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Abstract: The association of gut microflora and human health is being increasingly recognized, and the impact of gut

microflora on the host is well characterized, including the body’s energy metabolism and immune system

maintenance. Several human diseases, including metabolic, autoimmune, obesity, hypothyroidism, and intestinal

disorders, are closely associated with gut dysbiosis. Inorganic nanoparticles (NPs) are extensively utilized in numerous

fields due to their distinctive, attractive physicochemical properties. Estimation of the potential impacts of NPs, with a

high number of microorganisms inside the human body (microbiota) and its genomes (microbiome), represents one

of the most important aspects of nano-toxicology. This review article aims to provide information on the association

of gut microflora alterations to diseases and describe the impacts of various inorganic NPs, including silver, zinc,

selenium, titania, silicon, and copper, on gut microflora. Research on the effect of inorganic NPs on gut microflora of

animal models and the poultry industry is reviewed. The response of pathogenic Enterobacter species to inorganic

NPs has been expounded in detail. This review also highlights the need to focus on the ancillary effects of various

inorganic NPs on gut microflora to expedite the suitable advancement of these particles for future use. Finally, the key

opportunistic areas for the application of nanotechnology are underlined to manipulate the microbiome of gut

dysbiosis, provide an overview, and address potential challenges and our perspective on this evolving field.

Introduction

The human microbiome comprises nearly 10–100 trillion
symbiotic microorganisms, which comprise the human
microbiome, which also includes the genes these microbial
cells harbor (Ursell et al., 2012). From the results of current
epidemiological, physiological, and quantification studies,
complemented by cellular research and animal experiments,
it seems that microbial communities may intervene or alter
a significant portion of the environmental impacts on
human health and the risk of disease (Lynch and Pedersen,
2016). These microbial communities, collectively known as
microbiota, comprise a large number of interacting microbes
such as fungi, archaea, bacteria, eukaryotic viruses, and
bacteriophages concomitantly present on the surface of the
human body and in all body cavities (Lynch and Pedersen,
2016). These can be categorized as commensal or

mutualistic microbes (Lynch and Pedersen, 2016). Most of
the microbes that make up the human microbiota reside in
the human intestine and are influenced by the mode of
birth, newborn feeding, drug intake, lifestyle, and genetic
makeup of the host. The gut microbiota contributes
considerably to host immunity training, digestion of food,
gut endocrine function regulation, neurological signaling,
metabolism of drugs and activity modification, toxins
removal, and generating several compounds that impact the
host (Fan and Pedersen, 2020; Khan et al., 2021).

Gut microbiota changes are often linked with diseases and
are described as gut dysbiosis. Often the compositional change
and the associated phenotype may alter a small number of
microbes. Gut dysbiosis is linked with numerous intestinal
and extra-intestinal diseases comprising infections, asthma,
obesity, neurological disorders, colorectal cancer (Schwabe
and Jobin, 2013), inflammatory bowel disease (IBD) (Buttó
and Haller, 2016; Kamada et al., 2013), allergies and diabetes
(Gevers et al., 2014; Hill et al., 2012). Relative microbial
abundance variations are caused by dietary changes, infection,
immune dysfunction, inflammation, or toxin or antibiotic
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exposure (Zeng et al., 2017). Various approaches to modify the
gut microbiome, including antibiotics, probiotics, prebiotics,
symbiotic, post-biotic, dietary changes, and microbiota
transplants, lack specificity to achieve targeted changes, so
novel approaches are required for gut microbiome intervention
aimed at different disease therapies to navigate the complex
microecology that exactly intervene with the liable pathways
(Song et al., 2019). Nanotechnology can meet the requirement
to connect via molecular and macroscopic length scales and is
crucial for interaction with insignificant molecule metabolites,
microscopic bacteria, and macroscopic structures (Song et al.,
2019). Nanoparticles (NPs) can enter the gastrointestinal tract
(GIT), making it important to appropriately investigate the
potential toxicity risks (Li et al., 2019).

Herein, we review the properties of healthy intestinal
microbiota and intestinal dysbiosis leading to other disorders
and the role of NPs in solving this problem and also describe
the attributes of different metallic NPs that are specifically
suited to intestinal microbiome intervention. The toxicity of
NPs against gut pathogenic microbes, including Citrobacter
rodentium, Salmonella enterica serovar Typhimurium,
Shigella flexneri, C. difficile, and Listeria monocytogenes is
highlighted by describing their antimicrobial mechanism of
action. We highlight critical work in which inorganic NPs
have been used to maintain gut homeostasis. “Opportunities
to the nascent field of nanotechnology, major challenges to
using them as food for gut homeostasis, and some future
perceptions to fill the research gaps in this area are elaborated.”

Gut microbiota-homeostasis vs. dysbiosis
A significant assumption for arguing the interruption of the gut
microflora is to provide knowledge of the composition and role
of the gut microbiome of healthy individuals (Fan and Pedersen,
2020). It is usually subjugated by anaerobic bacteria, which
outnumber 100- to 1000-fold aerobic and facultative anaerobic
bacteria. Intestinal microbiota as a whole have been reported
to comprise 500–1000 species that belong to the few known
phyla; among these, two dominating phyla in the gut are
Firmicutes and Bacteriodetes, and some other species belong to
phyla Proteobacteria, Verrumicrobia, Actinobacteria,
Fusobacteria and Cyanobacteria (Huttenhower et al., 2012; Qin
et al., 2010). Recently, a large-scale study explored nearly
35000 species of bacteria residing in the human gut (Jandhyala
et al., 2015). The relative distribution of these microbial species
is distinctive to an organism, partly due to variations in
microbial growth rates and structural variants at strain levels
within the microbial genes (Huttenhower et al., 2012; Korem
et al., 2015; Zeevi et al., 2019) and partly due to the influence
of substantial inter-individual variations in environmental
exposures and host genetics (Rothschild et al., 2018). Healthy
gut microbiota is characterized by constant microbiome
functional cores, microbial gene strength, and high taxa variety
(Huttenhower et al., 2012). Microbial richness is affected by
intestinal transit; thus, only gut bacterial variations and
richness are not neutral markers of a healthy microbiome
(Falony et al., 2018). Long transit time can contribute to
enhanced richness, but not definitely in a healthy intestinal
microflora (Fan and Pedersen, 2020). The gut bacteria are
important for numerous features of the host biology; as they
are involved in the growth and differentiation of colonic

epithelium and immune system of host, they are capable of
metabolizing the indigestible polysaccharides and production
of essential vitamins and provide protection against
opportunistic pathogens (Sommer and Bäckhed, 2013).
Eventually, for a variety of vital functions, the host relies on its
gut microflora, so this gut microflora may contribute to health.

