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Food science has seen a revolution because of nanotechnology, which uses materials at the nanoscale to improve quality, safety, and usefulness. With sizes ranging from 1 to 100 nm, nanoparticles (NPs) have special physical and chemical characteristics that set them apart from their bulk counterparts. These substances are used in packaging for antibacterial and preservation reasons, as well as in food systems to enhance texture, stability, colour, and nutrition delivery. However, there are serious safety and toxicological issues with the increasing use of engineered nanomaterials (ENMs) in food items. Both inorganic (like silver, titanium dioxide, iron oxide, and zinc oxide) and organic (like lipid, protein, and carbohydrate- based nanoparticles) food-related nanoparticles are classified in this review, along with their fate and possible toxicity in the gastrointestinal tract (GIT). Organic nanoparticles are often less harmful because of enzymatic breakdown, whereas inorganic nanoparticles have demonstrated variable levels of accumulation and organ toxicity based on size, solubility, and reactivity. Limited and contradictory toxicological data highlight the urgent need for thorough long-term studies on nanoparticle exposure through diet, despite promised functional improvements. In the rapidly developing sector of nano-enabled food technology, it is crucial to comprehend how nanoparticles interact with biological systems in order to create appropriate regulatory frameworks and guarantee consumer safety.
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Introduction



Nanoparticles with sizes ranging from 1 to 100 nm, that determines the unique physical and chemical characteristics, are very different from those of their bulk forms. Because of their size, nanoparticles (NPs) have surface modifications that have enabled their use in a wide range of applications. They can create supramolecular ensembles that resemble those seen in nature (Chaudhry et al., 2008, Eker et al, 2024). The nanosized materials are categorised into many classes according to their size, shape, chemical composition, drugs, cosmetics, surface, phase state, and other characteristics. Material-wise, they can be mainly organic, inorganic and carbon-based, and others are metal or non-metal or metal-oxide based nanoparticles/materials (Ijaz et al, 2020; Petrove et al, 2025). The tangible and Chemical characteristics of materials that have been created at the nanoscale are essential for assessing potential environmental risks and identifying toxicity to biological systems, including medicine (Maharramov et al., 2019, Li 2025). Novel qualities, advantageous for specific commercial applications, can result from controlling the structure and characteristics of materials at this scale. Within the food industry, food quality, shelf life, safety, cost, and nutritional advantages can all be enhanced with nanotechnology, the changing world during the Anthropocene epoch (Sozer & Kokini, 2009; Mishra et al, 2017; Biswas et al, 2022; Han et al, 2025).



