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ARTICLE INFO ABSTRACT

Keywords: Silver nanoparticles (Ag NPs) play a pivotal role in the current research landscape due to their

B}OSYnmeSB extensive applications in engineering, biotechnology, and industry. The aim is to use fig (Ficus

i‘g I:};tract hispida Linn. f.) extract (FE) for eco-friendly Ag NPs synthesis, followed by detailed character-
g S

ization, antibacterial testing, and investigation of bioelectricity generation. This study focuses on
Antibacterial activity the crystallographic features and nanostructures of Ag NPs synthesized from FE. Locally sourced
Internal resistance fig was boiled in deionized water, cooled, and doubly filtered. A color change in 45 mL 0.005 M
Voltage regulation AgNO3 and 5 mL FE after 40 min confirmed the bio-reduction of silver ions to Ag NPs. Acting as a
reducing and capping agent, the fig extract ensures a green and sustainable process. Various
analyses, including UV-vis absorption spectrophotometry (UV), X-ray diffraction (XRD), Fourier-
transform infrared spectroscopy (FTIR), Field emission scanning electron microscopy (FESEM),
Energy dispersive X-ray spectroscopy (EDX) and Transmission electron microscopy (TEM) were
employed to characterize the synthesized nanoparticles, and Gas chromatography-mass spec-
trometry (GC-MS) analysis of the fig extract revealed the presence of eleven chemicals. Notably,
the Ag NPs exhibited a surface plasmon resonance (SPR) band at 418 nm, confirmed by UV
analysis, while FTIR and XRD results highlighted the presence of active functional groups in FE
and the crystalline nature of Ag NPs respectively. With an average particle size of 44.57 nm
determined by FESEM and a crystalline size of 35.87 nm determined by XRD, the nanoparticles
showed strong antibacterial activities against Staphylococcus epidermidis and Escherichia coli. Most
importantly, fig fruit extract has been used as the bio-electrolyte solution to generate electricity
for the first time in this report. The findings of this report can be the headway of nano-
biotechnology in medicinal and device applications.
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1. Introduction

Metal-based nanoparticles, notably Ag NPs, have captured significant scientific interest owing to their exceptional biological and
physicochemical characteristics [1,2]. Compared to their bulk counterparts, Ag NPs display distinct properties like catalytic activity,
high thermal and electrical conductivity, chemical stability, surface-enhanced Raman scattering, good redox activity, nonlinear optical
behavior, and antimicrobial effects [3-5]. These attributes make them highly versatile and applicable in diverse fields such as cos-
metics, shampoos, soaps, detergents, electronics, medicine, and more [6,7]. Moreover, their high surface-area-to-volume ratio allows
for customization, enhancing their toxicity against pathogens, cancer cell eradication, and catalytic efficiency [8].

The application scope of nanomaterials, including metal nanoparticles like Ag, Au, CuO, ZnO, NiO, and MnO spans antibacterial,
drug delivery, antifungal, and antioxidant functionalities [9,10,11-14]. Particularly, Au and Ag nanoparticles are extensively used in
medical devices and hygiene products due to their superior antimicrobial, anti-inflammatory, and antifungal properties at the
nanoscale, outperforming traditional drugs in efficacy [13,15].

The synthesis methods greatly impact the acceptability and utility of these nanoparticles in various applications [16]. Traditional
chemical synthesis involving toxic organic solvents raises environmental and health concerns [17]. Consequently, there’s a growing
emphasis on biological techniques for nanoparticle production, promoting less expensive, non-toxic, high purity, and more envi-
ronmentally benign processes [4,18,19]. Undoubtedly, there are many easy and fast conventional methods to synthesize the Ag NPs
commercially but biosynthesis of Ag NPs by using verities plant extracts is the most favorable for the exploration of multiple anti-
microbial activities such as antibacterial, antifungal, anticancer, antitumor, drug delivery, antidiabetic, and nanomedicine [6,8,16,20,
21]. Even different bacteria and fungi have been used to synthesize the Ag NPs for clinical applications [21].

Beside the biological applications green synthesized Ag NPs have been used in photocatalytic, harvesting solar energy, and thin film
applications for their tremendous optoelectronic properties [14,22,23,24,25]. The optical and antimicrobial properties of Ag NPs vary
with the particle size and the desired particle size depends on the reaction temperature, concentration, and P of plant extract [26,27].

Till date, different plants extract have been utilized, including those from Eucalyptus globulus [28], Hibiscus cannabinus L [29],
Premna integrifolia L. [30], Lobelia rucotianifolia [31], Azadirachta indica (neem) [32], Murraya koenigii (Linn) [33], Rhamnus alaternus
[34], Stevia redaudiana [35], olive leaves [36], pure heart plant [37], Terminalia arjuna [38], Artemisia oliveriana [39], Persicaria
odorata [40], Acacia ehrenbergiana Plant Cortex [41], Citrus macroptera fruit [42], Camellia sinensis L. [43], and Paulownia fortunei fruit
[44] to optimize the optimum parameters to fabricating the desire sized and shaped NPs.

