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Abstract

The escalating prevalence of lung diseases underscores the need for innovative therapies.
Dysbiosis in human body microbiome has emerged as a significant factor in these diseases,
indicating a potential role for synbiotics in restoring microbial equilibrium. However, effective
delivery of synbiotics to the target site remains challenging. Here, we aim to explore suitable
nanoparticles for encapsulating synbiotics tailored for applications in lung diseases.
Nanoencapsulation has emerged as a prominent strategy to address the delivery challenges of
synbiotics in this context. Through a comprehensive review, we assess the potential of
nanoparticles in facilitating synbiotic delivery and their structural adaptability for this purpose.
Our review reveals that nanoparticles such as nanocellulose, starch, and chitosan exhibit high
potential for synbiotic encapsulation. These offer flexibility in structure design and synthesis,
making them promising candidates for addressing delivery challenges in lung diseases.
Furthermore, our analysis highlights that synbiotics, when compared to probiotics alone,
demonstrate superior anti-inflammatory, antioxidant, antibacterial and anticancer activities.
This review underscores the promising role of nanoparticle-encapsulated synbiotics as a

targeted and effective therapeutic approach for lung diseases, contributing valuable insights
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into the potential of nanomedicine in revolutionizing treatment strategies for respiratory

conditions, ultimately paving the way for future advancements in this field.

Keywords: Synbiotic; nanoencapsulation; nutraceuticals; lung disease; prebiotic; probiotic

1. Introduction

The human microbiome, a complex and diverse community of microorganisms inhabiting
various parts of the body, plays a pivotal role in maintaining overall health (Alam et al., 2022;
Gilbert et al., 2018). Comprising trillions of bacteria, viruses, fungi, and other microorganisms,
the human microbiome actively contributes to essential physiological functions (Gilbert et al.,
2018; Swanson et al., 2020). Disturbances in this delicate microbial balance, known as
dysbiosis, have been linked to various health conditions, with lung diseases emerging

prominently on the list of potential consequences (McAleer & Kolls, 2018).
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Figure 1. Major roles of probiotics, prebiotics and synbiotics on human health. This figure
illustrates the diverse mechanisms through which probiotics, prebiotics, and synbiotics exert
their positive effects on human health, including modulation of gut microbiota composition,
enhancement of gut barrier function, immune system modulation, production of bioactive
compounds, and potential therapeutic applications in various diseases. Figure were designed

on Lucidcharts: https://www.lucidchart.com/pages/

As per the World Health Organisation (WHO), respiratory-related conditions account for three
out of the top six global causes of death. Chronic Obstructive Pulmonary Disease (COPD),
lower respiratory tract infections (LRTI), and lung cancers hold the third, fourth, and sixth
positions, respectively, underscoring the crucial need for comprehensive research into these
health issues (Saeid et al., 2023). Central to the pathophysiology of these conditions are
intricate interplays of inflammation, oxidative stress, and the impact of lung infections.
Inflammation, often triggered by various environmental factors such as pollution or smoking,
plays a pivotal role in the initiation and progression of chronic respiratory diseases, including
asthma, COPD, and interstitial lung diseases (Hikichi et al., 2019). Concurrently, oxidative
stress, arising from an imbalance between reactive oxygen species (ROS) generation and
antioxidant defences, exacerbates tissue damage and perpetuates inflammatory responses
within the respiratory system (Boukhenouna et al., 2018). Moreover, lung infections, whether
viral, bacterial, or fungal in origin, further exacerbate inflammation and oxidative stress,
heightening the risk and severity of chronic respiratory disorders. Importantly, these
pathophysiological mechanisms are intricately linked to the development and progression of
lung cancer, wherein chronic inflammation and oxidative stress create a conducive
microenvironment for oncogenesis and tumour progression (Kim et al., 2023). While

conventional therapies for lung diseases, including bronchodilators and corticosteroids, often
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focus on symptom management (Kerstjens et al., 2019; Mkorombindo & Dransfield, 2020), a
growing body of research underscores the significance of addressing dysbiosis at its root
(McAleer & Kolls, 2018). Among the emerging strategies to restore microbial equilibrium, the
use of prebiotics and probiotics has gained substantial attention (Gollwitzer & Marsland, 2014).
Probiotics, which are live microorganisms primarily consisting of bacteria and sometimes
yeasts, have shown immunomodulatory effects when administered in adequate quantities. They
influence the balance of Th1/Th2 cells and promote anti-inflammatory responses (Gollwitzer
& Marsland, 2014; McAleer & Kolls, 2018). On the other hand, prebiotics, selective substrates
for beneficial microorganisms, contribute to the overall health of the host (Gollwitzer &
Marsland, 2014). Synbiotics, a combination of live microorganisms and their selectively
utilised substrates, bring together the synergistic effects of probiotics and prebiotics to confer
health benefits on the host (Swanson et al., 2020). It is important to note that the role of
synbiotics is not limited to respiratory health and has been extensively studied in other branches
of medicine (Alam et al., 2022; Ale & Binetti, 2021; Markowiak & Slizewska, 2018; Patel et

al., 2014), as shown in Figure 1.

However, synbiotic structures involve carefully chosen prebiotic types, such as fibres or
oligosaccharides and specific probiotic strains with proven health benefits (Ladaycia et al.,
2021). To enhance viability and stability, protective mechanisms like microencapsulation or
nanoparticles may be employed, allowing targeted delivery to the gastrointestinal tract (Gilbert
et al., 2018). Achieving optimal ratios and balancing the synergistic effects of prebiotics and
probiotics is crucial, with considerations for controlled release mechanisms and bioavailability
(Liang Hong et al., 2021). With recent advancements in nanotechnology, the design of many
medicinal compounds is trending towards nanoencapsulation for more efficient patient
responses (Gilbert et al., 2018). For instance, in plant-derived bioactives known as

phytoceuticals, nanotechnology has been estimated to dominate the design of 75% of such
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compounds in the next 10 years (Joseph et al., 2023). Nutraceuticals, such as synbiotics, are
also not exceptions. The integration of nanotechnology into synbiotics involves encapsulating
probiotics and prebiotics within nanostructures, such as nanoparticles or liposomes, to optimise
their delivery to the lungs (Liang Hong et al., 2021; Pandey et al., 2015). However, the selection
of the right nanostructures for the encapsulation of synbiotics is much more challenging than
those in phytoceuticals (Khursheed et al., 2022), mostly due to the potential of some
nanoformulations (e.g., TiO2 NPs) to react with the human microbiome (Zhao et al., 2020).
Hence, the effects of selected nanostructures on both the synbiotic components and human

microbiota should be take into account simultaneously.

The purpose of this review article is to delve into recent trends, applications, and prospects
surrounding synbiotic nanostructures in the context of lung diseases. By examining the current
state of research and developments, we review the common nanoformulation techniques
available for the delivery of synbiotics to the desired location for better respiratory-related

outcomes.