The Toxicological and Ecotoxicological assessment that has Risks of Polymer, Zinc Oxide, Titanium Dioxide and Graphene Oxide Nanoparticles (Vinardell et al, 2025). Generally, the nanomaterials used in the food industry, such as those used in packaging, are not meant to wind up in the finished food product. Sensors and antibacterial treatments are intended to sanitise facilities that produce food. In some instances, nanomaterials such as nanoparticles employed as delivery systems or to alter optical, rheological, or flow properties are made expressly to be added to food products. Due to the high likelihood of health issues, this review paper concentrates on the characteristics and possible safety of ingested nanomaterials (Livney, 2010, Abegunde et al, 2025). It's critical to differentiate between the several possible origins of the nanoscale substances included in food. Many frequently ingested foods, like the casein micelles in milk or specific organelles found in plant or animal cells, naturally include nanoscale molecules (Bellmann et al., 2015; Sahoo et al, 2021). Foods may purposefully contain engineered nanoscale materials (ENMs) (for example, via delivery systems based on nanoparticles), or they may unintentionally enter food (for example, nanoparticles in packing materials that seep into the food matrix) (Szakal et al., 2014, Muthu et al, 2025). Typically, ENMs are nanoparticles with precise composition, size, shape, and interfacial characteristics intended to accomplish one or more practical qualities. Specifically, ENMs can be utilised to change the texture, look, or stability of foods or to provide delivery systems for nutrients, nutraceuticals, colours, tastes, and preservatives (Yada et al., 2014; De Olieveria et al, 2021). Lastly, common food processing techniques, including homogenization, grinding, and heating, may result in the presence of nanoscale structures in meals. Although the food maker may not have been attempting to produce nanoparticles on purpose in this instance, they are a natural byproduct of the processing methods that are employed (Gupta et al., 2016; Shafiq et al, 2025).
Both acute and chronic toxicity are possible for nanoparticles, but the latter is more significant in meals, as over time, comparatively tiny concentrations of nanoparticles are probably going to be ingested. Generally speaking, a nanoparticle's toxicity is determined by its capacity to harm human cells or organs, which would hurt health or well-being. Numerous locations within the gastrointestinal tract (GIT), as well as following the nanoparticles (NPs)' absorption into the body, may experience cellular or organ damage. Additionally, nanoparticles could harm the microbial cells that often make up the human GIT, potentially indirectly changing human health.
Causes for NP toxicity:
Nanoparticle toxicity occurs at both the cellular and systemic levels. Toxicity, when become uncontrolled at any level, becomes fatal. The toxicity of NPs can be ascribed to:
  Surface area to volume ratio of the particles, the higher the ratio more the surficial interaction with the surrounding molecules.
 The chemistry and reactivity of the particle, which is responsible for its responsiveness.
  The exterior surficial charge of the particle is accountable for electrostatic interactions.
  Hydrophobic, and often lipophilic groups may interact with proteins and membranes respectively. 
 Inert particle in the body at times trigger tissue formation around the foreign object and scar tissues. 
Types of nanoparticles and their toxicity
Indians are still in the habit of ancient methods of food habits, and all ingredients are organic; the toxicity of NP fortified foods is yet to be felt (Mishra et al, 2020). Since their composition greatly affects their gastrointestinal fate and possible toxicity, the nanoparticles found in meals may generally be conveniently classified as either organic or inorganic.
Inorganic nanoparticles
Inorganic substances like silver, iron oxide, titanium dioxide, silicon dioxide, or zinc oxide make up the majority of the various kinds of nanoparticles found in food. Either crystalline or amorphous solids at room temperature, which can vary in size, shape, and surface properties based on the raw materials and manufacturing conditions. The toxicity and GIT fate of inorganic nanoparticles are significantly influenced by their chemical reactivities and propensity to dissolve in various solution conditions (such as pH and ionic strength) (Pietroiusti et al., 2016; Dash et al 2022).
Silver nanoparticle

