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Keywords: Greenly synthesized nanoparticles have garnered attention due to their low environmental

AgNP ) footprint, but impurities limit their applications. A novel semi-organic method for synthesizing

Ehelatmg agent silver nanoparticles (AgNPs) using bio-based chelating fuels (Beta vulgaris subsp., Spinacia oler-
oney

acea, and Ipomoea batatas) reduces the undesirable impurities. The study also showcases the
impact of bio-based chelating fuel on various characteristics of AgNPs in comparison to synthetic
chelating fuel. The antimicrobial efficacy of the synthesized AgNPs in conjunction with honey was
also assessed against E. coli. The XRD analysis showed cubic structure of AgNPs. The FESEM and
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TEM analysis showed that the well-connected spherical-shaped AgNPs (~3-120 nm diameter)
while EDS confirmed the presence of Ag in all samples. The TEM analysis also revealed layers of
carbonates in AgNPs synthesized using bio-based chelating fuels. XPS investigation confirmed the
absence of any prominent impurities in prepared samples and AgNPs have not experienced
oxidation on their surface. However, notable surface charging effects due to the uneven con-
ductivity of the particles were observed. The broth dilution method showed that all mixtures
containing AgNPs in combination with honey exhibited a significant bacterial growth reduction
over a period of 120 h. The highest growth reduction of ~75 % is obtained for the mixture having
AgNPs (Ipomoea batatas) while the least growth reduction of ~51 % is obtained for the mixture
having AgNPs (Beta vulgaris subsp.). The findings affirm that AgNPs can be successfully syn-
thesized using bio-based chelating fuels with negligible ecological consequences and devoid of
contaminants. Moreover, the synthesized AgNPs can be employed in conjunction with honey for
antibacterial purposes.

1. Introduction

Nanotechnology a diverse interdisciplinary research field, provides innovative solutions to various aspects of human life [1,2].
Nanomaterials exhibit promising biological, mechanical, and thermal properties in contrast to their basic form owing to their large
surface area to size ratio and quantum effect [3,4]. Researchers have developed a wide range of deliberate manufacturing techniques to
enhance the overall properties of nanomaterials. Nowadays, nanoparticles are employed in various aspects of the biomedical field,
such as medicine, biosensing, drug delivery, and nanodevices [5,6].

Silver nanoparticles (AgNPs) have been of great interest to researchers because of their anti-bacterial, anti-viral, and anti-fungal
properties. AgNPs can penetrate the cell walls and modify the cell membrane structure of bacteria, leading to their death [7,8].
The penetration ability of AgNPs depends on the shape, size, crystal structure, concentration, and surface zeta potential of the AgNPs.
These properties allow AgNPs to have anti-bacterial properties without generating bacterial resistance compared to conventional
antibiotics [9,10].

Besides AgNPs, honey a naturally occurring product also carries a wide array of antimicrobial properties. Honey is used against
microbiological diseases since ancient times and shows strong anti-bacterial activity against various human diseases, such as
Escherichia coli, Salmonella typhimurium, Enterobacter aerogenes, Staphylococcus aureus etc. [11-13]. Honey’s high osmolarity, acidity,
and synthesis of HyO» (peroxide) make it better for antibacterial and antioxidant applications [14,15]. One essential component of
honey that exerts antibacterial activity against clinically significant pathogenic microorganisms is osmosis as honey is primarily
comprised of fructose and glucose due to which honey dehydrates the bacteria upon contact and inhibits its growth [16]. The low
content of water (less than 20 %) in honey does not allow bacteria to thrive as bacteria rely on water for metabolic processes. In
addition, honey has flavonoids, phenolic acids, and enzymes that possess phytochemical and antioxidant qualities which enhance the
anti-bacterial activity by neutralizing free radicals and disrupting the activities of bacterial cells [14,16]. The current project aims to
utilize the synergetic role of both honey and AgNPs against E. coli. bacteria.