2. Synbiotic Nanostructures: Concept and Composition

Synbiotic nanostructures represent an innovative approach that synergises the benefits of
probiotics and prebiotics with the advancements in nanotechnology for targeted drug delivery
(Liang Hong et al., 2021; Khursheed et al., 2022). The exact mechanism of action of synbiotics
is not fully understood, but their effects on various health pathways have been studied, as
shown in Figure 2. In the gut, they contribute to microbiota modulation, fostering a balance of
beneficial bacteria and producing short-chain fatty acids through fermentation, which not only
nourishes colonocytes but also reinforces the intestinal barrier, preventing the translocation of
harmful substances into the bloodstream (Marco et al., 2017). The immune system benefits

from synbiotics through the regulation of immune responses (Marco et al., 2017; Markowiak
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& Slizewska, 2017). They influence cytokine production and enhance the activity of immune
cells, contributing to a balanced immune system. Additionally, the antimicrobial activity of
probiotics within synbiotics helps inhibit the growth of pathogenic bacteria, maintaining a
healthy microbial balance (Gunaswetha et al., 2023). In the cardiovascular system, synbiotics
may contribute to the reduction of serum cholesterol levels and modestly impact blood pressure
regulation (Theofilis et al., 2024). Metabolically, they play a role in regulating blood glucose
levels and may aid in weight management through their influence on energy metabolism
(Theofilis et al., 2024). Furthermore, as shown in Figure 1, the gut-brain axis serves as a crucial
link between synbiotics and the central nervous system. By influencing bidirectional
communication between the gut and the brain, synbiotics may impact mood and cognitive
function (Mayer et al., 2015). Probiotics, found in synbiotics, may contribute to
neurotransmitter production, further influencing mental well-being (Mayer et al., 2015).
Synbiotics extend their benefits to skin health, potentially alleviating conditions such as acne
or eczema through their anti-inflammatory effects (Gurry, 2017). In the respiratory system,
they may enhance immune support, reducing the frequency and severity of respiratory

infections (Gurry, 2017).
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Figure 2. Multi-faceted impact of synbiotics on human health. The tripartite representation

highlights the interconnected dynamics of the intestinal microbiome, metabolic processes, and
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immunomodulatory responses influenced by synbiotic interventions. Figure 2 were designed

on Biorender: https://www.biorender.com/

Nanotechnology confers several advantages in delivering synbiotics to the lungs. The small
size of nanocarriers allows for increased stability and protection of probiotics during transit
through the harsh gastrointestinal environment. This, in turn, enhances their survival and
viability in the lungs upon delivery (Liang Hong et al., 2021). Nanoparticle-based delivery
systems, either through inhalation or orally, can target specific lung tissues, ensuring localised
treatment and minimising off-target effects (Chen et al., 2022). By fine-tuning the
physicochemical properties of the nanostructures, researchers can achieve tailored release
kinetics and optimise the therapeutic impact of synbiotic agents in the lung microenvironment
(Chen et al., 2022). This section provides a detailed review of the nanoparticles (NPs) with the

most potential for being used in the encapsulation and delivery of synbiotics.

2.1. Organic NPs

2.1.1 Starch NPs

Starch, the most abundant carbohydrate polymer, comprises linear amylose and highly
branched amylopectin molecules. Amylose consists of glucosyl moieties linked by a-1,4
glycosidic bonds, while amylopectin is a highly branched polymer with a-1,6 glycosidic bonds
per 30 glucosyl molecules linked through a-1,4 glycosidic linkage (Prasher et al., 2021; Razavi
et al., 2021). Starch nanoparticles (SNPs) and starch nanocrystals (SNCs), derived from
purified starch granules, find widespread use in drug delivery (Dufresne et al., 1996). SNCs
result from enzymatic or acid hydrolysis, yielding crystalline structures, while SNPs are
amorphous and synthesised from congealed starch (Dufresne et al., 1996). Understanding the

exact structure of starch would help to only use it to encapsulate those structurally compatible
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synbiotics. Hydrochloric acid (HCI) or sulfuric acid (H2SOs4) is typically used for SNC
synthesis, involving suspension of starch in acid, washing, and sonication (Ahmad et al., 2019).
In contrast, SNPs are obtained by disrupting the non-crystalline domain of semi-crystalline
starch granules (Ahmad et al., 2019; Dangi et al., 2023). While according to Angelllier et al.
SNPs were found unsuitable for probiotic encapsulation due to decreased survival, efforts to
enhance SNP properties using chemical reactions were explored (Angellier et al., 2004).
Capsules made from SNCs-alginate starch gel exhibited a higher survival rate for Lactobacillus
brevis under simulated gastrointestinal conditions, highlighting their potential in probiotic and

synbiotic delivery (Kumari et al., 2020; Thangrongthong et al., 2020).

In another study conducted by Hong et al., the application of SNPs in treating probiotics yielded
remarkable results. The probiotics, when treated with starch NPs, exhibited exceptionally
potent antimicrobial activity against both gram-positive and gram-negative pathogens (L Hong
et al., 2021). Moreover, when examining the antimicrobial efficacy of Lactobacillus spp. (LL)
treated with PSNs (Presumably Polysaccharide Nanoparticles), it was found to surpass that of
both the untreated group and the group treated with starch alone. This enhanced effectiveness
was particularly notable against gram-negative Escherichia coli k88, Salmonella gallinarum,
and gram-positive Listeria monocytogenes (L Hong et al., 2021). This team also conducted
another study on the genetic response of the treated groups, revealing a significant increase in
the expression levels of stress response genes, including dnak, dnaJ, and groES, in the PSNs-
treated groups compared to the groups treated with starch alone or the untreated LL group
(Liang Hong et al., 2021). This observation suggests a potential link between the application
of PSNs and the upregulation of stress response genes, which may contribute to the enhanced

antimicrobial effects observed in the treated probiotics and synbiotics.

It is notable that the effects of starch in lung diseases related treatments have been shown for a

while. In one of the recent studies in this area, starch served as a nanocarrier for the cytotoxic
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drug “gefitinib,” yielding promising outcomes (Amin et al., 2023). This resulted in reduced
side effects, improved solubility and bioavailability, better therapeutic control, higher cellular
uptake into A549 cells, and greater cytotoxicity, represented by a significantly higher apoptotic
effect and cell growth inhibition (Amin et al., 2023). In the context of synbiotics, the enhanced
bioavailability after encapsulation with starch has been linked to efficient absorption of
prebiotics and better adherence of probiotics to the intestinal lining (Kvakova et al., 2021).
Therefore, despite the difficulties in the synthesis of starch for synbiotic encapsulation, it’s
essential to further study its advantages, especially in improving the pharmacokinetic profile

for treating lung diseases.