The silver nanoparticles (AgNPs) are at the forefront in the food sector. They have been utilised in food and food packaging products as antibacterial agents. For instance, producers in the United States have said that silver nanoparticles are utilised in specific food containers due to their antibacterial properties (e.g., Kinetic Go Green basic nano silver food storage container, Fresher Longer TM plastic storage bags, and Oso fresh food storage containers) (Gaillet & Rouanet, 2015, Ihtisham et al, 2021). Some of these silver nanoparticles might move from these containers into food items, where they could be consumed by people. Additionally, when soluble silver salts interact with other substances in biological media (such as gastrointestinal tract (GIT) fluids or meals), silver nanoparticles (AgNPs) may develop on their own (Pulit-Prociak et al., 2015, Ahari et al, 2021). According to estimates, humans may eat 20–80 µgram of silver each day, of which only a small portion is in the form of nanoparticles. The possible toxicity of silver nanoparticles consumed through food is still poorly understood at this time, with some research finding no harm and others finding significant toxicity. Since the GIT is one of the first tissues exposed to dietary nanoparticles following ingestion, it may be especially vulnerable to toxicity caused by these particles (Echegoyen et al., 2013, Ferdous et al, 2020).
The detrimental effects of silver nanoparticles on the GIT are still up for debate, though. According to several animal studies, ingesting silver nanoparticles through the diet resulted in lymphocyte infiltration, villi pigmentation, mucus granule discharge, and an aberrant mucus composition in the intestine (Hajipour et al., 2012, Ferdous et al, 2020). According to research on animals, silver nanoparticles can build up in the stomach, small intestine, liver, kidneys, spleen, and other organs after consumption. According to these findings, silver nanoparticles may enter the systemic circulation through the GIT and subsequently disperse throughout different organs. However, the bulk of ingested silver nanoparticles was likely eliminated in the urine or faeces because just a small fraction (<1%) usually accumulates in tissues (Pugliara et al., 2016; Carnevale et al, 2021). Following oral gavage, no toxicity of the silver nanoparticles was seen at the concentrations utilised in this investigation (2000 and 250 mg/kg body weight for single and multiple administrations, respectively). Study reveals that while ingesting silver nanoparticles at doses of 30, 300, and 1000 mg/kg and recently (1000mg/Kg) for 28 days did not result in any significant harmful consequences, the highest doses employed caused some minor liver damage (Mackevica et al., 2016; Padilla et al, 2022). According to other research, mice's liver and renal function may suffer if they consume silver nanoparticles repeatedly. The limit is 125 mg/kg of silver nanoparticles when negative liver effects are reported (Cha et al., 2008; Hashim et al, 2022). In conclusion, research on animals has demonstrated that when consumed in sufficient quantities, silver nanoparticles may build up in the body and cause toxicity; however, it is unclear if these levels are comparable to those that may be attained through diet (Frippiat and Art et al, 2025). It warrants conducting long-term chronic toxicity studies in the future with nanoparticle levels that are closer to those that are really absorbed in the human diet. Furthermore, more research is needed to ascertain if silver nanoparticles dissolve in gastrointestinal fluids (GIF) and whether the behaviour of silver taken in soluble or nanoparticle form differs (Efaky et al. 2022, Abbas et al, 2025).
Titanium dioxide (TiO2) nanoparticles
TiO2 particles are utilised as functional additives in some foods to give them distinctive optical qualities like greater brightness and lightness (Weir et al., 2012, Cruz-Rosa et al, 2023). The TiO2 substances used as lightening agents in the food sector are usually designed to have particle sizes between 100 and 300 nm to improve their light scattering capabilities (Jovanović, 2014; Ziental et al, 2020). However, these components include a variety of particle sizes, and a sizable percentage of them may have diameters less than 100 nm, making them nanoparticles (Warheit et al., 2015; Shakeel et al., 2025). The average particle diameter of food-grade TiO2 (E171) powders sourced from multiple manufacturers was approximately 110 nm, with over 36% of the particles falling below the 100 nm threshold. According to reports, humans in the US and the UK may be exposed to up to 2.2 and 1.1 mg/kg body weight/day of TiO2 nanoparticles through their diet, respectively (Weir et al., 2012).1.5–5.1 mg of TiO2 nanoparticles can be consumed by chewing one piece of gum. It is interesting to notice that children consumed 2–4 times as many TiO2 nanoparticles as adults did. This could be because several of the products that children consume the most, like candies, gums, desserts, and beverages, have some of the highest concentrations of TiO2 nanoparticles (Yang et al., 2014). The toxicity and GIT fate of TiO2 nanoparticles will be influenced by their diverse sizes, morphologies, crystal forms, interfacial characteristics, and aggregation states (J. Wang et al., 2007; Nadeem et al, 2018). In addition to concentrating, accumulating, and magnifying in the tissues of mammals and other vertebrates, TiO2 nanoparticles also have a very low rate of clearance, according to a recent analysis of 16 animal investigations. TiO2 nanoparticles' oral toxicity has been investigated in rodents both acutely and subchronically. Mice's liver, spleen, kidney, and lung tissues accumulated TiO2 nanoparticles (25, 80, or 155 nm) after a single oral dose of 5000 mg/kg body weight. This accumulation also caused hepatic injury, nephrotoxicity, and cardiac damage (Cho et al., 2013; Kim et al., 2025).
In a different study, mice received intragastric administration of TiO2 nanoparticles in the anatase form (5 nm) at doses of 62.5, 125, and 250 mg/kg body weight for 30 days. TiO2 nanoparticles harmed the immune system, haemostasis, blood system, and liver function at greater doses (Y. Wang et al., 2013; Jie et al, 2016). However, other research has found that ingested TiO2 nanoparticles do not accumulate or cause any harm. As an illustration, a study in which rats were repeatedly given TiO2 nanoparticles (a mixture of anatase and rutile at 21 nm) at doses ranging from 260 to 1041 mg/kg revealed no appreciable toxicity or TiO2 buildup in tissues or urine, but rather high levels of titanium dioxide in feces, indicating that the TiO2 nanoparticles were largely removed (Tada-Oikawa et al., 2016). There are several possible explanations for the reported discrepancies between several animal investigations, including industrial pollution and the toxicity removal of TiO2 nanoparticles. First, there are variations in the nanoparticles' surface properties, aggregation state, size, crystal shape, and oral dosage. Second, the effects of the food matrix and GIT passage on the nanoparticles' characteristics are frequently disregarded or considered differently. Third, several analytical techniques and animal models may be employed to assess toxicity and accumulation (Song et al., 2015). The age of the experimental animals utilised, for instance, has been demonstrated to have a significant impact. While adult animals showed very mild toxic effects, young mice showed heart damage, liver oedema, and non-allergic mast cell activation in stomach tissue. Considering that children are thought to consume significantly more TiO2 nanoparticles than adults, this finding is especially significant (Rashid et al, 2021).
Iron oxide nanoparticles
Iron oxide nanoparticles (Fe2O3NPs) can be used as bioavailable iron sources or as colourants in food and act as antibacterial, and magnetic hyperthermia (MH) (Raspopov et al., 2011, Baledia et al., 2025). Iron oxide has a very limited range of uses as a food colouring in the US, typically up to 0.1 weight per cent in sausage casings. The average daily consumption of iron oxide from users of these items was calculated to be approximately 450 µ grams. However, consumers who consume functional meals or mineral-fortified supplements may consume significantly more iron. For instance, the daily intake of iron from dietary supplements can range from 10 to 32 mg, but the daily intake from enriched/fortified foods can range from 10 to 23 mg (Additives, 2007). It should be emphasised that iron oxide or nanoparticles are not typically used to supply this kind of iron. However, these amounts may exist if iron oxide nanoparticles were employed for this purpose. The toxicity of iron oxide nanoparticles may vary depending on their size, shape, and crystal structure (Fulgoni III et al., 2011, Pourmadadi et al, 2022). The most plausible explanation for iron oxide nanoparticles' possible toxicity has been suggested to be their capacity to produce ROS. According to a study, rats given iron oxide nanoparticles orally for 13 weeks at a dose of roughly 3 mg/kg body weight did not develop toxicity or accumulate in organs. Iron oxide nanoparticles were given orally at a much greater dose (250–1000 mg/kg body weight) for 13 weeks in another rat feeding research; however, neither male nor female rats showed any signs of tissue buildup or toxicity (Patil et al., 2015; Salehirozveh et al., 2024).
Zinc oxide nanoparticles
Zinc oxide (ZnO) nanoparticles can be utilised as a source of zinc in functional foods and supplements because it is a necessary trace element for human health and wellness (Y. Wang et al., 2014, Mendes et al, 2024). ZnO nanoparticles can also be used in food packaging as ultraviolet (UV) light absorbers to shield foods that are vulnerable to UV light exposure or as antimicrobial agents to stop dangerous germs from contaminating food (Sirelkhatim et al., 2015; Romano et al, 2024). It is theoretically possible for nanoparticles in packaging to seep into food items and be consumed by humans. A recent risk assessment, ZnO nanoparticles do not experience this to a significant degree (McClements & Xiao, 2017; Adly et al, 2025). ZnO nanoparticles' antibacterial action has been partially ascribed to their capacity to enter microbial cells and produce ROS, which harm essential cellular constituents and cause cytotoxicity. Ingestion of large enough amounts of this kind of nanoparticle, followed by absorption by the human body, could result in negative health repercussions for humans (Okur et al., 2025).
Particle size-dependent effects on intestinal absorption of ZnO nanoparticles have been shown in several rodent feeding studies; a smaller particle size results in a higher uptake (Vandebriel & De Jong, 2012). One study found that a single oral dose of ZnO nanoparticles resulted in lung damage, renal toxicity, and liver harm (Pasupuleti et al., 2012; Hasim et al, 2022). Curiously, one study demonstrated that ZnO nanoparticles were not harmful when used alone, but that when combined with ascorbic acid, they became poisonous. This implies that it's critical to quantify how particular food ingredients affect the toxicity of this kind of nanoparticle (Vandebriel & De Jong, 2012; Jung et al., 2021).
Organic nanoparticles
Organic materials like lipids, proteins, and/or carbohydrates make up the majority of this kind of nanoparticle. Depending on their composition and processing circumstances, these
Substances often exist at room temperature as liquids, semi-solids (gelled), or solids
(crystalline or amorphous). The majority of organic nanoparticles that are frequently found in food are spherical, yet in certain cases (such as with nanofibers), they may not be. Depending on their compositions and structures, organic materials might behave very differently in the mouth, stomach, small intestine, or colon. For example, they may dissolve, precipitate, or undergo digestion in these areas. Since organic nanoparticles are frequently completely broken down in the human GIT and are not bio-persistent, it is generally believed that they are less harmful than inorganic ones (Razaei et al, 2021; Mishra et al, 2025).