Unlike honey which occurs naturally, AgNPs must be synthesized either through a chemical approach or a green approach. In the
chemical approach, AgNPs can be synthesized by a plethora of techniques such as sol gel, combustion, co-precipitation, solid state
reactions, and hydrothermal routes using metallic precursors, chemical reducing agents, and stabilizing agents. However, chemical
synthesis is not eco-friendly due to the presence of hazardous by-products [17,18]. During the last decade, eco-friendly green synthesis
routes have been extensively employed to synthesize AgNPs. The biomolecules in organic extracts interact with the metal ions in a
solution and reduce metal ions to their corresponding metal nanoparticles by donating electron. Furthermore, biomolecules can also
stabilize the nanoparticles by binding to their surfaces through electrostatic or covalent interactions, preventing them from aggre-
gating and stabilizing their size and shape [19,20]. Biomolecules also play a significant role in antimicrobial activity by employing
their antibacterial, antifungal, and antiviral properties through several mechanisms, including disruption of cell membrane integrity,
inhibition of essential metabolic pathways, and modulation of the immune response resulting in the growth reduction of bacteria [21].
Nevertheless, major drawbacks of green synthesis include its time-consuming nature, lack of reproducibility, and the existence of a
high number of contaminants that might affect the fundamental features of the AgNPs [22-24]. In this study, a novel semi-organic
combustion method was developed to synthesize AgNPs with low hazardous impact and impurities. The method uses organic fuel
and biomolecules as reducing and capping agents in a solution containing metal precursors.

Beta vulgaris subsp., Spinacia oleracea and Ipomoea batatas used in the current project not only possess biomolecules but also high
concentrations of natural oxalic acid. Synthetic oxalic acid is widely used as a chelating and capping agent for the chemical synthesis of
nanoparticles, however, there is increasing interest in developing bio-based alternatives due to their potential sustainability benefits.
The semi-organic synthesis process using Beta vulgaris subsp., Spinacia oleracea and Ipomoea batatas exploit the synergetic role of
biomolecules and organic oxalic acid as reducing and capping agents therefor providing better control over the synthesis of nano-
particles. However, to remove the organic compounds, high calcination, and sintering temperatures are required [25,26].

This current study aims to synthesize AgNPs by utilizing the synergy of both biomolecules and bio-based chelating agents therefore
resulting in lower ecological impact in contrast to chemical synthesis and lower impurities in the final product compared to green
synthesis. In addition, the AgNPs synthesized with a semi-organic approach and in combination with honey will be used as an anti-
bacterial agent against E. coli.
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2. Experimentation
2.1. Materials

Silver nitrate (Merck, 99 %) was used as a precursor material. Synthetic oxalic acid was used as a chelating agent for the preparation
of AgNPs by the chemical auto-combustion approach and Beta vulgaris subsp. (Beetroot), Spinacia oleracea (Spinach) and Ipomoea
batatas (Sweet potato) were used as bio-chelating agents for the semi-organic synthesis route.

The Beta vulgaris subsp, Spinacia oleracea, and Ipomoea batatas were acquired from nearby market and thoroughly rinsed multiple
times with distilled water to eliminate any dust or particles adhering to their surfaces. The vegetables were then peeled with a peeler
and cut into small pieces using a kitchen knife. The pieces were then again washed with distilled water multiple times and dried under
natural sunlight for 48 h. Subsequently, a mortar and pestle was used to ground them into powder.

Honey was extracted from a fresh hive while freshly grown pure cultures of Escherichia coli were developed by the Department of
Microbiology and the Department of Parasitology at the University of Veterinary and Animal Sciences (UVAS). All glassware was
properly rinsed with distilled water and dried in the oven before use.

2.2. Synthesis of AgNPs

To synthesize AgNPs through a semi-organic route, silver nitrate (50 g) was added to distilled water (150 ml) and stirred for 20 min
at 70 °C until a transparent solution was obtained. Then the prepared powder (20 g each) of Beta vulgaris subsp.(Beetroot), Spinacia
oleracea (Spinach) and Ipomoea batatas (Sweet potato) were added as a bio-chelating agent, and the solution was stirred further at 110 °C
until a gel was formed. The gel was then subjected to further heating, in a furnace at 150 °C igniting auto-combustion and resulting in
the formation of AgNPs. The obtained powder was calcined in an oven and the calcined powder was then grinded with a mortar pestle
(Fig. 1(e)).