2.1.2. Chitosan NPs

Chitin (poly-(1 — 4)-B-linked N-acetyl-D-glucosamine) is a natural macromolecule found in
the cell wall of zygomycetes fungi and arthropod exoskeletons (Gharieb et al., 2015). Through
alkaline deacetylation chitosan is derived, representing a 70% deacetylated food-grade
polycationic polymer of chitin (Kdhler et al., 2009). Unlike chitin, chitosan has a degree of
deacetylation exceeding 50%, contributing to its solubility in weak acids and enhancing its
applicability in biomedical fields such as pharmaceuticals and food industries (Mohammed et
al.,2017; Shajahan et al., 2017; Solanki et al., 2020). Notably, chitosan’s positive charge allows
it to form strong electrostatic interactions with the negatively charged mucin in the intestinal

mucus, facilitating robust binding for synbiotics (Dangi et al., 2023).

Chitosan NPs have been widely proposed for micro and nanoencapsulation of bacterial cells
and probiotics, exhibiting higher muco-adhesive strength than chitosan alone (Liang et al.,
2017; Shajahan et al., 2017). For instance, microencapsulation of the probiotic Escherichia coli
Nissle (EcN) in a mixture of alginate and chitosan-NPs demonstrated increased resistance to

high temperature, low pH, and high bile salt concentrations (Mawad et al., 2018). Recent
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studies further revealed enhanced adhesion of chitosan-loaded EcN to intestinal cells,
providing greater absorption and bioavailability (Chen et al., 2013). Say et al. also showed that
combining chitosan and probiotic Acinetobacter can enhance the immune-related genes and
serum immune parameters comparing to the groups treated with probiotic only (Say et al.,
2023), even more highlighting the compatibility of chitosan as a nanocarrier with
probiotics/synbiotics. According to the findings of Ivanovska and colleagues, the anti-
inflammatory potential of Lactobacillus casei 01 (L. casei 01) is notably higher when
encapsulated in synbiotic chitosan-Ca-alginate nanoparticles compared to the effects observed
with the non-encapsulated probiotic L. casei 01 and prebiotic oligofructose-enriched inulin
(Ivanovska et al., 2017; Kouhkan et al., 2020). This research supports the utilisation of
encapsulated probiotic and/or synbiotic-based treatments as a promising step forward in

conceptualising successful therapeutic perspectives for inflammatory diseases.

In addition to chitosan being a proper candidate for the delivery of synbiotics, it has also been
shown that chitosan-loaded nanomedicines present a promising avenue for treating respiratory
diseases, utilising the natural biopolymer’s diverse pharmacological benefits (Gulati et al.,
2021). According to Gulati et al., the proven actions ranging from antioxidant and anti-
inflammatory to antimicrobial and regenerative, chitosan’s unique characteristics, including
excellent mucoadhesion and gel-forming properties, ensure prolonged drug retention in the
respiratory tract, enhancing therapeutic outcomes of nutraceuticals including synbiotics (Chan
et al., 2023; Gulati et al., 2021). Additionally, a significant obstacle encountered in the oral
delivery of probiotic bacteria is their swift passage through the intestine and excretion in feces
(Razavi et al., 2021). This challenge can be mitigated through the utilisation of certain
nanomaterials like chitosan nanoparticles or nanocoatings, which have demonstrated the ability
to improve mucoadhesion to the gastrointestinal wall (Chen et al., 2013; Razavi et al., 2021).

Therefore, chitosan can be considered a suitable nanocarrier for active moiety, synbiotics or
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probiotics in the treatment of lung diseases due to its simpler synthesis method compared to

starch and various biological effects.

2.1.3. Nanocellulose

Cellulose, a crucial carbon source, consists of (I — 4)-linked B-D-glucose units forming
anhydroglucose units (Shi et al., 2019). Strong inter- and intramolecular hydrogen bonds result
in its semi-crystalline nature (Pinkert et al., 2010). Due to its amphiphilic nature,
biocompatibility, tunable surface properties, and low toxicity, cellulose is favoured as an
encapsulation material (Kian et al., 2019; Liu et al., 2017; Salimi et al., 2019). Nanocellulose
types, cellulose nanofibers (CNF) and cellulose nanocrystals (CNCs), are developed through
mechanical treatment and acidic dissolution, respectively (Kian et al., 2019; Kupnik et al.,
2020). Microgels from high cellulose nanofiber levels exhibit enhanced cell survival and
sustained probiotic release of a synbiotic containing Lactobacillus plantarum (Luan et al.,
2018). Lactoplantibacillus plantarum probiotic strain has the anti-influenza virus potential that
can protect against lung infection (Majumder et al., 2022). Nanocellulose can also form viscous
gels upon hydration, acting as a cryoprotectant for probiotics. Many studies have been trying
to modify and improve the synthesis of nanocellulose as a drug carrier. For instance, hydrogen
bond formation between sodium alginate and nanocellulose was found to offer an efficient
controlled release system (Zhang et al., 2018). Gel microspheres encapsulating L. plantarum
demonstrated better protection under harsh conditions comparing to non-capsulated probiotics

(Klemm et al., 2018).

Moreover, bacterial cellulose from Komagataeibacter xylinus, a non-toxic and pure alternative,
offers superior mechanical properties and versatile production modifications (Bottan et al.,
2015; Zaborowska et al., 2010). Other studies also showed that bio-nanocomposites comprising

bacterial nanocellulose, pectin, and Schizophyllum commune extract improved probiotic
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survival rates under various conditions, suggesting nanocellulose’s potential for prolonged
probiotic/synbiotic storage and high survivability in harsh environments (Khorasani &
Shojaosadati, 2016; Maleki et al., 2020). Encapsulation in a bio-composite of whey protein
isolate, inulin, and crystalline nanocellulose further enhanced L. rhamnosus survivability in
simulated gastrointestinal conditions (Maleki et al., 2020). Among different types of
nanocellulose, CNC can reduce gastric fluid absorption, significantly enhancing the survival
of probiotic bacteria throughout the gastrointestinal tract (Huq et al., 2017; Razavi et al., 2021).
Additionally, CNCs find applications in the development of pharmaceutical products with
extended shelf life, particularly those not requiring refrigeration. Its incorporation enhances the
mechanical strength of carriers, as evidenced by improved compression strength in freeze-dried
microbeads (Huq et al., 2017; Nahr et al., 2015). These findings highlight nanocellulose’s
utility in improving probiotic storage and viability under diverse conditions. Hence, compared
to the last two discussed NPs, nanocellulose has proven to be more accessible, structurally
adjustable, and well-tested in various fields, especially drug delivery, exhibiting great potential

for further testing in the synbiotic field.

