capsulated royal jelly powder (Figures 5A and 5B), which 
may be due to the presence of more insoluble residue and 
the formation of more lumps as a result of the use of a 
higher amount of coating materials (Patil et  al., 2014). 
The relationship between solubility and independent 
variables is presented as below in Equation 12.

	 Y6 = �97.16 + 1.98X1 − 0.56X2 + 0.99X3 + 0.71X1X2  
− 2.17X1X3 + 0.94X2X3 − 1.53X1

2 − 0.97X2
2  

+ 0.16X3
2		  (12)

where Y6, solubility (%); X1, air inlet temperature (°C), 
X2, coating material ratio (%); X3, feed pump speed (mL/
min).

Particle size

One of the most crucial aspects of powders is their size, 
which directly impacts various physical properties, such 
as flowability, dispersibility, compressibility, stability, and 
storage. The degree of contact between the particles and 
the surrounding liquid is also determined by the particle 
size, which is correlated with the particle surface area. 
In this study, the particle sizes of microcapsules were 
in the range of 279.6–866.8 nm (Table 1). According 
to Table 2, air inlet temperature and coating material 

drying. Antioxidant activity microcapsules containing 
royal jelly ranged from 7.29 to 27.36%. The highest rad-
ical scavenging activity was obtained at the air inlet tem-
perature of 120°C, the coating material ratio of 20%, and 
the feed pump speed of 9 mL/min, as reported by Tatar 
Turan et al. (2016), who observed the highest antioxidant 
activity at 125°C in the production of blueberry micro-
capsules. According to ANOVA (Table 2), the effect of air 
inlet temperature and coating material ratio on antioxi-
dant activity is statistically significant (P < 0.05), which 
was close to the trend of total phenolic content and 
demonstrated AA’s correlation with polyphenol alter-
ation. The air inlet temperature negatively affected the 
antioxidant activity (Figures 4C and 4D) due to higher 
temperature exposure that adversely affected the struc-
ture of phenolics, causing its breakdown and/or synthesis 
into different forms (Mishra et al., 2014). A similar result 
was reported by Mousavi Kalajahi and Ghandiha (2022), 
indicating that the rise in air inlet temperature acceler-
ated the loss of antioxidant activity in encapsulated net-
tle extract powder. The increase in coating material ratio 
led to higher antioxidant activity, which can be attributed 
to the more preserved antioxidant bioactive compounds 
with an increase in the coating material ratio. Mousavi 
Kalajahi and Ghandiha (2022) also stated the positive 
effect of coating material concentration on the preserva-
tion of antioxidant activity for spray-dried nettle extract 
powder. The relationship between antioxidant activity 
and independent variables are presented in the below 
equation (Equation 11).

	 Y5 = �3.28 − 0.68X1 + 0.72X2 + 0.26X3 + 0.08X1X2 + 
0.07X1X3 + 0.01X2X3 − 0.34X1

2 + 0.03X2
2  

+ 0.03X3
2		  (11)

where Y5, antioxidant activity (%); X1, air inlet tempera-
ture (°C), X2, coating material ratio (%); X3, feed pump 
speed (mL/min).

Solubility

Solubility is an essential quality criterion as it directly 
affects the functional properties of food systems. The 
term “solubility” refers to the ability of the powder to 
form a solution or suspension in water (Nguyen et  al., 
2022). The data regarding the solubility obtained in the 
optimization experiment varied between 91.20 and 
98.80% with an average value of 96.05% (Table 1), indicat-
ing good solubility characteristics in water since Arabic 
gum and maltodextrin are good encapsulating agents for 
retaining bioactive compounds with high water solubil-
ity (Souza et al., 2024). These results are consistent with 
the findings of Singh et al. (2019), who observed the vari-
ation in solubility from 80.11 to 93.15% for Jamun pulp 
encapsulated using maltodextrin through spray drying. 
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Determination and verification of optimum conditions

