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Abstract
This contribution reports on the development of two versatile and efficient methods, namely the green and gamma radiolysis 
for Fe-Ag nanoparticles (NPs) synthesis, characterization, and further their growth inhibition potential on some spoilage 
microorganisms. Green Ag/Fe2O3 NPs were obtained at Fe-Ag [3:1], annealing temperature of 800 °C for 2 h, and gamma 
irradiated Ag/Fe3O4 NPs were obtained at Fe-Ag [7:1], a 50 kGy dose. The characterization techniques were performed 
with these two samples whereby the sizes from crystallographic and microscopic analyses were 39.59 and 20.00 nm for 
Ag/Fe2O3 NPs, 28.57 and 15.37 nm for Ag/Fe3O4 NPs, respectively. The polycrystallinity nature observed from X-ray dif-
fraction was in accordance with the selected area electron diffraction. The vibrational properties confirmed the presence 
of bimetallic Fe-Ag NPs with the depiction of chemical bonds, Fe–O and Ag–O from attenuated total reflection-Fourier 
transform infrared spectroscopy and elements Ag, Fe, O from energy-dispersive X-ray spectroscopy analyses. The magnetic 
properties carried out using a vibrating sample magnetometer suggested a superparamagnetic behavior for the Ag/Fe2O3 
NPs and a ferromagnetic behavior for the Ag/Fe3O4 NPs. Overall, the green Ag/Fe2O3 NPs successfully inhibited the growth 
of spoilage yeasts Candida guilliermondii, Zygosaccharomyces fermentati, Zygosaccharomyces florentinus, and spoilage 
molds Botrytis cinerea, Penicillium expansum, Alternaria alstroemeriae.
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1 Introduction

Yeasts have traditionally been employed to manufacture 
alcoholic beverages, biomass, and other value-added chemi-
cals and food products. They have numerous applications 
in food and beverage production, such as sausage, cheese, 
bakery products, and other fermented foods production 

[1]. However, spoilage yeasts contaminate these foods that 
have been processed and packaged, resulting in a signifi-
cant impact on the agri-food industry. This is largely due to 
the poor handling, and processing including transportation 
facilities available to producers [2]. Some scholars reported 
that the yeasts, Dekkera bruxellensis, Dekkera anomala, 
Zygosaccharomyces bailii, Hanseniaspora uvarum, Candida 
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guilliermondii, Zygosaccharomyces fermentati, Schizosac-
charomyces pombe, Debaryomyces hansenii, Saccharo-
myces cerevisiae, and Zygosaccharomyces florentinus, are 
responsible for final product spoilage, and are sources of 
foodborne diseases [3–6]. This culminates in economic 
losses [7], noticeable in populated countries such as China, 
India, USA, Russia, and Nigeria.

Molds and fungi are distinguishable from other organisms 
by the formation of hyphae (a mass of branching, tangled 
filaments) that result in colony development. They grow on 
the food’s surface and proliferate in beverages under con-
ditions whereby there is sufficient dissolved oxygen and a 
suitable pH. These species, i.e., Botrytis, Rhizopus, Colle-
totrichum, Alternaria, Fusarium, Penicillium, Aspergillus, 
and Monilinia, sp., are commonly responsible for fruit, 
vegetable, beverage, and food spoilage [8–10]. Botrytis sp. 
are the primary spoilage organisms of many agriculturally 
important crops, including grape berries, tomato fruits, bulb 
flowers, and ornamental crops among others. If ingested, 
they inculcate negative clinical outcomes in humans [11]. 
According to the World Health Organization (WHO), 600 
million diseases resulting in 420,000 deaths are annually 
reported worldwide due to these spoilage microorganisms 
[12]. As this is a concern, there needs to be alternative solu-
tions to such a problem, as chemical preservatives have also 
been determined to be detrimental to human health [13]. 
It was also proven that the use of antibiotics against spoil-
age microorganisms is inefficient, and they have effects on 
the human body associated with severe clinical risks [14]. 
As such, some researchers found that the problem could be 
remediated by using nanoparticles (NPs), particularly Ag-
based NPs, as antimicrobial agents in food decontamination 
and as deactivators of toxins [15]. They do assist in the gen-
eration of reactive oxygen species (ROS), which damage the 
spoilage organism's cell membranes via lysis, cytoplasmic 
contents deactivation, and disruption of cellular homeosta-
sis, culminating in the preservation of edible goods, thus safe 
food, fruit, and beverages for consumers [16].

