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Abstract: Recently, fabricated nanoparticles (NPs), which can efficiently penetrate biological systems,
have found increased usage in the health and hygiene industries. Microbial enzymes and proteins
have recently shown their potential to act as reducing agents for the production of NPs, thereby
providing an alternative to physical and chemical methods. Not only is this approach efficient and
cost-effective, but it also produces a minimal ecological footprint. In this study, zinc oxide nanoparti-
cles (ZnO NPs) were synthesized using probiotic bacteria (Lactobacillus fermentum) as the reducing
and capping agent. Several analytical methods, including Fourier transform infrared spectroscopy
(FT-IR), scanning electron microscopy (SEM), X-ray diffraction analysis (XRD), ultraviolet–visible
spectroscopy (UV–Vis), and atomic force microscopy (AFM), were used to analyze the produced
ZnO NPs. The SEM analysis confirmed the spherical form of the nanoparticles and estimated their
average size to be between 100 and 120 nm. FT-IR analysis verified that the ZnO NPs’ surfaces
contained many functional groups. X-ray diffraction examination evidenced that the biogenically
produced nanoparticles were crystalline. AFM analysis revealed that the nanoparticles’ size was
about 90–100 nm. The maximum absorption peak, determined via a UV–visible spectrophotometer,
was 510 nm. The synthesized ZnO NPs’ antimicrobial activity against various bacterial strains was
tested, and the highest level of antimicrobial activity was noted against a Vibrio harveyi strain. The
maximum concentration, namely, 20 mM of ZnO NPs, showed the highest antimicrobial activity.
These observations indicate that the synthesized ZnO NPs possess remarkable antimicrobial potency.
This method is an efficient, environmentally friendly, cost-effective approach for producing ZnO NPs
that are useful for various biomedical applications.

Keywords: green synthesis; nanoparticles; fish pathogen; bio-medicinal application; Vibrio harvey;
Lactobacillus fermentum
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1. Introduction

Several essential nutrients, including vitamin D, selenium, iodine, and long-chain
Omega-3 fatty acids, can be found in abundant amounts in seafood. Seafood (such as fish)
is beneficial to the visual, neuronal, and cognitive development of children and pregnant
women [1]; in turn, it can lower the chances of developing cardiovascular disorders [2].
Since the 1950s [3], society has been facing a significant challenge: rising antimicrobial
resistance. A number of different antimicrobial agents are currently applied to safeguard
marine life against the damage inflicted by pathogenic bacteria. In particular, the extensive
use of antimicrobials results in the formation of dangerous byproducts, which have the
effect of significantly degrading aquatic habitats, thus having a negative impact on a broad
range of animal species and microorganisms [4].

Diseases that may be acquired via seafood are widely acknowledged as being signifi-
cant public health risks, particularly in industrialized nations. Salmonella and Vibrio are
examples of zoonotic bacteria that may cause sickness in humans and aquatic creatures if
they are transmitted directly. Ingestion of contaminated seafood or water, both of which
often carry zoonotic bacteria, may result in the direct transfer of antibiotic resistance. There
is evidence that zoonotic bacteria may contain antimicrobial genes [5]. These pathogens can
develop antimicrobial resistance via the inappropriate use of antimicrobial drugs and/or a
high frequency of treatment failures. Natural pathogens, such as Vibrio spp., Clostridium
botulinum type F spores, and Aeromonas, and enteric bacteria, such as Campylobacter and
Salmonella, are responsible for the contamination of water, especially seawater. In fishery,
the commonly found, highly contaminative pathogens include bacteria, mainly from the
genera Salmonella, Noravirus, Aeromonas, and Vibrio, which cause great losses and financial
damage [6].