Gut microbiota is fluctuated by the exposure to
numerous environmental factors like drugs, toxins,
pathogens, psychological and physiological stress, and diet
as well (Sommer and Bäckhed, 2013). The composition of
the gut microflora is altered by intercurrent infections and
treatment by antibiotics (Jandhyala et al., 2015).

People in developed countries exhibit more decline in
microbial diversity as compared to those living traditional
lifestyles, and have never been exposed to antimicrobial drugs
of the modern world (Clemente et al., 2015). The abundance
of Bacteroides, Prevotella, Desulfovibrio, Lactobacillus, and
Oxalobacter genera in the gut microflora is deteriorating in
tandem with urbanization, sewerage, superior housing
standards, and better sanitation in general (Clemente et al.,
2015; Sommer and Bäckhed, 2013; Tyakht et al., 2013). This
decrease in diversity leads to an increase in the incidence of
common diseases. Likewise, low levels of microbes are linked
with insulin resistance, an increase in adiposity, dyslipidemia,
and inflammation in both lean and obese individuals (Le
Chatelier et al., 2013). Antibiotics to fight infectious diseases
can contribute a key role in the decline of gut microflora; like
the use of antibiotics before or during pregnancy and in early
childhood can alter the gut microflora makeup in children
and infants, ultimately leading to the early onset of obesity
(Fujisaka et al., 2016). So abnormal gut microflora is closely
associated with neurological disorders, metabolism in obesity,
cardiovascular disorders, hypothyroidism, inflammatory
bowel diseases, and cancer. Fig. 1 represents the impact of
various factors on gut dysbiosis, including diet, drug intake,
sedentary lifestyle, pathogen exposure, and stress,
demonstrating the disturbance in gut microflora.

Impact of heavy metal Cadmium (Cd) on gut microbiota
Cd is a non-essential heavy metal designated as a highly toxic
pollutant for human health (Kumar and Sharma, 2019).
Ingestion of food and drinking water contaminated with Cd
increases the metal load in the body. Previous reports have
shown the harmful effects of Cd compounds in aquatic and
terrestrial wildlife like crabs, fish, zebra, and rodents (Gonzalez
et al., 2006; Sun et al., 2018; Wang et al., 2011b). Depending
on the concentration and exposure duration of Cd, varied
health effects have also been observed in humans. Acute
ingestion can have primary effects, such as gastrointestinal (GI)
disturbances like diarrhea, vomiting, nausea, and abdominal
pain. Chronic exposure can increase the risk of chronic lung,
and kidney dysfunction, reproduction impairment, and bone
deformation and can also lead to the progression of cancerous
cells (Bist and Choudhary, 2022).

Cd has toxic effects on microbial growth by disturbing
the protein synthesis and functions of varied enzymatic
systems. Gut microbiota is considered the primary contact for
Cd and can have extremely deleterious effects on the gut
microflora composition. A study reported by Zhai et al. (2017)
demonstrated the specific and time-dependent alterations in
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the gut microflora of mice after exposure to Cd and other toxic
metals. Fazeli et al. (2011) reported that Gram-positive bacteria
in the gut are more sensitive than Gram-negative bacteria to
Cd. Similarly, in the gut, Bifidobacteria were more sensitive to
Cd toxicity than Lactobacillus because Lactobacilli were more
abundant, with a greater tolerance to Cd than Bifidobacteria.
Lactobacillus also has massive Cd binding and removal
capabilities (Duan et al., 2020).

Liu et al. (2020) compared the effects of Cd exposure on
normal and antibiotic-treated mice that showed that Cd-
induced gut dysbiosis could increase intestinal permeability.
Kim et al. (2015) reported a weaker proinflammatory response
to Cd metal exposure in germ-free mice than that in control
mice, indicating that the Cd-induced proinflammatory effect
was partially dependent on the gut microflora. Transplantation
of gut microbiota from Cd-treated mice into Cd unexposed
mice prompted inflammatory and allergic responses in the Cd
unexposed mice (Kim et al., 2017). Ba et al. (2017) reported
Cd-induced changes in young male mice with an enhanced
ratio of Bacteroidetes/Firmicutes and body fat. Transplantation
of fecal microbiota from Cd-exposed mice to control mice
exhibited increased accumulation of fat; treatment of these
mice with oral antibiotics significantly prevented this tendency,
indicating the important role of gut microflora in this process
(Duan et al., 2020). These findings will help to determine how
the gut microflora exerts its impact on the health of the host.
Hence, gut microflora is critical for determining the toxicity of
environmental contaminants, specifically trace heavy metals
like Cd.

Influence of Gut Microflora on Health and Diseases

Gut microflora and obesity
Since the mid-twentieth century, the prevalence of obesity and its
metabolic co-morbidities have increased significantly in developed
countries (World Health Organization) (World Health
Organization, 2000). According to the World Health

Organization, more than 1900 million people above 18 years of
age had a body mass index (BMI) of more than 25 kg/m2, and
600 million people were categorized as obese with a BMI of
more than 30 kg/m2 in 2016 (World Health Organization)
(World Health Organization, 2017). Enhanced consumption of
food and a sedentary lifestyle with a widespread phylogenetic
susceptibility are the main reasons for the obesity epidemic
(McAllister et al., 2009), which is further compounded by the
extensive use of antibiotics (Cox and Blaser, 2015).

Obesity may promote the development of the metabolic
syndrome and type 2 diabetes with other related comorbidities.
In the last 10 years, these metabolic changes have been found
to be closely related to gut dysbiosis. Alterations in the gut
microflora are associated with the obesity and its related
disorders (Angelakis et al., 2012). Moreover, evidence for the
function of gut microflora in arbitrating some of the
environmental consequences of obesity pathogenesis is
accumulating. Successive epidemiological findings have
indicated variations in the gut microflora of organisms with
obesity and lean organisms. In 2006, researchers found that a
versatile obesity-associated microflora would trigger weight
increase in lean mice (Turnbaugh et al., 2006). Twin studies at
the species level discovered that obesity is correlated with the
large number of Eubacterium ventriosum and Roseburia
intestinalis, which are short chain fatty acids (SCFA) producers
(Tims et al., 2013), while leanness is correlated with butyrate
producers such as Oscillospira spp (Gophna et al., 2017) and
the methanogenic archaeon Methanobrevibacter smithii (Miller
et al., 1982). In another metagenome-wide association
investigation, the abundance of Bacteroides thetaiotaomicron, a
glutamate-fermenting commensal, was distinctly reduced in
people with obesity and was contrarywise associated with
serum glutamate intensity (Liu et al., 2017). The bacterial
component of gut microflora is less diverse in obese patients as
compared to the eutrophic subjects. In a research study, obese
mice were observed with increased Firmicutes and decreased
Bacteroidetes in feces irrespective of the diet intake (Le