NPs with a combined Fe-Ag (iron-silver) crystalline 
matrix can enhance their appeal for application in the food 
industry as they can largely be recovered, i.e., due to the Fe 
components in their atomic structure, to minimize inges-
tion with Fe-Ag decontaminated food, fruit, and beverages 
[17]. Similarly, other properties such as recoverability due to 
magnetism have resulted in researchers conducting studies 
with bimetallic NPs consisting of Fe atoms [18]. Such NPs 
are hypothesized to possess higher efficacy in their intended 
application, and potential recovery or reuse, due to their syn-
ergistic effects and distinct properties, including their unique 
surface chemistry, small size, magnetism, and composition 
[19]. Therefore, bimetallic Fe-Ag NPs have been consid-
ered as suitable NPs for reducing food contamination, and 
deactivation of toxins due to their perceived antimicrobial 

activity against many microorganisms (bacteria, yeasts, 
fungi, viruses). This is due to their ability to generate ROS, 
its bandgap, stability, novel physicochemical, biological, and 
magnetic properties, all of which are imparted by charac-
teristics associated with the induction of oxygen vacancies, 
crystalline transformation, and light scattering pattern altera-
tions that make them different from their counterparts, albeit 
with inherent oxidation vulnerabilities [14, 15, 17].

The conventional synthesis methods employed to gener-
ate such NPs present some limitations, such as the overall 
synthesis cost, efficacy, high-temperature usage thus high 
energy consumption, particularly when high vacuum sys-
tems are used to decontaminate harmful by-products dur-
ing synthesis [20–22]. Residual waste generated from such 
a synthesis process contributes to environmental problems 
associated with their disposal. To palliate such drawbacks, 
interest has been focused on the development of one-pot, 
less harmful, facile, cheap, reliable, and eco-friendly synthe-
sis protocols by using nontoxic solvents and reagents under 
mild conditions. The aim is to largely produce the desired 
NPs whereby the size, shape, and morphology can be con-
trolled, with supplementary attributes such as the inhibi-
tion of spoilage microorganisms for human health concerns 
[23–25]. Notably, for such synthesis, high-energy gamma 
 Co60 ray irradiation is considered as an effective method 
for the synthesis and modification of nanomaterials due to 
several benefits such as (1) the reduction of metal ions to 
zero-valent metal particles under ambient conditions with 
minimized use of reducing agents; (2) the ability to con-
trol the rate of reduction reaction; (3) large-scale produc-
tion potential that can be favorably set up with satisfactory 
requirements of a clean production process [26, 27]. Further-
more, producing NPs with a green synthesis method using 
plant extracts whereby the approach is performed without 
the use of chemicals (acid or base, surfactants, and solvents), 
generating a limited amount of waste with few by-products, 
further characteristics can be imparted onto the NPs due to 
residues of the biomolecules or organic elements in the plant 
extracts being embedded, i.e., additional properties associ-
ated with the enhanced immune system and blood circula-
tion, the memory including cognitive stimulation, etc., in the 
final NPs [25, 28]. This is the case with NPs synthesis using 
some plant extracts such as Alstonia Scholaris, Crataegus 
pinnatifida, Passiflora edulis, Euphorbia peplus, Amaran-
thus blitum, Adotha vasica, Eryngium planum, Argemone-
mexicana, Vitis labrusa, [17, 19, 29–35]. To the best of our 
knowledge, there is no finding thus regarding the synthesis 
of bimetallic Fe-Ag using Rosmarinus officinalis (rosemary) 
plant extract [36–38]. This study aims to report for the first 
time the different properties exhibited by green and gamma 
irradiated Fe-Ag NPs and their efficacy in inhibiting Can-
dida guilliermondii, Zygosaccharomyces fermentati, Zygo-
saccharomyces florentinus, Botrytis cinerea, Penicillium 
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expansum, and Alternaria alstroemeriae, i.e., organisms 
associated with fruit, vegetable, beverage, and food spoilage.