Nanoparticles, which may be described as particles having one or more dimensions
on the order of 100 nanometers or less, have attracted a lot of attention in recent years. Due
to their unusual and interesting features and useful applications, they provide properties
that are superior to those of their bulk counterparts. Many different methods from the
fields of chemistry, biology, and physics or hybrids thereof may be used to synthesize
different nanoparticles. Despite the widespread use of physical and chemical procedures
in nanoparticle production, the presence of hazardous chemicals significantly limits their
medicinal applications, especially in clinical settings. To further the biological applications
of nanoparticles, it is crucial to create processes for their production that are reliable,
nontoxic, and ecologically benign. One approach to this objective is the cultivation of
microbes for the production of nanoparticles. When compared to nanoparticles produced
using chemical processes, those created by means of a biological enzymatic method are
far superior. Although chemical techniques can quickly and cheaply produce a wide
variety of nanoparticles with precise size and shape specifications, they are also time
consuming, labor-intensive, resource-intensive, and wasteful. In fact, they leave behind
toxic byproducts that are dangerous to both humans and the environment. The use of
costly chemicals is unnecessary or limited in the enzymatic approach. Furthermore, this
“green” technique is also beneficial for the environment and society since it uses less energy
and confers fewer negative side effects than the chemical alternative [7].

Nanotechnology’s potential benefits with respect to agriculture include enhancing
product quality, decreasing the risk of pesticide exposure to humans and the environment,
increasing crop yields, and securing food supplies in the face of global challenges, such
as population growth and climate change. Due to their unique properties, nanoscale
materials possess great applicatory potential in the design and development of innovative
instruments, which may aid agriculture and other industries. Nanotechnology might
improve farming via the utilization of nanoparticle-based fertilizers and through the
acceleration of plant growth. Soil quality and agricultural product quality are two areas
that may benefit from these enhancements in agriculture. It is also possible, with the
help of nanoparticle-based transporters and chemicals, to reduce the number of fertilizers
and pesticides used without a corresponding drop in output. Nanotechnology’s potential
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to minimize waste also lies in its potential to facilitate the production of more efficient
products. The utilization of nanosensors in practical settings might pave the way for the
more efficient management of agricultural resources, including water, fertilizer, and energy.
By using biological processes for the creation of nanomaterials, as is carried out in “green
nanotechnology”, the possibility for the release of hazardous substances is minimized [8].

One of the most important steps in plant-mediated synthesis is the extraction of bioac-
tive compounds from the plant(s) [9]. However, in modern nanotechnology, the utilization
of microorganisms as “nanofactories” offers great potential for synthesizing a broad range
of nanoparticles. Fungi and bacteria are now used as feedstock in metal nanoparticle
synthesis. By releasing physiologically active molecules such as proteins and enzymes,
this process reduces the number of metal ions in nanoparticles. The simple and rapid
reproduction of bacteria is becoming increasingly appealing in modern nanotechnology.

The probiotic bacteria of the human superorganism microbiome [10] are predominantly
lactic acid Gram-positive microorganisms. They possess thick cell walls composed of
polysaccharides, glycosides, proteins, and peptides. These structures are known as bio-
reduction sites. Due to their negative electric potential, they attract metal ions, ultimately
triggering nanoparticle synthesis [11] and protecting against pressure exerted by metal
by acting as a protection mechanism [12]. Zinc is a cofactor required for cell growth and
nerve impulse transmission [13]. Zinc nanoparticles can be chemically synthesized through
methods such as solvent evaporation, the sol–gel method, and microemulsion precipitation
techniques. Regarding the development of innovative biomedical materials, the lactic-
acid-bacteria-mediated synthesis of nanoparticles can induce different characteristics of
zinc oxide nanoparticles (ZnO NPs). However, lactic-acid-bacteria-mediated nanoparticle
synthesis is still limited and under development [9].

The production of ZnO nanoparticles by microbes has been documented in a limited
number of investigations. However, microbial-mediated nanoparticle synthesis continues
to be a promising but underexplored technology. Either an extracellular or an intracellular
process might be responsible for the generation of microorganisms. Nanoparticles found
outside of cells are known as extracellular nanoparticles. They are made up of biological
components, such as glycoproteins, proteins, and metal nanoparticles, that have been
attached to the surface of bacteria. Nevertheless, nanoparticles may be synthesized using
an intracellular method [14,15], in which particles are first transported into microbial
cells and then coupled with catalysts, coenzymes, or proteins. In addition, the use of
probiotic strains to manufacture ZnO NPs might be a potential strategy for enhancing the
effectiveness of bacteriostatic compounds against medication-blocking and therapeutically
relevant infections [16]. In previous research, ZnO NPs were tested against strains of
microbial pathogens, including Aspergillus niger, Fusarium oxyspora, Penicillium expansum,
Alternaria alternate, Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, Bacillus
cereus, Klebsiella pneumonia, Salmonella typhi, Serratia sp., Proteus mirabilis, Candida albicans,
Candida tropicalis, Streptococcus sp., and Bacillus subtilis [17–21].