Ficus hispida L.f. (F. hispida; Moraceae), locally known as Kakdumur or dumoor, is prevalent in Bangladesh, forming a familiar sight
in homesteads and village thickets. Native to southwest Asia, Thailand, the Mediterranean, India, Australia, Burma, and the Andaman
Islands. All parts of this plant (such as root, stem, bark, leaves, fruits, and latex) have long served in treating ulcers, diabetes, jaundice,
and more [45,46]. Recent studies have highlighted its diverse therapeutic potential, including cardioprotective effects, vaginal dis-
eases, wound healing, anti-diarrheal, astringent, emetic, hepatic protective, antipyretic, antitussive, anti-inflammatory, vulnerary,
depurative, hemostatic, anemia, and antiulcer agents, yet gaps persist in comprehending its full electrical activity [47,48]. Prior
research emphasizes the plant’s bioactive compounds like terpenoids, flavonoids, alkaloids, phenols, sterols, and glycosides and their
role in multifaceted biological activities such as anti-proliferative effects on human breast cancer cells (T47D) [45,47,49]. Despite its
traditional acclaim, scientific exploration of F. hispida’s electrical activity (BECs) and antibacterial activities remains unexplored,
necessitating further investigation to understanding the antimicrobial and electrical properties.

A ubiquitous gram-negative bacterium from the Enterobacteriaceae family, Escherichia coli, is found in both human and animal
stomachs and in the environment [50,51]. It poses health risks as an opportunistic pathogen, causing various infections like diarrhea,
enteritis, bacteremia, and urinary tract infections [52,53].

Staphylococcus epidermidis, typically part of the human skin’s natural microbiota, is a non-aggressive gram-positive bacterium
commonly present on skin and mucous membranes, including areas like the nose, armpits, and groin [54,55]. Normally considered
part of the skin’s natural flora, it’s generally less harmful in healthy individuals. However, it can pose a threat when it enters the body
through breaks in the skin or during surgical procedures, leading to infections, particularly in immune-compromised individuals or
those with indwelling medical devices like catheters or prosthetic implants [56]. In such cases, S. epidermidis can cause infections such
as bloodstream infections, surgical wound infections, and infections associated with medical devices, often due to its ability to form
biofilms on surfaces, making eradication difficult [54].

Previous studies have utilized various plant extracts as electrolyte solutions, showcasing promising electrical performance. The
organic acids present in plant extracts contribute H" ions to the electrolyte, while secondary salts like CuSO4.5H,0 accelerate cell
reaction mechanisms [57]. In these cells, Zn releases electrons, which are accepted by Cu®t and deposited on the cathode plate [58].
Zinc-based batteries have garnered attention for their potential in modern electronics due to their cost-effectiveness, safety, and high
energy storage [59,60]. Aqueous Zn batteries, dating back to Volta’s invention in 1799, offer high theoretical capacities and redox
potential at a low cost, making metallic Zn an attractive electrode choice [61]. However, the corrosion rate of Zn anodes significantly
impacts the sustainability of electrochemical cells, varying with the pH of the electrolyte solution [62].

The incorporation of Ag NPs as a catalyst in these electrochemical cells, alongside compounds like MnOy, resulted in significant
enhancements in electric voltage and current [63,64]. Bio-electrochemical cells, incorporating Ag NPs, enable electron transfer, of-
fering a sustainable approach for electricity generation from organic or inorganic compounds. The enhanced performance of the fig
extract-based BEC with integrated Ag NPs was highlighted by the study of four BEC configurations with various electrolytes. These
configurations included higher short circuit current (Is.), open circuit voltage (Voc), maximum power (Ppax), and decreased internal
resistance (Rj,). This research introduces a unique combination of two areas: investigating the antimicrobial potentials of FE mediated
green-synthesized Ag NPs for biomedical applications and integrating a Zn/Cu electrode-based BEC cell. This groundbreaking BEC cell
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employs fig extract as the organic electrolyte for electricity generation, afterward applying the Ag NPs as catalyst to enhance the
electrical performance of BEC presenting a novel approach within this context for the first time.

2. Materials & methods
2.1. Collection of the fig and chemicals

The fig extract utilized in the experiments was prepared using freshly harvested figs sourced from Jhenaidah, Bangladesh. The
silver nitrate (AgNO3) employed in the experiments was obtained from Sigma-Aldrich Chemicals. Deionized (DI) water was used
exclusively in all experimental procedures.