2  Materials and Methods

2.1  Materials

Rosemary leaves (RL) were purchased from Western 
Cape Province-South Africa. Silver nitrate  (AgNO3), iron 
(III) chloride hexahydrate  (FeCl3.6H2O), ferrous sulphate 
 (FeSO4.7H2O), isopropyl alcohol  (CH3CHOHCH3), and 
sodium hydroxide (NaOH) were purchased as analytical 
grade reagents (Sigma Aldrich, Modderfontein, Johan-
nesburg, South Africa), and used without any further 
purification.

2.2  Methods

2.2.1  Preliminary Works

From research performed in a basic medium, no bimetal-
lic Fe-Ag NPs were obtained at volume ratios [1:1], [2:1], 
[2:3], and [4:1]; annealing temperatures of 500 and 800 °C; 
including 4 and 2 g of RL using the green synthesis method. 
Similarly, for the gamma radiolysis approach performed at 
50 kGy doses for all samples, no bimetallic Fe-Ag NPs were 
obtained as well at volume ratios [1:1], [2:1], [3:1], [4:1], 
[5:1], and [6:1].

2.2.2  Synthesis of Fe‑Ag [3:1] via an Aqueous Extract of RL, 
i.e., Fe‑Ag [3:1] RL

A mass of RL (2 g) was weighed and washed with distilled 
water (DW) at ambient temperature. Subsequently, it was 
immersed into a beaker with 100 mL of boiled DW and 
stirred for 2 h at 80 °C on a hot plate. The extract solution 
was filtered twice with a Whatman paper (N°5) to eliminate 
residual solids. Thereafter, a mass of  AgNO3 (50 mg) and 
a mass of  FeCl3.6H2O (150 mg), were added respectively 
into another beaker with 100 mL of filtered RL extract and 
stirred for 1 h at 60 °C on a hot plate. The pH of the result-
ant extract was found to be 1.75 with a dark brown color. A 
mass of NaOH (2 g) was added dropwise into the mixture 
for a basic medium. The pH of the resultant extract was 
found to be 11.20 without any change of color. This extract 
was dried in an oven at 100 °C. After 4 h, a black powder 
was obtained and thereafter annealed in a ceramic crucible 
at 800 °C in an open-air furnace for 2 h, leading to a change 
of color from black to red.

2.2.3  Synthesis of Fe‑Ag [7:1] by Gamma Radiolysis Using 
 Co60 as Source, i.e., Fe‑Ag [7:1] Gamma

A mass of  FeSO4.7H2O (700 mg) and a mass of  AgNO3 
(100 mg), were immersed respectively into a beaker with 
25 mL of boiled DW and stirred for 30 min at 50 °C on a hot 
plate. The pH of the resultant solution was found to be 4.53 
with an orange color. Thereafter, 10 mL of  CH3CHOHCH3 
was added as a scavenger of OH radicals, and a mass of 
NaOH (75 mg) was added dropwise into the mixture for a 
basic medium, followed by another 30 min of stirring on a 
hot plate at 50 °C. The pH of the resultant solution was found 
to be 10. Two distinct phases were observed (at the top grey 
color and the bottom black color). The mixture solution was 
transferred into a test tube for the irradiation process, which 
was performed after one week. It was exposed to a 50 kGy 
dose at a dose rate of 50 kGy/min using  Co60 as the source at 
ambient temperature. After the irradiation process, the two 
distinct phases were still observed as the final solution which 
was centrifuged thrice at 4000 rpm for 20 min with DW and 
ethanol. Thereafter, it was dried in an oven at 60 °C for 4 h. A 
black powder was obtained as the final color.