Serratia marcescens, which has been listed by the WHO as a dangerous bacterium
possessing antibiotic resistance, causes septicemia in fish [22]. Aeromonas hydrophila causes
Aeromonas is, which is a disease characterized by hemorrhagic septicemia, rubella, hem-
orrhages, abdominal dropsy, abdominal distension, scale loss, edema, and necrosis of the
liver and kidneys in fish. As a consequence, infected individuals often suffer from diarrhea.
These two pathogens cause Vibriosis in fish, whose clinical picture varies in different fish
species, but there are some common signs, including hemorrhages, necrosis, and ulcers on
the surface of the body. Vibrions’ influence on hemolysin causes anemia in fish. The current
study concerns the synthesis of ZnO nanoparticles using the probiotic bacteria Lactobacillus
fermentum as a reducing and capping gent and subjecting the bacterium to characterization
via techniques such as UV–visible spectroscopy, scanning electron microscopy, Fourier
transform infrared analysis, and atomic force microscopic analysis. The antibacterial effi-
cacy of the biogenic ZnO nanoparticles was also tested against some fish pathogens, such
as Serratia marcescens, Aeromonas hydrophilla, Vibrio harveyi, and Vibrio parahaemolyticus.
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2. Materials and Methods
2.1. Materials

The bacterial cultures Lactobacillus fermentum (MTCC 1745), Serratia marcescens (MTCC
86), Aeromonas hydrophilia (MTCC 1739), Vibrio harveyi (MTCC 7030), and Vibrio para-
haemolyticus (MTCC 451) were collected from MTCC, India. DPPH and other reagents or
chemicals were purchased from Sigma Aldrich, India.

2.2. Laboratory Culture of Lactobacillus Fermentum

After obtaining a culture of L. fermentum, it was first enriched by inoculating it in
Mueller Hinton broth, which was then incubated at 37 ◦C for twenty-four hours. The broth
was then subcultured on a solid medium (Mueller Hinton agar) and placed in an incubator
at 37 ◦C for twenty-four hours. Subculturing was performed at regular intervals in order to
preserve the vigor and integrity of the culture, which was grown in Mueller Hinton Agar.

2.3. Synthesis of Nanoparticles

The synthesis of ZnO nanoparticles was accomplished using a bacterial culture consist-
ing of L. fermentum. Along with the 1 ml of culture, the precursors zinc acetate and sodium
hydroxide were introduced at three different concentrations: 5, 10, and 20 milliMolar. After
10 min of incubation at room temperature to promote aerobic activity, the culture was
centrifuged at 10,000 rpm to collect the synthesized nanoparticles. After the pellet had been
washed many times with a 0.9% NaCl solution, it was resuspended in a Tris/HCl buffer
with a pH of 8.2, and the cells were then subjected to ultrasonication at 100 W for eight
minutes. After that, the suspension was centrifuged for 20 minutes at a speed of 10,000 rpm
in order to separate the nanoparticles (supernatant) and the deformed cells (pellets). After
the ZnO nanoparticles were washed, they were dispersed in double-deionized water after
centrifugation at 40,000 rpm for 30 min.

2.4. Characterization of Nanoparticles

Various techniques were utilized for nanoparticle characterization [23], including
X-Ray diffraction (Perkin Emler spectrum one instrument, Waltham, MA, USA), the Fourier
transform infrared technique (using a Shimadzu spectroscopy Model IRAffinity-1, with
a wave number range of about 4000–400 cm−1 and a resolution of about 4–8 cm, Kyoto,
Japan), scanning electron microscopy (ZEISS (EVO18) Japan; Model—Nanosurf easy scan
2 AFM, Hombrechtikon, Switzerland), and UV–vis spectroscopy (UV-2450, Shimadzu). The
optical characteristics of samples were determined using a UV–Visible spectrophotometer,
which was operated in the range of 300–800 nm.