In the chemical approach, synthetic oxalic acid was used as a chelating agent. The above procedure was followed and AgNPs were
obtained in the same manner, however, the formation of gel in a semi-organic approach took place after a longer period (20-30 min)
compared to the chemical approach. The AgNPs synthesized by both routes were then sintered at 750 °C for 2 h to obtain the crystalline
phase.

In the final step, the AgNPs synthesized using both routes were mixed with honey in a ratio of 0.6:1 i.e. 6g of AgNPs were mixed in
10g of honey, respectively. Subsequently, a quantity of 2 g from mixtures (honey + AgNPs synthesized using each respective method),
was subjected to antimicrobial activity testing.

2.3. Characterization

X-ray diffraction (XRD, Malvern B.V., Lelyweg 1, Netherlands) was used for the structural analysis of the AgNPs, while their mi-
crostructures were analyzed by FESEM (MIRA3 TESCAN). The elemental composition of AgNPs was determined by EDS. XPS studies
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Fig. 1. Metallic sheen obtained after culturing E. coli on Eosin Methylene blue agar (a). Color change of broth solution after addition of AgNPs
(synthesized using Beta vulgaris subsp., Spinacia oleracea, Ipomoea batatas, and oxalic acid as chelating fuel) in combination with honey (b-d) along
with the schematic for the synthesis route. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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were conducted in a multi-chamber ultra-high vacuum (UHV) system equipped with a SES R4000 (Gammadata Scienta) energy
analyzer. All details about the UHV system, sample preparation, and XPS measurements can be found in reference [22]. TEM images
were recorded using a Titan Themis 200 keV (FEI) transmission and scanning transmission electron microscope (S/TEM). For TEM
analysis, the samples were suspended in acetone by ultrasonication and deposited onto holey carbon-coated Cu grids.

2.4. Antimicrobial activity test

Anti-bacterial activities of AgNPs (synthesized through each route) and honey were examined by a standard minimum inhibitory
concentration (MIC) test using control-positive (with E. coli) and control-negative bacteria (without E. coli).

2.4.1. Broth dilution test

The broth dilution test is designed to determine the minimum inhibitory concentration (MIC) of the synthesized AgNPs in terms of
their anti-bacterial attributes, which inhibit the growth of the tested bacteria. MIC values assesses the effectiveness of antimicrobial
characteristics and therapeutic properties of the drug, and to evaluate the susceptibility of bacteria [25,26]. The antibacterial activity
was tested by broth dilution method using Luria Bertani broth with 2 g of the antimicrobial agent (AgNPs in combination with honey).
For broth dilution, bacteria were introduced into a liquid growth medium having antimicrobial agent. After incubation for a pre-
determined time (20-24 h), growth is assessed, and the MIC value is recorded. The procedure was completed in five days (120 h) and
involved only aerobic microorganisms.

2.4.2. Culturing and sub-culturing of Escherichia coli (E. coli.)

The culture plate containing E. coli was refreshed for active growth on the LB agar plate. The LB agar medium was prepared and
autoclaved at 121 °C/15 psi, and afterward, LB agar plates were poured and solidified. Discrete E. coli. colonies were obtained by
quadrat streaking and incubated at 37 °C for 24 h.

The presence of E. coli. culture was confirmed when it was cultured on Eosin Methylene blue Agar (EMB) and discrete colonies with
a characteristic metallic sheen were obtained, as shown in Fig. 1(a-d) confirming the positive growth of E. coli. To observe the optical
density of antibacterial activity (OD value), a LB solution was prepared and autoclaved. The 30 ml of LB solution was inoculated with
“E. coli” bacteria (50 pl) and designated as control positive, while the control negative contained 30 ml of LB solution without any
bacteria. To test the antibacterial activity of AgNPs, 10 ml of broth solution was taken in four flasks. In each flask, 2 g mixtures of
AgNPs (synthetic oxalic acid) + honey, AgNPs (Beta vulgaris subsp.) + honey, AgNPs (Ipomoea batatas) + honey, and AgNPs (Spinacia
oleracea) + honey were added, respectively. These flasks were incubated in the submerged shaker at 220 rpm/37 °C for proper
aeration. An E. coli inoculum (50 pl) from a fresh overnight culture (primary culture) was added to each flask, which was then placed in
a shaking incubator at 37 °C at 220 rpm for another 120 h. OD values were taken every 24 h using a spectrophotometer.