2.3  Analytical Techniques

High-resolution transmission electron microscopy (HRTEM) 
measurements were performed using a Joel JEM 4000EX elec-
tron microscope at an accelerating voltage of 200 kV, equipped 
with selected area electron diffraction (SAED). Field emission 
scanning electron microscopy (FESEM) measurements were 
performed using a Zeiss Ultra 55 scanning electron micro-
scope, equipped with energy-dispersive X-ray spectroscopy 
(EDS). EDS spectrum was collected with an EDS Oxford 
instrument with an X-Max solid-state silicon drift detector 
operated at 20 kV. An X-ray diffractometer, (model Bruker 
AXS D8 Advance) with an irradiation line Kα1 of copper 
(λCuKα1 = 1.5406 Å) operating at a voltage of 40 kV and a 
current of 35 mA, in the angular range of 20 to 90°, was used 
to study the crystalline nature and structure of the NPs. An 
attenuated total reflection-Fourier transform infrared (ATR-
FTIR) absorption spectrometer (Thermo Nicolet 8700 FTIR 
spectrometer) was used in the spectral range 400–4000  cm−1 to 
ascertain the surface coating and chemical bonding. The mag-
netic properties were measured at room temperature using a 
vibrating sample magnetometer (VSM), (Cryogenic Ltd., UK). 
Gamma-ray with a  Co60 source type GIK-9–4, S/N 08,398 and 
56 TBq was used.
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2.4  Antimicrobial Activities

2.4.1  Microorganisms’ Origin, Culture Condition, 
and Inoculum Preparation

The spoilage organisms used for the study were obtained 
from the Agricultural Research Council (ARC) Infruitec-
Nietvoorbij culture collection (The Fruit, Vine and Wine 
Institute of the Agricultural Research Council, Stellen-
bosch, South Africa). From the culture collection, the spoil-
age yeasts were streaked out on Yeast Malt Peptone Agar 
(YMA), Glucose (10 g/L), Malt extract (3 g/L), agar bacte-
riological (20 g/L), Peptone (5 g/L) and incubated at 28 °C 
until sufficient growth was obtained. From the fully-grown 
plates containing pure colonies of Candida guilliermondii, 
Zygosaccharomyces fermentati, and Zygosaccharomyces 
florentinus. The yeast cultures were further prepared by 
transferring a wire loop full colony of each yeast into a vol-
ume of 5 mL of Yeast Malt broth (YMB) (Sigma Aldrich, 
SA), and were incubated at 28  °C for 48 h. From each 
yeast culture broth, the cell concentration was determined 
by direct count using a Neubauer counting chamber under 
a microscope at 400 × magnification. As described in the 
method developed by Mewa-Ngongang et al. [3], a seeding 
concentration of  106 cells/mL in white grape juice agar was 
used for each of the spoilage yeasts.

Fruit spoilage molds, Botrytis cinerea, Penicillium 
expansum, and Alternaria alstroemeriae, cultured for 7 to 
14 days at 25 °C on potato dextrose agar (PDA, Merck, SA). 
The spore solutions were prepared by lightly scraping off 
the surface of the agar with sterile distilled rinsing water. 
The scrapping off process was done three times to achieve 
a 100 mL mother spore solution in 250 mL Scott bottles. 
A 400 × microscopic magnification was used to count the 
spores from the mother solution, which will allow a prepa-
ration of a  105 spores/mL solution to be used as inoculum 
during the growth inhibition assay [9, 10].

