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The application of inventions or products from nanotechnology has revolutionised all aspects of everyday life

ranging from medical applications to its impact on the food industry. Nanoparticles have made it possible to

significantly extend the shelf lives of food product, improve intracellular delivery of hydrophobic drugs and improve

the efficacy of specific therapeutics such as anticancer agents. 

nanotechnology  nanoparticles  drug delivery systems  nanomedicine

1. Nanotechnology

Nanotechnology is the intentional engineering and manipulation of particulate matter into a physical state of

between 1 nm and 100 nm that can be rearranged or reassembled into nano-systems with improved function .

The emergence of nanotechnology and its application have put Ireland for instance, at the forefront of scientific

research in the last decade . Nanoparticles are the ultimate result of the technological modification of matter, and

depending on their sizes, they are a few degrees larger than an atom consequence of the molecular processing of

matter. As they possess enhanced characteristics such as auto-reactive stability and self-reassembly, they are

easily adaptable and can be modified to achieve a specific characteristic or intended properties such as high

surface area when compared to conventional substances .

Nanotechnology, as a relatively new branch of science, has gained attention in the last two decades and is rapidly

expanding from the academic arena into the industry. Due to the possible advancements that can be achieved by

nanotechnology, it has been estimated that nanotechnology will impact the global economy by about three trillion

dollars by 2020 , making the field highly viable economically speaking. This could be attributed to the unique

physicochemical properties of nanoparticles at the interface of chemistry, medicine, physics, and engineering.

The field of nanotechnology is one of the fastest-growing areas of scientific research and development, with

significant advances being made in a range of applications. Currently, the state of the art in nanotechnology covers

a wide range of areas, including electronics, energy, materials science, biomedicine, and more. In electronics,

researchers are exploring the use of nanoscale transistors and other components to create smaller, faster, and

more energy-efficient devices. In energy, nanotechnology is being used to develop new materials and devices for

solar energy conversion, energy storage, and more. In biomedicine, nanotechnology is being used to develop new

diagnostic tools, therapies, and tissue engineering strategies. Overall, the current state of the art in nanotechnology
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reflects a highly dynamic and rapidly evolving field, with many exciting new developments and applications yet to

come.

Nanoparticles and nanomaterials are increasingly being explored for their potential applications in medicine. One of

the most promising areas of application is drug delivery, where nanoparticles can be used as carriers to deliver

drugs to specific cells or tissues in the body. Nanoparticles can be engineered to have specific surface properties

that allow them to selectively target diseased cells while avoiding healthy ones, which can increase efficacy and

reduce the side effects of drugs . Additionally, nanoparticles can be designed to release their cargo in a controlled

manner, allowing for sustained drug delivery over time . Nanoparticles can also be used for diagnostic purposes,

such as contrast agents in medical imaging, or the detection of specific biomolecules in biological samples . In

regenerative medicine, nanomaterials can be used as scaffolds for tissue engineering or as carriers for growth

factors and other signaling molecules that promote tissue repair and regeneration. While the field of nanomedicine

is still in its early stages, these and other potential applications hold great promise for improving the diagnosis and

treatment of a wide range of medical conditions.

2. Industrial Application of Nanotechnology

2.1. Food Industry

With the increasing awareness and demand for healthy food products, research has been devoted to devising tools

for improving food shelf life and nutrient absorption. Nanotechnology as an enabling technology has been widely

employed in achieving these fits in recent years for food preservation and delivery of nutraceuticals .

Nanoparticles are added to packaging materials to act as barrier molecules or as antibacterial agents and have

displayed great promise . One of the more widely utilised nanoparticle additives for this purpose is that of silver

nanoparticle (AgNP) primarily due to silver’s innate antibacterial properties. AgNP can be added to food products in

form of an edible biodegradable casing for food products, such as fruits, meat, and poultry, or included as an active

ingredient in the polymeric matrix of the packaging material . In fact, some studies have investigated the

preservative effect of AgNP-containing packaging on asparagus , poultry meat , orange juice , and

strawberries , all of which improved shelf life by inhibiting the activities of pathogens such as E. coli, S. aureus,

moulds, and yeasts. In addition to AgNP, Zinc oxide (ZnO ) and titanium dioxide (TiO ) are effective against a wide

variety of food pathogens such as S. aureus, Salmonella typhi, and Klebsiella pneumoniae . Their used in the

preservation of food items such as orange juice, strawberries, and liquid egg albumen, as documented . In

addition, TiO  and ZnO  have both been used as food additives for their whitening and UV-protective properties,

respectively .