FIGURE 1. Gut dysbiosis with associated disorders:
inflammatory bowel disease, cardiovascular diseases,
obesity, and neurological disorders caused by various
factors including unhealthy diet, antibiotics, sedentary
lifestyle, pathogenic exposure, psychological and
physiological stress that disturb the normal gut
microflora.
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Chatelier et al., 2013; Ley et al., 2006). An increase in the
Firmicutes/Bacteroidetes ratio was also observed in the fecal
microflora of obese humans. However, a recent meta-analysis
did not confirm the lower ratio of Bacteroidetes in obese
patients and thus suggests that the alterations in gut
microflora by weight or BMI may not be universally true
(Angelakis et al., 2012). Investigations of intestinal microbial
paths and gene families indicate that obesity is related to a
reduced unidirectional conjugation ability that transmits
genetic information between bacteria and a decline in
superoxide reductase, possibly contributing to intestinal
oxidative stress (Thingholm et al., 2019).

People with obesity possess higher levels of SCFA and
decreased residual food calories in feces as compared to lean
individuals. In spite of all accumulated evidences, there still
exist knowledge gaps on the role of gut microflora in the
development of obesity and how its management may help
to control the syndrome.

Gut microflora in inflammatory bowel disease (IBD)
IBD is a disorder described as persistent and deteriorating
inflammation of the intestine, and two clinical forms of IBD
are known: Crohn’s disease and ulcerative colitis. Even though
the reason for IBD remains ambiguous, since several disease
vulnerability genes have been recognized, genetic history is
believed to be one of the reasons for IBD pathophysiology.
However, genetic factors alone do not explain the quick rise in
the prevalence of IBD, so environmental factors must also be
important to its growth (Matsuoka and Kanai, 2015). In IBD
patients, variations in the gut microbiome have been assessed
that showed decreased gut diversity (Tong et al., 2013; Willing
et al., 2010). Reduction in Firmicutes and increase in
Proteobacteria are the most reliable findings of the modified
composition of gut microflora in patients with IBD (Scanlan et
al., 2006; Stecher and Hardt, 2008). The decline in the diversity
of gut microflora has been observed due to the reduction in
Firmicutes diversity in IBD patients. A decline in Clostridium
leptum groups, in particular Faecalibacterium prausnitzii,
among Firmicutes was recorded in a number of findings
(Wang et al., 2014). Findings associated with species
Enterobacteriaceae, Bacteroides, Bifidobacteria species,
Lactobacillus species, and Escherichia coli are inconsistent with
studies discussed above (Andoh et al., 2011; Takaishi et al., 2008).

There is a clear agreement on the involvement of gut
microflora in the development of IBD, but the gut microflora
alterations and involvement of specific bacterial species are
under discussion. Prospective studies must be undertaken to
investigate an evidence-based reason and the exact
relationship between gut microflora and IBD. Such studies
will have to be supported by experiments involving
colonization of wild-type, germ-free, and genetically modified
mice with individual bacterial species or a combination of
various bacteria to identify the cause of bacterial strain and
clarify the fate of the gut microflora in IBD.

Gut microflora in neurological disorders
Gut-brain axis terminology is used for biochemical signaling
between the central nervous system (CNS) and the GI tract.
A definition by Wang and Kasper describes the gut-brain
axis that comprises the CNS, the neuroimmune and

neuroendocrine systems, the parasympathetic and sympathetic
sections of the autonomic nervous system, and gut microflora
(Wang and Kasper, 2014). Research studies on the gut-brain
axis have revealed the complex communication and interaction
system for the proper maintenance of GI homeostasis. The
efferent signals are derived by the autonomic system from the
CNS to the intestinal walls (Arneth, 2018). Several studies
indicate that through the communication and stimulation of
“pattern recognition receptors” for example, toll-like receptors
2 and 4, the gut microflora influences the growth, functions,
and ailments of the CNS and Enteric Nervous System (ENS)
(Heiss and Olofsson, 2019; Hyland and Cryan, 2016). Gut
dysbiosis and consequent loss of gut barrier stability and
intestinal permeability enable improved translocation of gut-
bacteria-derived metabolites and microbe-associated molecular
patterns into mesenteric lymphoid tissues, leading to the
progression and development of various neurological diseases
(Tyler Patterson and Grandhi, 2020; Tremlett et al., 2017). An
animal study also documented that fluctuations in the
composition of intestinal microflora or lack of enteric bacteria
in mice had a minor prevalence of myenteric neurons and a
sophisticated incidence of intestinal motor dysfunction,
suggesting that enteric bacteria had a determinable effect on
ENS tropism (McVey Neufeld et al., 2013). In contrast to
control mice, germ-free animals also displayed deregulated
hormone signaling, less brain-derived neurotropic factor
expression, neurotransmission variations, and amino acid
metabolism (Kawase et al., 2017). Gut microbes modified the
movement of locomotors in Drosophila by enhancing
metabolite assembly (Chen et al., 2019). Researchers reported
that various pathogenic, commensal, and probiotic microbes of
the GI tract could activate the signaling process of CNS and
neural pathways, and these can contribute to the development
of depression and anxiety (Foster and Neufeld, 2013;
Naseribafrouei et al., 2014). When studying the directional
interactions between CNS and the gut, other agents include
Lactobacillus rhamnosus, Helicobacter pylori, L. paracasei,
Pseudomonas, Escherichia coli, and Bifidobacterium longum
(Arneth, 2018). Recent research has focused on the
contribution of the gut microflora to regulate and influence
metabolism and immunity and how it can change the function
of the brain. Other factors, including diet, sleep patterns, and
exposure to antimicrobial agents, have been found to alter
brain function by altering the gut microbiome (Arneth, 2018;
Bravo et al., 2012).

Medical and scientific communities have increased
awareness regarding the significant link between CNS and
the intestinal environment. Specifically, existing research
studies have shown that the gut-brain axis integrates the
persistent interaction and bidirectional communication
between the gut, the CNS, the endocrine system, the ENS,
and the brain.