2.1.4. Phthalyl pullulan NPs

Pullulan is a neutral water-soluble polymer derived from starch via fermentation (Rekha &
Sharma, 2007). Due to its unique structure, pullulan can be modified into hydrophobic
derivatives such as cholesteryl-pullulan, forming self-assembling nanoparticles (NPs) (Rekha
& Sharma, 2007). These NPs exhibit versatility by forming stable complexes with both
hydrophobic and hydrophilic active ingredients, including probiotics (Hong et al., 2019; Rekha
& Sharma, 2007). In a study by Hong et al., it was demonstrated that these NPs can create
stable complexes with various medicines, enhancing flexibility (L Hong et al., 2021; Hong et
al., 2019). The integration of L. plantarum with Phthalyl pullulan NP (PPN) resulted in the

development of a novel prebiotic form. Probiotics, including L. plantarum, produce
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bacteriocins as a primary defence mechanism (Castro et al., 2015; L Hong et al., 2021). Factors
such as culture pH, temperature, and pressure influence bacteriocin expression, affecting genes
associated with heat shock proteins (HSPs) and the stress response (Bove et al., 2013). The
study revealed that the encapsulation of synbiotic containing L. plantarum into PPNs induced
a modest intracellular stress response, stimulating antimicrobial activity without causing host
cell death. Consequently, the expression level of the plantaricin gene increased, activating the
host’s defence system. Further research is needed to understand the precise process, but what
is obvious from the limited data on hand is that these probiotic/synbiotic pullulan-based NPs
have the capability to generate antimicrobial peptides effective against both Gram-positive and
Gram-negative bacteria. Furthermore, a study on phthalyl dextran nanoparticles, similar to
pullulan containing more novel forms of prebiotics, showed the capability to control the
metabolism of probiotic bacteria (Bove et al., 2013). This implies a promising approach for
modulating probiotics and utilising them to tackle the issue of bacterial resistance (Bove et al.,

2013).

2.2. Inorganic NPs

Metal-based nanoparticles play a crucial role in synbiotic encapsulation, with magnesium oxide
nanoparticles (MgO NPs) gaining popularity due to their large surface area, cost-effectiveness,
and non-toxic characteristics (Garcia-Rodriguez et al., 2022; D. Singh et al., 2023). In a study
by Yao et al., alginate-gelatin microbeads were used to encapsulate the probiotic Pediococcus
pentosaceus in the presence of MgO NPs (Yao et al., 2018). The MgO-loaded probiotic showed
enhanced viability in gastric fluids compared to non-encapsulated cells, suggesting that MgO
NPs may fill void spaces in microgels, reducing oxygen availability and protecting probiotics
from aerobic conditions (Nguyen et al., 2018). MgO NPs also demonstrated the ability to
neutralise hydrogen ions in the gastric environment, offering additional protection to probiotics

(Garcia-Rodriguez et al., 2022; Nguyen et al., 2018).
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Furthermore, investigations into commonly used probiotic bacteria are essential to fully
comprehend the role of magnesium oxide in enhancing cell survival rates. Other metal-based
nanoparticles, such as Silver (Ag) and titanium dioxide (TiO2), have been studied for their
antimicrobial activity. Silver oxide NPs, in the presence of prebiotics, significantly decreased
the populations of L. casei, L. plantarum, and L. fermentum (Rezaee et al., 2014). Similarly,
TiO2 NPs exhibited potential antimicrobial effects, emphasising the need for further research
to explore the applications and impacts of these nanoparticles on different probiotic strains in
various conditions (Zhao et al., 2020). The antimicrobial properties of Silver Nanoparticles (Ag
NPs) make them attractive for synbiotic encapsulation, enhancing protection against harmful
microorganisms (Catto et al., 2019; Rezaee et al., 2014). Additionally, Ag NPs have been
explored for drug delivery systems, improving targeted delivery in the gastrointestinal tract
(Catto et al., 2019). Gold Nanoparticles (Au NPs) are known for biocompatibility and can be
easily modified for better interaction with probiotics and prebiotics, offering a versatile

platform for synbiotic delivery systems (Datkhile et al., 2023; Rezaee et al., 2014).

Titanium Dioxide Nanoparticles (TiO2 NPs) exhibit photocatalytic properties, suggesting
advantages in controlled release triggered by external stimuli such as light (Zhao et al., 2020).
The stability of titanium dioxide contributes to maintaining the integrity of synbiotics during
storage and transit through the digestive system. Finally, Copper Oxide Nanoparticles (CuO
NPs) with antimicrobial properties could enhance the overall antimicrobial Effect against
pathogens in the gut when incorporated into synbiotic formulations (D. Singh et al., 2023). In
summary, the diverse properties of metal-based nanoparticles present exciting possibilities for
advancing synbiotic encapsulation and addressing various challenges in pro-/synbiotic

modulation.

Table 1. Summary of the well-proven nanosynbiotics, nanoprobiotics and nanoprebiotics

with potential respiratory-related effects.
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properties.

3. Synbiotic Nanostructures: Applications in Lung Diseases

As mentioned previously, the application of synbiotic nanostructures in lung diseases holds
great promise. Asthma and COPD, two prevalent inflammatory lung conditions, could
significantly benefit from this approach. Probiotics have been shown to improve lung function
and alleviate inflammation in asthma patients (Hufnagl et al., 2020). In COPD, synbiotics can
potentially ameliorate dysbiosis and restore gut-lung axis homeostasis, leading to better disease
outcomes (Qu et al., 2022). Therefore, it is worthy to investigate the effect of synbiotics on
common respiratory pathophysiological pathways, including inflammation, oxidative stress,

infection, and cancer which will be reviewed in this section.

3.1. Anti-inflammatory Effect
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As mentioned earlier, dysbiosis may lead to elevated production of pro-inflammatory cytokines
in the intestine, and an imbalanced gut microbiome has the potential to trigger a pro-
inflammatory reaction in the respiratory system contributing to the development of asthma or
COPD (Hikichi et al., 2019). The utilisation of probiotics can boost mucus secretion, and
prevent the degradation of tight junction proteins by reducing the presence of
lipopolysaccharides (LPSs) (Cristofori et al., 2021). The binding of LPS to toll-like receptors
(TLR 2, 4) on endothelial cells triggers the activation of dendritic cells and macrophage cells,
leading to an increase in inflammatory markers (Sichetti et al., 2018). Additionally, probiotic
therapy has been observed to reduce gut dysbiosis and intestinal permeability, thereby
minimising the release of inflammatory biomarkers and attenuating unnecessary activation of
the immune system (Martin et al., 2010). Consequently, probiotics contribute to the
differentiation of T-cells toward Th2 and the production of Th2 cytokines such as IL-4 and IL-
10 (Kwon et al., 2010). Probiotics typically function as ligands, engaging receptors of the
innate immune system like TLRs expressed on intestinal epithelial cells and mucosal immune
cells (Gunaswetha et al., 2023). This engagement also modulates various signalling pathways,
including mitogen-activated protein kinases (MAPK), nuclear factor kappa B (NF-«xB),
phosphoinositide-3-kinase (PI3K), and peroxisome proliferator-activated receptor gamma
(PPAR-y), leading to the production of diverse cytokines and chemokines (Chan et al., 2021;
Liuetal., 2016; Liu et al., 2018; Maldonado Galdeano et al., 2019). Furthermore, immune cells
like dendritic cells uptake probiotics, facilitating dendritic cell maturation and stimulation of
regulatory T cells (Treg), crucial for immune homeostasis and maintaining gut immune
tolerance (Mohammed et al., 2019). Ultimately, this process leads to the generation of
tolerogenic T-cell responses against food antigens and the commensal microbiota, preventing
undesirable hypersensitivity and inflammation (Chan et al., 2023; Liu et al., 2018; Maldonado

