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Abstract 

The application of green synthesis in nanotechnology is growing day by day. It’s a safe and eco-friendly alternative to 
conventional methods. The current research aimed to study raw royal jelly’s potential in the green synthesis of silver 
nanoparticles and their antibacterial activity. Royal jelly served as a reducing and oxidizing agent in the green synthe-
sis technology of colloidal silver nanoparticles. The UV–Vis maximum absorption at ~ 430 nm and fluorescence emis-
sion peaks at ~ 487 nm confirmed the presence of Ag NPs. Morphology and structural properties of Ag NPs and the 
effect of ultrasound studies revealed: (i) the formation of polydispersed and spherical particles with different sizes; (ii) 
size reduction and homogeneity increase by ultrasound treatment. Antibacterial activity of different concentrations of 
green synthesized Ag NPs has been assessed on Gram-negative S. typhimurium and Gram-positive S. aureus, revealing 
higher sensitivity on Gram-negative bacteria.
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Introduction
Nanoscience is a remarkable field that has the high-
est potential to improve human life (Ismail et  al. 2018; 
Trchounian et  al. 2018). In recent years, nanomaterials’ 
widespread application in various fields of industry, tech-
nology, and medicine led to the exponential growth of 
their global demand (Rónavári et al. 2017; Gabrielyan and 
Trchounian 2019). Among different metal nanoparticles 
(NPs), the yearly increase in silver (Ag) NP production 
was estimated to be hundreds of tons worldwide. The 
high demand for Ag NPs is conditioned by the commer-
cial utilization of Ag NPs in optics, electronics, catalysis, 
household items, and a broad range of medical applica-
tions (Ge et al. 2014; Gabrielyan and Trchounian 2019). 
Ag NPs are known for their broad-spectrum antimi-
crobial and antiviral activities (Gabrielyan and Trchou-
nian 2019; Gabrielyan et al. 2020). These NPs are widely 

applied in different industries in the disinfection of ail-
ments, water, medical instruments, etc. Also, Ag NPs can 
play an essential role in preventing epidemics caused by 
progressive drug-resistant pathogens (Lara et al. 2011).

Metal NPs synthesis methods are classified as chemi-
cal, physical and biochemical synthesis methods (Fig. 1) 
(Vishwarsrao et al. 2019). Chemical- and physical-based 
synthesis techniques usually involve toxic organic sol-
vents and hazardous reagents that carry environmental 
and biological risks and can influence nanoparticle prop-
erties, such as toxicity, thus limiting their application in 
medicine (Forough et al. 2010; Salem et al. 2020). From 
this point of view, the development of environmentally 
friendly processes for the synthesis of metal NPs is of 
great interest.

Green synthesis (GS) strategies of metal NPs are safer 
alternatives to the conventional chemical and physical 
methods with a low environmental footprint and mild 
experimental conditions. It includes mild temperature 
and pressure and non-toxic, environmentally benign sol-
vents, reducing agents, and capping materials (Kozma 
et  al. 2016; Thunugunta et  al. 2015; Narayanan et  al. 
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2011). GS can involve living organisms, such as bacteria 
(Joerger et  al. 2000) or fungi (Moghaddam et  al. 2015) 
and plants or natural extracts containing various biologi-
cally active compounds like polysaccharides, proteins, 
vitamins, or alkaloids. The advantage of listed com-
pounds is that they are generally non-toxic, biodegrad-
able, and can act both as reducing and capping agents, 
thereby promoting the formation and inhibiting the 
agglomeration of NPs (Moghaddam et al. 2015; Rónavári 
et al. 2017).

Venu et al. (2011) described the use of aqueous honey 
solutions in the synthesis of nanomaterials. From this 
point of view, the royal jelly (RJ) is an attractive hon-
eybee product. It consists of water (50–60%), proteins 
(18%), carbohydrates (15%), lipids (3–6%), mineral salts 
(1.5%), and vitamins (Nagai and Inoue 2004). Also, RJ 
is composed of many bioactive compounds (Sugiyama 
et  al. 2012). Many studies reported various activities of 
RJ such as pharmacological activities including antitu-
mor (Swellam et al. 2003), antioxidative (Guo et al. 2007), 
antimicrobial (Romanelli et  al. 2011), vasodilative and 
hypotensive, anti-fatigue, and anti-allergy, antihyper-
cholesterolemic and anti-inflammatory activities (Fratini 
et al. 2016). In addition to several physiological effects, RJ 
is widely used in commercial medical products and food 
industry (Guo et al. 2007).