Gut microflora in cardiovascular diseases
Atherosclerosis is termed an inflammatory disorder with
evidence supporting a potential autoimmune background
(Hansson and Jonasson, 2009). Infection contributes to
inflammation in the body and is considered a proposed
mechanism of atherosclerosis. Various microbes are
associated with an increased risk of cardiovascular diseases
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(CVD), including Chlamydophila pneumoniae, Helicobacter
pylori, Porphyromonas gingivalis, influenza A virus, hepatitis
C virus, cytomegalovirus, and human immunodeficiency
virus (Rosenfeld and Campbell, 2011). Two predominant
mechanisms are involved in the contribution of infections
towards atherosclerosis: direct infection of the blood vessel
wall that makes it susceptible to plaque formation or indirect
infection at another site that promotes the proinflammatory
mediators from a systemic immune response that can affect
the growth of plaque (Novakovic et al., 2020). Gut dysbiosis
involves atherosclerotic metabolite production in the gut, like
trimethylamine N-oxide (TMAO), and it can change bile
acid metabolism (Bu and Wang, 2018). The finding that
DNA is found in atherosclerotic lesions from different
species of bacteria and in the gut of similar persons indicates
that the gut microflora can be a possible cause of
atherosclerotic bacteria and consequently be involved in the
coronary artery disease pathogenesis (Jin et al., 2019). Jie
et al. (2017) studied the gut microflora and atherosclerotic
CVD connection (Jie et al., 2017). They found that the gut
microbiome composition involving Enterobacteriaceae and
Streptococcus spp. members in atherosclerotic CVD was
higher than that in healthy controls (Jie et al., 2017).
Karlsson et al. (2012) used gut metagenome shotgun
sequencing to show that the intestinal microbial populations
differed from those in healthy controls in patients with
symptomatic atherosclerosis (Karlsson et al., 2012). Patients
had increased numbers of the genus Collinsella, while gender
and age-matched controls had improved the richness of
Eubacterium and Roseburia (Karlsson et al., 2012). Other
evidence also exhibited the role of gut microflora in
atherosclerosis in humans (Lanter et al., 2014).

To understand the role of gut microflora in human health
and to guide the therapeutic interventions for CVD, it is
important to elucidate the factors that work together to affect
gut microflora and disease development. Further investigations
are needed to examine these complex mechanisms by
advanced nanomedicine approach, data sciences, and
incorporation of various factors like ethnicity and sex to study

the gut bacteria-mediated mechanisms that can lead to more
effective preventive and therapeutic approaches to CVD.

Ancillary Effects of Inorganic Nanoparticles on Gut
Microflora

Antibiotics widely used to treat bacterial infections can result in
the imbalance of intestinal microflora, destroying the intestinal
barrier and increasing bacterial resistance. There is an urgent
requirement for a therapy that does not affect the intestinal
microflora. NPs-based approaches can combat bacterial
infections directly or indirectly to overcome antibiotic
resistance without affecting the normal gut microflora. The
potential effects of NPs on the microbiome and their clinical
implications are still constrained in the number of studies.
Recent evidence indicates that a number of NPs, including
carbon nanotubes, titanium dioxides, cerium dioxides, cerium
oxides, nano silica, and nano silver (Ag), may have an impact
on microbiota (Lamas et al., 2020). Other NPs, such as the
iron-NPs, may be more beneficial compared with standard
iron-based additional drugs because they do not disturb the
microbiota/microbiome (Pietroiusti et al., 2016). The
treatment of intestinal diseases may also require NPs-based
clinical treatments as they are reported as a safe mode of
treatment as compared to antibiotics or other commercially
available drugs (Qiu et al., 2018). Previous studies have
revealed that Ag and copper (Cu) NPs were being used for
antimicrobial action and in food packaging (Cushen et al.,
2014), titanium dioxide as a food dye (Weir et al., 2012), and
amorphous silica, introduced through the oral route, has been
used as an alcoholic drink, clearing additives or as an anti-
caking agent (Weir et al., 2012).

The pathophysiological pathways, biomarkers, and
different metabolic activities in vitro and in vivo models
following the interaction of gut microbiota with exposure to
NPs have been discussed here. The potential toxicological
effects NPs in various physiological and chemical processes
induced by the microbiota are also highlighted. Fig. 2
represents the impact of inorganic NPs on gut microflora.

FIGURE 2. Role of inorganic nanoparticles (Se NPs,
ZnO NPs, CuO NPs, Ag NPs) on gut microbiome as
intestinal microbiota modulator, immune response
modulator, antibacterial and antifungal agents.
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Impact of Inorganic Nanoparticles on Gut Microflora of
Animal Models

Selenium (Se) nanoparticles
Se is considered a micronutrient used as a routine constituent
of animal feed to maximally improve the efficiency of the
immune system. Since then, mounting studies have shown
the beneficial effect of the organic and inorganic Se
supplementation on immune-endocrine, metabolic, and cell
homeostasis of Se (Wang et al., 2017). The inorganic
(selenite) and organic (selenomethionine) formulations are
currently delivered in two separate forms (Dekkers et al.,
2013). Recently, the potential application of this
micronutrient in the form of Se NPs (Se-NPs) has been
emphasized (Surai, 2002a, 2002b), and it has also been shown
to be responsible for modulating gut microbiota (Gangadoo
et al., 2016). Previous studies revealed that administration of
Se in the form of NPs increased the uptake of Se by the cells,
which led to improved immune responses and modulation of
intestinal microbiome and musculoskeletal functions (Beski et
al., 2015; Gangadoo et al., 2018; Lin et al., 2015). Due to the
best absorption ability of NPs, SeNPs are considered the most
appealing material that does not go through the metabolism
before being incorporated into selenoproteins as their
absorption mechanism is much faster because of their unique
physical property of high surface-to-volume ratio (Surai,
2002b; Wang et al., 2011a).

ZnO nanoparticles
Zn is the second most widely dispersed micronutrient found in
traces (Ross et al., 2020; Faizan et al., 2021). It is present in a
variety of foods, including beef, oxygen, meals, and grains.
Commercial Zn supplements have between 7 and 80 mg of
elementary Zn and are usually formulated as zinc oxides or
acetate-gluic salts (Ross et al., 2020). Commercial Zn
supplements contain between 7 and 80 mg of primary
Zn and are typically formulated as genetically engineered Zn
supplements. Symptoms of zinc deficiency are nonspecific,
including growth retardation, diarrhea, alopecia, glossitis, nail
dystrophy, decreased immunity, and hypogonadism in males.
In developing countries, Zn supplementation may be effective
for the prevention of upper respiratory infection and diarrhea
and as an adjunct treatment for diarrhea in malnourished
children (Mocchegiani et al., 1995; Timbo et al., 2006). ZnO
NPs are considered a rich source of Zn and are less than
100 nm in diameter. For many years it has been used as an
anti-cancer, antibacterial, antifungal, anti-viral, and in
industrial products (Karavolos and Holban, 2016; Patel et al.,
2016). Under several circumstances, the detrimental effects of
ZnO NPs on animals have been observed, and these harmful
effects are closely associated with NP size and form. More
toxic effects arise because NPs of the smallest scale quickly
pass across the cell membrane, thus averting the defense
mechanism (Handy et al., 2008). Then, NPs migrate into the
cell to enter mitochondria, alter the metabolism of the cell
and contribute to cell death (Saptarshi et al., 2015). ZnO NPs
are responsible for the antibacterial activity as the reduced
particle size induces surface reactivity (Crisol-Martínez et al.,
2017). The reason behind the antibacterial effect is the
production of reactive oxygen species (ROS), which is

responsible for the induction of oxidative stress in the
bacterial cell (Crisol-Martínez et al., 2017).

