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Abstract

One of the dangerous pathogens that display high resistance to antibiotics is Salmonella enterica (S. enterica), which infects
humans and animals. In this study, a new approach was proposed to fight antibiotic-resistant bacteria by using silver nano-
particles (AgNPs) with adding the phage ZCSE6. The biosynthesized AgNPs were characterized by analysis of spectroscopy
profile of the UV-Vis, visualize the morphology, and size with transmission electron microscopy. Both minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) were assessed. In addition, the AgNPs were able to
control the biofilm formation of S. enterica, also, heavy metals detection by AgNPs and their application in milk. UV-Vis
spectra showed a surface resonance peak of 400 and 430 nm corresponding to the formation of AgNPs capping with Ocimum
basilicum L. and Hibiscus sabdariffa L., respectively. The MIC and MBC values were 6.25 pug/ml to inhibit the growth of S.
enterica and 12.5 pg/ml from killing the bacteria and it was decreased to 1.5 ug/ml when combined with the phage. In the
present study, AgNPs were combined with phage ZCSE6 to obtain a synergetic antimicrobial activity. Moreover, it increases
the milk’s shelf-life and senses the Cd*" at a concentration of 1 mM in the water.
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1 Introduction

The development of new and effective antimicrobials to
combat diseases caused by antibiotic-resistant bacteria
has sparked attention in recent decades due to the grow-
ing resistance rate among pathogenic bacteria. One of the
highly spreading pathogens in humans and other living
organisms is Salmonella which causes many diseases and
money loss. Salmonella is a Gram-negative, facultatively
anaerobic, non-capsulated, and non-spore-forming bacte-
rium with many serotypes and belongs to the Enterobacte-
riaceae family [1]. One of the most known diseases caused
by Salmonella is Typhoid disease, which was involved in
many death cases and an epidemic in the past [2]. Moreover,
non-typhoid Salmonella servers (NTS) are associated with
several immune diseases in humans like HIV [3]. Salmonella
can infect humans through contaminated plants and poul-
try since they are the main hosts as a foodborne pathogen
[4]. To fight pathogenic bacteria, antibiotics are still used
as the main treatment. However, due to the excessive use
of antibiotics, the bacteria undergo some genetic variations
as a defense mechanism which causes resistance to many
antibiotics [5]. The bacterial resistance to antibiotics serves
as the main hindrance to its usage. One of the most known
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antibiotic-resistant strains is the multidrug-resistant (MRD)
Salmonella which is prevalent and widely transmitted from
different food sources to humans as a foodborne disease [6].

To overcome the challenge of antibiotic resistance, sci-
entists are trying to find alternatives for antibiotics. Bacte-
riophages are presented as a good alternative to antibiotics
due to their abundance, effectiveness, and their simple struc-
ture and genome that allow for different characterization,
sequencing, and manipulation. There is a huge number of
phages and each phage is quite specific in its targeting and
has a narrow host range that can be used to treat pathogenic
bacteria such as Salmonella [7, 8]. Phages can reproduce
only in the presence of their host bacteria and can widely
spread all over the body including the infection site. The
small scale of phage helps them to enter areas that cannot be
penetrated with the molecules of drugs. Once at the infection
site, the phage’s exponential growth can lead to lower and
less regular dose treatment than antibiotic therapy would
take [9]. Phages only invade bacterial cells and do not affect
mammalian cells; the host does not have a chance of toxicity.
The isolation of new effective phages is relatively fast and
inexpensive, in comparison to the production of antibiot-
ics, which needs millions of dollars and years of study for
an effective antibiotic drug to be created [10]. On the other
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hand, phages have many drawbacks like the occurrence of
negative immunological responses, the difficulty of using
the phages to kill the bacteria clinically, possible bacterial
resistance to the phage, the possible occurrence of antibiotic
resistance because of phages, and most importantly; second-
ary infection and co-infection [10]. To improve phage effi-
ciency, recent researches are directed towards supporting the
phages with other substances to reach a synergy that would
decrease the incidence of phage resistance [11].

Another alternative for antibiotics is the use of antibac-
terial agents like silver ions and AgNPs [12]. Silver is rec-
ognized for its anti-microbial activity against a broad spec-
trum of pathogenic microorganisms. Silver has been used
since ancient times due to its medicinal properties and now
the activity and application of AgNPs are being explored
in biotechnology medical research. The formation of small
nanoparticles with proper stability and distribution is vital
for active and efficient nanoparticles [13]. The biochemical
processes of AgNPs with Gram-positive and Gram-negative
bacteria are still unknown, and there are special properties
for every nanoform of the silver with different resistance
mechanisms and different modes of action. AgNPs are
shown to have inhibition effects on MDR Salmonella among
other bacteria by recognizing and damaging the bacteria by
causing cellular toxicity [14]. However, there are health con-
cerns while using the AgNPs due to nanotoxicity and the
damage of the internal human organs like kidneys, liver,
blood cells, intestinal tract, eyes, and skin. The reason for
the toxicity is due to the free silver particles in the body [15],
and to overcome this toxic issue scientists are trying to use
natural products to prepare AgNPs. The green synthesis of
AgNPs such as Ocimum basilicum L. Hibiscus sabdariffa,
L. leaf extract was used as reducing agents and nanoparticles
stabilizers. Ocimum basilicum L. and Hibiscus sabdariffa
L. belong to a group of medicinal and aromatic plants of
economic value worldwide. Also, used in folk medicine,
and various pharmaceutical applications. [16]. The natural
products that can be used to prepare AgNPs include Oci-
mum basilicum and Hibiscus sabdariffa L. which showed
antibacterial activity against Aggregatibacter actinomycet-
emcomitans [17]. Furthermore, the combination of phages
with AgNPs coated by Ocimum basilicum L. and Hibiscus
sabdariffa L. as natural products would enhance their bio-
control efficiency and decrease bacterial resistance.