2.2. Preparation of the fig extract

Fresh figs underwent cleaning and chopping. Subsequently, 20 g of the figs were cooked at 60 °C for 1 h in 100 mL of DI water, with
agitation provided by a heated magnetic stirrer. After cooling, the mixture underwent double filtration using Whatman No. 41 and No.
42 filter papers to eliminate impurities. After that, 4 °C was used to store the filtered FE.

2.3. Biosynthesis of FE_Ag NPs

Fig. 1 illustrates the synthesis of Ag NPs and the associated color changes observed during the synthesis process, initiated by
combining 5 mL of freshly prepared aqueous FE with a 45 mL solution containing 0.005 M AgNOs. Initially, the combined solution
exhibited a brownish or dark brown color and was stored in a dark environment. As time elapsed, the color of the solution gradually
transformed, indicating the formation of Ag NPs. The color change became more pronounced when the solution was exposed to FE,
confirming of the successful bio-reduction of silver ions to Ag NPs.

2.4. Characterizations

Utilizing a Rigaku Smart Lab (Japan) equipped with a CuKa radiation source (. = 1.54059 A), scanning at 10° min™!, and a tube
current/voltage of 40 mA/40 kV, (XRD) investigation of biogenic Ag NPs was carried out. The crystalline phase was investigated at
ambient temperature. UV-Vis spectrophotometry (U-2900) examined the spectrum from 200 to 1100 nm. FTIR spectrophotometry,
utilizing a PerkinElmer FT-IR spectrophotometer (L1600300 Spectrum TWO LITA, UK), identified functional groups in fig extracts and
Ag NPs. (FESEM) with a JSM-7610 F-equipped apparatus studied the silver nanoparticle morphology after coating with auto-fine
platinum. Thermoscientific’s Talos TEM investigated microstructures. A Clarus® 690 gas chromatograph and Clarus® SQ 8 C mass
spectrophotometer (PerkinElmer, CA, USA) were used for the (GC-MS) study. The instruments were set up with a 1 pL sample, splitless
mode, and helium carrier gas. The NIST database was employed for compound identification.

2.5. Bacteriological test of FE_Ag NPs

Mueller-Hinton agar was used to test the newly synthesized Ag NPs antibacterial activity against both gram-positive and gram-
negative microorganisms using the disc diffusion technique. Bacterial strains (initial concentration: 1 x 10 CFU/mL) were pro-
vided by Jashore University of Science and Technology’s Microbiology Department. For both concentrations, 10 pL of the extract
solution was put onto each disk.

After blending

Heat with Fig extract AgNO, Mixture After 5.0 min.
with a blender magnetic stirring

solution Solution

@@
ooo«-[«-
ee N

Ag NPs Dry powder Centrifuge hine After 40.0 min. After 25.0 min. After 15.0 min.

Fig. 1. Schematic representation of the color changes for producing silver nanoparticles using FE.
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2.6. Designing FE_BEC structures

To assess the effects of Ag NPs on the power-generating system, four bio-electrochemical cells (Cells I, IL, III, and IV) with Zn and Cu
plates were employed, utilizing distinct electrolyte combinations detailed in Table 1 and illustrated in Fig. 2(a and b).

2.7. Connections between the anode and the cathode

Using Zn and Cu plates as electrodes and an electrolyte made of a combination of FE and green-synthesized Ag NPs catalyst, a BEC
was built. The Zn plate served as the anode, releasing electrons, which were accepted by the Cu plate acting as the cathode. Cu atoms
were deposited onto the Cu plate, and H; gas was formed at the cathode as a result of electron transfer processes involving electrons,
H* ions, and Cu®" ions in the electrolyte. Cu atoms were left behind on the Cu plate when the cell was opened, releasing Hy gas [63].

3. Result and discussions
3.1. XRD analysis of FE_Ag NPs

XRD is frequently used to look at a substance’s crystallinity by exposing samples to X-rays and analyzing patterns using Bragg’s
equation [65]. The diffraction peaks in Fig. 3 to the pertinent planes of (111), (200), (220), and (311) revealed the XRD pattern of
FE-mediated silver nanoparticles at 38.34°, 44.54°, 64.68°, and 77.59° [66,67,68]. The XRD pattern matched JCPDS No. 65-2871,
supporting Ag NPs FCC structure [69].

The average size of Ag NPs was approximately determined using the Debye-Scherrer formula in equation (1).

_ Ki
"~ pCosb

@

This equation relates the crystallite size (D) to various parameters such as Scherer’s constant (K), radiation wavelength (1),
diffraction peak width (), and Bragg angle (¢) [70,71]. According to this calculation, the Ag NPs were found to have an average
crystallite size of 35.87 nm. However, this result diverged from the TEM-based estimation of 45.49 nm, as shown in Fig. 9. XRD
sensitivity to coherent scattering domains might lead to variations in the actual particle size due to factors like lattice defects or
amorphous surface layers induced by capping agents [72].