In an experimental study to examine the effect of a low
dose of ZnO NPs performed on weaned piglets, ZnO NPs in
the diet increased the amount and diversity of bacteria in
the ileum and decreased both in cecum and colon, while the
relative abundances of Streptococcus and Lactobacillus
increased, respectively. In addition, mouse urine metabolites
(Yan et al., 2012) and impaired glucose metabolism in lung
epithelial cells suggested the effect of ZnO NPs on
metabolism (Lai et al., 2015).

Furthermore, the impact of ZnO NPs on the intestinal
microflora of domestic animals and the association between
the metabolites and the intestinal microflora is not yet
known. Further research work is needed to find the beneficial
or harmful effects of ZnO NPs on the bacterial population of
ileal digesta, the metabolites present in the plasma, and the
inter-relationship because intestinal microflora is of great
importance to metabolism (Sirelkhatim et al., 2015).

CuO nanoparticles
Cu is an important micronutrient for the functioning of living
cells and can be found in both oxidized and reduced forms.
Furthermore, various enzymes involved in metabolic
processes, specifically to the proper functioning of the body,
are built into the active centers (Fröhlich and Fröhlich,
2016; Xia et al., 2017), such as mitochondrial respiration,
protection against free radicals, neurotransmitter synthesis,
development of collagen and elastin, synthesis of melanin,
or metabolism of iron (de Bie et al., 2007; Festa and Thiele,
2011; Lutsenko et al., 2007). It has been reported that
excessive use of Cu has major toxic effects that will lead to
extreme metabolic syndromes such as Menkes disease or
Wilson’s disease (Gupta and Lutsenko, 2009; Vickers, 2017).
For instance, CuO nanoparticles (CuO NPs) are used in
conductive coatings, batteries, surfactants, and antimicrobials
(Tümer and Møller, 2010). In general, because of their high
surface-to-volume ratio, CuO NPs can exhibit efficient
antimicrobial activity in a wide variety of microbial species at
low concentrations (Hyland and Cryan, 2016). Cu-based NPs
are also increasingly being used commercially, and their
worldwide production in 2010 reached 200 tons (Lorincz, 2018).

Recently, a study has been performed on Cyprinus carpio
(common carp) to assess the effect on growth, immunity, and
oxidation resistance of common carp (3.02 ± 0.01 g, original
average weight ± S.E.) of Cu NPs (Dawood et al., 2020).
Five fish classes were fed with 0, 0.5, 1, 2, and 4 mg/kg
inorganic Cu diets for eight weeks. The growth rate of Cu-
NPs in diets improved, and the feed conversion ratio
decreased with the linear and quadratic model (P < 0.05).
Increased protein, lipid, and ash content were also found to
be dose-dependent in popular carp Cu-NP (P < 0.05). Cu
deposition improved by Cu-NPs in carcass, liver, muscle,
and gills, with an excess of 4 mg Cu-NPs/kg (P < 0.05)
(Dawood et al., 2020). Cu deposition improved by Cu-NPs
in carcass, liver, muscle, and gills, with an excess of 4 mg
Cu-NPs/kg (P < 0.05). Blood variables with the exception of
HB, RBC, total proteins, albumin, and globulins with the
maximum amounts of 2 mg/kg (P < 0.05), have not been
substantially altered by supplementation with Cu-NP. The
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Cu-NPs with reduced malondialdehyde content (P < 0.05)
enhanced the amount of IgM, phagocytic, lysozyme, SOD,
CAT, or GPX activity. Based on the regression analysis, the
requirement of common carp dietary Cu NPs has been
estimated to be 2.19 to 2.91 mg/kg (Dawood et al., 2020).
Another study reported the in vivo exposure impacts of
biocidal nanomaterial exposure on intestinal microbiota,
host immune responses, and the host susceptibility to
earthworm bacterial disorders. Eisenia fetida was exposed to
CuO NPs in soil for 28 days, after which the soil bacterium
Bacillus subtilis threatened the existence of earthworms.
Immune responses to identify earthworm immune genes
were calculated by measuring the mRNA levels (Swart et al.,
2020). Treatment implications for the intestinal microbiota
have also been tested for associating changes in the
microbiome with immune reactions. Treatments have
indeed been responsible for a change in the gut microbiota
of earthworms. No effects of therapy on earthworm immune
marker expression were reported despite these effects (Swart
et al., 2020).

Ag nanoparticles
Recently it has been reported that Ag NPs are the major
constituents of consumer goods, and are used as food
additives and food contact materials, mainly due to their
antimicrobial properties (Jarosz et al., 2018; Scott et al.,
2018b). Ag NPs have achieved a revived, rising interest as
an antimicrobial substitute that could substitute or
supplement the activity of food chemical preservatives
(Chaudhry et al., 2008; El-Katcha et al., 2020). In this
context, the possible application of two Ag NPs, PEG-
AgNPs 20 and glutathione (GSH)-AgNPs, have been
observed to regulate microbial processes in winemaking
(Chaudhry et al., 2008). To promote their environmental
interactions, Ag NPs should be coated; a GSH coating
enhances the solubility and ability of Ag NPs to interact
with the environment.

GSH-AgNPs have been reported as potential antimicrobial
agents against the foodborne pathogen Campylobacter and were
also utilized in the manufacturing and processing of meat in the
poultry industry (Monge and Moreno-Arribas, 2016), with an
average Ag dietary intake of 70–90 μg per day, or even higher
(García-Ruiz et al., 2015; Gil-Sánchez et al., 2018). Another
study was performed to investigate the occurrence of
morphological and physicochemical changes in the GI tract
after the ingestion of Ag NPs. Ag NPs get modified in size and
morphology when exposed to saliva, gastric juice, and
intestinal fluids. These changes are due to differences in pH
and composition of each fluid (Silvan et al., 2018). Besides,
these NPs are less toxic and can also act as anti-inflammatory
agents (Sergeevna et al., 2018). Another study was performed
by using a stable and coherent model framework to verify the
complex movement of fluids across all simgi� (a computer-
controlled GI in vitro model design) compartments
(Wijnhoven et al., 2009). This study also involved the
development of the full function of the simgi� dynamic GI
simulator, which has proved to be a valuable instrument for
determining the physiological behavior of Ag NPs. In the
transport of Ag along the simgi�, a similar dilution pattern
was also found for both volunteers, supporting the model’s

reproducibility. Ag NPs have undergone several GI fluid
transformations. Overall, during the complex GI simulations of
Ag NPs at simgi�, there were no improvements in bacterial
composition or production of ammonium ions. This seems to
suggest that the structure and metabolic function of human
intestinal microbiota was not disrupted by these nanomaterials,
which is of considerable importance in view of its possible use
in the area of the food industry (Walczak et al., 2012).