RJ’s composition is relatively constant at the macro-
level. Still, it can vary depending on various factors such 
as bee nutrition, bee species, harvesting method, the age 
of the bee larvae, and floral variety, geographical and 
environmental conditions (Kolayli et al. 2015). From this 

viewpoint, Armenian honeybee products, including RJ, 
have unique advantages conditioned by Armenia’s geo-
graphical, climatic conditions, and plant diversity.

This study is aimed to evaluate Armenian RJ’s potential 
as a source of oxidizing and reducing agents in the GS of 
Ag NPs. In addition to physical–chemical characteristics 
determined by using UV–Vis and fluorescent spectros-
copy, scanning electron microscopy (SEM), transmission 
electron microscopy (TEM), selected area electron dif-
fraction (SAED), the antibacterial activity of RJ-mediated 
GS Ag NPs has been assessed on  Salmonella typhimu-
rium  MDC1759 and  Staphylococcus aureus  MDC5233 
strains.

Materials and methods
Ag NPs synthesis
Raw royal jelly (RRJ) was obtained from the local Arme-
nian beekeeping factory (Province Kotayk, Armenia). As 
a source of Ag, silver nitrate solution was used. All solu-
tions during the experiment were prepared in doubly dis-
tilled water.

For the synthesis of Ag NPs, RRJ aqueous solution in 
0.1  g   mL−1 concentration and 0.5  M silver nitrate solu-
tion were used. 1:1 ratio of each solution was mixed 
under stirring and kept up to 24 h on a magnetic stirrer at 
room temperature (Mendoza-Reséndez et al. 2014). Dur-
ing the synthesis, the solution’s color started to change 
from yellowish to brownish color, which indicates the 
reduction of  Ag+. The final solution was centrifuged and 
washed with double distilled water several times. Ag NPs 
were dispersed in double distilled water using ultrasound 

Fig. 1 Nanoparticle synthesis methods
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(US)—treatment for 20  min (Power of US-homoge-
nizer—50 W; YaXun 2000A).

Ag NPs characterization
The optical absorption spectrum of Ag NPs was obtained 
using UV–Vis spectrophotometer (GENESYS 10S UV–
Vis, Thermo Scientific, USA) at a resolution of 1  nm 
between 280 and 720  nm ranges. Fluorescent emission 
spectra were recorded using a Fluorescence spectro-
photometer (Agilent Technologies, USA) at CANDLE 
Synchrotron Research Institute (Yerevan, Armenia) at 
different excitation wavelengths.

Morphology, microstructure, and size of GS NPs were 
observed by scanning electron microscopy (SEM, Leib-
niz Institute of Photonic Technology, Germany) with 
15  kV accelerating voltage, × 15,000–70,000 magnifica-
tion, secondary electron imaging (SEI) and transmission 
electron microscopy (JEM-2100-Plus, JEOL, Germany). 
For TEM measurements, the sample was placed on glow 
discharged carbon-coated copper grids, incubated, blot-
ted, and dried. Transmission electron micrographs were 
taken using an accelerating voltage of 200  kV. Selected 
area electron diffraction (SAED) of the NPs was also 
recorded using the TEM. TEM experiments were con-
ducted in the XBI Biolab of European XFEL (Han et  al. 
2021). Average Ag core diameter, size distributions were 
calculated for each sample by averaging ~ 260 NPs from 
the TEM images using ImageJ software.

The influence of US-treatment on the sizes and dis-
tribution of NPs was studied by using Atomic Force 
Microscopy (AFM, Solver Nano NT-MDT ISN, Labora-
tory of “Heliotechnics”, National Polytechnic University 
of Armenia, Yerevan).