Bragg’s law is a crucial tool for assessing properties like d-spacing, lattice constant (a), and unit cell volume (V) in nanoscale
powders. Formula 2d sin 6 = n)\ or d = A/2 sin 6 (with n = 1) determines the spacing between adjacent planes, where n is an integer
representing the diffraction peak order, A is the X-ray wavelength, and 0 is the diffraction angle. The unit cell volume (V) is given by V
= a>. The approach involves using Bragg’s law to find d-spacing (dxx) and then computing the lattice constant (a) with equation (2)
[72]:

a=dw Vh2+k2+12 (2)

Where h, k, and [ are Miller indices representing crystal plane orientation. Utilizing distinctive diffraction peaks for Ag NPs FCC
structure, an average lattice constant of 0.4087 nm was determined (Table 2). This closely aligns with the JCPDS file’s value (0.4086
nm) [73]. The lattice constant change indicated internal strain.

The Williamson-Hall (W-H) analysis was employed to refine outcomes by determining strain (¢) and distinguishing between size-
induced and strain-induced peak broadening based on peak width and 26 angle. Individual contributions to peak broadening were
expressed as in equation (3)

Pra =P +Pp 3)

where fpy is peak FWHM, f; and pp are size and strain widths [74]. Assuming uniform strain, iy, was given as

Pt + 4¢ tan

K
" pcosd

Rearranging as equation (4)

Table 1
Electrolyte mixture.
Title of the Cell Solution of electrolytes for bio-electrochemical cells
Cell-I 150 mL (FE)
Cell-I1 150 mL (FE) + 50 mL (5 mg Ag NPs)
Cell-IIT 150 mL (FE) 4+ CuSO4.5H,0 in 80 mL (1.2 M)
Cell-1V 150 mL (FE) 4+ CuSO4.5H20 in 80 mL (1.2 M) + 50 mL (5 mg Ag NPs)
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I Mll.?llt‘i!l.r?::ltcr (a ) I Mll?litlli::::ltcr
Anode Cathode Anode Cathode

H H FE + Ag NPs

I Mul-)lit-:rt::sltcr I Mlln)litui:l:.tcr
Anode Cathode node Cathode
FE + CuSO,.5H,O HC SO4.5SH,O+Ag N

Digital Digital
Multimeter (b) Multimeter
L»Lo.ld voltage L»Load voltage
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I Anmlt Cathode

Digital
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Lo Load voltage

Load current
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o -+

FE + CuSO,.5H,0 . Fi SO,.5H,O+Ag NI

Fig. 2. Shows Zn/Cu-based FE_BEC setup (a) without and (b) with load circuit.

Intensity (a.u)

40 50 60 70 80
2 Theta (Degree)

Fig. 3. XRD pattern for green synthesis Ag NPs.

Geometric parameters of X-ray diffraction for Ag NPs.

6 position (°) FWHM B (9 Miller indices (hkI) Crystallite size, D (nm) d-spacing (nm) Lattice parameter (a) nm
38.08477 0.2164 111 38.8353 0.23609 0.40892
44.29866 0.2712 200 31.6262 0.20431 0.40861
64.45046 0.2527 220 37.1612 0.14445 0.40857
77.41602 0.2839 311 35.8586 0.12318 0.40853
Average values (nm) 35.8703 0.17701 0.40866
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Prig cos 0 :% + 4e sin 6 4)

By plotting (Bhki cos @) against (4 sin ), strain ¢ was estimated the curve slope (Fig. 4). For the produced silver nanoparticles,
particle size was determined as 34.66 nm, and strain as 5.97 x 10~°. The crystal strain originated from imperfections and distortions
the metallic nanoparticle crystal structure [72]. The details of the Williamson-Hall plotting data are shown in Table 3.

The application of stress to a crystal structure can create dislocations, influenced by factors like material morphology and crys-
talline size. The dislocation density is determined by Williamson-Smallman formula in equation (5) [75],

=12 (5)

Dislocation density estimate for a 35.87 nm average crystal size (D). Dislocations warp the usual atomic arrangement and have a
substantial impact on material characteristics. A value of 0.000777194 lines per nm? for Ag NPs highlights their strong crystallinity
[76].