In animal nutrition, Ag NPs can be used as prebiotics
(Ognik et al., 2016). A research study on weaned piglets by
Fondevila et al. (2009) showed the administration of
20 and 40 ppm of Ag NPs with reduced coliform
bacteria of ileal contents. Pathogenic bacteria, Clostridium
perfringens/Clostridium histolyticum group, was considerably
decreased by Ag NPs with 20 ppm concentration, but the
other major ileum bacterial groups were not impacted
(Ognik et al., 2016). A study on mice by Wilding et al.
(2016) did not change the gut microflora of mice after a
repeated dose of Ag NPs (20 or 110 nm) administered for
28 days with either citrate coatings or PVP (Wilding et al.,
2016). In this study, the Ag NPs dose corresponded to
2000× the oral reference dose; the findings show that for
colloidal Ag, daily intake was considered safe over a lifetime
in humans (Bergin and Witzmann, 2013). Some
contradictory studies also showed the toxic effects of Ag
NPs after their ingestion at higher levels. Further long-term
chronic toxicity studies are needed.

TiO2 nanoparticles
According to some studies, TiO2 NPs have low distinct effects
on the microbiome. Toxicity studies on TiO2 NPs showed
only a minor decrease in Bacteroides ovatus and an increase
in Clostridium cocleatum, leading to the conclusion that
TiO2 NPs at low concentrations have no major impact on
the gut microflora (Ghebretatios et al., 2021). However,
another study showed the exposure of mice to 2.5 mg/kg of
TiO2 NPs for 7 days found no alterations in the fecal
microbiota composition (Chen et al., 2017). Another study
to check the impact of TiO2 NPs on gut microflora using an
in-vitro Human Gut Simulator system found that
community density was reduced, but no impact was
observed on diversity, microbial functionality, and
fermentation (Agans et al., 2019). These studies describe the
little impact of TiO2 NPs on the gut microbiome.

By contrast, other studies showed that TiO2 NPs could
alter the gut microflora. Daily oral administration of TiO2

NPs with 0, 2, 10, and 50 mg/kg doses to rats for 30 days
could induce gut dysbiosis like an increase in Lactobacillus
gasseri, Turicibacter, and Lactobacillus NK4A136_group and
a reduction in Veillonella (Utembe et al., 2022).

SiO2 nanoparticles
SiO2 NPs have not been studied extensively in terms of their
impact on the gut microbiome. However, one study showed
the negative impact of SiO2 NPs on the gut microflora.
Researchers found enhanced diversity and richness of the
microbial community after exposure of mice to human-
relevant doses of SiO2 NPs (2.5 mg/kg) for one week (Chen
et al., 2017); Firmicutes and Proteobacteria increased, and
Bacteroidetes and Lactobacillus were found to decrease. The
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absorption rate of precipitated or fumed silicate allows it to
accumulate in the gut lumen, which provides more time for
toxic effects on gut microflora. It is concluded that fumed
silicates have more potential harm (Ghebretatios et al., 2021).

Impact of Inorganic Nanoparticles on Gut Microflora of
Poultry

Inorganic NPs have various applications in the poultry
industry, including rapid and specific diagnosis of disease,
production parameters improvement in broilers, microbial
inhibition, immuno-stimulation, and disinfection. It is
important to well assess the safety and toxicity hazards
before the application of NPs in poultry farms to guarantee
the health of both poultry and humans.

Se nanoparticles
Se is a micronutrient used in the poultry industry for the
modulation of the gut microbiome. Several studies have
already been used to monitor pathogenesis by using
different vaccines and antibiotics. The increase in antibiotic
resistance, however, has led researchers, as well as chicken
farmers, to pursue alternate methods to deal with animal
and human pathogens (Obeng et al., 2012; Suzuki and Ogra,
2002). New and emerging methods of nanotechnology have
been found not only to kill pathogenic bacteria but also to
resolve toxicity and consequent bioaccumulation (Vieira de
Souza et al., 2012). The effect of Se NPs on pathogen
production control was investigated in the poultry industry
to improve the productivity, health, and wellbeing of the
flocks. The experimental design of the poultry flock study
was designed to compare the effect of bulk Se
macronutrients used in the poultry industry with that of Se
NPs. Se NPs, at 0.9 mg/kg concentrations, have
demonstrated the highest productivity by increasing the
abundance of beneficial bacteria such as Lactobacillus and
Faecalibacterium (Gangadoo et al., 2016). It also increases
the concentration of SCFA, including butyric acid, to boost
intestinal health. Butyric acid is considered a major
intestinal metabolite used to store energy for colonic cells
and other significant bodily functions (Gangadoo et al., 2016).

ZnO nanoparticles
In chickens, the richness and variety of cecum microbiota
were altered with chronic deficiency of dietary Zn (Reed et
al., 2015). SCFA and monoglycerides have been reported as
antibacterial agents against Campylobacter jejuni infection in
broiler poultry (Guyard-Nicodeme et al., 2016). It was
observed that Zn-regulated cecal microbial population by
increasing the number of beneficial bacterial species like
Lactobacillus and decreasing the number of Salmonella in
broilers. Relevant improvements in the cecal microbiota of
broiler chicken were caused by the antibiotic zinc-bacitracin
(Costa et al., 2017; Gong et al., 2007; Shao et al., 2014;
Torok et al., 2011).