The processing conditions for microencapsulation of 
royal jelly by spray drying were successfully optimized 
using Box–Behnken modeling of the second-order poly-
nomial equation through Design Expert software. The 
optimization process, according to multiple criteria, was 
carried out using the desirability function, which can be 
achieved by setting it to 1. According to each response, 
the demands were preferred as minimum, maximum, 
and range. While the encapsulation efficiency, total phe-
nolic content, and solubility were selected as maximum, 
water activity was determined to be minimum, and par-
ticle size was determined to be in the range (279.6–866.8 
nm). Since the “lack of fit” value of the model created 
for antioxidant activity was found to be significant, it 
was not included in the optimization. In line with the 
obtained responses, the optimum process conditions 
were determined as 145.81°C air inlet temperature, 20% 
coating material ratio, and 9 mL/min food pump speed 
(Table 3). These values were decided by paying attention 
to the highest desirability (0.81) obtained in the response 
surface solution. In addition, the outlet temperature of 
microcapsules loaded with royal jelly under optimum 
conditions with spray drying was measured between 
70 and 73°C.

ratio significantly affected the particle size (P < 0.05). 
Figures 5C and 5D show that higher air inlet temperature 
during spray drying led to smaller particle sizes, as per 
the findings of Cortés-Rojas et al. (2015), who indicated 
that lower inlet temperature is responsible for generat-
ing products with larger particle size. This phenomenon 
was due to the drying rate and the amount of moisture 
removed as a consequence of the atomization condi-
tions. On increasing inlet temperature, drying became 
faster, resulting in less droplet adherence to the previ-
ously dried particle, eventually leading to a smaller size. 
The increase in coating material ratio caused higher par-
ticle size values. This is due to the formation of particles 
with high moisture content due to the high coating con-
centration resulting from the agglomeration of particles 
(Millinia et al., 2024). This trend is similar to the results 
obtained by Cortés-Rojas et al. (2015). The relationship 
between antioxidant activity and independent variables is 
presented in Equation 13.

	 Y7 = �365.84 − 75.52X1 + 190X2 + 18.93X3  
− 66.95X1X2 + 54.45X1X3 + 40.05X2X3  
+ 35.31X1

2 + 110.55X2
2 + 9.66X3

2	 (13)

where Y7, particle size (nm); X1, air inlet temperature (°C),  
X2, coating material ratio (%); X3, feed pump speed (mL/min).
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Table 3.  Experimental results with estimated values obtained under optimum conditions.

Run Parameters Responses Desirability

X1 X2 X3 Y1 Y3 Y4 Y6 Y7

Predictive values

1 145.81 20 8.84 94.81 0.204 128.91 96.27 619.76 0.81

2 145.87 19.99 8.74 94.9 0.204 128.85 96.25 618.86 0.809

3 146.13 20 8.73 94.85 0.204 128.77 96.29 619.2 0.809

Experimental values

1 146 20 9 96.74 0.214 115.6 98.72 742.18

2 146 20 9 92.58 0.229 107.53 97.51 668.46

3 146 20 9 94.66 0.209 120.45 92.97 719.88

D value 0.002 −0.107 0.112 −0.005 −0.146

X1, air inlet temperature (oC); X2, coating material ratio (%), X3, feed pump speed (mL/min); Y1, encapsulation efficiency (%); Y3, water activity; Y4, 
total phenolic content (mg GAE/100 g); Y6, solubility (%); Y7, particle size (nm).

The encapsulation process by spray drying was repeated 
using the optimum points obtained after the optimiza-
tion trial. The estimated values obtained under optimum 
conditions and the experimental results are given in 
Table 3. To verify the adequacy of the response surface 
model used to predict the responses as a function of the 
independent variables, the deviation was calculated using 
Equation 14.

	 −
= 1 2

1

( )X XD
X

	 (14)

where D is the deviation from the mean, and X1 and X2 
are the estimated and experimental values, respectively. 

The deviation from the estimated and experimental val-
ues for the optimum process parameters was calculated 
between −0.146 and 0.112, which shows that the experi-
mental values obtained are close to the estimated values, 
and the feasibility of the model and the prediction are 
good.

Characterization of microencapsulated royal jelly powder

The production of encapsulated royal jelly powder was 
carried out under optimum conditions and character-
ization of the microcapsules, including physicochemi-
cal (moisture content, water activity, color properties, 
particle size, solubility, flowability, wettability, loose and 
tapped bulk densities, particle density, porosity), bioac-
tive (total phenolic substance, antioxidant capacity), and 
morphological properties.