In addition, there are many biological applications of
AgNPs. Due to their unique properties, AgNPs have been
used extensively in household tools, in the field of health
and food preservation, in environmental and biomedical
applications. Several reviews have been devoted to the dif-
ferent applications of AgNPs. there are many applications
of AgNPs in various biological and biomedical applica-
tions, such as antibacterial, antifungal, antiviral, and anti-
inflammatory applications [18]. The aim of this study is to

illustrate the synergetic effect against the S. enterica com-
bined with AgNPs coating with Ocimum basilicum L. and
Hibiscus sabdariffa L. and phage ZCSE6. Then evaluated
the sensing properties of biosynthesized AgNPs for the
detection of heavy metals and the antibacterial activity in
combination with phage.

2 Materials and Methods

2.1 Preparation of Ocimum basilicum L. and Hibiscus
sabdariffa L.extracts

The Egyptian leaves of Ocimum basilicum L. and the air-
dried flowers of Hibiscus sabdariffa L. were locally col-
lected and rinsed thoroughly with tap water followed by dou-
bled distilled water to eliminate all dust and visible debris.
The extraction was conducted as described previously [19,
20] with some modifications. Briefly, 50 ml of 99.5% etha-
nol was used to extract the active components. Then, the
ethanolic extracts of Ocimum basilicum L. and Hibiscus sab-
dariffa L. were left at room temperature for 2 days before
transferring them into clean containers and stored at 4-8 °C.

2.2 Biosynthesis of AgNPs

The AgNPs were biosynthesized by using the ethanolic
extraction of Ocimum basilicum L. and Hibiscus sabdariffa
L. as a coating agent as was described before [21, 22] with
some modifications. Briefly, 20 ml of 1 mM silver nitrate
(AgNO;) (Techno pharmachem, India) were prepared with
clean and deionized water, and 300 pl of the pure Ocimum
basilicum L. and Hibiscus sabdariffa L. ethanolic extraction
were added to the AgNOj; solution. Then, the solution was
left around 5 h. on the hot plate at a stable temperature of
85 °C with steering. The color change confirmed the com-
plete reduction of AgNO; to AgNPs, and then the sample
was collected for further characterization.

2.3 Characterization of AgNPs

The spectrophotometer (Jenway 7200 visible spectropho-
tometer) was used to determine the production of AgNPs.
Exactly, 1 ml of the diluted supernatant of the Ocimum
basilicum L. and Hibiscus sabdariffa L. AgNPs were placed
in a cuvette then inserted in a UV-Vis spectrophotometer
using the wavelength range of 340-800 nm to obtain the
UV-Visible spectra of the sample. TEM was used to exam-
ine the size and morphology of biosynthesized AgNPs
by loading the AgNPs on the copper grids and left to dry.
Then, the TEM (JEOL 1230) was used to examine the sam-
ple. Dynamic Light Scattering (DLS) (Zetasizer Nano ZS,
Malvern, UK) was used for the determination of the size
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distribution of the AgNPs, and the raw data were analyzed
by Zetasizer software. The results from Zetasizer were
obtained without dilution with deionized water in addition
to measuring the zeta potential of AgNPs. The samples were
prepared before the measurement by sonication for 5 min.
The analysis was conducted to deduce the particle size, size
distribution, and charge.

2.4 Antibacterial Effect of AGNPs Using Disc,
and Well Diffusion

S. enterica serovar Enteritidis (CMPZCSB1) was used in
this study. Stocks were kept at — 80 °C in 20% (v/v) glyc-
erol until needed. Bacterial strains were cultivated overnight
at 37 °C on Tryptone Soya Agar (TSA). The antimicrobial
activity was evaluated by the disc and well Diffusion meth-
ods. The antimicrobial activity of biosynthesized AgNPs
was evaluated against S. enterica strain by agar well diffu-
sion technique according to Ramadan et al. [23]. Briefly, a
day culture of the bacteria was prepared by adding a single
colony to 3 ml of Tryptone Soya Broth (TSB) and incubated
at 37 °C for 4 h. Then, 0.5 ml of the bacterial culture was
swapped on solid TSA plates. Once the upper inoculated
agar medium was air-dried, different wells with a diameter
of (6 pm) were made using sterile tips. In the first well, 20
ul of kanamycin was added as a positive control. Then the
second well was left without any component as a negative
control. Different concentrations (100 pg/ml, 50 ug/ml) of
AgNPs capped with Ocimum basilicum L. and Hibiscus sab-
dariffa L. were loaded to the last two wells. Antibacterial
activity was determined by averaging the diameter of the
inhibition zone formed around the center of each well. The
disc diffusion was performed according to Ajitha et al. [24].
Briefly, filter paper discs (about 6 mm in diameter) were
placed on the TSA agar surface swapped with the bacterial
culture. After that, 10 ul of AgNPs were added with differ-
ent concentrations (50 pg/ml and 100 pg/ml). Each extract
of Ocimum basilicum and L. Hibiscus sabdariffa L. was also
used throughout the experiment as a negative control.