CuO nanoparticles
Several studies have compared different concentrations and
states of Cu (organic, inorganic, and nano) to evaluate the
effect on growth enhancement, immune response, and blood

biochemistry in poultry (Du et al., 2019; Ho et al., 2018;
Scott et al., 2018a; Zhang et al., 2014). A previous study on
broiler chickens investigated the effects of dietary
substitution of inorganic Cu on growth efficiency, immune
response, intestinal microbiota, and intestinal microbiota
using the same (100 percent of the recommended
requirements) or lower (50 percent of the recommended
requirements) levels as organic Cu or Cu-NPs with a source
of fresh or oxidized oil (El-Kassas et al., 2018). In the
assessment of 50% organic Cu and Cu NPs, various
activities were increased and it revealed bactericidal activity,
phagocytosis, and lysosomal events, while high doses
reduced these activities. On the other hand, organic Cu and
Cu-NPs decreased the number of Escherichia coli and
Lactobacilli in the cecum of chicken but significantly
decreased the inflammation rate of liver tissues, proving it
as an anti-inflammatory agent (El-Kassas et al., 2018). Fig. 3
shows the impact of NPs on the poultry.

Ag nanoparticles
Ag NPs are considered an important feed supplement in the
poultry industry. There is very little data on the impact of
Ag NPs on gut microbes, and it needs further investigation
as these NPs affect this ecosystem both positively and
negatively. Sawosz et al. (2007) evaluated the effects of Ag
NPs on the cecal microbial profile and enterocyte
morphology in the Japanese quail duodenum. Ten days old
poultry model quails were divided into four groups with
15 quails in each group and placed for 12 days into four
cages. Ag NPs with varying concentrations of 0, 5, 15, and
25 mg/kg were administered to quails via drinking water,
and their cecal and duodenum microflora were collected at
the end of the experiment by killing them. Initially, AgNPs
did not affect the quail cecal microflora emphatically, but at
25 mg/kg in water, there was a remarkable elevation in the
lactic acid bacterial population. Ag NPs did not show any
deleterious effects on enterocytes in the duodenal villi
(Sawosz et al., 2007).

In another study, when Ag NPs were fed to broilers, there
was a decrease in the abundance of pathogenic Escherichia coli
as compared to the control group, and the beneficial bacteria
Lactobacillus remained unaffected. Un-sexed seven-day-old

FIGURE 3. The impact of various inorganic nanoparticles on poultry
by increasing the commensal bacteria and reducing the pathogenic
microbes.
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broiler chicks “Hubbard” (total 180) were divided into six
groups with each group of three replicates, and 10 birds
in each replicate were supplemented with varying
concentrations of Ag NPs at 2, 4, 6, 8, and 10 ppm/kg
during the growth trial period for 7–35 days. Ag NPs at
4 ppm/kg led to the best productive performance of broilers
(Elkloub et al., 2015).

Further research is needed in this area to investigate the
effects of Ag NPs on beneficial bacteria of the gut in the
poultry industry.

Response of Pathogenic Bacteria to Nanoparticles

To enhance their growth and virulence, pathogenic bacteria
residing in the gut cells utilize the microbiota-derived
nitrogen and carbon sources as nutrients and regulatory
signals giving rise to recurrent infections (Campoy and
Colombo, 2009). Enteric pathogenic bacteria include
Citrobacter rodentium, Salmonella enterica serovar
Typhimurium, Shigella flexneri, Clostridium difficile, and
Listeria monocytogenes (Bäumler and Sperandio, 2016).
Clostridium Difficile transmitted via the fecal-oral route is a
Gram-positive toxin-producing bacterium. Release of two
toxins from Clostridium Difficile as an enterotoxin causing
enhanced intestinal permeability and secretion of fluid and a
cytotoxin leading to a strong colonic inflammation resulting
in colitis, diarrhea, and cell death (Ofosu, 2016). Expansion of
Clostridium difficile population occurs due to the antibiotics
treatment that reduces the microbiota diversity in the gut
(Bäumler and Sperandio, 2016). Common facultative
intracellular pathogens Salmonella enterica serovar
Typhimurium, a primary enteric Gram-negative pathogen,
infects millions of people each year and causes life-
threatening foodborne infections (Eng et al., 2015; Fàbrega
and Vila, 2013). GI diseases trigger when this bacterium
reaches the intestinal epithelium. Antibiotic treatment
elevates the levels of free sialic acid from the host and
succinate from the microbiota in the intestinal lumen
promoting the expansion of the S. typhimurium population
and can cause gastroenteritis if it enters the intestinal
epithelial cells (Bäumler and Sperandio, 2016). Survival and
replication of Salmonella species in the host cells, including
macrophages, have been reported. This intracellular bacterial
localization complicates the antibiotic treatment due to their
limited capability to cross the mammalian cell membranes
and it can be exported out actively by the host cell
(Kamaruzzaman et al., 2017). Due to the high drug loading
capacity and their capability to penetrate the eukaryotic cells,
NPs, on the other hand, can overcome this challenge. The
strategies for treating infections caused by Enterobacter
species are restricted due to the faster growth rate of
resistance, against last-resort antibiotics. Nanomaterials are
confined to no resistance development and can deliver a
sustainable therapeutic design. Unlike antibiotics, NPs with
access to multiple targets can possess multiple killing
mechanisms and specific biological structures, enabling them
to escape from enzyme deactivation, ultimately leading to
decreased resistance (Pelgrift and Friedman, 2013).
Endocytosis and membrane fusion as non-porin mechanisms
used by nanomaterials enable their entry into bacterial cells

(Pelgrift and Friedman, 2013). Efflux pumps can be blocked
by nanomaterials to enhance the accumulation of antibiotics
in the bacterial cell (Gupta et al., 2017). Nanomaterials are
active against persisters because their killing mechanism due
to membrane damage does not involve the bacteria being in
the active growth state (Hurdle et al., 2011). NPs possess
specific surface chemistry that allows easy penetration of
nanomaterials into bacterial biofilms, rendering the
interaction to deeply entrench bacterial cells. Significant
interactions with extracellular polymeric substances are aided
by the amphiphilic balance of many nanostructures, like
hydrophobic and electrostatic interactions, optimizing
adsorption, and diffusion through biofilms (Gupta et al., 2016).

Mechanism of nanoparticles against pathogenic bacteria
Nanomaterials with unique sizes and shapes can target
pathogenic bacteria by various bactericidal mechanisms like
cell wall and cell membrane damage, production of ROS,
and finally binding to the intracellular components of the
cell (Soenen et al., 2011). NPs possess exceptional
physiochemical characteristics, specifically multivalent
interactions like receptor-ligand interactions, electrostatic
interactions, van der walls forces, and hydrophobic
interactions with bacteria (Makabenta et al., 2021).