The width of material peaks in XRD data directly relates to average crystallite size, with crystalline materials displaying sharper
peaks. In the XRD data of silver nanoparticles, peak broadening indicated a mean crystal size of 35.87 nm, determined through the
Scherrer equation. The crystallinity index (I.r) [77], given by equation (6)

Dp (SEM, TEM)
=" (I,y > 1.
cry Dcry (XRD) ( cry = 00) (6)
with an index of 1.24 (>1.00), compares SEM or TEM particle size (D)) to XRD-derived particle size (D¢ry). An I, value near 1 suggests
a monocrystalline structure, while higher values imply increased crystallinity in polycrystalline structures. For biosynthesized Ag NPs,
Iy surpassing 1.0 indicates strong crystallinity and a well-defined face-centered cubic (fcc) phase structure [73]. Table 4 presents the
crystallinity index values derived from SEM or TEM particle sizes, all of which exceeded 1.0.

3.2. UV-visible spectral analysis of FE_Ag NPs

To confirm the presence of silver nanoparticles, UV-Visible spectroscopy was employed, a pivotal technique for structural char-
acterization throughout the reduction process. UV-Vis spectroscopy monitors the synthesis and stability of nanoparticles. The spectra
revealed a peak absorbance between 400 and 500 nm, indicative of the surface plasmon resonance (SPR) of the Ag NPs [78]. SPR
absorbance intensity is influenced by particle size, shape, inter-particle distance, and the surrounding medium [78]. Fig. 5(a) depicts
UV-visible spectra, showcasing Ag NPs synthesized through the green method (magenta line), fig extract (black line), DI water (blue
line), AgNO3 (red line). Fig. 5(b) represents the UV-visible spectra of Ag NPs alone and Fig. 5(c) shows the band gap analysis of Ag NPs.
The confirmation of spherical or near-spherical Ag NPs is evidenced by the absorption peak at 418 nm. The addition of AgNOs to the fig
extract, resulting in a shift towards a brownish color, suggests a reduction of silver ions (Ag") to elemental silver (Ag?), facilitated by
the fig extract’s reducing agents. The band gap of Ag NPs was calculated at 5.23 eV by using Tauc plot. The Optical properties of silver
nanoparticles correlate with diameter peaks from 412 to 420 nm in Fig. 5(b) imply sizes likely falling within the 40-50 nm range. These
UV findings align with TEM and SEM analyses, confirming the synthesis of silver nanoparticles in the specified size range [79].

3.3. FTIR spectra analysis of FE Ag NPs

FTIR analysis was conducted to identify biomolecules involved in the reduction of silver ions to silver nanoparticles using Fig
extract. The analysis covered the wavenumber range of 400-4000 cm ! [Fig. 6]. Peaks in the FTIR spectrum of the Fig extract at

m  Beta cos (theta)
0.0044 mmmm |inear Fit of Sheet1 Beta cos (theta)
) . Equation y=a+b'x
Weight No Weighting
— Rfe;\dual Sum 3.68858E-7
of Squares
© 0'0042 Pe;sun‘sr -0.09375
- Adj. R-Square -0.48682
g Value Standard Error
I 0.004 8.61852E-4
* 0.0040 etacon ey Sope s sosenes  asvroies
8 .
o 0.0038
o []
-
2 0.00369 .
0.0034
1.2 1.6 2.0 24

4 sin (theta)

Fig. 4. Williamson-Hall analysis of Ag NPs.
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Table 3
Presents the data for Williamson-Hall plotting, a technique to analyze the material’s crystallite size and lattice strain.
20 position FWHM g FWHM g cos 6 p cos 0 4 sin @ Particle size, D Lattice strain  Dislocation density, & (lines
© © (radians) (radians) (radians) (nm) (e) per nmz)
38.08477 0.2164 0.00378 0.94528 0.00357 1.30507
44.29866 0.2712 0.00473 0.92620 0.00438 1.50809  34.66 5.97 x 107° 0.000777194
64.45046 0.2527 0.00441 0.84596 0.00373 2.13300
77.41602 0.2839 0.00496 0.78034 0.00387 2.50141
Table 4
The crystallinity index based on SEM and TEM particle size.
Crystallite size, Dy, (nm) Particle size, D, (nm) Crystallinity index, I, (unitless) Particle type
XRD SEM TEM SEM TEM SEM TEM
35.87 44.57 45.49 1.24 1.27 Mon crystalline Mon crystalline
0.6
,\o_gl(a — FE — AgNO3 5 (b) — Ag NPs
=3 . —
@ — DI water — Ag NPs (3 418 nm [
g 0 0.4
o o
9 2
% 0.4 g Reaction mixture
£l 0.2
o) o
»n 7]
a \d 2
< 0.0 <
0.0
500 750 1000 340 510 680 850
Wavelangth (nm) Wavelength (nm)
15x107 [— Tauc plot Ag NPs]
1.0x10"¢ ( )

(ahu)te\’cm- h

5.0x10"7

Band gap=5.38 eV

0.0

1 2 3 4 5
Energy (eV)

Fig. 5. UV-Vis spectra of (a) Ag NPs, fig extract, DI water, AgNOs, (b) Ag NPs, and (c) band gap analysis of Ag NPs.