2.5 Heavy Metal Detection

Four different types of heavy metals: cadium chloride
(CdCl,), Cupric Sulphate (CuSO,), Zinc Nitrate (Zn(NO;),
and Cobalt(II) Sulphate (CoSO,) were used to detect the
specificity of sensing the colorimetric property of AgNPs.
To demonstrate the effect of CdCl,, CuSO,, Zn(NO;), and
CoSO, on AgNPs, 100 uM and 1 mM of each type of
heavy metal (CdCl,, CuSO,, Zn(NOs;),, and CoSO,) were
added one at a time to AgNPs coated with Ocimum basili-
cum L., and Hibiscus sabdariffa L. then the mixture was
allowed to stand for 5 min at room temperature. Then,
AgNPs with heavy metals were placed in a cuvette with a
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1 cm path length and inserted in a UV-Vis spectrophotom-
eter using the wavelength range of 340—800 nm to obtain
the UV—Vis spectra of the samples. Moreover, two differ-
ent concentrations (0.1 and 1 mM) of the heavy metal as
negative control were tested by distilled water to know if
there are any spectra for heavy metals.

2.6 Phage Combination with AgNPs
2.6.1 Phage Stability with AgNPs

The Siphoviridae phage ZCSE6 was employed in combi-
nation with AgNPs to evaluate their potential synergetic
effects. Exactly, 100 ul of phage at 10° PFU/ml was added
to an Eppendorf containing 100 pl of AgNPs and incu-
bated for 48 h at 4 °C to examine the stability of phage
ZCSE6. By using double-agar overlay plaque assays,
the phage titer was determined before and after incuba-
tion to test its stability [25]. Seventy pl of the bacterial
culture was added to 4 ml of molten 0.5% top agar and
then poured on the TSA plates. After solidifying, 10 ul of
10-fold serially-diluted phage mixed with biosynthesized
AgNPs and spotted on the bacterial lawn. The plates were
left to dry before being incubated overnight at 37 °C.

2.6.2 MIC and MBC of AgNPs

The MIC test was performed in 96-well round-bottom
microtiter plate using the standard broth microdilution
method [26]. MBC test was performed by plating the sus-
pension from each well of microliter plates into TSA plate.
The plates were incubated at 37 °C for 24 h. The lowest
concentration with no visible growths on the TSA plate
was taken as MBC value [27]. S. enterica was grown on
TSA plates. Then, a fresh colony (around 10° CFU) was
inoculated in the TSB and incubated at 37 °C for 30 min.
Exactly, 100 pl of bacterial culture were added to 100 pl
of AgNPs in the empty 96-well and adjusted to be diluted
by two folds in each well with different concentrations
0.75,1.5,3.1, 6.2, 12.5, 25, 50 pg/ml. The MIC value was
taken at the lowest concentration of antibacterial agents
that inhibits the growth of bacteria. After the determina-
tion of the MIC for biosynthesized AgNPs, the MBC test
was conducted by plating the suspension from each clear
well of microtiter plates into the TSA plate. The plates
were incubated at 37 °C for 24 h. The lowest concentration
of AgNPs reduced the titer lower than the limit of detec-
tion (around 10° CFU). All steps were applied in triplicate.
Then, all steps for MIC and MBC were repeated in com-
bination with phage ZCSE6 or by using the phage alone
in different titers.
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2.6.3 InVitro Time-Kill Assay

The time-killing curve is used to test the antimicrobial effect
over time. One ml of S. enterica in TSB (10® CFU) at 0.35
ODg, was prepared in a cuvette as a positive control. In
addition to another six cuvettes; one containing the bacte-
ria with phage ZCSE6 at Multiplicity of Infection (MOI)
of 0.1 two cuvettes containing the bacteria with different
concentrations of 3 and 6 pug/ml, two had a combination of
phage at MOI of 0.1, AgNPs with different concentrations
(3 and 6 ug/ml), and bacteria, and the last one contained
the negative control that contains fresh TSB without bacte-
rial growth. All cuvettes were incubated at 37 °C with gen-
tle shaking for 600 min. During the incubation period, the
samples were analyzed by measuring the ODy, at different
points using a spectrophotometer for analysis of the sample.
The experiment was repeated for biosynthesized AgNPs by
Ocimum basilicum L. and Hibiscus sabdariffa L.