Lipid nanoparticles
Many commercial food products include lipid nanoparticles, and their potential for use in other goods is being researched (McClements, 2013). Small oil droplets scattered in water are found in beverage emulsions, which include fruit juices, dairy products, soft drinks, and fortified waters. A significant portion of the oil droplets in these goods are nanoscale (d < 100 nm) (Piorkowski & McClements, 2014). As colloidal delivery methods, lipid nanoparticles are also being developed to encapsulate, shield, and release hydrophobic bio actives, including nutrients, tastes, antimicrobials, antioxidants, colours, and nutraceuticals (Livney, 2015). Lipid nanoparticles have three main benefits when used in these applications: they can improve the bioavailability and/or functional performance of encapsulated components; they can be made optically transparent, which is advantageous for clear foods and beverages; and they can improve the product's physical stability because small particles are less prone to aggregation and gravitational separation (McClements, 2015). Foods may contain a variety of lipid nanoparticles with different compositions, shapes, and sizes, such as micelles, vesicles, oil droplets, and fat crystals. Lipid nanoparticles can range in diameter from a few nanometres (surfactant micelles) to several hundred nanometres (solid lipid nanoparticles or oil droplets). Lipid nanoparticles' electrical properties are determined by the kind of molecules that are present on their surfaces (Shin et al., 2015, Ketebo et al., 2023).
Neutral lipids (such as triacylglycerols (TAGs), diacylglycerols (DAGs), monoacylglycerols (MAGs), hydrocarbons, and terpenes) or polar lipids (like free fatty acids (FFAs), surfactants, and phospholipids) are typically included in food-grade lipid nanoparticles. Lipid nanoparticles' ability to be hydrolysed by digestive enzymes like lipase and phospholipase determines their fate in the gastrointestinal tract. Lipases in the GIT hydrolyse a wide variety of lipids, such as phospholipids, DAGs, and TAGs. FFAs and MAGs are released when the hydrolysable ester link in these lipids is broken. The cells of the epithelium can absorb FFAs and MAGs after they are integrated into mixed micelles (Yao et al., 2015). Since digestible lipid nanoparticles have a high specific surface area and are therefore unlikely to be directly absorbed in their intact condition, they are often hydrolysed quickly in the GIT. Therefore, it would be surprising if this kind of nanoparticle might increase toxicity as a result of absorption and buildup in intestinal cells and other organs (McClements & Rao, 2011, Yang et al, 2021).
The enzymes in the GIT are unable to break down several lipid nanoparticle forms that are currently or might be employed in food. This could happen because the oil phase being used, such as the terpenes and hydrocarbons included in certain flavour, essential, or mineral oils, is indigestible. On the other hand, this might happen because the oil droplets have an interfacial layer covering them that prevents the encapsulated lipids from being hydrolysed by the digestive enzymes. In certain situations, the human body could be able to swallow indigestible lipid nanoparticles undigested. However, as far as the authors are aware, no research has been done on the possible toxicity or post-absorption fate of this kind of nanoparticle (McClements & Xiao, 2012; Egbuna et al., 2021).
Carbohydrate nanoparticles
Starch, cellulose, alginate, carrageenan, pectin, and xanthan are examples of digestible or indigestible polysaccharides that are commonly used to create carbohydrate nanoparticles.