3435.22, 2359.96, 1652.70, 1558.68, 1456.96, 1048.12, and 667.73 cm ™! indicated the presence of functional groups crucial for the
biosynthesis of metal nanoparticles. The 3435.22 cm™! peak indicated alcohol or phenolic compounds, while the 1652.70 cm™! peaks
represented C—0O and C=C bond stretching vibrations along with OH bending from bound water [80,81]. Notably, the Ag NPs
exhibited narrower bands, indicating the reduction of silver ions. Peaks at 2359.96 cm ™! were associated with C = C stretching vi-
bration, 1456.96 cm ™! with C-H stretching of methyl groups and C-O-H bending, and 1048.12 cm ™! with C-O-H, -C=0, and C-H
stretching bands of aromatic groups [20,42,63]. C=O0 stretching vibration occurred at 1558.68 cm ™! [41]. The Ag-0 bond was seen at
667.73 cm™! [70]. FTIR spectra indicated the involvement of carbonyl and hydroxyl groups in the reduction of Ag ions and their
attachment to silver nanoparticles [70].

Comparing the FTIR spectra of fig extract-mediated Ag NPs; shifts in vibration frequencies are observed. Peaks shift from 3435.22
to 3447.62 cm ™, 2359.96 to 2362.04 cm ™}, 1652.70 to 1653.18 cm ™, 1456.96 to 1384.16 cm ™}, 1048.12 to 1039.44 cm™?, and
667.73 to 665.73 cm 1. Changes indicate silver ion reduction, capping, and stabilization of Ag NPs by biomolecules (alcohols, tannins,
terpenes, terpenoids, and phenols) in fig extract [82,68]. Table 5 details functional groups in fig extract and Ag NPs.

3.4. Gas chromatography-mass spectrometry analysis

Fig. 7 depicts the chromatogram obtained from the GC-MS analysis of the fig extract. The chromatogram displays peaks corre-
sponding to different chemical compounds present in the fig extract. The essential oils of plant extracts contain several important bio
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Fig. 6. Displays the FT-IR spectra of Ag NPs and fig powder.

Table 5

Gives a summary of the FTIR study of Ag NPs mediated by FE extract.

Heliyon 10 (2024) e32419

Functional Group

Wavenumber, n (cm ™)

Fig powder Ag NPs Value of reference
-OH hydroxyl group stretching vibration 3435.22 3447.62 3430 [80]
C = C Vibrating stretching 2359.96 2362.04 2378 [63]
OH bending by bound water and stretching vibrations of C—0 and C=C 1652.70 1653.18 1645 [81]
C=0O0 stretching vibration of pyran typical of flavonoid C-rings, 1558.68 1558.68 1593 [41]
C-H stretching of methyl groups & C-O-H bending 1456.96 1384.16 1455 [42]
aromatic and C-O-H, —CO stretching vibration C-H vibrating stretched 1048.12 1039.44 1086 [20]
Ag O bond 667.73 665.73 682 [70]
100 Jf@n
352{ .// |
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Fig. 7. Fig extract ethanol chromatogram by GCMS analysis.

compounds which may act as reducing as well as capping agent during the reaction mechanism of NPs and these bio compounds coated
NPs shows excellent antimicrobial activities [83]. Each peak represents a specific compound detected by the GC-MS instrument, with
the x-axis indicating the retention time (RT) in minutes and the y-axis representing the peak intensity or abundance of each compound.
Eleven chemicals were found after GC-MS analysis of the fig extract. Table 6 offers a detailed breakdown of the bioactive components,
including retention durations, peak regions, and molecular weights. Based on their relative abundance in the extract, the main
ingredients—namely, 1,10-decanediol, 2tms derivative (0.69 %), phthalic anhydride (0.36 %), and 2,2,4-trimethyl-1,3-pentanediol

diisobutyrate (0.18 %)—were identified.
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Table 6

Analyzing fig extract components with GC-MS.
Serial No. Retention time (RT) Compounds Molecular weight Molecular Formula Peak area (%)
1 7.44 Hentriacontane 436 C31Hg4 0.08
2 10.03 Ethanol, 2-[(phenylmethyl)amino]- 151 CoH,30N 0.04
3 18.44 Trifluoromethyltrimethylsilane 142 C4HoF3Si 0.01
4 18.90 Phthalic anhydride 148 CgH403 0.36
5 21.96 2,2,4-trimethyl-1,3-pentanediol diisobutyrate 286 C16H3004 0.18
6 24.21 3-chloropropanoic acid, 1-cyclopentylethyl ester 204 CyoH1702Cl 0.02
7 24.64 Diethyl phthalate 222 C1oH1404 0.08
8 24.99 Cyclodecasiloxane, eicosamethyl- 740 Co0Hg0010Si10
9 27.54 Cyclooctasiloxane, hexadecamethyl- 592 C16H4504Sig 0.01
10 28.29 Undecanoic acid, 10-methyl-, methyl ester 214 C13H260- 0.04
11 29.68 1,10-decanediol, 2tms derivative 318 C16H3505Sis 0.69