2.5. Antibacterial Activity Evaluation

The protocol of Ref. [18] was followed with minimal modifications. The antibacterial
activity was determined by adopting the agar well diffusion technique. The antimicrobial
activity of the synthesized NPs against strains of Serratia marcescens, Aeromonas hydrophilia,
Vibrio harveyi, and Vibrio parahaemolyticus was tested. Mueller Hinton Agar-Hi Media
(250 mL) was prepared and poured into sterilized Petri plates. A sterile cotton swab was
used to spread the bacterial inoculum evenly on a sterile Petri dish containing MH agar.
The agar was then punched with four wells of 6 mm in diameter using a cork borer for
different concentrations, including 30, 60, and 90 µL, and one for the control group (ZnO
NPs Supernatant as control). Under aerobic conditions, the plates were then incubated for
24 h at 36 ◦C ± 1 ◦C. Confluent bacterial growth was observed after incubation. Bacterial
growth inhibition was measured in millimeters.

The level of ZnO nanoparticle exposure on cultures was evaluated using time–kill
kinetics assay. New cultures were grown in nanoparticles containing a medium as a test,
while others were grown without the addition of the nanoparticles as a control [17,24].
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3. Results and Discussion
3.1. UV–Visible Spectrophotometer Analysis

A change in the initial pale-white color was observed via UV analysis [25,26] after
the 3rd h of the reaction, irrespective of the precursor concentration used, over the 24 h
incubation period. UV spectra were recorded in absorption mode over a range of wave-
lengths from 300 to 800 nm. The control exhibited a distinctive absorption peak at 510 nm,
which was confirmed via observation. As a result of the inclusion of hexagonal ZnO
nanoparticles, this peak shifted within the 450–550 nm range at different treatment times.
In the samples treated for 6 h, absorption peaks were discovered at 380 nm, as illustrated in
Figure 1. The absorption wavelength was found to increase with the treatment time due to
the increased amount of crystalline ZnO on the surface. Similar results were observed with
cumin seeds [27], Moringa oleifera [28], Nyctanthes flower [19], Eclipta alba [29], and Ulva
lactuca seaweed [30], with a maximum wavelength of 320–400 nm.
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3.2. Powdered X-ray Diffraction Analysis

PXRD is an analytical technique that uses scattered X-rays to detect and identify
nanoparticles based on their crystal structure and crystallite size. This effective, non-
destructive tool is useful for analyzing powders, thin films, and single crystals as well a
wide range of nanoparticles. It is a critical technique because crystal structure and crystallite
size can impact the properties and potential applications of nanoparticles [31–33].

The X-ray diffraction peaks were obtained from the hexagonal phase of ZnO (JCPDS
data card 89-0510). The purity and crystal structures of the probiotic-bacteria-mediated
ZnO nanoparticles with various concentrations were obtained (Figure 2). These various
concentrations yielded the same lattice planes of (100), (002), (101), and (002), which
correspond to the 2θ values of 22.2◦, 23.7◦, 24.8◦, and 31.3◦, respectively. The crystal size,
X-ray wavelength, Bragg’s angle, and full width at half maximum of the (1 0 1) peak were
used to calculate the nanoparticle size using Scherrer’s formula (D = 0.9 λ/(β Cos θ)). The
calculated size was nearly 110 nm, which fell within the range of other ZnO nanoparticles
synthesized using Aloe barbadensis leaf extract [34]; prepared via the hydrothermal growth
method [35] or using Ulva fasciata [36]; and from the pods of Parkia roxburghii [37].
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3.3. Identification of Compound Interaction

In the present research, FTIR was used to determine the functional groups on the sur-
face of the synthetized ZnO NPs [38–40]. The FT-IR spectra of the 5 mM ZnO nanoparticles
showed prominent peaks, as depicted in Figure 3. The presence of OH groups, which was
due to phenolic, alcoholic, and acid groups, is indicated by the broad peak at 3282 cm−1.
The presence of H-C-H asymmetric and symmetric stretching, which occurred due to the
presence of alkane groups, is indicated by the peak at 2931 cm−1. The peak at 1726 cm−1

was attributed to the C=O group, whose presence was due to ketone, ester, and carboxylic
acid functional groups. The peak at 1637 cm−1 is linked to the presence of C=O, whose pres-
ence was due to an amide group. Similarly, due to an amide group, the peak at 1531 cm−1

also suggests the presence of a C=O group.
The major peaks in the FT-IR spectra of the ZnO 10 mM nanoparticles evidenced the

presence of OH groups, occurring due to the presence of phenolic, alcoholic, and acid
groups, which was indicated by the peak at 3273 cm−1 (wide peak). The peaks at 2966 and
2931 cm−1 indicate H-C-H asymmetric and symmetric stretching.