2.6.4 Synergistic Effect of Phage ZCSE6 and AgNPs in Milk

To confirm the synergetic effect of phage ZCSE6 with the
two biosynthesized silver nanoparticles. First of all, the raw
milk was treated with heat (110 °C for 10 min) to prevent
any source of contamination. Seven groups were produced as
the following: the first group was the pure milk as a negative
control, the second one was infected milk with of S. enter-
ica (10° CFU) culture as a positive control, the third one is
infected milk was treated with phage ZCSE6 at MOI of 1,
and the fourth and fifth samples were infected milk with
bacterial culture (10° CFU) that are treated with 3 pg/ml of
AgNPs with Ocimum basilicum L., and Hibiscus sabdariffa
L., respectively. The sixth and seventh samples contained
milk with bacterial culture (10® CFU) and were treated with
the MOI 1 of phage ZCSE6 and 3 pg/ml of two biosyn-
thesized AgNPs with Ocimum basilicum L., and Hibiscus
sabdariffa L., respectively. The milk was incubated at room
temperature at 25 °C, and then samples were tested after
24 h of incubation.

2.6.5 Effect of the AgNPs on the Shelf-Life of the Milk

To examine the prolongation shelf-life stability of milk by
using AgNPs, nine groups were divided as follows: first and
second groups were negative control with pure milk at 4 °C,
25 °C respectively. The third group was positive control (bac-
terial culture in milk; 10° CFU) at 25 °C. The fourth and fifth
groups were infected with the bacteria (10® CFU) and treated
with 6.2 pg/ml AgNPs coating with Ocimum basilicum L., and
Hibiscus sabdariffa L. respectively. Sixth and seven groups
were infected with the bacteria (10° CFU) and treated with
3 pug/ml of both types of AgNPs. The eighth and ninth groups
were infected with bacteria at 10° CFU/ml then treated by

MOI of 1 phage ZCSE6 and 3 pg/ml AgNPs of both types.
All groups were incubated at 25 °C for 7 days to test the texture
and pH of the milk except the first group was kept at 4 °C.

3 Results
3.1 The Formation of Biosynthesized AgNPs

The formation of AgNPs Capping with Ocimum basilicum
L. was confirmed by the color changing from colorless to the
pale-yellow color solution after 5 h (Fig. 1A, B). Also, the
Hibiscus sabdariffa L. extract caused a change in color from
colorless to brown (Fig. 1C, D), indicating the fast reduction
of Ag* to Ag® in AgNO, solution.

3.2 The UV-Vis Spectrum

UV-Vis spectroscopy is used for the primary characteriza-
tion of biosynthesized nanoparticles also used to monitor the
synthesis and stability of AgNPs. The synthesis of AgNPs in
the solution was confirmed by the results of UV-Vis spec-
trophotometers. The UV-Vis spectrum resulted in a single
peak with a maximum absorption peak between 400 and 430
nm with Ocimum basilicum L. extract (Fig. 2A). Also, the
spectrum of SPR ranged from 400 to 500 nm of the absorp-
tion band with Hibiscus sabdariffa L. extract (Fig. 2B). The
excitation of SPR is visible in this spectrum, indicating the
creation of silver nanoparticles. AgNPs have unique opti-
cal properties that make them strongly interact with specific
wavelengths of light.

3.3 Characterization of Shape, Size, and Charge

The TEM images clearly showed the two biosynthesized sil-
ver nanoparticles with sizes less than 35 nm; one with Oci-
mum basilicum L. showed a high frequency of sizes between
10 and 15 nm (Fig. 3A), and the other one with Hibiscus
sabdariffa L. showed a high frequency of sizes between 5
and 10 nm (Fig. 3B) extracts were highly mono-dispersed in
spherical shapes. The zeta potential of the AgNPs with Oci-
mum basilicum L. extract displayed a sharp peak at — 10.2
mV (Fig. 3C), while the potential of the AgNPs with Hibis-
cus sabdariffa L. extract displayed a sharp peak at — 19.1
mV (Fig. 3D). The data from the zetasizer for both AgNPs
ensured that all the sizes were less than 100 nm (Supple-
mentary data).

3.4 Antibacterial Effect of AgNPs Using Disc
and Well Diffusion and Direct Spotting

The antibacterial effect of the AgNPs was evaluated

against S. enterica by measuring the inhibitory zone’s
diameter in mm (Fig. 4A-D). Direct spotting provides
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Fig. 1 Flask A and C represent
the color changes at time 0
(before) for AgNPs capping
with Ocimum basilicum L. and
Hibiscus sabdariffa L. extract
respectively, while Flask B and
D represent the biosynthesis of
AgNPs after 5 h
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Fig.2 The UV-Visible spectra of AgNPs coated by Ocimum basilicum L. extract (A) and Hibiscus sabdariffa L. extract (B)

information on whether the concentration has an antibac-
terial effect or not. The largest inhibition zone has resulted
from kanamycin (positive control). The diameters of the
inhibitory zones of different concentrations (50 pg/ml
and 100 pg/ml) of biosynthesized AgNPs were measured
(Table 1). Ocimum basilicum L. and Hibiscus sabdariffa

@ Springer

L. extracts did not produce any inhibitory zones like the
negative control, indicating that they did not control the
bacterial growth. However, AgNPs displayed a higher effi-
ciency to inhibit the growth of the bacterial culture (Fig. 4;
Table 1).
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Fig.3 TEM images with a scale bar of 100 nm (A), zeta potential
equal to — 10.2 mV (C) of the biosynthesized AgNPs with Ocimum
basilicum L. extract. TEM images with a scale bar of 100 nm (B),

3.5 Sensing the Heavy Metal

During the reaction, the solution turned to white color. The
intensity of this color gradually increased with the increase
of CdCl, concentration in both AgNPs with Ocimum basili-
cum L. and with Hibiscus sabdariffa L. extracts. The absorb-
ance spectrum of the CdCl, was higher and more symmetri-
cal compared to the rest of heavy metals, CuSO,, Zn (NO3),,
and CoSO, at the two different concentrations (0.1 and 1
mM) (Fig. 5).