Assessment of antibacterial activity
The study of antibacterial activity of GS and ultra-
sound-treated Ag NPs was performed on  S. typh-
imurium  MDC1759 and  S. aureus  MDC5233 strains 
(Microbial Depository Center, National Academy of Sci-
ence, Yerevan, Armenia). The mentioned strains were 
grown in Nutrient Broth (NB) media at 37  °C and pH 
7.5 (Gabrielyan et  al. 2020). Anaerobic conditions were 
maintained as described (Gabrielyan et  al. 2020). These 
strains were cultivated in the presence of GS and ultra-
sonicated Ag NPs (from 5 to 20  μL   mL−1 v/v ratio). 
The growth of bacteria was measured by densitometer 
(DEN-1B McFarland, Biosan, Latvia) for 6  h of growth. 
The specific growth rate of bacteria was calculated using 
the following formula: growth rate =  (lnODt –  lnOD0)/t, 
where  OD0 (optical density) is the initial value of  OD600; 
 ODt is the value of  OD600 after t hours (Gabrielyan et al. 
2020).

Statistical analysis
Experiments were repeated three times. The results are 
represented as means ± SD. Standard errors, as well as 
the validity of the differences between different series of 
experiments, were evaluated by Student’s validity criteria 
(P), were calculated by using the appropriate functions of 
Microsoft Excel 2010.

Results
UV–Vis spectroscopy analysis
Change in color of the RJ solution mixed with  AgNO3 
solution from yellowish to brownish color visually 
observed, indicating Ag ions’ reduction (Fig. 2a, b). After 
24  h stirring final solution was centrifuged and washed 
with distilled water several times. Absorption measure-
ments by UV–Vis spectrophotometer revealed the maxi-
mum absorption at ~ 430 nm, confirming the presence of 
Ag NPs (Fig. 3a).

Fluorescence spectroscopy
The fluorescence emission spectra of GS Ag nanostruc-
tures were obtained using from 370 to 420  nm excita-
tion wavelengths, which are indicated on corresponding 
curves (Fig.  3b). Emission peak at ~ 487  nm confirmed 
the presence of Ag nanostructures. By the increase of 
excitation wavelength, redshifted additional emission 
peaks were observed, which may be conditioned by the 
polydispersity of the NPs sample.

Electron microscopy
SEM and TEM were used to examine the morphology 
and microstructure of synthesized particles. Scanning 
electron micrograph revealed more or less spherical 
morphology of GS Ag NPs and showed that particles are 
coated by polymer (bright dots on SEM micrographs; 
Fig. 4a, b).

The analysis of data from TEM micrographs provided 
further insight into the morphology and particle size. It 
confirmed the formation of polydispersed and spherical 

Fig. 2 Initial mixed solutions of RJ and  AgNO3 before (a) and after 
incubation (b)
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nanostructures of different sizes (Fig. 4c, d). Two differ-
ent sample species could be identified. A small size spe-
cies of GS Ag NPs with a particle size distribution are 
shown in the histogram in Fig. 4e. The average diameter 
of the spherical NPs was 11.7 ± 3.58  nm. And a sec-
ond species containing a few large clusters up to 1 μm 
was observed (see Fig. 4d), which can be a result of the 
aggregation of small nanostructures.

Atomic force microscopy
The effect of ultrasound treatment on GS Ag NPs was 
analyzed by AFM, and obtained data revealed that 
ultrasonication contributes to the homogenization 
of Ag NPs’ colloidal  solution and reduces the size of 
nanostructures (Fig. 5). For the purposes of compara-
tive analysis, AFM images of Ag NPs without and 
with ultrasound-treatment as well as the size of the 

Fig. 3 UV–Vis absorption spectra (a) and fluorescence emission spectra (b) of GS Ag NPs

Fig. 4 SEM (a, b), TEM (c, d) micrographs and nanoparticle diameter distribution (e) and SAED pattern (f)
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corresponding nanoparticles distributions are shown 
(see Fig.  5), representing 2D topography of the NPs 
without and with US treatment, respectively. The data 
shows the distributions of particle sizes both without 
and with US treatment cases. Statistical analysis shows 
that before and after US-treatment NPs have sizes of 
7.8–192.7  nm and 8.6–61.8  nm, respectively. Further-
more, over 90% of the NPs have sizes in the interval 
of 52–174.0  nm and 8.9–54.7  nm, respectively. The 
average values of some topographical parameters are 
presented in Table  1.  As a result, it can be said that 
US-treatment leads to a more homogeneous distribu-
tion and a significant reduction in the size of NPs.