Galdeano et al., 2019).
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Carvalho et al. conducted a study using a cigarette smoke-induced COPD mice model. They
found that oral administration of Lactobacillus rhamnosus, a probiotic, suppressed lung
inflammation, hindered tissue remodelling, and modulated key immune response factors
(Carvalho et al., 2020). These included a reduction in TLR2, TLR4, TLR9, pro-inflammatory
transcription factors, and an increase in anti-inflammatory proteins such as IL-10, thereby
mitigating cytokine storm associated with COPD pathogenesis (Carvalho et al., 2020). Similar
anti-inflammatory effects were observed in a study by Mortaz et al., where Lactobacillus
rhamnosus and Bifidobacterium breve strains efficiently counteracted pro-inflammatory
mediators induced by cigarette smoke in a human macrophage cell line model of COPD
(Mortaz et al., 2015). Furthermore, in a study conducted by Wong et al., prebiotics, probiotics,
and synbiotics demonstrated positive and anti-inflammatory outcomes, likely by influencing
the gut microbiota, reinforcing the integrity of the intestinal barrier, and inhibiting IL-6/STAT3
signalling (Wong et al., 2022). In an umbrella review conducted by Mahapatro et al., probiotics
and synbiotics demonstrated promising effects on inflammatory markers, especially TNF-a and
C-reactive protein (CRP), important inflammatory markers in the pathogenesis of COPD and
asthma (Mahapatro et al., 2023). In addition, the intake of synbiotic supplements can result in
an increase in beneficial bacteria, including Clostridium, Lactobacillus, Bifidobacterium, and
Collinsella and various functional pathways associated with the synthesis of amino acids and
short-chain fatty acids (SCFA) (Tan et al., 2014). This was accompanied by a decrease in
potentially pro-inflammatory Parabacteroides compared to the initial levels (Kim et al., 2013).
Notably, changes in anti-inflammatory markers (IL-10 and sIgA) showed significant
correlations with the alterations in the microbiota induced by synbiotic supplementation (Li et
al., 2023). The systemic impacts of the gut microbiota are, in part, ascribed to the production
of metabolites, such as SCFAs, known to mitigate lung inflammation by activating G protein-

coupled receptors (Ivanovska et al., 2017). Analysing the interplays between microbiota and
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immune cells holds promise for pinpointing therapeutic targets in the context of chronic lower
respiratory diseases. For example, a rise in the Bacteroidetes to Firmicutes species ratio
triggered by high-fibre diets can enhance SCFA production, thereby dampening inflammation
through the activation of GPR40-43 (McAleer & Kolls, 2018). Ivanovska et al. also proved the
presence of another specie , L. casei 01, as a safe probiotic strain for administration in

conditions of chronic lower respiratory diseases (Ivanovska et al., 2017).

These findings collectively suggest that probiotics may serve as beneficial nutraceuticals,
offering lung-protective effects while mitigating inflammation and immune response
exacerbation in inflammatory respiratory diseases (Chan et al., 2023; Mortaz et al., 2015).
Nonetheless, the optimal dosages and treatment durations remain undefined, and the molecular

mechanisms of action for the majority of these agents are yet to be established.

3.2. Antioxidant Effect

Oxidative stress is characterised by an imbalance favouring oxidants over antioxidants (Nucera
et al., 2022; Panth et al., 2016; Paudel et al., 2020). This disrupts cellular redox signalling and
control, leading to molecular damage (Sies, 2015). The imbalance occurs when overall oxidant
levels exceed the total antioxidant capacity within cells. Consequences include DNA
hydroxylation, protein denaturation, lipid peroxidation, and apoptosis (Chan & Liu, 2022). In
respiratory diseases, oxidative stress contributes to conditions like asthma and COPD (Qu et
al., 2022). Synbiotics, as mentioned earlier, may counteract oxidative stress by enhancing
antioxidant defences, offering potential therapeutic benefits for respiratory health (Qu et al.,
2022). The antioxidant capabilities of synbiotics are associated with their capacity to activate
and relocate nuclear factors (Cukkemane et al., 2020). These factors trigger the antioxidant
defence enzymatic system, generate essential antioxidant molecules, and neutralise the

generation of singlet oxygen and free radicals (Mohammed et al., 2019; Zheng et al., 2019).
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Among probiotics, Lactobacillus and Bifidobacterium strains, especially L. casei, and the
inclusion of inulin in synbiotics have demonstrated efficacy in protecting against free radical-
induced damage (Kleniewska et al., 2016; Kleniewska & Pawliczak, 2017). Studies involving
multistrain probiotics, such as VSL#3, combined with prebiotics like FOS and inulin, show
significant in-vitro and in-vivo radical-scavenging abilities, leading to decreased respiratory
oxidative stress indicators and increased catalase activity (Cruz et al., 2021). Recent meta-
analyses indicate that synbiotic supplementation enhances antioxidant resistance and enzyme
activity, with higher levels of TAC, GSH, SOD, and NO, and lower MDA levels compared to

controls (Heshmati et al., 2018; Roshan et al., 2019).

Extensive research has been conducted on the prebiotic properties of NPs such as silver, gold,
and metallic oxides including CuO and TiO2, particularly due to their antimicrobial and
antioxidant capabilities (Mughal et al., 2021). The antibacterial effectiveness of these NPs is
size-dependent, with smaller particles exhibiting greater efficacy against various pathogens.
For instance, gold NPs incorporating Lactobacillus kimchicus demonstrated notable free
radical scavenging against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and displayed antimicrobial
properties, contrasting with their corresponding gold salt (Markus et al., 2016). Similarly, a
nanoformulation of the commercial probiotic Protexin® using selenium NPs, when
administered to Wistar rats exposed to cadmium-induced oxidative stress, exhibited significant
hepatoprotective effects (Al-Enazi et al., 2020; Laslo et al., 2022). The presence of
nanoprobiotics effectively reversed the undesirable alterations induced by cadmium toxicity,
showcasing their potential as a safe and effective nutritional intervention against heavy metal-

induced oxidative stress (Al-Enazi et al., 2020; Kaur & Rath, 2019).