2.4.2  Growth Inhibition Assay and Activity Quantification

The growth inhibition method used in this work was adopted 
from Mewa-Ngongang et al. [3], using grape pomace extract 
(GPE) agar as a test medium. A mass of 0.2 g of the annealed 
powders of Fe-Ag [3:1] RL and Fe-Ag [7:1] Gamma, were 
immobilized in a 100 µL volume of sterile distilled water 
and were tested against selected spoilage yeasts. From the 
resulting mixtures, a volume of 10 µL was spotted in 5 mm 
diameter and 1.7 mm depth wells created on the test agar 
plates using an agar driller [4, 39]. Before plate inspection 
for the presence of inhibition zones around the wells, the 
seeded plates were incubated for 72 h at a temperature of 
22 °C. Each sample was tested in three replicates and the 

average diameter of the zone of inhibition was used for the 
quantification of growth inhibition activity.

The growth inhibition effect of the best performing (n = 2) 
NP solutions on mold spore germination was carried out 
following the aforementioned approach. In three replicates 
per treatment, the GPE test agar medium was seeded with 
the corresponding mold spores at the concentration of  105 
spores/mL. The plates were incubated at 20 °C until a clear 
zone of inhibition was observed around the 5 mm wells, in 
which a volume of 10 µL was spotted.

The concept of the volumetric zone of inhibition (VZI) 
[39] was used to quantify the growth inhibition activity of 
Fe-Ag [3:1] RL and Fe-Ag [7:1] Gamma solutions against 
common beverage and fruit spoilage organisms identi-
fied, i.e., C. guilliermondii, Z. fermentati, Z. florentinus, B. 
cinerea, P. expansum, and A. alstroemeriae. The VZI con-
cept expressed in a liter of contaminated solidified media 
per milliliter of antimicrobial compounds/agents used, i.e., L 
CSM/mL ACU, is interpreted as the volume of the contami-
nated medium at a specific cell or spore concentration per 
milliliter growth-inhibiting solution of Fe-Ag [3:1] RL and 
Fe-Ag [7:1] Gamma. This method was developed to estimate 
the amount of NPs or antimicrobial agents required to con-
trol spoilage organisms and remove the targeted microbial 
contamination.

3  Results and Discussion

3.1  Crystallography Analyses

The determination of the crystal structure and purity phase 
of Fe-Ag NPs were investigated by X-ray diffraction (XRD) 
analyses as illustrated in Fig. 1.

XRD of Fe-Ag [3:1] RL, generated an Ag/Fe2O3 NP pro-
file. The presence of intense and well-defined diffraction 
peaks of silver (Ag) and hematite  (Fe2O3) with their max-
ima centered at 2θ (°) = 24.33, 33.05, 35.45, 38.07, 44.17, 
49.19, 53.98, 62.28, 64.46, and 77.32, corresponded to the 
reflections planes of (012), (104), (110), (111), (200), (024), 
(116), (214), (220), and (311), indicating the highly crys-
talline nature of face-centered cubic Ag/Fe2O3, the crystal-
lographic reflections of Ag and  Fe2O3, consistent with the 
JCPDS patterns No. 004–0783 and No. 033–0664, respec-
tively. The intensive peaks depicted fit the works of Shimpi 
et al. [29] who synthesized core–shell Ag/Fe2O3 NPs using 
an aqueous extract of Alstonia scholaris. By fitting the val-
ues to the Scherrer equation, the average size of the particle 
was found to be 39.59 nm.

XRD of Fe-Ag [7:1] Gamma, generated an Ag/Fe3O4 
NP profile. The presence of intense and well-defined dif-
fraction peaks of silver (Ag) and magnetite  (Fe3O4) with 
their maxima centered at 2θ (°) = 30.03, 35.47, 38.08, 
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42.92, 44.53, 57.21, 62.84, 64.65, and 74.31, matched to 
the reflections planes of (220), (311), (111), (400), (200), 
(511), (440), (220), and (533), indicating the highly crys-
talline nature of the rhombohedral Ag/Fe3O4, the crystal-
lographic reflections of Ag and  Fe3O4, consistent with the 
JCPDS patterns No. 004–0783 and No. 019–0629, respec-
tively. The intensive peaks presented corroborate with 
the works of Liu et al. [20] who evaluated the anticancer 
performance of Ag@Fe3O4 NPs. By fitting the values to 
the Scherrer equation, the average size of the particle was 
found to be 28.57 nm.