Disruption of the cell wall and cell membrane
The bacterial cell envelope has evolved to act as an
antimicrobial physical barrier. Gram-positive bacterial cell
walls possess teichoic acids, and Gram-negative bacterial cell
walls possess lipopolysaccharides; teichoic acids possess
phosphate groups rendering the bacterial surfaces negatively
charged. Better electrostatic interactions of positively charged
nanomaterials are established with negatively charged bacteria
compared to mammalian cells, which are less negatively
charged (Makabenta et al., 2021). To disrupt the bacterial
membrane selectively, the hydrophobicity and charge density
of NPs act as important factors in designing the
nanomaterials (Huo et al., 2016; Makabenta et al., 2021).
Selectivity decreases when NPs are overly hydrophobic, and
with a high cationic charge, can bind to the mammalian cell
surface. A strong antimicrobial effect with reduced hemolysis
and cytotoxicity levels of cationic nanomaterials can be
generated by optimizing the balance between cationic charge
and hydrophobicity, creating a good amphiphilic balance
(Makabenta et al., 2021).

Reactive oxygen species generation
Cell signaling, differentiation, survival, and death are highly
affected by cellular oxidative metabolic processes by-
products known as ROS. Through the excessive
accumulation of ROS, lethal oxidative stress occurs to cause
damage by various mechanisms, especially superoxide and
hydroxyl radicals reaction to protein thiols and deactivating
membrane receptors (Memar et al., 2018). NPs generate
ROS species by directly producing from the surface of NPs
or their leached ions, by interacting with intracellular
organelles, and oxidation by interacting with redox-active
biomolecules like NADPH oxidase (Miller et al., 2015). Due
to the intrinsic photocatalytic activity of NPs, some metal
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NPs utilize ROS production as the main antibacterial
mechanism (Memar et al., 2018; Miller et al., 2015).

Damage to the intracellular components
For bacterial cell functioning and survival, cellular
homeostasis and intracellular signaling pathways have the
core importance. So, the NPs intrude these processes,
eventually leading to the death of bacterial cells. NPs can
disturb and alter gene expression, DNA damage,
mitochondrial damage, and synthesis of proteins (Shamaila
et al., 2016). Fig. 4 represents the antibacterial mechanism
of action of inorganic NPs.

Generally, nanomaterials ideally formulated with unique
sizes, shapes, and physiochemical properties may provide
several bactericidal pathways to tackle bacteria that evade
antibiotic resistance mechanisms and offer a broad design
space for novel antimicrobial agents.

Opportunities, Challenges and Future Perspectives

For the treatment of recalcitrant multidrug-resistant bacterial
infections, NPs offer an evolving ‘outside of the box’ strategy.
The configurable properties of nanomaterials, especially their
surface functionality, offer design spaces that can quite well
optimize the therapeutic effect but reduce the host toxicity.
Inorganic NPs interfere with normal GIT flora when present
in GI fluids. Small size with a greater surface area of NPs
provides a larger area for absorption of any surface-active
elements in the GIT. Subsequently, the rate of digestion of
lipids, protein, or starch could reduce by higher NPs levels
in GIT. Aggregation of inorganic NPs in the GIT can
decrease their exposed surface area. Very little data are
available for the potentially harmful impacts the NPs in the
GIT. Starch, lipid, and protein can be digested fully by
additional enzymes and other digestive components secreted
by the body. Normally, a very low level of NPs is ingested,
so this mechanism is not considered a major health concern
(McClements and Xiao, 2017).

Some inorganic NPs may disrupt the crucial structures in
the GIT, like microvilli, and change the normal functioning of
epithelial cells and normal nutrient absorption (Fröhlich and
Fröhlich, 2016). Cytotoxicity of inorganic NPs could result
from multiple mechanisms, but the most important is the
production of ROS species that may damage the cell
membrane, cell organelles, and nucleus when interacting with
proteins, lipids, and nucleic acids (Wu et al., 2014). However,
it is still unknown to which extent inorganic NPs could
produce cytotoxicity during their consumption as a complex
diet in normal conditions. NPs can interact with the
beneficial bacteria in the gut and could change their viability
to possibly adversely affect health as some bacterial species
have an important role in human health (McClements and
Xiao, 2017). He determination of NPs’ impact on beneficial
gut microbiota is an important research area.

The review by (McClements and Xiao, 2017) suggests that
some types of NPs are cytotoxic while some others are not so; the
reasons for these inconsistencies are variable physiochemical
properties of NPs, including internal and surface composition,
crystal form, physical state, shape, dimensions, aggregation
state, crystal form, and dose. In some research studies, NPs
properties have not been sufficiently characterized, and
variable testing methods are used to determine their possible
toxicity, including physiochemical, cell culture methods,
microbial, animal, and human studies. Furthermore, test
methods tend to change from lab to lab, thus complicating a
direct comparison of results. Major impacts of these factors on
NPs properties, their behavior, and toxicity need to be studied
(McClements and Xiao, 2017).

The above discussion clearly indicates that novel
standardized strategies need to be developed to effectively
test the toxicity of inorganic NPs in realistic and
reproducible conditions. In the future, NPs can be used as a
vehicle for delivery, absorption, and bioavailability of
polyphenols on gut microbiota, as reviewed by Cardona
et al. (2013), who elaborated in detail the role of
polyphenols in gut microbiota. Intake of polyphenols could

FIGURE 4. Antibacterial mechanism
of inorganic nanoparticles (NPs). The
uptake of NPs to the gut lumen
eventually affects the pathogenic
bacteria residing inside the cell.
Bacterial diameter is approximately
0.2–10 µm, and that of NPs ranges
from 1–100 nm, rendering its strong
interaction to bacterial membrane
and utilizing a variety of bactericidal
mechanisms.
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reduce the pathogenic bacterial population and increase the
commensal microbes like Bifidobacterium and Lactobacillus
and exert a prebiotic-like effect (Cardona et al., 2013).

Human biology is concerned with concomitant micro-
organisms, most of which reside in the digestive tract, from
which different chemicals are released or modified or cause
host reactions that influence different physiological functions,
including immunity, neurobiology, and metabolism. The shift
in the co-existence of microbial genera contributes to
dysbiosis, resulting in many human disorders. Diet and diet-
related agents may possess a direct impact on the health of
the host by controlling the gut microbiome, which can thus
sustain the gut’s homeostasis. Analysis of the GI microbiota
and agents that can manipulate the intestine requires a
thorough understanding. For decades, nanotechnology has
been utilized as a tunable platform that could be adapted for
unique obstacles and challenges. Overall, the use of
nanotechnology in microbiome modulation is still a nascent
field, but these studies illustrate the potential at this growing
intersection. The production of suitable in vitro and in vivo
models demonstrating the effectiveness and protection of NPs
would ensure the clinical viability of their usage. This review,
therefore, focuses on the effects on the gut microbiota and its
positive, or negative influence of metal-based nanoparticles. It
has been concluded that in the coming future,
nanotechnology will replace the commercially available drugs
and medicines used for the treatment of gut dysbiosis.
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