The moisture content and water activity were determined 
to be 4.96 and 0.226, respectively, within the typical 

ranges of industrially produced spray-dried food pow-
ders. These values indicate that optimized powder could 
be considered stable during microbial contamination 
and storage because they met the requirements for mois-
ture content (<6%) and water activity (<0.6) (Gul and 
Dervisoglu, 2020; Tolve et  al., 2021). Likewise, similar 
results were obtained by Pant et al. (2022) for encapsu-
lated bee propolis powder. 

Color is one of the most critical parameters that can 
affect the sensory acceptability of powders. The L*, a*, 
and b* of the powders produced under optimum process-
ing conditions were 94.22, 0.48, and 4.21, respectively. 
From these results, it can be interpreted that royal jelly 
powders are slightly yellowish in color. 

The average particle size of optimized powder was 710 
nm, and they were termed as nanoparticles as they were 
below 1000 nm in size. This also indicated that nano-
sized particles were suitable for use in the food and phar-
maceutical industries. Particles showed a monomodal 
particle size distribution, indicating a homogeneous 
particle size (Figure 6). Smaller-sized particles ensure 
an improved application ratio of entrapped compounds 
and have positive effects on physical properties, such 
as solubility. On the other hand, smaller microcapsules 
have lesser biological activity and shorter storage prop-
erties due to environmental effects (Nguyen et al., 2024). 
Murrieta-Pazos et al. (2011) reported that particle sizes 
below <0.75 µm exhibited poor transport and reconsti-
tution properties due to the formation of high cohesive 
forces between particles.

The solubility and wettability values of optimized pow-
der were 96.73% and 3272.5 s, respectively. The wetta-
bility of powders, or overcoming the surface tension at 
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the solid–liquid interface, is calculated by measuring the 
time required for the powder to sink completely. In this 
respect, encapsulated royal jelly produced under opti-
mum conditions is relatively poor in terms of time and 
instant properties. For powders to exhibit good instant 
properties, they need to be wetted within a few seconds 
(Turchiuli et al., 2005).

Figure 6.  Particle size and SEM microphotographs of 
optimized microcapsules.

Particle density, the particle mass corresponding to 1 cm3 
volume, was determined by a gas multipycnometer, and 
the particle density value of encapsulated royal jelly pow-
ders produced at the optimum point was determined as 
1.49. The loose and tapped bulk densities of optimized 
particles were determined as 0.28 and 0.32 g/cm3, respec-
tively. The porosity value, which expresses the ratio of 
the difference between the total and particle volume, was 
78.32 for the royal jelly powder produced at the optimum 
point. The flowability, which refers to the ability of parti-
cles to overcome the resistance to flow created by surface 
interactions, was determined as 23.94° with the angle 
of agglomeration (AOR) approach, indicating that the 
powders have excellent fluidity.

The total phenolic content and radical scavenging activity 
values of optimized royal jelly powder were determined 
as 114.53 mg GAE/100 g and 19.8%, respectively. Notably, 
these values are lower in microencapsulated form com-
pared to fresh royal jelly. This is because high heat treat-
ment during drying negatively affects the structure of 
phenolics and causes them to degrade and/or synthesize 
into different forms. Also, the encapsulation efficiency of 
royal jelly is lower than 100%.

SEM images of microcapsules produced by spray dry-
ing under optimum process conditions are given in 
Figure  6. The powders were spherical, homogeneously 
distributed, and consisted of tiny particles. While most 
of the particles exhibited a shrunken surface, there were 
also smooth-surfaced particles. No cavities or cracks 
were observed on the surface of the particles, which 
indicated that the integrity of the particles was not 
compromised during drying and thereby limited the 
oxygen and water vapor permeability that may affect the 
stability of the bioactive component. A similar appear-
ance was also observed in the encapsulation study con-
ducted by Nguyen et al. (2024), who reported that the 
particles appeared relatively smooth and exhibited a 
spherical shape with smooth or wrinkled surfaces. It 
was also stated that the particle surfaces showed lim-
ited or no fractures, cracks, or voids, which indicated 
that the coating material and the encapsulation process 
were suitable for the bioactive component. This finding 
is consistent with the microencapsulation efficiency of 
bioactive compounds such as royal jelly and shows that 
they can be better preserved in microcapsules.

Conclusions

Royal jelly is an extremely valuable food produced by 
honey bees in specific periods, and is very sensitive to 
shelf life due to its bioactive properties. It is defined as a 
superfood with its unique properties. In this study, a new 
form of royal jelly was developed by microencapsulation 
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