The percentage reduction growth was calculated from the control positive, control negative, and optical density (OD) values using
equations (1) and (2), respectively.
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Fig. 2. X- XRD patterns of AgNPs synthesized with Oxalic acid, Ipomoea batatas, Spinacia oleracea, and Beta vulgaris subsp. as chelating fuels.



M. Irshad et al. Heliyon 10 (2024) e31424
3. Results and discussion
3.1. Crystal structure analysis

The crystalline nature of the AgNPs synthesized by chemical and semi-organic combustion was confirmed by XRD analysis as
shown in Fig. 2. Three distinct reflexes were observed at 38.22° (111), 44.45° (200), and 64.65° (220) for AgNPs synthesized with each
chelating fuel, thus confirming the successful synthesis of AgNPs with a chemical chelating agent (oxalic acid) and organic chelating
agents (Ipomoea batatas, Spinacia oleracea and Beta vulgaris subsp.). The XRD patterns further confirmed the face-centered cubic
structure of AgNPs (JCPDS file No. 04-0783) [27]. XRD patterns revealed the presence of AgNPs as the main phase in all samples.
However, a secondary phase also appeared for AgNPs synthesized with oxalic acid as the chelating fuel. The additional reflexes
observed at the 20 (hkl) values close to 28°, 33°, 42° and 47° come from the silver oxide, Ag3O4 (JCPDS file No. 00-040-1054), present
on the surface of the silver nanoparticles [28]. In contrast to the reports of many researchers where the presence of many secondary
phases was found in green-synthesized AgNPs [29,30], in our study only a small amount of secondary phase appeared in the sample
synthesized using oxalic acid as a chelating agent. The average crystallite size of AgNPs calculated using the Scherrer equation for all
samples was in the range of 17-21 nm illustrating their nano-dimensionality [31,32].

3.2. Microstructural and elemental analysis

Fig. 3(a-h), represents the FESEM micrographs of AgNPs synthesized by chemical and semi-organic combustion routes. The mi-
crographs depict the morphology, size, and degree of agglomeration of the AgNPs. It is clear from all micrographs that AgNPs syn-
thesized by all chelating fuels exhibit spherical shapes with average sizes of 150-250 nm and are poly-dispersed. Fig. 3(a and b) also
shows that AgNPs synthesized using oxalic acid are uniform and form a network structure with each other, unlike AgNPs synthesized
using organic extracts as chelating fuel. Fig. 3(c-h) shows expanded agglomerations and densification of the AgNPs with each other,
which can be attributed to the formation of carbonate resulting from organic extracts of Beta vulgaris subsp., Ipomoea batatas and
Spinacia oleracea have melted and diffused during the sintering process, causing agglomeration and densification. It was found that
most carbonates begin to melt at 720 °C, while the decomposition of carbonate occurs at temperatures above 800 °C [33,34]. Since
AgNPs are sintered at 750 °C, it is more likely that these carbonates melt and diffuse between particles, thus causing densification and
agglomeration. The elemental analysis of AgNPs synthesized with different chelating fuels (Oxalic acid, Beta vulgaris subsp., Spinacia
oleracea, and Ipomoea batatas.) are shown in Figs. S1, S2, S3, and S4 respe ctively.