3.6 Phage Combination with AgNPs
3.6.1 Phage Stability with AgNPs

Our results showed that the phage ZCSE6 revealed higher
stability when combined with AgNPs before and after

20

0 )
20 20

Apparent Zeta Potental (mV)

zeta potential equal to — 19 mV (D) of the biosynthesized AgNPs
with and with Hibiscus sabdariffa L. extract

incubation for 48 h with the 92 ug/ml of AgNPs at 4 °C.
Although the high concentration of both biosynthesized
AgNPs combined with phage ZCSES6, the phage titer was
not affected. Before the incubation, the titer of the phage
ZCSE6 was 4 x 108 PFU/ml and after the incubation, the titer
of phage with AgNPs capped with Ocimum basilicum L.
was around 1.3 x 10® PFU/ml and with Hibiscus sabdariffa
L. was around 2.6 x 108 PFU/ml (Fig. 6). The 1 test for those
groups compared to the controls showed a non-significant
change in the phage titer.

3.6.2 MICand MBC

After 24 h of incubation at 37 °C, the minimum concen-
tration of AgNPs that was able to inhibit the growth of S.
enterica is 6.25 pg/ml. Also, the concentration that was
needed to kill the bacteria is 12.5 ug/ml. However, the
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Fig.4 Illustrates well diffusion of AgNPs capping with Ocimum
basilicum L. (A), and Hibiscus sabdariffa L. extract (B), and the
disc diffusion of AgNPs capping with Ocimum basilicum L. (C) and
Hibiscus sabdariffa L. extract (D)

values of both MIC and MBC were equal to 1.56 pg/ml of
AgNPs combined with phage ZCSE6 against S. enterica
bacteria. The clearance was observed in these wells 50,
25, 12.5, and 6.25 pg/ml containing AgNPs capped with
each of Ocimum basilicum L. and Hibiscus sabdariffa
L. extracts indicating the inhibition of bacterial growth.
Whereas with concentrations of 3.1, 1.5, and 0.75 pg/ml,
turbidity was seen, exhibiting the growth of bacteria. The
suspensions from the wells of 50, 25, 12.5, and 6.25 pug/ml
were streaked on TSA agar plates and incubated for 24 h at
37 °C, resulting in no growth of bacteria in the first three
concentrations which confirmed their bactericidal agent.

In the case of AgNPs combined with phage, the syner-
getic effect has significantly appeared as the clearance was
seen at 50, 25, 12.5, 6.25, 3.1, and 1.5 pg/ml, and all of
them were unable to grow on the TSA plates. However, the
phage alone was not able to show MIC or MBC.

3.6.3 Time-Killing Curve

The time-killing curves results showed the significant dif-
ference between using pure phage ZCSE6 and a combi-
nation of it with the two biosynthesized AgNPs (Fig. 7).
The data indicated that the pure phage ZCSE6 at MOI
0.1 was able to reduce the bacterial intensity during the
first 360 min. After that, the bacteria developed a resist-
ance to the phage. However, the different concentrations
of pure AgNPs coated with Ocimum basilicum L. 3 pg/ml
and 6 pg/ml reduced the bacterial growth to 0.21 and 0.13
ODy after 360 min of the experiment. Then the growth
increased in case of 3 pg/ml to reach 0.51 ODyy, at the
end of the experiment. On the other hand, the combina-
tion of phage ZCSE6 at MOI 0.1 and AgNPs coated with
Ocimum basilicum L. at 3 pg/ml exhibited a reduction
to 0.1 ODy, after 660 min of the experiment (Fig. 7A).
While, as shown in Fig. 7B, the different concentrations of
pure AgNPs coated with Hibiscus sabdariffa L. at 6 ng/ml
reduced the bacterial growth to 0.31 ODg, after 600 min.
However, in the concentration of 3 ug/ml, the bacteria
growth became 1.4 ODg, after 600 min. The combina-
tion of phage ZCSE6 at MOI 0.1 and AgNPs coating with
Hibiscus sabdariffa L. at 3 ng/ml exhibited a reduction to
0.3 ODygy at 600 min of the experiment. The pure phage
ZCSE6 showed the bactericidal but do not last for a long
time. However, the phage ZCSE6 at MOI of 0.1 with
AgNPs 3 pg/ml exhibited a highly significant inhibitory
effect.