3.5. FESEM analysis of FE_Ag NPs

FESEM images provide detailed insights into the size, shape, and distribution of synthesized Ag NPs, offering high-resolution, three-
dimensional views of their surface morphology. They complement other techniques by revealing nanoparticle morphology, aggre-
gation state, and interaction with sample components, enhancing overall structural characterization. The (FESEM} analysis (Fig. 8(a))
of Ag NPs synthesized using Fig extract revealed a predominantly spherical morphology with some irregular forms. FESEM analysis of
irregular spherical shapes provides detailed morphology information, aiding in understanding nanoparticle formation mechanisms
and optimizing synthesis conditions. ImageJ analysis (Fig. 8(b)) indicated a size range of 10 nm-90 nm, averaging 44.57 nm. Energy
Dispersive X-ray Spectroscopy (EDX) displayed a 53.11 % silver content, confirming biosynthesis, while the prominent 3 keV peak in
the EDX spectrum (Fig. 8(c and d)) verified elemental silver. A significant percentage of organic components (O, K, and C) indicated a
strong coating of bio compound on the surface layer of green synthesized Ag NPs [84,85]. Hence, it is clearly understood that fig
extract is acted not only for a reducing agent but also a strong capping agent during the synthesis method.

3.6. TEM analysis and zeta potential of FE_Ag NPs

TEM analysis provided an in-depth exploration of silver nanoparticles, revealing diverse shapes, with circles being predominant, as
shown in Fig. 9(a and b). The fig extract played a dual role as a reducing and capping agent, preventing excessive aggregation for long-
term stability. The crystalline structure of Ag NPs was shown by selected area electron diffraction (SAED) patterns (Fig. 9(c)). The size
distribution histogram (Fig. 9(d)) highlighted predominantly spherical nanoparticles with diameters ranging from 20 to 70 nm. The
average size of 45.49 nm is closely aligned with FESEM results, confirming the consistency of nanoparticle dimensions. Fig. 10 displays
the zeta potential distribution of green synthesized Ag NPs. Zeta potential value was found —13.8 mV and this negative value reveal the
stability as well as less agglomeration of Ag NPs [85].

Mean particle size distribution 44.57 nm\
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Fig. 8. Shows the Ag NPs (a) FESEM pictures, (b) mean particle size histogram, (c) EDX data, and (d) weight (%) of the constituents.
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Fig. 9. Ag NPs TEM pictures at various sizes: (a) 50 nm, (b) 10 nm, (c) SAED pattern, and (d) particle size histogram.
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Fig. 10. Zeta potential distribution of FE mediated Ag NPs.

4. Antibacterial activity of FE_Ag NPs

Gram-positive and gram-negative bacterial strains were affected by FE_AgNPs, as demonstrated by the disc diffusion technique.
Inhibition zones (mm) against S. epidermidis and E. coli at different AgNPs concentrations in comparison to azithromycin (the standard
antibiotic, 6 mg/mL) are shown in Fig. 11(a—c). Inhibitory zones were measured at 17.30 &+ 0.42 mm and 26.55 + 0.50 mm for E. coli
with 200 pg/disk and 400 pg/disk of FE_AgNPs, respectively. S. epidermidis exhibited zones of inhibition at 15.30 & 0.28 mm and 21.50
+ 0.42 mm when treated with 200 pg/disk and 400 pg/disk of FE_AgNPs. Higher concentrations resulted in larger inhibition zones
after 24 h at 37 °C. Table 7 presents the turbidimetry analysis of FE_AgNPs, confirming their potent antibacterial activity. Gram-
negative bacteria displayed greater susceptibility to Ag NPs, likely due to differences in cell wall structure, with gram-positive bac-
teria having thicker peptidoglycan layers [80,86].

5. Electrical application of FE_Ag NPs
5.1. Power generation of BECs without load resistance
The study’s findings were used to analyze how Ag NPs affected BECs ability to generate electricity. We created four cells using

different electrolyte solutions, and we monitored their electrical abilities over time. The results, shown in Fig. 12(a-d), indicated that
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Fig. 11. Shows images (a, b) and bar graphs (c) comparing the antibacterial effects of silver nanoparticles and ethanol on specific bacteria.