3.2  Microscopic Observations

Figure 2 portrays the shape, size, internal structure, and 
crystallinity of Fe-Ag NPs from FESEM (Field emission 
scanning electron microscopy) and HRTEM (High-resolu-
tion transmission electron microscopy) micrographs. Well 
assembled, agglomerated, and crystalline NPs were show-
cased in both cases with a face-centered cubic structure, 
spherical shape for Fe-Ag [3:1] RL, and a rhombohedral 
structure with a cubic shape for Fe-Ag [7:1] Gamma.

Energy-dispersive X-ray spectroscopy (EDS) spectra con-
firmed the presence of Fe, Ag, and O with some contami-
nating elements. Selected area electron diffraction (SAED) 
exhibited multiple diffraction rings with clear diffraction 
spots demonstrating its polycrystallinity as observed in 
XRD analyses. By fitting the histogram data with a Gauss-
ian distribution, the average particle size extracted from 
the HRTEM micrographs was found to be 20.00 ± 0.63 nm 
for Fe-Ag [3:1] RL and 15.37 ± 0.55 nm for Fe-Ag [7:1] 
Gamma.

3.3  Vibrational Properties

To validate and confirm the purity of Fe-Ag [3:1] RL and 
Fe-Ag [7:1] Gamma, attenuated total reflection-Fourier 
transform infrared spectroscopy (ATR-FTIR) studies were 
carried out to identify the possible molecules involved in the 
synthesis as displayed in Fig. 3.

The peaks that appeared around 400 and 500  cm−1 were 
from the skeleton of iron oxide (–O–Fe), and (‒O‒Ag) 
stretching vibration mode, respectively which indicated 
the presence of bimetallic Fe-Ag [14, 17]. The prominent 
peaks around 800  cm−1 were assigned to the FeOOH group. 
Additionally, the absorption bands around 1000  cm−1 were 
assigned to the C-N of aliphatic amines or alcohols/phe-
nols [37] with absorption bands located around 1300 and 
1600   cm−1 representing the symmetric and asymmetric 
bending modes of C = O bonds of amino acid and esters, 
respectively [30]. Finally, the broad peaks centred approxi-
mately around 2000, and 3400  cm−1 are associated respec-
tively with standard  H2O bending modes and OH stretching 
[29].

3.4  Magnetic properties

Figure 4 exhibits the different magnetic properties of 
Fe-Ag [3:1] RL and Fe-Ag [7:1] Gamma, assessed via a 
vibrating sample magnetometer (VSM) where the moments 
in comparison to the applied magnetic field are presented. 
The temperature of the samples was kept constant at 300 K 
during the measurement. The applied magnetic field, from 
the superconducting magnet, varied from − 3 T to + 3 T, 
while the vibrating amplitude and frequency of the sample 

Fig.1  XRD results of a Fe-Ag [3:1] RL, and b Fe-Ag [7:1] Gamma
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holder were set at 0.2 and 20 Hz, respectively. These NPs 
can be tuned from superparamagnetic to ferromagnetic by 
modifying the proportion between the Fe and Ag constitu-
ents; albeit this is dependent on other parameters including 
the synthesis method, average size, amount and distribu-
tion of cations, annealing temperature, dose rate, and oxy-
gen ion occupancy [19, 40].