Collectively, these findings underscore the shared mechanism among probiotics and synbiotics
which involves the neutralisation of oxidative agents, mitigating oxidative stress and its

associated diseases linked to accelerated aging. Probiotics employ both enzymatic and non-
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enzymatic antioxidant mechanisms, yielding metabolites with radical-scavenging abilities
(Mounir et al., 2022; Rajoka et al., 2020). Synbiotics, whether combined with antioxidant
prebiotics or not, demonstrate the capacity to generate superior antioxidant compounds. This
exploration of synbiotic-based approaches unveils a promising avenue for addressing health
issues in both animals and humans through the enhancement of natural antioxidants
(Kleniewska & Pawliczak, 2017). To fully optimize antioxidant production, a thorough
understanding of interactions within synbiotics and their impact on the host is imperative
(Kleniewska et al., 2016; Mounir et al., 2022). The effectiveness of synbiotics, such as those
containing L. casei and inulin, in protecting against oxidative stress damage further underscores
the potential therapeutic benefits of these compounds in positively influencing oxidative stress

parameters (Kleniewska & Pawliczak, 2017).
3.3. Antimicrobial Effect

As per the WHO, respiratory tract infections (RTIs) manifest through various clinical
symptoms, encompassing typical flu, rhinitis, bronchitis, pneumonia, upper and lower RTIs.
Beyond their synergistic immune system effects, synbiotics play a crucial role in nutritional
strategies for addressing global challenges associated with respiratory infections and the
overuse of antibiotics in treating RTIs, as indicated by Markowiak in 2017 (Markowiak &
Slizewska, 2017). Notably, the synbiotic intervention has demonstrated a 16% reduction in the
occurrence and prevalence of RTI cases, as reported by Chan et al. in 2020 (Chan & Liu, 2022).
Hence, their potential positive impact on eradication of respiratory pathogens should be

reviewed.

As mentioned previously, recent studies have explored the use of inulin, dextran, starch, and
pullulan as prebiotics in combination with nanotechnology, revealing that the resulting

nanoprebiotics significantly boost the antimicrobial capabilities of probiotics in-vitro (L Hong
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etal., 2021; Hong et al., 2019; Liang Hong et al., 2021; Kim et al., 2013). These nanoprebiotics
enhance the expression of Bacteriocin biosynthetic genes and stimulate the defence
mechanisms of probiotics, leading to the production of antimicrobial peptides (Liang Hong et
al., 2021). When exposed to nanoprebiotics, probiotics demonstrate broad-spectrum
antimicrobial activity against both gram-positive and gram-negative pathogenic bacteria (Kim
et al., 2019). In an in-vivo feeding experiment with normal mice, the inclusion of dextran as a
nanoprebiotic improved gut microbiota in synbiotic association with probiotics (Kim et al.,
2019). Phthalylpullulan NPs, when added to Lactobacillus Plantarum, resulted in a synbiotic
combination that exhibited potent antimicrobial action against Escherichia coli K99 and
Listeria monocytogenes through the secretion of the naturally antimicrobial peptide Plantaricin
(Kim et al., 2019). This aligns with the study conducted by Hong et al. where a mouse model
with dysbiosis was subjected to treatment with a combination of Lactobacillus plantarum,
pullulan, and PPNs. The group of mice receiving synbiotics containing PPNs effectively
suppressed the infection induced by Escherichia coli K99 and contributed to the recovery of
the gut barrier (Cukkemane et al., 2020). Moreover, the findings suggest that nanoprebiotics
have the potential to serve as synbiotic partners in probiotic foods, improving sensitivity to

pathogens and contributing to respiratory infection treatment (Hong et al., 2019).

A different synbiotic strategy, combining Immunofortis® (90% short-chain galacto-
oligosaccharides + 10% long-chain fructooligosaccharides) with live B. breve M-16V, resulted
in reduced symptoms and allergic inflammation in individuals with asthma (Van De Pol et al.,
2011). A recent investigation has unveiled that this synbiotic blend operates by increasing
serum galectin-9 levels, reducing mast cell degranulation and consequent alleviating allergic
symptoms, as reported by de Kivit et al. in 2012 (de Kivit et al., 2017). Therefore, synbiotic

approaches may prove more effective in preventing allergic diseases compared to the use of
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probiotics or prebiotics alone, making them a potentially more promising option for both

preventive and therapeutic interventions (Gollwitzer & Marsland, 2014)

In summary, although most present studies focus on the effects of synbiotic nanostructures on
gastrointestinal infections, the similarity between lung pathogens and gastrointestinal
pathogens can be a bridge to conclude that probiotics and synbiotics can exhibit a broad-
spectrum antimicrobial effect. However, further investigation is still needed to explore the

effects of synbiotics on more respiratory-specific pathogens.

3.4 Anticancer Effect

Synbiotics influence the composition of the gut microbiota, enhancing the abundance of
beneficial bacteria such as Lactobacillus and Bifidobacterium while reducing harmful microbes
(Kim et al., 2013; Wang et al., 2021). This modulation promotes systemic immune activation
through the gut-lung axis, leading to improved antitumor immune responses (Cristofori et al.,
2021). Prebiotics in synbiotics serve as substrates for beneficial bacteria, facilitating their
growth and activity, which in turn enhances the production of SCFAs, as previously discussed
(Williams et al., 2022). SCFAs exert anti-inflammatory effects and promote immune cell
activation, including cytotoxic T cells and natural killer cells, which play crucial roles in

tumour surveillance and elimination (Tan et al., 2014; Williams et al., 2022).

Synbiotics also mitigate chronic inflammation, a hallmark of cancer progression, by
modulating pro-inflammatory cytokines such as IL-6, TNF-a, and IL-1f (Sadrekarimi et al.,
2022). By dampening inflammatory signalling pathways, synbiotics help create an
unfavourable microenvironment for tumour growth and metastasis (Armstrong et al., 2018;
Mishra et al., 2023; Sadrekarimi et al., 2022). Studies also showed that synbiotics augment the
efficacy of immune checkpoint inhibitors (ICIs) by enhancing the infiltration and activation of

effector immune cells within the tumour microenvironment (Li et al., 2022). Furthermore,
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probiotics within synbiotics produce metabolites such as butyrate, which exert anti-
inflammatory effects by inhibiting NF-kB signalling, thereby reducing the expression of pro-
inflammatory mediators within lung tumours (Armstrong et al., 2018; Cristofori et al., 2021).
Probiotics also stimulate the maturation and activation of dendritic cells, promoting antigen
presentation and priming of cytotoxic T cells against tumour-associated antigens (Aindelis &
Chlichlia, 2020). Many studies have also concluded that prebiotics can stimulate the production
of mucosal-associated invariant T (MAIT) cells, a subset of innate-like T cells with potent
antitumor activity (Aindelis & Chlichlia, 2020; Yoo & Oh, 2023). MAIT cells exhibit
cytotoxicity against tumour cells and enhance the recruitment and activation of conventional T
cells within lung tumours (Amini et al., 2020). In a study conducted by Aspritoiu et al.
synbiotics showed to inhibit tumour angiogenesis, a critical process for tumour growth and
metastasis, by downregulating vascular endothelial growth factor (VEGF) and matrix
metalloproteinases (MMPs) (Aspritoiu et al., 2021). Prebiotics attenuate angiogenesis by
reducing the expression of pro-angiogenic factors and promoting the secretion of angiogenesis
inhibitors within the tumour microenvironment (Aspritoiu et al., 2021; Farshi Radvar et al.,
2020). Probiotics exert antimetastatic effects by modulating the expression of epithelial-to-
mesenchymal transition (EMT)-related genes and inhibiting the invasiveness of lung cancer
cells (Aspritoiu et al., 2021; Farshi Radvar et al., 2020). By preventing the dissemination of
tumour cells to distant sites, synbiotics help constrain tumour progression and improve overall

survival in lung cancer patients.