The TEM micrographs shown in Fig. 4(a-1) depict the morphology and dimensions of the AgNPs synthesized with chemical (oxalic
acid) and organic chelating agents (Beta vulgaris subsp., [pomoea batatas and Spinacia oleracea). In the images, the dark colour rep-
resents the AgNPs while irregular light-coloured material is the organic component of the sample, and the lighter material of even
contrast is the underlying carbon film of the TEM grids. In all samples, Ag particles are approximately spherical and their diameters
range from around 3-5 nm up to 60-120 nm. In all cases, the majority of particles are of around 10 nm diameter or less. The crystal
structure of the ~20 nm single-crystalline particle circled in Fig. 4(a-c) is aligned with the electron beam and so this part of the image
can be used to calculate a digital diffraction pattern, which is inset. This can be indexed to the face-centered cubic structure of Ag,
viewed along the (111) zone axis. It can be further observed from Fig. 4 (d-i) that AgNPs synthesized with organic chelating agents
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Fig. 3. SEM micrographs of AgNPs synthesized with different chelating fuels: (a, b) Oxalic acid, (c, d) Beta vulgaris subsp., (e, f) Spinacia oleracea,
and (g, h). Ipomoea batatas at different magnifications.
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Fig. 4. TEM images at increasing magnifications for AgNPs synthesized with Oxalic acid (a-c); Beta vulgaris subsp. (d-f); Spinacia oleracea (g-i); and
Ipomoea batatas (j-1). A digital diffraction pattern obtained from the particle indicated in (c) is inset and can be indexed to the face-centered cubic
crystal structure of Ag viewed along the (111) zone axis.

exhibited more irregular light-coloured material due to the presence of a carbonate layer over the surface of particles, formed during
the synthesis process. The decomposition of carbonate takes place at temperatures greater than 800 °C [34] and since the sintering
temperature of AgNPs was kept at 750 °C, the irregular, light-coloured material observed in micrographs can be identified as likely
being a carbonate layer [35]. It is also clear from Fig. 4(j-1) that AgNPs synthesized with organic chelating agents exhibited higher
coagulation of the smaller particles than for AgNPs synthesized with oxalic acid. This can be attributed to different pH, or solvent
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compositions due to the presence of terpenoids, alkaloids, phenolic compounds, glucosinolates, etc. [36].
3.3. XPS analysis

XPS studies can provide information on the elemental composition, the chemical bonds present on the surface, and the degrees of
oxidation of individual elements. The XPS survey scans taken in the 0-1100 eV range showed that silver, oxygen, and carbon are
present on samples surface and are accompanied by sodium and chlorine most likely as a residue from synthesis. The high-resolution
spectra of Ag 3d, O 1s, and C 1s lines were used to analyze the chemical states of the AgNPs.

The Ag 3d XPS spectra of measured samples are presented in Fig. 5. In the case of the oxalic acid sample, the spectrum is fitted with
three components centered at Ag 3ds,2 binding energy (BE) of 368.5, 369.8, and 372.6 eV. The first contribution is characteristic of the
bulk-like metallic Ag (blue arrows), whereas the second component (magenta arrows) can be assigned to the metallic Ag nanoparticles.
This is consistent with the well-known relationship of the binding energy of nanoparticles with their dimensions, that is, the larger the
particles, the smaller their BE [37]. The third component (green arrows) with extremely high BE of 372.6 eV is related to the surface
differential charging effect, which is due to the fact that the sample is not homogeneous. The effect of the presence of areas of different
conductivity in AgNPs was widely discussed by Vasilkov et al. [38]. It is important to mention that the inhomogeneity of the samples
prepared using the novel semi-organic combustion route is significantly higher than in samples using the chemical auto-combustion
method, as manifested by a large increase of the component with the highest binding energy (Fig. 5(a)). The most heterogeneous
AgNPs were prepared via spinach powder. Given that silver oxides are reported at Ag 3ds,2 BE of 367.7 eV (Ag20) and 367.3 eV (AgO)
[39,40], it can be concluded that no oxidation of nanoparticles was detected in our measurements. The small contribution seen at the
lowest BE values is associated with K3 4 satellites coming from a non-monochromatic X-ray source.

The O 1s core level spectra of AgNP prepared with different chelating agents are presented in Fig. 5(b). Three well-separated peaks
at BE of 532.2, 533.8, and 535.3 eV were used to properly fit the spectra. The first component corresponds to the alkyl O atom of the
—-0-C=0 group. The second signal may be assigned to C-O-C and/or C-OH groups [38]. The third contribution is related to the
above-mentioned surface differential charging effect [41]. Predictably, the increase in the latter component goes hand in hand with an
increase in the component with the highest BE on the Ag 3d spectrum. No components corresponding to silver oxides (529.4 eV for
Ag>0 or 528.4 eV for AgO [39] are observed in the O 1s spectrum. It is noteworthy that there is a significant negative shift in the
components with the lowest BE values in the beetroot sample.