3.4.1  Ferromagnetic Behavior

The magnetic hysteresis loops (M-H) suggested a weak 
ferromagnetic behavior of Fe-Ag [7:1] Gamma, i.e., 
Ag/Fe3O4 NPs. The low value of saturation magnetiza-
tion  (Ms = 0.0024 emu/g) compared to bulk values of Fe 
(218 emu/g),  Fe2O3 (74 emu/g), and  Fe3O4 (93 emu/g), con-
firmed the existence of doping elements as demonstrated by 

Fig. 2  (a) (i) FESEM, (ii) EDS, 
(iii) HRTEM, (iv) SAED, and 
(v) average size distribution of 
Fe-Ag [3:1] RL. (b) (i) FESEM, 
(ii) EDS, (iii) HRTEM, (iv) 
SAED, and (v) average size dis-
tribution of Fe-Ag [7:1] Gamma
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XRD and ATR-FTIR analyses. It could be explained by a 
higher number of defects such as oxygen vacancies at the 
sample’s surface [18]; a decrease in superexchange interac-
tion between iron cations in the tetrahedral and octahedral 
sites resulting in three important factors such as impurity 
phases, cationic distribution, surface morphology or size of 
NPs [41].

3.4.2  Superparamagnetic Behavior

The magnetic hysteresis loops (M-H) of Fe-Ag [3:1] 
RL, i.e., Ag/Fe2O3 NPs, presents a very low coercivity 
 (Hc = 0.015 T) close to zero, a very low magnetic rema-
nence  (Mr = 0.0012  emu/g) and saturation magnetiza-
tion  (Ms = 0.0026  emu/g). The drop in the saturation 

magnetization value of the Ag/Fe2O3 NPs may be inter-
preted as evidence of the effective incorporation of silver 
metal onto the iron oxide NPs [42]. The magnetic meas-
urements suggested a superparamagnetic behavior of Ag/
Fe2O3 NPs owing to the reduced coordination symmetry 
between oxygen atoms at the surface of the NPs, disor-
dered surface spins [43], to the particle size and concentra-
tion of the plant extract. The magnetic behavior observed 
is in line with the works of Mohamed et  al. [21] who 
assessed the magnetic properties of α-Fe/Ag nanocom-
posites synthesized by a modified polyol route.

Overall, the low coercivity  (Hc) accounts for the small 
value of the magnetocrystalline anisotropy constant (K), 
which was calculated from the following equation:

Fig. 3  ATR-FTIR results of a Fe-Ag [3:1] RL, and b Fe-Ag [7:1] Gamma

Fig. 4  Magnetic moments of a Fe-Ag [7:1] Gamma, b Fe-Ag [3:1] RL
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Furthermore, the value of the squareness  (Mr/Ms) was 
calculated and reported in Table 1. Ag/Fe2O3 NPs showed 
the interaction of NPs by magnetostatic interactions as the 
squareness < 0.5 [15].

(1)H
c
=

0.98K

M
s

3.5  Antimicrobial Properties

The growth inhibition potential of 20% (m/v) of Fe-Ag 
[3:1] RL and Fe-Ag [7:1] Gamma, against common bev-
erage and food spoilage yeasts Z. fermentati, C. guillier-
mondii, Z. florentinus (see Fig. 5) and fruit spoilage molds 
B. cinerea, P. expansum, and A. alstroemeriae (see Fig. 6), 
was assessed and the results showed the different levels 

Table 1  Magnetic parameters of Fe-Ag [3:1] RL, i.e., Ag/Fe2O3 NPs

Magnetic parameters Hc (T) Ms (emu/g) Mr (emu/g) Squareness  (Mr/Ms) Magnetocrystalline anisotropy constant K 
(erg/T) ×  10–5

Behavior

Ag/Fe2O3 0.015 0.0012 0.0026 0.461 3.979 Superparamagnetic

Fig. 5  The histogram showing the growth inhibition activity of 20% 
(m/v) of Fe-Ag [3:1] RL, Fe-Ag [7:1] Gamma, against Z. fermentati, 
C. guilliermondii, and Z. florentinus. VZI in L CSM/mL ACU = Vol-

umetric Zone of Inhibition, expressed in Liter of Contaminated Solid-
ified Media per milliliter of Antimicrobial Compound Used