The peaks at 1450 and 1379 cm−1 confirm the existence of N=O. The peaks in the FT-IR
spectra of the ZnO 20 mM nanoparticles confirmed the presence of OH groups, which
appeared due to the presence of phenolic, alcoholic, and ketone groups, as indicated by
the broad peak at 3292 cm−1. The peak at 2929 cm−1 indicates H-C-H asymmetric and
symmetric stretching due to the presence of an alkane group. The peak of the C=O group,
which appeared due to the presence of esters, ketones, and carboxylic acids, is indicated at
1726 cm−1. The peak showed the presence of C=O due to an amide group at 1633.71. The
presence of another C=O due to the existence of an amide group is indicated by the peak at
1531 cm−1. The peak at 1381 cm−1 indicates the presence of an N=O group. The peaks at
1288, 1180, and 1053 cm−1 indicate the occurrence of a C-O group, which existed due to
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the presence of esters and ethers. Therefore, regardless of the concentration, the functional
groups are the same.
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3.4. SEM Analysis

SEM uses a focused beam of electrons to scan a sample and create high-resolution
images of its surface by interacting with the atoms to emit secondary electrons, backscat-
tered electrons, and X-rays. It is useful for analyzing a wide range of materials, including
nanoparticles, and can provide detailed images of their shape, size, and distribution [41,42].

A scanning electron microscope was used to carry out research on the surface mor-
phology of the ZnO nanoparticles. Measurements were taken to analyze the synthesized
nanostructure’s growth and morphological properties. The SEM results revealed the pres-
ence of the synthesized zinc oxide nanoparticles as micro-sized ZnO bioconjugates with
a size range of 100–120 nm, as shown in Figure 4. When ZnO NPs are synthesized in an
aqueous medium, the surface energy increases and the space between the particles narrows
due to densification [43]. A similar morphology was observed with ZnO nanoparticles
synthesized via the sol–gel method, in the flower twigs of Elaeagnus angustifolia [44], in
Tabernaemontana divaricata leaf extract [21], and in E. globulus leaves [45].
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3.5. AFM Analysis

AFM entails the scanning of the surface of a sample using a sharp tip and measuring
the forces between the tip and the sample. This allows for the high-resolution imaging of
samples at the nanoscale and the characterization of nanoparticles in terms of their size,
shape, distribution, mechanical properties, and chemical composition. AFM has found
wide applications in materials science, biology, and chemistry [46,47].

In Figure 5, it is evident that the ZnO nanoparticles are monodispersed with a clearly
spherical morphology. The mean particle size is about 90–100 nm, and the degree of
roughness is about 3 nm. The particles are tightly packed and evenly distributed. The
results show that the diameter (D) of the ZnO particles in the monolayer is approximately
7.5–11.1 nm.

The monodispersity of particles is an important aspect that gives rise to their consistent
size and shape, leading to efficient reactions in catalysis and improved pharmacokinetics in
drug delivery. A spherical morphology is beneficial for drug delivery, while tight packing
and even distribution can improve the performance of solar cells or sensors. The presence
of small ZnO nanoparticles in monolayers may also improve the electronic properties of
electronic devices [48–50]. In previous research, the AFM results of marine-yeast-mediated
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ZnO nanoparticles demonstrated that the shape of the NPs was round and that their size
was 86.27 nm [51].
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3.6. Antibacterial Activity of Zinc Oxide Nanoparticles

The antibacterial activity of the ZnO nanoparticles was determined via their expo-
sure to fish pathogens and gauging the extent of inhibited bacterial growth [52]. ZnO
nanoparticles can manifest their antibacterial activity through various mechanisms. One
of these mechanisms includes the dismemberment of the bacterial cell membrane, which
eventually results in the death of the bacterial cell. The production of reactive oxygen
species (ROS), such as hydrogen peroxide, is yet another process that contributes to the
death of bacterial cells. ROS, such as hydrogen peroxide, may damage DNA and proteins,
ultimately resulting in cell death. Furthermore, the nanoparticles can interact with the
bacterial cell surface, thereby hindering bacterial metabolism and reproduction [53,54].