Confirmation of the occurrence of the surface differential charging effect is best seen in C 1s spectra (Fig. 5(c)). In addition to the
three characteristic components observed in the C 1s spectra of silver nanoparticles (marked by arrows), several additional signals
shifted toward higher binding energies appeared. Characteristic contributions are related to the alkyl C-C/C-H (285.3 eV), C=0/
0-C=0(287.7 eV), and C(O)O groups (291.0 eV) [38]. A sample prepared by the chemical route has a better conductivity, and thus the
whole spectrum is slightly shifted toward lower binding energies. Moreover, in this sample, a component associated with C-O rather
than C=0 bonds can be discerned.
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3.4. Anti-bacterial study

The antimicrobial activity of AgNPs synthesized by chemical and semi-organic combustion methods and in combination with
honey to inhibit the growth of E. coli bacteria was obtained by determining optical density (OD) using a spectrophotometer. The OD
measurements against E. coli for 2g of mixture containing AgNPs (oxalic acid) + honey, AgNPs (Beta vulgaris subsp.) + honey, 2g of
AgNPs (Ipomoea batatas) + honey, and AgNPs (Spinacia oleracea) honey, relative to the control positive and control negative control
were plotted as a function of time and are shown in Fig. 6. Furthermore, honey is employed in conjunction with AgNPs to harness its
exceptional antibacterial properties alongside those of AgNPs. Osmosis is a crucial factor in honey that has antibacterial effects against
important disease-causing microbes. This is because honey is mostly made up of fructose and glucose, which cause dehydration of
bacteria upon contact and prevent their development. The low water content in honey, which is less than 20 %, inhibits bacterial
growth as bacteria depend on water for their metabolic activities. Furthermore, honey contains flavonoids, phenolic acids, and en-
zymes that exhibit phytochemical and antioxidant properties. The components of honey play a vital part in its antibacterial effect by
counteracting free radicals [14-16]. Fig. 6(a-e) shows a graph of the OD values of the synthesized AgNPs, control positive, and control
negative for 2 g of AgNPs combined with 1 g of honey. It is clear from the graph that AgNPs synthesized using Spinacia oleracea
combined with honey showed the highest growth reduction of E. coli. when introduced into the culture medium for a period of 120 h
compared to AgNPs synthesized using other chelating fuels. The OD values also show decrease in the control positive value after 96 h
because the bacteria have started to die by their own waste developed in the culture medium. Furthermore, it can also be observed that
some samples exhibited higher OD values than the control positive depicting the growth of the bacteria which can be attributed to the
presence of carbonates in the AgNPs synthesized with organic chelating agents because E. coli. can grow in the presence of the car-
bonates. The TEM micrographs also confirmed the presence of layers of material, assigned as carbonate layers, for the sample syn-
thesized with organic chelating agents. On the other hand, AgNPs synthesized with oxalic acid did not show this behavior due to the
absence of carbonates. It is because low concentrations of carbonates can function as buffers, aiding in the regulation of the pH of the
surrounding environment. E. coli. bacteria thrive and survive best within an optimal pH range, which is normally around neutral to
slightly acidic environments. In addition, low concentration of carbonates can contribute to pH stabilization within this range,
therefore facilitating the development of E. coli. under favourable circumstances [42,43]. Table 1 lists the reduction growth (%) of the
E.coli in the culture medium supplemented with AgNPs (Beta vulgaris subsp., Spinacia oleracea, Ipomoea batatas, and oxalic acid) in
combination with honey using equations (1) and (2). It can be observed from Table 1 that AgNPs synthesized using Beta vulgaris subsp.,
Spinacia oleracea, Ipomoea batatas, and oxalic acid showed a maximum growth reduction value of 51.1 %, 75.2 %, 67.8 %, and 55.4 %,
respectively, against E. coli. over a period of 120 h. It is clear that AgNPs (Spinacia oleracea, Ipomoea batatas) exhibited better
anti-bacterial activity against E.coli while AgNPs (Beta vulgaris subsp.) showed nearly the same antibacterial activity compared to
AgNPs (oxalic acid) depicting that AgNPs synthesized organic chelating agents can be effectively utilized against E. coli. The better
anti-bacterial activity of AgNPs (bio-based chelating agents) can be ascribed to metal impurities present in organic chelating agents
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Table 1
Reduction growth (%) of E. coli. with respect to time. (Control positive is LB solution with E. coli. while the control negative is LB solution without
E. coli.)