Additionally, lung cancer patients undergoing antibiotic-related chemotherapy including
penicillin, cephalosporin, and quinolones often experience severe diarrhea due to the
degradation of their gut microbial flora and intestinal walls (Polanski et al., 2016).
Supplementing these patients with a probiotic strain of Clostridium butyricum reduces the

severity of diarrhea and other inflammatory bowel diseases (Liu et al., 2021; N. K. Singh et al.,
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2023). This reduction in side effects leads to improved patient adherence to treatment,
ultimately enhancing their quality of life and prognosis (N. K. Singh et al., 2023). Moreover,
non-Small Cell Lung Cancer (NSCLC) patients exhibit dysbiosis of butyrate-producing
microorganisms, crucial for synthesizing mucin and inducing apoptosis in tumour cells (Zhou
et al., 2021). Synbiotic administration of these depleted microbes with a suitable substrate can
lower the risk of lung cancer (Prakash et al., 2023). In addition to the roles of synbiotics in
directly treating cancer-related factors and alleviating chemotherapy side effects, its role has
also been studied as a diagnostic tool in cancer diagnosis. In today’s medical landscape, chest
X-ray and CT scans remain the primary diagnostic tools for identifying lung cancer, yet the
widespread use of low-dose spiral CT is hindered by its high cost and inconvenience (van Beek
et al.,, 2015). With advancements in deep sequencing, researchers and clinicians have
increasingly focused on understanding the links between microbiota in various body sites and
cancer development, including lung cancer, melanoma, and pancreatic ductal adenocarcinoma
(Hosgood III et al., 2014; Liu et al., 2020). Numerous studies have demonstrated significant
correlations between microbiota composition and lung cancer, offering promise for non-
invasive detection methods and the identification of predictive microbial markers (van Beek et
al., 2015; Yan et al., 2015). Zheng et al. discovered specific gut microbial patterns that could
predict early-stage lung cancer, while Yan et al. found higher levels of certain bacteria (e.g.,
Neisseria, Steptococcus, and Porphyromonas) in the saliva of lung cancer patients, suggesting
their potential as biomarkers for disease detection or classification (Yan et al., 2015; Zheng et
al., 2020). Additionally, a preliminary study utilising 16S rRNA sequencing revealed that
increased levels of certain bacterial families in lung tissue were associated with improved
recurrence-free and disease-free survival rates (Liu et al., 2020; Peters et al., 2019). Further

research is necessary to explore whether manipulating the gut microbiota could emerge as a
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581  Figure 3. Summary of major synbiotic effects on lung diseases pathophysiology of lung
582  diseases. Synbiotics exhibit diverse effects on lung diseases, including increased apoptosis and
583  reduced proliferation of cancer cells, modulation of immune responses involving macrophages,
584  natural killer cells, and lymphocytes, elevation of cytokine levels such as IL-2, IL-12, and IFN-
585  gamma, promotion of a healthy gut flora, facilitation of antioxidant formation, and reduction
586 of pro-carcinogenic enzyme levels. These multifaceted actions highlight the potential
587  therapeutic role of synbiotics in lung disease prevention and management. Figure were
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Despite the promising potential of synbiotics for the treatment of respiratory disorders, a
limited number of clinical trials evaluated their safety and/or efficacy in humans. Furthermore,

no clinical trial investigating the efficacy of nanosynbiotics has been conducted to date.

Early clinical trials involving synbiotics focused on their effect on the prevention of respiratory
tract infections. These have been reviewed by a number of systematic reviews and meta-
analyses. In one meta-analysis involving more than 10,000 patients across 16 clinical studies,
the administration of synbiotics of different types was found to reduce the incidence rate of
respiratory tract infections, as well as the proportion of participants experiencing respiratory
tract infections, by 16% (Chan et al., 2020). In another meta-analysis of 15 randomized
controlled clinical trials involving 3805 participants, Rashidi et al. found that the
supplementation of infant formula with prebiotics, probiotics, and synbiotics exerted a
significant protective impact against the incidence of respiratory tract infections in infants
(Rashidi et al., 2021). More recently, a systematic review by Williams et al. analyzed 58 studies,
demonstrating that dietary supplementation with probiotics and synbiotics significantly
reduced the incidence of respiratory tract infections, especially in infants and children
(Williams et al., 2022). Overall, the three meta-analyses discussed consistently highlight a
potential protective role of dietary supplementation with synbiotics against the development of

respiratory tract infections.

A number of clinical trials have investigated or aim at investigating the therapeutic potential of
synbiotics as a treatment for asthma. In a clinical trial from Iran, Hassanzad and colleagues
have investigated the efficacy and safety of Kilidact®, a synbiotic product containing
Lactobacillus casei, L. acidophilus, L. rhamnosus, L. bulgaris, Bifidobacterium infantis, B.
breve, Streptococcus thermophiles, and the prebiotic fructooligosaccharide, on asthmatic
children aged 12 years or younger (Hassanzad et al., 2019). The study found that Kilidact®

significantly alleviated asthma symptoms, resulting in fewer asthma-related outpatient visits to
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the hospital (Hassanzad et al., 2019). In a more recent study (NCT03341403), Moermans et al.
investigated the efficacy of Probiotical®/Bactecal®, a synbiotic preparation containing
different  strains of Lactobacillus, Bifidobacterium and  Streptococcus and
fructooligosaccharides, on refractory asthma (Moermans et al., 2022). The results of this study
showed that, compared to placebo, the administration of Probiotical®/Bactecal® for up to three
months significantly improved the asthma control questionnaire (ACQ) score and the asthma
quality of life questionnaire (AQLQ) score, simultaneously the FEVI/FVC post
bronchodilation and decreasing fibrinogen, IgE, and neutrophils blood levels (Moermans et al.,
2022). Furthermore, a large, multicenter study involving patients with severe chronic
conditions including asthma (SPATIALS3, NCT04581018), is currently investigating the
therapeutic effect of a synbiotic preparation containing Lactobacillus plantarum, L.
acidophilus, and the slow-fermenting prebiotic fiber Fibergum®. Among the secondary

outcome measures, the study will include FEV1/FCV and asthma control survey test scores.