Nano-encapsulation is a well-established technique used in retaining and enhancing the release of functional

nutrients and flavour in food items. Typically, these encapsulations are carbohydrate-based delivery systems made

from starch, cellulose, chitosan, and dextrin that have been modified . For example, phosphatidylcholine-based

liposomes have been employed in the delivery of vitamin C, and this encapsulation is found to be more effective at

maintaining the bioavailability of the nutrient likely through controlled release of the content when compared with
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free supplements administered orally . Chitosan nanoparticles, in particular, have been shown to improve the

stability and bioavailability of bioactive compounds in foods, such as curcumin and resveratrol . Polymer-based

nanoparticles, such as chitosan and poly-(lactic-co-glycolic acid) (PLGA), have been investigated for their ability to

encapsulate and deliver bioactive compounds, such as antioxidants and vitamins, in food products .

2.2. Cosmetic Industry

There is considerable usage of nanotechnology in the cosmetic industry with cosmetic manufacturers now

including nanomaterials in their products for a variety of reasons. In the lucrative sunscreen industry, nanoparticles

of zinc oxide and titanium dioxide are routinely added to sunscreen by virtue of their sizes, and they act as efficient

filters of UV radiation without serious health hazards  or unsightly “white streaking” when the cream is applied

due to the reduction in particle size. Liposomes prepared from varying lipid formulations of synthetic or natural

lipids are also widely used in cosmetics such as ethosomes and transferosomes that are used to improve

transdermal delivery of active cosmetic ingredients. The primary justification for the inclusion of liposomes in

cosmetics is to enhance the transdermal delivery of cosmetic ingredients based on the ability of the liposomal lipid

bilayer to fuse with cell membranes and alter the membrane fluidity for easy entry and delivery of liposomal content

. In addition, AgNPs are important ingredients in many cosmetic products as effective antibacterial agents such

as in bathing products as active antibacterial ingredients, and because of AgNP activity against different yeast

strains, they are also present in different dental products such as mouthwash and toothpaste .

2.3. Nanomedicine

Nanotechnology was first conceptualised in medicine by Dr. Richard P. Feynman in the late 1950s, while describing

the creation of molecular machines with atomic precision that can be used in engineering and medicine. He

described the use of molecular mechanical machines that are capable of carrying out surgery or those that can

permanently reside in the body for functional assistance of damaged organs . Nanotechnology has strongly

influenced the field of medicine, influencing how diseases are treated, particularly with the use of advanced drug

delivery systems from both natural and synthetic compounds.

Many nanoparticles are thought to have improved pharmacokinetic properties due to their physical nature and

reduced size; they can target specific cells for selective action dependent on the particle type. These particles can

easily penetrate target cells and accumulate into subcellular structures to modify cellular processes, which may be

beneficial in the treatment of lifelong diseases such as diabetes, cancer, and kidney diseases . As such, many of

these nanoparticles have already been approved by the Federal Drug Administration in the United States for

clinical use. Nanoparticles that are popularly used in research for therapeutic purposes include encapsulated

mRNA (siRNA) or DNA (in gene therapy), inorganic metal and metal complexes, or chemotherapeutic agents with

pharmacologic abilities .

Iron oxide and silica-based nanoparticles have been used to develop multifunctional imaging platforms such as

MRI/optical dual-modal imaging, which possess several advantages over existing positron emission tomography

(PET) and computed tomography (CT), both of which have radiation-related concerns . Iron oxide is a
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magneto-responsive metal that is also biocompatible due to its degradable nature within biological systems. This in

addition to its optical properties makes it a good imaging material for MRI. Iron oxide nanoparticles have been

widely used as contrast agents for MRI. They are superparamagnetic in nature and can enhance the contrast in

MRI images by altering the magnetic relaxation times of tissues . This property has been used in clinical imaging

for various applications, including cancer detection, inflammation imaging, and atherosclerosis imaging. Similarly,

Silica-based nanoparticles have also been used as X-ray contrast agents for CT imaging . 

3. Physiochemical Properties of Nanoparticles in Medicine

Nanoparticles have various properties that facilitate enhanced pharmacologic behaviour when compared with

larger molecules. As such, significant efforts are being made in research modifying the nanoparticle size, shape,

surface area, and surface chemistry to maximise their benefits for medical purposes.

Different nanoparticles such as gold nanoshells, liposomes, and micelles are synthesised in various ways, and the

sizes and shapes of these nanoparticles can be controlled during the synthesis process based on the intended

functionality. Nanoparticles can agglomerate into larger-sized particles during synthesis, which may enhance or

indeed suppress the nanoparticle cytotoxicity depending on composition. The surface chemistry of nanoparticles

can be modified by adding reactive groups or molecules such as antibodies to surfaces in targeted drug delivery

systems (Figure 1).
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Figure 1. Physicochemical properties of nanoparticles.