Time Control Positive Control Negative Red. Growth Red. Growth Red. Growth Red. Growth

(hrs) (C.P.) (C.N) Ag-Beta Vulgaris subsp (%) Ag-Spinacia oleracea (%) Ag-Ipomoea batatas (%) Ag-oxalic acid (%)
24 3.012 0.091 2.3 -5.7 36.3 8.1

48 2.897 0.079 4.9 5.05 47.7 16.1

72 2.781 0.058 10.9 —6.1 —6.1 31

96 2.613 0.049 19.8 51.1 22.9 58.5

120 1.820 0.037 51.1 75.2 67.8 55.4

therefore combining their individual anti-bacterial properties with those of AgNPs. The mixture containing AgNPs (synthesized with
Spinacia oleracea) showed better growth reduction. This can be related to the high levels of iron and manganese in spinach, which can
impede bacterial growth by disrupting cell membranes, inducing oxidative stress, and interfering with cellular processes, ultimately
resulting in bacterial demise. The antibacterial activity of mixture containing AgNPs + honey against E. coli. has not been reported to
best of our knowledge, however several researchers have reported antibacterial activity against E. coli with greenly synthesized AgNPs
using various testing techniques including broth dilution. Y. He et al. recorded a growth inhibition against E. coli of ~64 % through
broth dilution technique for AgNPs synthesized using Alpinia katsumadai [44]. M. Baghayeri et al. used disk diffusion method and
noted ~76.5 % E. coli growth inhibition for AgNPs synthesized with Salvia leriifolia [45]. Another group of researchers, used Eucalyptus
globulus for synthesis of AgNPs and found a ~80 % growth reduction through broth dilution technique [46]. Similarly, AgNPs syn-
thesized with Bacillus thuringiensis (96) reduced the viability of E. coli to ~45 % [47]. Researchers also found high antibacterial activity
of AgNPs synthesized with Enteromorpha exuosa against E. coli. compared to chemically synthesized AgNPs depicting that biomolecules
present in the bio-synthesized AgNPs can enhance the antibacterial activity of individual AgNPs [48]. It can be safely assumed that
AgNPs synthesized with bio-based chelating agents can be successfully used in combination with honey against E. coli.

4. Conclusions

AgNPs were successfully synthesized with reduced impurities and ecological impact through a semi-organic pathway using bio-
based chelating agents (Ipomoea batatas, Spinacia oleracea, and Beta vulgaris subsp. All synthesized AgNPs exhibited a cubic struc-
ture, confirming their crystalline nature. Notably, AgNPs synthesized through bio-based chelating agents exhibited denser structure
compared to synthesized by synthetic oxalic acid. TEM micrographs showed AgNPs with typical diameters of 3-120 nm and a car-
bonate layer for the AgNPs synthesized with bio-based chelating agents while the elemental composition confirmed silver in all
samples. XPS analysis revealed trace amount of Na and Cl on the surface of the samples, with notable residues of carbonates. The Ag 3d
line analysis indicated the absence of oxides on the surface of the nanoparticles, affirming the purity of AgNPs. The antibacterial
activity of synthesized AgNPs in combination with honey was evaluated against E. coli. The overalls growth reduction of 51-75 % is
observed for all mixtures with the highest growth reduction (~75 %) observed for the mixture having AgNPs (Ipomoea batatas) and the
least growth reduction (~51 %) for the mixture having AgNPs (Beta vulgaris subsp.). The study further concludes that semi-organic
route provides a more environmentally friendly route for synthesizing AgNPs with reduced impurities. Moreover, AgNPs produced
using organic chelating agents can be efficiently used in conjunction with honey for antibacterial purposes.
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