These nanoparticles can be produced by dissolving bigger natural structures like cellulose fibrils, chitosan fibrils, or starch granules (Myrick et al., 2014). As an alternative, they could be made by encouraging the bonding of polysaccharide molecules, for example, by introducing particular mineral ions, employing enzymes, or altering the temperature (Joye et al., 2014). Depending on where they come from, carbohydrates can be either spherical or non-spherical, and the upper gastrointestinal tract can either digest or not. The mouth and small intestine contain amylases that quickly hydrolyse some forms of carbohydrates, converting them into glucose and oligosaccharides (Jones & McClements, 2010, Angelopoulou et al, 2022). On the other hand, some starches are more or less resistant to being hydrolysed by the digestive enzymes in the gastrointestinal tract due to their structural arrangements. The majority of other polysaccharides, referred to as dietary fibres, that are utilised to create carbohydrate nanoparticles are not broken down in the upper gastrointestinal tract (mouth, stomach, and small intestine), but they may be fermented in the lower gastrointestinal tract (colon) by enzymes secreted by the microbiota (Le Corre et al., 2010). The possible GIT destiny of carbohydrate nanoparticles is significantly influenced by the digestibility of dietary fibres. Since they create identical digestion products (simple sugars) as traditional forms of carbohydrates, fully digested carbohydrate nanoparticles in the upper gastrointestinal tract are unlikely to show any harm (McClements, 2012).
Protein nanoparticles
The casein micelles, which are tiny collections of casein molecules and calcium phosphate ions present in cow's milk and other dairy products, are the most prevalent protein nanoparticles in food. There is less worry over the possible toxicity of this kind of nanoparticle because people have been consuming it in large quantities for many centuries. In fact, nature's desire to give babies an effective way to get nutrients (proteins and minerals) is likely what gave rise to the nanostructure of casein micelles (Oftedal, 2012). There has been interest lately in creating different kinds of protein nanoparticles for use in food. Protein nanoparticles, which resemble lipid nanoparticles, are specifically being developed to produce delivery systems that encapsulate, preserve, and transport bioactive compounds, including colours, tastes, preservatives, vitamins, minerals, and nutraceuticals (Rajendran et al., 2016). Protein nanoparticles are often made up of a collection of aggregated protein molecules bound together by covalent connections (like disulfide bonds) or physical interactions (such as hydrophobic, hydrogen bonding, van der Waals, or electrostatic attraction) (Davidov-Pardo et al., 2015).
While covalent connections are created utilising certain chemical or biochemical reaction circumstances, physical bonds are typically created by modifying solution parameters, including pH, ionic strength, solvent quality, and ingredient interactions. The GIT destiny of protein nanoparticles is determined by the kind of protein utilised and the sort of bonding that occurs between them. Casein micelles, zein, gliadin, whey, and soy protein particles are examples of protein nanoparticles that range in size from a few nanometres (individual globular proteins) to hundreds of nanometres (Myrick et al., 2014).
The table presents a clear classification of both inorganic and organic nanoparticles commonly used in food and packaging systems, highlighting their unique compositions and roles. It outlines how each type behaves in the gastrointestinal tract and summarises their potential toxicity based on size, structure, and digestibility (Table 1).
Table 1: Classification of various Nanoparticles, their related Features and uses