Table 7
FE_AgNPs antibacterial effectiveness.
Organism Limit of inhibition (mm)
Common antibiotic (Azithromycin) (mm) AgNPs (n = 2 samples for each concentration)
200 pg/disk 400 pg/disk
Escherichia coli 9.40 + 0.57 17.30 + 0.42 26.55 + 0.50
Staphylococcus epidermidis 9.45 + 0.35 15.30 &+ 0.28 21.50 + 0.42
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Fig. 12. Shows a cell’s electrical activity for (a) Vo b) I (¢) maximum power, and (d) internal resistance.

11



M. Ohiduzzaman et al. Heliyon 10 (2024) e32419

all cells were capable of generating electricity using fig extract electrolyte. Cell-IV, incorporating Ag NPs, displayed higher open-circuit
voltage and short-circuit current compared to other cells, indicating lower internal resistance and the highest maximum power output
(372.35 mW). In contrast, Cell-I exhibited the lowest maximum power output at 6.74 mW. The average electrical values of Cells I, II,
III, and IV are contrasted in Table 8. Overall, the results indicate that adding Ag NPs can improve the ability of BECs to generate
electricity.

5.2. Average voltage regulation and capacity

To analyze the electrical behavior of individual cells under a load of 6 Q (6 Q), a resistor was attached to each cell. The voltage and
current across the load were then measured and documented over a specific period. Out of the four cells under study, Cell-IV
showcased the most favorable electrical performance when compared to the others. Cell-IV employed a mixture of CuSO4.5H20
and Ag NPs, along with an electrolyte solution derived from fig extract. As indicated by the information in Fig. 13(a-d), it was observed
that the average voltage control of the BECs diminished when confronted with an external resistance of 6 Q. Among the various cells
investigated, Cell-IV had the largest capacity (0.61) and the lowest voltage regulation (0.28) among the cells.

5.3. Energy and voltage efficiency

Fig. 14(a and b) presents the comparison of the four cells under a 6-Q load resistance. Average voltage efficiency and energy ef-
ficiency were calculated, showing enhanced performance in bio-electrochemical cells. Notably, Cell-IV surpassed others, achieving
78.59 % voltage efficiency and 68.69 % energy efficiency, demonstrating critical improvements.

Therefore, this work looked at the impact of Ag NPs on the cell and performed a basic analysis of fig extract-based BECs. The
modified electrolyte consisting of FE, CuSO4, and Ag NPs significantly improved the electrical performances of the bio-electrochemical
cell. The increased electrical activity of Cell-IV revealed the amazing ability of Ag NPs to provide inexpensive power, indicating the
possibility of creating a bio-electrochemical module with Ag NP integration.

6. Conclusion and recommendations

This study showcases advancements in characterizing and utilizing fig extract-mediated Ag NPs, revealing heightened antibacterial
efficacy and superior electrical performance of FE in bio-electrochemical cells. The formation of FCC Ag NPs using fig fruit extract as a
reducing agent was confirmed by UV-vis spectra, followed by the XRD date of Ag NPs. The active functional groups of organic
compounds were manifested in the FTIR spectra of FE and Ag NPs. The high-resolution FESEM and TEM images with EDX data revealed
mostly the spherical formation of biogenic Ag NPs. However, the antimicrobial properties of FE-mediated Ag NPs were probed against
S. epidermidis and E. coli bacteria by the disk diffusion method. A higher concentration of Ag NPs exhibited a higher inhibition zone
against both pathogens. Ag NPs acted more efficiently against gram-negative bacteria E. coli than gram-positive bacteria S. epidermidis
because gram-negative bacteria have a comparatively thinner cell wall. Fig fruit extract was used as a bio-electrolyte solution in an
electrochemical cell to generate electricity. The electrical power was determined by recording the open-circuit voltage and short-
circuit current of the fig extract electrolyte-based electrochemical cell. The electrical performance of cells has been enhanced by
incorporating Ag NPs. Hence, this report successfully demonstrated the power generation activities of FE through electrochemical
cells, and green synthesized Ag NPs played an active role as catalysts to integrate the electrical performance of cells. Though the
current study showed electricity generation by fig extract, the commercial uses of such a cell need further investigation on a large scale.
The versatile uses of fig extract have been explored by this study, and the findings may open a new era for nano-biotechnology.
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Table 8
Presents the standard electrical properties of BEC.
Name of the cell Average power (watt) Average internal resistance (ohm) Average voltage regulation for 6 Q
Cell- 1 0.01164 70.44162 15.03679
Cell- II 0.02215 36.511827 9.86378
Cell- I 0.2032 5.285305 0.93957
Cell- IV 0.2594 4.173768 0.27708
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