3.1. Size and Surface Area

As stated, nanoparticles are small particles with sizes ranging between 1 nm and 100 nm, giving them a high

surface area to volume ratio. By virtue of this property, nanoparticles have a high surface area of interaction per

mass unit compared with more bulky particles, making some particles that are otherwise inert such as gold, to be

reactive in the nanometer range . A nanoparticle’s small size that is controllable also allows them to easily

infiltrate body tissues and fluids, which are otherwise hindered when in the bulk form. In essence, the size and

surface area of these particles contribute to the rate at which these nanoparticles are endocytosed, distributed,

retained, and eliminated within biological systems . As nanoparticles do not simply diffuse through the cell

membrane, the extensive research into nanoparticles movements into normal and cancer cell lines has shown that

they are internalised by endocytotic means in a size-dependent fashion . Nanoparticles < 200 nm are known

to be internalised by clathrin-coated vesicles, while larger nanoparticles, usually 500 nm, are known to be

internalised by caveolae-mediated endocytosis . In immune cells such as macrophages however, nanoparticles

are prone to phagocytosis, and indeed research has shown that nanoparticles less than 500 nm in size enter

immune cells through the phagocytotic pathway, while particles with larger particle sizes of between 2 and 3 µm,

approximately around the size of bacteria cells, exhibit maximal phagocytotic uptake. Smaller nanoparticles such

as liposomes can now be engineered for maximal uptake by mammalian cells based on their size .

3.2. Surface Chemistry

The surface chemistry of nanoparticles such as charge or attached chemical groups is an important factor that

determines their reactivity and ultimately can control their function. Many nanoparticles have been modified to

change their surface chemistry to suit specific purposes. Rod-shaped gold nanoparticles (AuNPs) and DNA,

because of their charge, cannot easily permeate or enter the cell. Both the AuNP and DNA have had their surfaces

modified by coating them with lipid layers, while DNA has also been electrostatically conjugated to cationic

liposomes to facilitate their transport into the cell, which resulted in improved uptake . As liposomes and

micelles have lipid layers that can interact and fuse with the cell membrane through hydrophobic interactions

resulting in improved uptake, they can be used to deliver higher concentrations of nanoparticles intracellularly.

Silicon nanoparticles (SiNPs) are important semiconductors that are used in optoelectronics, but their

hydrophobicity hinders their application in biomedicine such as applications of internal imaging of tissues, since the

biological system is aqueous and SiNPs are not stable in aqueous environments.

Liposomes are made up of phospholipids that mimic the lipid bilayer of the plasma membrane. The phospholipids

component of the liposomes is amphiphilic with a polar head and a hydrophobic tail (Figure 2). The polar head is

comprised of a phosphate group and glycerol both containing oxygen that can form hydrogen bonds in an aqueous

environment. The hydrophobic tail on the other hand is made up of long-chain fatty acid, which aligns with the

hydrophobic tail of another adjacent phospholipid, creating a hydrophobic core that can hold non-polar hydrophobic

drugs in the bilayer so formed. The compatibility of liposomal surface chemistry with that of plasma membrane
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allows the adsorption of the liposome to the cell membrane where the liposome is internalised via receptor-

mediated endocytosis or through fusion with the plasma membrane inducing membrane invagination and

internalisation .

Figure 2. Liposomal modification for drug delivery.

3.3. Shape

As stated previously, nanomaterials have tunable sizes, but their shape is also controllable during their synthesis.

The shapes of nanoparticles can be altered during the last synthesis stage and typically involves nucleation of the

nanoparticles from seed. The nucleation process involves the fusion of nanoparticle nuclei known as the seeds

forming a template on which the nanoparticle crystals grow. Just like the size, the shape of a nanoparticle is

paramount to its biological function and reactivity. Generally, nanoparticles that are round or spherical in shape are

easily endocytosed in comparison to rod or tube-shaped nanoparticles . This is because the shape affects

endocytosis, which interferes with the way the membrane wraps over the nano-construct during contact. As such,

the reduced endocytosis of nano-rods or other shapes is most likely due to the inability of the cell to initiate the

necessary actin-dependent membrane kinetics required for endocytosis. This reason may explain why most

nanoparticles with pharmacologic properties are spherical in nature. On the contrary, there are reports from new

studies on nanoparticles of different shapes with potential applications in drug delivery.

4. Nanoparticle Cytotoxicity

With the advent of nanotechnology and its growing application in almost all facets of everyday living, comes the

concern on possible hazards resulting from increased human exposure. Significant research into the toxic effect or

toxicity of nanoparticle exposure gave rise to the field of nanotoxicology. In recent years, this field has identified
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that the properties of nanoparticles that confer them with suitable pharmacologic behaviour are also responsible for

their toxicity .