Table 1 Inhibitory zones

) . . Diameter (mm)
obtained from direct spotting,

disc, and well diffusion test Serial dilution Direct spotting (10 ul) Disc diffusion ~ Well dif-
(10 ) fusion (20
u)

AgNPs? +ve control (Kanamycin) Antibacterial effect 18 20.1

—ve control No effect 0 0

50 pg/ml AgNPs Antibacterial effect 9.8 11.6

100 pg/ml AgNPs Antibacterial effect 10.1 10.5
AgNPs® +ve control (Kanamycin) Antibacterial effect 14.7 18.1

—ve control No effect 0 0

50 pg/ml AgNPs Antibacterial effect 9.1 8

100 pg/ml AgNPs Antibacterial effect 11 10.5

AgNPs*: AgNPs capping with Ocimum basilicum L.
AgNPs®: AgNPs capping with Hibiscus sabdariffa L.
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Fig.5 UV-Vis spectra of AgNPs with the heavy metal. The heavy
metal with water had no UV-Vis spectra (A). The AgNPs, were
capped with Ocimum basilicum L. B At different concentrations of

3.6.4 Phage ZCSE6 and AgNPs Application in Milk

After 24 h of incubation, In the case of phage with the bac-
teria, there was no significant reduction in the bacterial
growth. However, the 3 ug/ml AgNPs and 3 ug/ml of the
same AgNPs combined with phage showed 70% and more
than 99.9% bacterial reduction effect. The results were simi-
lar in both types of prepared AgNPs (Fig. 8).

The coagulation was monitored and the pH was deter-
mined after 7 days of incubation at 25 °C. The pH of the
negative and positive controls was 4.5, whereas the pH
of AgNPs combined with phage ZCSE6 was 5, and they
were all coagulated. The effect of nanoparticles differed
through the samples as the following: The highest pH level
was observed at 6.7 and 6.1 with the treatment of 6.2 pg/ml
AgNPs capped with Ocimum basilicum L., and Hibiscus
sabdariffa L., respectively, and no coagulation was observed
(Fig. 9). The 3 ug/ml AgNPs treatment showed different
behavior between the two coating materials as the coating of

heavy metals (0.1 and 1mM). AgNPs, capped with Hibiscus sabdar-
iffa L. C at 1 mM concentration of various heavy metals

the AgNPs with Hibiscus sabdariffa L. exhibited pH at 5.3
and the milk was partially coagulated, while using 3 pg/ml
of AgNPs with Ocimum basilicum alone or in combination
with phage showed no coagulation and the pH was 6 (Fig. 9).

While AgNPs with Ocimum basilicum L. gave a pH of 6
as the treatment with 3 pg/ml nanoparticles and phage which
were about pH 6, resulting in no coagulation.

4 Discussion

Antimicrobial resistance has been identified as one of the
three major problems countered in human health by the
World Health Organization (WHO). This problem has
emerged globally due to indiscriminate and extensive use
of antibiotics. The development of new and effective anti-
microbials against infections caused by antibiotic-resistant
bacteria has been increasingly interesting [28]. Nanoparti-
cles have a wide range of applications due to their smaller
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Fig.6 Shows phage stability after the incubation for 48 h of with
Ocimum basilicum L. (AgNPs,) and Hibiscus sabdariffa L. (AgNPs,)
extracts and phage ZCSE6

size and higher surface area to volume ratio and they are now
being studied extensively for their antibacterial and antibi-
ofilm effects [29, 30]. AgNPs coupled with natural products
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such as Ocimum basilicum L. and Hibiscus sabdariffa L.
extracts decrease the bacterial resistance occurrence rate.
Also, to decrease AgNPs toxicity because it affects the envi-
ronment and public health decreasing their concentration is
suggested [16, 31, 32]. According to the literature, Antho-
cyanins are a group of compounds including cyanidin based
p-coumaryl and malonyl acids; cyanidin based p-coumaryl
acid; cyanidin based p-coumaryl acid; peonidin 3-(p-cou-
maryl glucoside)-5-glucoside; cyanidin based p-coumaryl
and malonyl acids. Anthocyanins, which are abundant in
both plants extracts could be the main source for functional-
izing AgNPs [16, 33, 34].

In our study, we hypothesize the possible synergis-
tic effect between the isolated phage ZCSE6 and AgNPs.
The new approach will give insights into the interaction
of ZCSE6 and AgNPs nanoparticles while qualifying as a
potential infection treatment and bio-control agent in the
different scientific aspects. Based on the recent research
findings, there is still a gap in understanding the mechanis-
tic pattern of combining the phages and nanoparticles and
whether the synergy between them can help out power the
limitations each of them had.

To create AgNPs effectively, the Ag" ions were bio-
reduced utilizing the Ocimum basilicum L. and Hibiscus
sabdariffa L. extracts as a bio-reducing agent in this study.
AgNPs formation has also been confirmed by the measure-
ment of SPR in the resultant nanoparticles. The Ocimum
basilicum L. extract was shown to have a variety of phyto-
chemical components (rosmarinic acid and caffeic acid) be
the reason behind the bio-reduction of the Ag* ions and the
capping with the formed AgNPs [35, 36]. The absorption of
AgNPs depends on the particle size, dielectric medium, and
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204 =+~ Bacteria + AgNPsz 6 ug/mL

O |

O.D. g0onm

— T T T T T T T
240 300 360 420 480 540 600 660

Time in minutes

T T T
0 60 120 180

Fig.7 Tllustrates the Time-Killing curve of S. enterica, AgNPs' capped with Ocimum basilicum L. and ZCSE6 phage (A), the Time-Killing
curve of S. enterica, AgNPs? capped with Hibiscus sabdariffa L. extract, and phage ZCSE6 (B)
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Fig.8 Synergistic effect of phage ZCSE6 and AgNPs coated with
Ocimum basilicum L. and Hibiscus sabdariffa L.