In a recent proof-of-concept study (NCT04581018), Zhang and colleagues tested the efficacy
of SIMO1, a synbiotic formula containing several Bifidobacterium strains, resistant dextrin,
galactooligosaccharides, and xylooligosaccharide, as adjuvant therapy for COVID-19 patients
(Zhang et al., 2022). The results of the study showed that administration of SIMO1 for 28 days
significantly improved the production of anti-SARS-CoV-2 IgG antibodies compared to
placebo control, reducing the viral load, and simultaneously reducing the plasma levels of
proinflammatory cytokines such as I[L-6, M-CSF, and TNF-a (Zhang et al., 2022). Finally, Pei
et al. recently published a protocol for a systematic review and meta-analysis aimed at
investigating the effect of synbiotics, as well as both pre- and probiotics, on the management

of COPD (Pei et al., 2020).

In conclusion, while numerous clinical trials have investigated the effectiveness of synbiotics

in managing lung diseases, it is important to note that as of today, no synbiotic nanostructure
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has received approval from major regulatory bodies such as the FDA and EMA. Despite
promising findings from research endeavours, the journey from experimental trials to
regulatory approval remains a significant hurdle in the path towards implementing synbiotic
therapies for lung diseases on a widespread scale. Continued research efforts and regulatory
scrutiny are essential to ensure the safety and efficacy of such treatments before they can be

made available to patients.

5. Safety Aspects of Synbiotic Nanostructures

In formulating synbiotics with proven safe prebiotics and probiotics, it is essential to ensure
the safety of new compositions through proper assessments. Unfortunately, historical
intervention trials often overlooked reporting adverse events (AEs) or serious AEs, possibly
due to assumptions about inherent product safety (Ioannidis et al., 2004). CONSORT
guidelines provide clear standards for AE reporting that should be followed to address these
shortcomings (de Jonge et al., 2021). A systematic review identified a significant lack of safety-
related data in trials involving prebiotics, probiotics, and synbiotics, highlighting the need for
improved reporting practices (Bafeta et al., 2018). Reviews of probiotic and synbiotic
interventions revealed lower AE incidence in control groups, emphasising the importance of
rigorous safety assessments for synergistic synbiotics (Bafeta et al., 2018). Such assessments
must consider the enhanced functionality of added microorganisms in the presence of a targeted
substrate, recognising that safety evaluations on isolated microorganisms may be insufficient
when paired with substrates, altering physiology or delivery dose in-vivo (Van den Nieuwboer
et al., 2015). In general, a probiotic’s safety encompasses factors such as its origin, absence of
association with pathogenic cultures, and resistance to antimicrobials (Chan et al., 2023).

Functionality pertains to its survival in the gut and its immunomodulatory capacities, while



664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

technological feasibility involves its ability to endure and retain properties during storage and

distribution processes (Chan et al., 2023).

Concerns about nanomaterials in formulations arise from their potential adverse effects on
human health, necessitating adherence to criteria like non-toxicity, biodegradability,
biocompatibility, and Generally Recognised as Safe (GRAS) status (Dangi et al., 2023). Safety
concerns persist due to a limited understanding of the mechanisms and health impacts of NPs
(Loira et al., 2020). The diverse physicochemical characteristics and thermal stability of
structured molecules at nanoscale and macroscale contribute to these concerns (McClements
& Xiao, 2017). Prolonged exposure to specific NPs, such as silica and silver, may lead to
cytotoxicity, oxidative stress, cell damage, and inflammation (McClements & Xiao, 2017) and
(Poh et al., 2018). While animal models suggest most NPs pose no harm, advanced human
research is crucial for conclusive assessments (Poh et al., 2018). This information is vital for
regulatory decisions, ensuring product quality, efficacy, and safety, and supporting the

commercialisation of nanoproducts.

6. Conclusions and Future Perspectives

In the present review, we have provided a depiction of the major roles of probiotics, prebiotics,
and synbiotic preparations, consisting in the combination of probiotics with prebiotics, on
human health. We have also introduced the concept of synbiotic nanostructures, consisting in
an innovative approach applying the technological advancements of nanoparticle-based drug
delivery systems to the targeted delivery of synbiotics. Furthermore, we provided a thorough
overview of the therapeutic potential of synbiotic nanostructures against diseases affecting the
respiratory system. Among the several classes of advanced drug delivery systems existing
nowadays, subtypes of nanoparticles resulting particularly suitable for the lung-directed

application of synbiotics included organic nanoparticles such as those composed of starch,
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chitosan, nanocellulose, and phthalyl pullulan, as well as inorganic nanoparticles composed of
MgO, Ag, and TiOz. The therapeutic activity of these synbiotic nanostructures was mainly
exerted through anti-inflammatory, antioxidant, and antimicrobial effects, whose synergism
ensures a multifaceted therapeutic potential, and the current data available in literature confirm

that synbiotics offer an enhanced health benefit compared to probiotics alone.

Despite the extremely promising potential of synbiotics, and particularly synbiotic
nanostructures, as components of novel treatment strategies for respiratory disorders, several
challenges must be addressed in order to ensure the clinical translation of these products. First
of all, as mentioned in a previous section, a thorough and reliable reporting of the adverse
events observed during the clinical trials should be implemented (Bafeta et al., 2018). Secondly,
particular attention should be focused on the choice of the right materials used to encapsulate
synbiotics, with the aim of prioritizing the use of materials which do not interact with the
human microbiome. In this context, current research opens new avenues on emerging topics
that are set to radically improve the way we design synbiotics nanostructures. An example of
this is provided by the rational formulation and design of synbiotic formulations which
maximize the extent of synergism between the probiotic and prebiotic components of the
synbiotic mixture (Gomez Quintero et al.,, 2022). In terms of nanostructure and
nanoformulation development, the application of nanostructured platforms allowing stimuli-
responsive release of the synbiotic load would also improve the therapeutic activity of synbiotic
nanostructures, potentially minimizing the occurrence of adverse effects, by allowing site-
specific release of the payload with increased residence time at the site of action and reduced

off-target release (Garcia-Brand et al., 2022).

Finally, a thorough clinical investigation of the therapeutic potential of synbiotic nanostructures
is currently lacking, as highlighted by the relative low number of clinical trials conducted to

investigate the safety and efficacy of synbiotics on lung diseases, as well as by the current
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absence of existing clinical trials assessing nanostructure-based synbiotics formulations. These
clinical trials would be fundamental to ensure the widespread implementation of synbiotics

within existing therapeutic regimens for respiratory disorders.
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Dysbiosis in human microbiome has a role in the development of lung diseases
Synbiotics consist in the association of probiotic and prebiotic supplements
Synbiotics have potential to treat lung diseases but are limited by poor delivery
Nanoencapsulation is a promising strategy to enhance the delivery of synbiotics
Nanocellulose, starch and chitosan have great potential for synbiotic encapsulation
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