	Category
	Type of
Nanoparticle
	Composition
/ Structure
	Major Food- Related Uses
	GIT Fate & Toxicity Features

	Inorganic Nano-
particles
	Silver
nanoparticles (Ag NPs)
	Metallic silver;
variable size, shape
	Antibacterial agents; food packaging
(containers, storage bags)
	May migrate into food; small % absorbed; can accumulate in GIT,
liver, kidney; may cause liver/kidney changes in high doses; <1% retained in tissues.

	
	Titanium dioxide
nanoparticles (TiO₂)
	Crystalline
anatase/rutile; 100–300 nm,
but many
<100 nm
	Whitening/light ening agent
(E171); high in candies, gums, desserts
	Some studies show accumulation in the liver, spleen, and kidney;
potential liver, cardiac, and immune toxicity; others show minimal
absorption and faecal excretion; toxicity influenced by size, crystal
form, age, and food matrix.

	
	Iron oxide
nanoparticles (Fe₂O₃)
	Iron oxides with various shapes and crystalline
forms
	Colourants; possible iron fortification
	Generally low toxicity; little
accumulation found; reactive oxygen species (ROS) production; high
doses (up to 1000 mg/kg) show no major toxicity in rats.

	
	Zinc oxide
nanoparticles (ZnO)
	Zinc oxide particles; size-
dependent absorption
	Zinc
supplements; antimicrobial
packaging; UV- absorber
	High absorption for smaller particles; may cause liver, lung, and kidney damage, toxicity at high doses; toxicity increase with some food components (e.g., ascorbic acid); limited migration from packaging into food.

	Organic
Nanoparticles
	Lipid
nanoparticles
	Micelles,
vesicles, oil droplets, and solid lipid
nanoparticles
	Give nutrients, flavours, and anti-microbials used in beverages & emulsions
	Mostly digestible; broken down by lipases; releases FFA/MAG; minimal toxicity expected; indigestible lipids (terpenes, hydrocarbons) may resist digestion—little data on toxicity.