4

Fig.9 Illustrates the effect of phage ZCSE6 and AgNPs! (Ocimum
basilicum L.; 6 pg/ml), AgNPs? (Hibiscus sabdariffa L. 6 pg/ml),
AgNPs® (Ocimum basilicum L.; 3 pg/ml), and AgNPs* (Ocimum
basilicum L.; 3 ug/ml) on the pH and milk coagulation

chemical surroundings. TEM is an important technique for
the characterization of nanomaterials, used to obtain quan-
titative measures of particle size, size distribution, and mor-
phology. The magnification of TEM is mainly determined by

the ratio of the distance between the objective lens and the
specimen and the distance between the objective lens and its
image plane. According to the TEM images after 4 months
from the biosynthesis, the AgNPs had the same shape and
smaller sizes (Supplementary data, Fig. S3). This data is
compatible with previous studies in shape which means a
higher level of stability [37].

The nanoparticles are characterized by having a highly
developed surface and particles with small sizes that increase
their antimicrobial effect [38]. AgNPs can enter the micro-
bial cell and interact with its cellular structures and different
biochemicals such as DNA, proteins, and lipids. Thus, it can
induce damage to the protein [39]. In our study, the green
synthesized AgNPs have shown their effectiveness in killing
bacteria and eradicating biofilms (supplementary data, Fig.
S1) more efficiently than previous studies [40]. The nano-
particles, depending on their surface chemistry, charge, and
hydrophobicity, interact with lipids, LPS, or proteins of the
bacterial cell membrane [41]. Subsequently, depending on
this interaction, the nanoparticles gain entry into the biofilm.
The penetration of nanoparticles depends on many factors
such as biofilm maturity, biofilm surface composition and
chemistry, nanoparticle size, surface charge, surface chem-
istry, and nanoparticle concentration [42—-44]. Hence, the
antimicrobial action of AgNPs relies on disrupting several
biofilm and bacterial components. The interactions involved
in approaching the biofilm surface, penetration, and inter-
nal migration interact with biofilm components and cellu-
lar components. Also, other nanoparticals can be used for
antibacterial applications such as the biosynthesis of spinel
nickel ferrite nanowhiskers and their biomedical applica-
tions. To tackle this challenge, ecologically friendly nano-
structure fabrication technologies must be discovered. Plant
extracts are used to generate green nanostructure synthesis,
also operate as natural reducing and stabilizing agents for the
formation of nanostructures, moreover, has low toxicity and
eco-friendliness. Metallic nanoparticles (NPs) (silver, gold,
zing, etc.) are one form of nanomaterial that can be utilized
directly as an antibacterial agent or as or as a nanocarrier
for delivering and targeting antibiotics to E. coli. There are
various types such as polymeric NPs, lipidic nanocarriers,
metallic nanocarriers, nanomicelles, nanoemulsion/nano-
suspension, dendrimers, graphene, etc. While the Ceramic
nanostructures have distinct morphologies, have appeal-
ing properties and a wide range of biomedical and medical
applications [45-47].

Our study showed the synergistic effect of both phage
ZCSE6 and AgNPs to inhibit the growth of S. enterica.
Interestingly, to promote the natural product-based synthe-
sis and applications of nanoparticles, the synergetic com-
bination was focused on using the phage rather than any
commercial antibiotics used against the organisms. Many
synergetic applications of the AgNPs, along with current
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commercial antibiotics with different concentrations, show
more antibacterial activities [48]. According to Ahiwale
et al., [49] the synergistic effect between gold nanoparticles
(AgNPs) and C3 tailed phage from the Podoviridae fam-
ily showed activity against MDR Pseudomonas aeruginosa
biofilm.

Furthermore, this study was aimed at determining the
MIC and MBC of AgNPs against S. enterica. The anti-
bacterial effects of nanoparticles are routinely assessed by
MIC test. Serial dilutions of a solution are used for MIC to
determine the lowest concentration of material that would
still show antibacterial properties. The antimicrobial effects
of AgNPs are mostly attributed to silver ions [50]. AgNPs
continuously release silver ions in an aqueous microenviron-
ment [51]. Because of the bigger surface area of silver nano-
particles, they show a stronger and better bactericidal effect.
Also, The MBC was defined as the lowest concentration
of the antibacterial agents that completely kill the bacteria.
Based on this in vitro study, phage ZCSE6 in combination
with AgNPs with a concentration less than MIC suppresses
the regrowth of S. enterica bacteria 24 h post-treatment. The
same concept was achieved when the phage PEV20 was
combined with ciprofloxacin [52].

Time-kill curves that monitor bacterial growth and death
over a wide range of antimicrobial concentrations have been
frequently used to evaluate the effect of antimicrobials over
time. In our study, there is a significant inhibitory effect
when phage ZCSE6 is combined with AgNPs in comparison
to using pure AgNPs with the same concentration of the
phage with the same MOI alone. Based on the results, the
tested bacteria were dead in a shorter time at a low concen-
tration of AgNPs with phage. This may be due to the cell
wall structure of Gram-negative bacteria and the different
mechanisms of action for the phage and AgNPs. In addi-
tion to the continued stress on the bacteria by the AgNPs
with a concentration lower than MIC that reduced the ability
of bacteria to develop resistance against the phage. Further
experiments are needed to explore the mechanism of Phage-
Nano Synergy (PNS).