Antibacterial activity
The growth properties of  S. typhimurium  MDC1759 
and S. aureus MDC5233 strains, cultivated under anaero-
bic conditions, in the presence of GS and ultra-sonicated 
Ag NPs (from 5 to 20 μL per mL) have been investigated. 
The control was bacteria grown without NPs addition. 
The bactericidal effect for both bacteria was observed at 
all concentrations of NPs (Figs. 6, 7). Moreover, RJ-medi-
ated Ag NPs display more expressed antimicrobial effect 
at low concentration (Fig. 6). Similar result was obtained 
with S. typhimurium MDC1759 in the presence of com-
mercial Ag NPs (Gabrielyan et al. 2020).

The growth data analysis showed that Gram-negative S. 
typhimurium had higher sensitivity than Gram-positive 
S. aureus, which may be conditioned by the membrane 

Fig. 5 AFM images of non-treated (ultrasound-treated a (b)) and average size distribution c (d) of Ag NPs

Table 1 Average topographical (error values: ± 5%) parameters of GS Ag NPs with and without US-treatment

Ag NPs Size, Nm Length, Nm Height, nm Area nm*nm Volume nm*nm*nm

Without US-treatment 126.010 191.051 24.12 16,801.001 129 ×  106

With US-treatment 34.003 53.068 13.03 1279.048 3385.355
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structure—a narrower cellular wall of these bacteria 
(Aghajanyan et al. 2020; Meikle et al. 2020). The antibac-
terial activity of RJ-mediated GS Ag NPs can be a result 
of interaction of NPs with bacterial membranes and their 
penetration into the bacterial cell (Trchounian et al. 2018; 
Gabrielyan et al. 2020).

Discussion
It is well known that Ag ions and Ag-based compounds, 
including Ag NPs, exhibit a toxic effect on both Gram-
negative and Gram-positive microorganisms (Losasso 
et al. 2014). The exact mechanism of antibacterial activ-
ity of Ag NPs has not been entirely clarified, but various 
hypotheses have been proposed. The action of Ag NPs 
can be conditioned by free Ag ions, present or released 
from the nanomaterials, which can bind to the cell mem-
brane, destabilize membrane potential and lead to dis-
ruption of the bacterial envelope (Bapat et  al. 2018; Yin 
et al. 2020). Free silver ions also can induce the genera-
tion of reactive oxygen species as well as inhibit the syn-
thesis of proteins by denaturing ribosomes (Durán et al. 
2016). Different capping agents, including biologically 

active compounds as well as the presence of organic and 
inorganic components in media, can change the disso-
lution behavior of NPs, thus influencing the release of 
silver ions and antibacterial activity strength of Ag NPs 
(Yin et  al. 2020). According to Konovalov et  al. (2013), 
biologically active compounds (BACs) as a capping agent 
can have a great impact on efficient concentration. BACs, 
especially in the case of GS of Ag NPs, can lead to the 
formation of nanoassociates in highly diluted samples, 
which will increase the efficiency. This may also be con-
ditioned by the higher diffusion rate of low concentrated 
solutions compared to highly concentrated solutions, 
which can form aggregates (Konovalov et  al. 2013). On 
the other hand, antimicrobial activities of many peptides 
present in RJ were demonstrated (Romanelli et al. 2011; 
Li et al. 2012). The action mechanism of these antimicro-
bial peptides is due to the change of cell membrane per-
meability; particularly they cause decrease of lipid layer 
surface and lead to the membrane disruption or create 
pores thus destabilizing membrane (Fratini et al. 2016; Li 
et  al. 2012). Cell wall structure also plays a crucial role 
in the antibacterial activity of Ag NPs. Gram-negative 
bacteria are more susceptible to Ag NPs due to nar-
rower cellular walls compared to Gram-positive strains 
(Aghajanyan et al. 2020; Meikle et al. 2020).

TEM revealed the presence of small as well as clus-
tered NPs. US-treatment leads to a decrease in the size 
and an increase in homogeneity of the distribution of GS 
NPs and contributes to the higher antibacterial activity 
against Gram-negative  S. typhimurium  and Gram-posi-
tive  S. aureus, in that Gram-negative was more suscep-
tible.  The results suggest that green synthesis plays an 
important role in optimizing properties and biological 
activity as well as the inhibitory efficiency of synthe-
sized Ag NPs, while to better understand the antibacte-
rial activity mechanism of GS Ag NPs, further research 
is needed.
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