An antibacterial study of three different concentrations (5, 10, and 20 mM) of the ZnO
NPs’ (30, 60, and 90 µg/mL) activity against fish pathogens, including Serratia marcescens,
Aeromonas hydrophilla, Vibrio harveyi, and Vibrio parahaemolyticus, was performed. According
to Figure 6, the maximum activity was observed for Vibrio harveyi, which occurred at a
20 mM concentration. When the growth kinetics were evaluated for the ZnO nanoparticles
at a 20 mM concentration for an incubation period of 24 h, it was further proven that
the ZnO nanoparticles successfully inhibited the growth of the Vibrio harveyi culture as
well as Aeromonas hydrophila, as demonstrated in Figures 7 and 8. The supernatant was
used as negative control. In a prior study, durian-rind-synthesized ZnO NPs showed
significant antibacterial efficacy against Escherichia coli and Staphylococcus aureus. Zinc ions
released by ZnO NPs harm the bacterial cell membrane and undermine its integrity, thereby
killing a bacterium [55]. The biosynthesis of nanoparticles through green approaches, as
conducted in this research, has been receiving an increasing amount of attention due to its
eco-friendliness, low cost, and biocompatibility [56].
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ZnO NPs may have many antibacterial mechanisms. ROS (reactive oxygen species)
impair cell membrane integrity, oxidizing lipids, proteins, and DNA. Depending on their
form and size, ZnO NPs may be ingested through endocytosis, nonspecific uptake, or
membrane diffusion via membrane-based holes. Nanoparticles attach to cells via the
electrostatic attraction of Zn+2 ions to negatively charged surfaces. Gram-negative bacteria
are more sensitive to nanoparticle toxicity due to their weaker peptidoglycan coating. This
is because thinner peptidoglycan layers provide a less efficient barrier for the interactions
between the nanoparticles and the cell membrane. As nanoparticles come into direct contact
with bacteria, factors such as the cell wall’s thickness, structure, and composition influence
their effects. The inhibition of enzymes by nanoparticles is an important component of the
whole process of the induction of the death of bacterial cells. They also have the ability to
suppress efflux pumps, which renders the cultures bactericidal [29,32,57,58].

4. Conclusions

The biogenic production of ZnO nanoparticles utilizing L. fermentum and the resulting
NPs’ characterization and effectiveness against fish pathogens were shown in this work.
Regarding bactericidal action, a high concentration of ZnO NPs is very crucial. In this study,
the nanoparticles were created using the probiotic bacterial culture Lactobacillus fermentum,
for which no toxic chemicals or reagents were used in the synthetic process. SEM, XRD,
FTIR, AFM, and UV–visible spectrophotometry were used to analyze the morphology
and maximum absorbance of the biosynthesized ZnO NPs. The mechanism behind the
developed NPs’ actions may be attributed to their easy penetration into the cell membranes,
ROS generation, efflux pump inhibition, and their morphology. The study’s findings reveal
that ZnO NPs exhibit potent antimicrobial properties against fish pathogens and that the
effectiveness of this technique’s antibacterial activity is directly proportional to the dose
of the nanoparticles. These findings suggest that ZnO NPs have the potential to act as
a natural alternative to traditional antibiotics for the control of fish pathogens, which is
also significant in consideration of the massive use of antibiotics in aquaculture and the
increasing resistance phenomenon. However, further study is required to evaluate ZnO
NPs’ safety and efficacy in fish farming. Aquaculture is an increasingly fundamental source
of seafood, for which an increasing use of antibiotics has been reported [59]. The future of
aquaculture is dependent on the outcome of addressing this challenge [60]. In addition,
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inquiries might be broadened to examine the effect of ZnO NPs on other types of fish
diseases and aquatic species in order to investigate their potential uses.
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