Fig. 6  The histogram showing 
the growth inhibition activity of 
20% (m/v) of Fe-Ag [3:1] RL, 
against P. expansum, B. cinerea, 
and A. alstromeriae. VZI in L 
CSM/mL ACU = Volumetric 
Zone of Inhibition, expressed in 
Liter of Contaminated Solidi-
fied Media per milliliter of 
Antimicrobial Compound Used
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of growth inhibition activity. In general, the antimicrobial 
activity of NPs depends on their concentration, size, contact 
or penetration into microbes’ cells. In Fig. 5, Fe-Ag [3:1] 
RL solution was found to exhibit a higher growth inhibition 
activity than Fe-Ag [7:1] Gamma. The highest VZI of 10.71 
L CSM/ mL ACU suggested that a volume of 1 mL at 20% 
(m/v) Fe-Ag [3:1] RL solution can suppress the growth of 
Z. fermentati in 10.71 L of contaminated food/beverage at 
a cell concentration of  106 cell/mL. The value of 10.60 is a 
significant increase in the growth inhibition with a VZI up 
to × 7.52 higher in comparison with the works of Mewa-
Ngongang et al. [3] with C. guilliermondii. It is noticeable 
herein the synthesis method determines the antimicrobial 
properties of Fe-Ag NPs.

Based on the remarkable antimicrobial activity of Fe-Ag 
[3:1] RL against spoilage yeasts, this solution was selected 
for further growth inhibition tests against fruit spoilage 
molds as illustrated in Fig.  6. The results extended the 
broad-spectrum of growth inhibition potential, match with 
the findings of Sameer et al. [34] who reported on better 
antimicrobial activity of green synthesized Ag@Fe2O3 nano-
composites from leaf extract of Adathoda Vasica.

These findings report for the first time using the VZI 
concept, successfully quantifying the biocidal effect of Ag/
Fe2O3 NPs on the germination of yeast and mold spores 
expressed in L CSM/mL ACU.

The lowest antimicrobial activity observed with Ag/Fe3O4 
NPs could be due to its inability to generate enough reactive 
oxygen species (ROS) which are responsible for growth inhi-
bition of spoilage microorganisms compared to Ag/Fe2O3 
NPs which portrayed the highest antimicrobial activity with 
large VZI values. This efficacy might be due to the phenolic 
compounds prevalent in RL extract which possess excel-
lent antimicrobial properties [44–46], to its shape, size, and 
composition.

The plausible mechanism is as follows: Ag/Fe2O3 NPs 
and free ions penetrate the microbial surfaces of spoilage 
yeasts and molds by secreting toxic elements via direct 
absorption onto biomolecules and generate ROS responsi-
ble for oxidative destruction of biological macromolecules 
including cellular membranes and deoxyribonucleic acid, 
leading to the capture, degradation, decrease of permeabil-
ity, and consequently to the death due to the increase of 
superoxide radicals under visible light exposure [16].

4  Conclusions

For the first time, the synthesis and growth inhibition poten-
tial of 20% (m/v) of Fe-Ag [3:1] RL (Ag/Fe2O3 NPs) and 
Fe-Ag [7:1] Gamma (Ag/Fe3O4 NPs) by two environmen-
tally salubrious and safe methods, are reported. The char-
acterization techniques revealed different properties from 

XRD, HRTEM, FESEM, and VSM analyses. The antimicro-
bial properties revealed the green process was more practi-
cal and efficient than the gamma radiolysis, confirming the 
synthesis method significantly influences the properties of 
Fe-Ag NPs. This work paves the way to further develop 
the growth inhibition potential of RL extract-NPs interac-
tions against food and beverage spoilage microorganisms 
for a broad range of applications in the food and beverage 
industry, food preservation, to satisfy customers’ standards, 
and multiply innovative food and fruit packaging systems. 
More so, the efficacy against a large variety of pathogens 
of rosemary synthesized NPs could be further investigated 
in subsequent studies for biomedical applications such as 
antiviral, antioxidant, or anticancer.
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