The presence of Cd** in water, soil, and plants has been
studied for decades because of its toxicity [53, 54]. The
Colorimetric properties of green synthesized AgNPs have
been studied to confirm the presence of heavy metals such
as zinc, copper, mercury, and lead [55, 56]. The sensing
activity of AgNPs biosynthesized with natural products such
as Ocimum basilicum L. and Hibiscus sabdariffa L. extracts
as Cd sensor were shown in Fig. 5. When the basic con-
centration of Cd** ions (1 mM) in an aqueous solution was
added to AgNPs, the magnitudes of the absorption peaks
were observed in the maximum at 370 nm. Whereas there is
no change of peak strength was observed when other heavy
metal was used with the same concentration. Thus, those
AgNPs in this study are highly specific for the presence of
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Cd** in the aqueous solution (Supplementary data, Fig. S2).
The selectivity of preparing AgNPs sensitive with Cd>* is
achieved in previous work [57].

Dairy products can get contaminated at different stages
along the production chain. Although pasteurization kills
most of the dangerous microorganisms present in milk, the
contamination could happen due to inappropriate pasteuriza-
tion or post-pasteurization [58, 59]. As a result, using safe
and efficient antimicrobial agents is important for public
health. The results of the milk experiments decided with the
time-killing curve. The curve showed that four hours were
suitable for the phage to kill the bacteria without showing
secondary growth. While after 24 h, the bacteria evolved
resistance against the phage as described before [60] and
confirmed in the milk experiment (Fig. 8). According to the
AgNPs concentration, 3 pg/ml was below the MIC and did
not show a low antibacterial effect, so it was used to mimic
the adverse effect of using AgNPs and study the synergetic
effect with phage. The combination of phage and 3 pg/ml
AgNPs showed a significant reduction in bacterial growth as
exhibited in Fig. 8 which agreed with the time-killing curve.
Many studies used biosynthesized AgNPs in milk to detect
antibiotics [61], melamine [62], and lysozyme protein [63].
Here, these results showed a promising future for combina-
tion therapy of phage and nanoparticles as an alternative to
antibiotics in the biocontrol of dairy products. However, fur-
ther studies should be conducted to address the cytotoxicity
and other physicochemical properties of the milk.

According to Kauzmann [64], the solubility of caseins
decreases by lowering pH, leading to coagulation as the
result of disturbance of the internal structure and external
surface layers of the casein micelles. Consequently, the net
charge of caseins was decreased and causes the solubili-
zation of colloidal calcium phosphate from the micelles
into the solution since it is well known that at a pH of 5.1,
calcium is almost completely removed from the micelle.
Further lowering the pH to the isoelectric pH (around pH
4.6), the casein curdles because the beta-casein which is
positively charged acts as a center for aggregation with the
alpha-s1-casein framework which is still negatively charged,
eventually the milk starts to gel [65]. Lowering the pH of
the milk occurs naturally by lactic acid bacteria that con-
vert lactose to lactic acid through fermentation, causing the
milk to curdle followed by spoilage. Some studies tried to
figure out the exact mechanism of milk curdling and the
effect of pH on it [65, 66]. They showed that lowering pH
caused the milk to curdle and form a gel, leading to spoil-
age which agreed with our results. Based on our results, the
phage did not show any effect on the milk curdling as it was
not specific for lactic acid bacteria, unlike the nanoparti-
cles. Our results revealed that AgNPs cause no curdling as
they have a significant inhibitory effect against lactic acid
bacteria which agreed with some studies which figured out
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that nanoparticles have an antibacterial effect against Gram-
positive bacteria, including (S. aureus, B. cereus, L. casei, L.
bulgaricus, L. acidophilus, and L. lactis) [67]. The results
indicate that using Ocimum basilicum L. and Hibiscus sab-
dariffa L. natural products to biosynthesis AgNPs have a
stabilizing effect, which enhances its use as an antibacterial
agent opens the gate for future research regarding the use
of phage-nanoparticles in the food sector and therapeutics.

5 Conclusion

In this study, a new approach of coupling the AgNPs with
natural products (Ocimum basilicum L. and Hibiscus sab-
dariffa L.) was explored to increase their antibacterial
abilities and cause synergism between them to reach higher
infection control. The natural products were prepared and
the biosynthesized AgNPs were characterized thoroughly
by UV-Vis spectroscopy, TEM, and SEM. To evaluate the
antibacterial effect of the coupled AgNPs against S. enter-
ica, MIC, MBC, in vitro time-kill assay, well diffusion, and
direct spotting were tested. Moreover, the stability of the
AgNPs was assessed. The experiments showed that the pre-
pared AgNPs are polydisperse, and the novel AgNPs have
an effective bactericidal activity and that there is a strong
synergistic effect between phage ZCSE6 and 3% AgNPs
which prevent the secondary infection that occurred in the
bacteria. In conclusion, this study showed the antimicrobial
of biosynthesized AgNPs and their combination with phage
ZCSES6 to control S. enterica and has a strong potential as
an alternative to antibiotics.
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