	
	Carbohydrate nanoparticles
	From starch, cellulose,
chitosan, alginate,
	Thickeners, stabilisers,
Encapsulation systems
	Digestible CHOs are harmless;
indigestible fibres are fermented in
the colon; generally low toxicity; fate depends on digestibility.

	
	Protein
nanoparticles
	Casein micelles, whey, soy, zein, gliadin
nanoparticles
	Natural (casein micelles) or
engineered 
(Vitamins, flavours,
bioactives)
	Usually digested into amino acids; low toxicity; bonding type (covalent vs physical) affects stability but not toxicity; casein micelles safely consumed for centuries.


Source: Cheng et al., 2022, Zhou et al., 2022, Xiang et al., 2025 

Organs affected in the body
This table summarises how different nanoparticles affect specific organs in the body and the diseases or conditions they may cause. Inorganic nanoparticles such as silver, titanium
dioxide, and zinc oxide show the highest toxicity, affecting organs like the liver, kidney,
heart, and intestines. In contrast, organic nanoparticles (lipid, protein, carbohydrate) are generally digestible and safe, with no major disease associations (Serov et al, 2024).
Table 2: Different diseases caused by various nanoparticles and organs affected
	Nanoparticle Type
	Main Organ(s) Affected
	Associated Disease or Condition

	Silver
nanoparticles
	Intestine (GIT)
	Intestinal inflammation, villi damage, abnormal mucus secretion

	
	Liver
	Hepatotoxicity, mild liver injury, altered liver enzymes

	
	Kidney
	Nephrotoxicity (impaired kidney function)

	
	Immune System
	Lymphocyte infiltration, immune activation

	Titanium
dioxide NPs
	Liver
	Liver injury, hepatic inflammation, oxidative stress

	
	Kidney
	Kidney toxicity

	
	Heart
	Cardiac damage (especially in young animals)

	
	Immune System
	Immune dysfunction, mast cell activation

	
	GIT
	Potential disruption of the gut barrier in high doses

	Iron oxide
nanoparticles
	Liver
	Possible oxidative stress–related liver injury (at high doses)

	
	Kidney
	Potential kidney stress (rare; mainly high doses)

	
	Blood
	ROS (reactive oxygen species) generation → oxidative stress–related conditions

	ZnO NPs
	Liver
	Liver damage, inflammation

	
	Kidney
	Nephrotoxicity

	
	Lung
	Lung inflammation (from systemic distribution)

	
	Intestine
	Increased permeability; inflammation

	Lipid NPs (organic)
	Liver
	Potential accumulation only if indigestible oils are used—no confirmed diseases

	Carbohydrate nanoparticles
	GIT
	Usually, no disease; fermentable fibres may cause mild gas/bloating (not a disease)

	Protein
nanoparticles
	GIT
	Generally safe; no disease linked (casein micelles eaten for centuries)


Source: Ghebretatios et al, 2021; Rahman et al 2024, 
Conclusion
The food business has seen tremendous progress thanks to nanotechnology, which has improved product stability, safety, and nutritional value. Targeted nutrition delivery, increased shelf life, enhanced flavour, and better texture have all been made possible by the use of nanoparticles in food and food packaging. Nevertheless, these advantages come with rising worries about the possible health hazards connected to long-term exposure to and consumption of engineered nanomaterials (ENMs). Silver, titanium dioxide, zinc oxide, and iron oxide are examples of inorganic nanoparticles that have shown both positive and negative effects based on their physicochemical properties, dosage, and interactions with biological systems. Among the main toxicity mechanisms identified in experimental research are accumulation in essential organs, as well as the activation of oxidative stress and inflammatory reactions. On the other hand, organic nanoparticles made from proteins, lipids, or carbohydrates are often less
hazardous since they are more biocompatible and biodegradable. There are still a lot of unanswered questions about the behaviours of nanoparticles in intricate food matrices, bioavailability, and long-term toxicity, despite tremendous research advancements. Future research should thus concentrate on creating uniform safety assessment procedures and using in vivo models that replicate actual dietary exposure. To guarantee that the benefits of nanotechnology in food science do not jeopardise environmental and consumer safety, stringent regulatory rules and a cautious approach are necessary.
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