Several studies have investigated the toxicity of different nanoparticles using different cell lines and experimental

conditions. For instance, toxicity of carbon nanotubes has been shown to affect the diversity of soil bacteria, ,

inhibit the growth of Daphnia magna, Chlorella vulgaris, and Oryzias latipes , and result in oxidative stress,

membrane damage and inflammation in human A549 lung carcinoma cell line . Different findings have shown

that the mechanism of nanoparticle size-dependent cytotoxicity is due to their ability to infiltrate body tissues and

subsequently enter cells to modify crucial cellular functions, one of which is to rupture the membrane of subcellular

structures and induce the overproduction of reactive oxygen species (ROS) . The presence of elevated levels of

ROS induces oxidative stress that affects the normal physiological processes of the cell subsequently resulting in

DNA damage, dysregulation of cell signaling, and ultimately cell death.

5. Nanoparticle Drug Delivery Systems (DSSs) in Disease
Treatment

Nanoparticles used in drug delivery range from 10 to 1000 nm in size with at least one dimension being below 100

nm in size. The small sizes of nanoparticles as well as their surface chemistry are known to offer pharmaceutically

beneficial attributes but may also contribute to their toxic effects as discussed earlier. Smaller nanoparticles enter

cells more effectively when compared with larger molecules, but the administration of nanoparticles with a reduced

clearance may result in some of the particles being retained within the body. In the case of a more active or

cytotoxic nanoparticle being retained rather than a bulk of the drug being eliminated during the first pass effect, this

may result in harmful effects on the targeted site due to unwanted retention. Systemic administration of cytotoxic

drugs may cause the drugs to exert their cytotoxicity on tissues during the first pass before they reach the intended

tissues. Overall, 70% of globally synthesised drugs have poor aqueous solubility and hence poor pharmacokinetic

properties in vivo . As a solution to this, nanoparticle drug delivery systems (DSSs) have been developed to

achieve targeted and more efficient delivery of the therapeutic substance, which would prevent damage to

surrounding organs from the effect of administered drugs that will otherwise arise if the drugs were in the free form.

5.1. Lipid-Based DSSs

DSSs made from lipids vary in formulation and size and mainly consist of two types: namely micelles and

liposomes. Micelles are formed through the self-assembly of a monolayer of lipid molecules in an aqueous

environment into a nano-vesicle of between 5 and 50 nm . They are used to successfully transport hydrophobic

molecules, trapped in the hydrophobic core, at concentrations above their inherent water solubility. This is possible

because the hydrophilic phospholipids are exposed to the aqueous environment while the hydrophobic tails form

the core that can interact with the drug.

Unlike micelles, liposomes are bilayer nano-vesicles similar to the cell membrane with sizes ranging from 10 nm to

several microns. The hydrophilic phospholipids of the outer layer are exposed to the aqueous environment, while
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that of the inner layer encloses the aqueous core. Consequently, the hydrophobic tails of the bilayer lie above each

other and are often used to trap hydrophobic drugs while the aqueous core is used to entrap hydrophilic drugs .

Liposomes have been one of the most useful tools in drug delivery in cancer treatment due to their ability to

transport both water-soluble and insoluble drugs . Conventional drugs, which are often small molecular

drugs that have poor selectivity for tumour cells, are not retained within the tumour microenvironment as they

diffuse back into the circulation system, causing cytotoxic side effects to normal cells. Liposomes, however, can

improve the delivery of such drugs to the tumour microenvironment, which have tight junctions with gaps between

100 nm and 800 nm unlike normal epithelial junctions, which are 5 nm to 10 nm, via an enhanced permeability and

retention (EPR) effect. Using the EPR effect, liposomes accumulate at the tight junctions of tumour cells and

extravasate the blood vessels to the tumour microenvironment for delivery of the encapsulated drugs .

Liposomes generally have short half-life, but advancements in drug delivery research such as PEGylation of

liposomes has allowed the development of liposomes with increased half-life . In forming DSPE-PEG for

instance, PEG is conjugated to phosphatidyl ethanolamine of DSPE via covalent linking of the amide group of

DSPE to the carboxyl end of PEG . Through the PEG linker on the liposome surface, several other moieties can

be conjugated to the liposome as in targeted drug delivery. For example, click chemistry can be used to couple an

azide-functionalized antibody to a Dibenzocyclooctyne-amine (DBCO)-PEG functionalized liposome in an azide–

alkyne cycloaddition reaction .

Liposomes can be used to transport hydrophobic drugs in the lipid bilayer via hydrophobic interactions with the

fatty acid tail of the phospholipids, while hydrophilic molecules, such as DNA or crystalline drugs, can be

encapsulated within the aqueous core. Surface modifications are now possible on the surface of the liposomes

allowing enhanced bioavailability, as occurred with PEG. Surface coating of drugs via electrostatic or ionic

interactions or conjugation of antibodies, chemotherapeutic agents, peptides, and other proteins can prove useful

for targeted delivery are routinely done with the aid of different linkers such as avidin-biotin complexes, PEG, or

peptide linkers that are chemically conjugated to the phospholipid head and to the drug or protein of choice (Figure

2 and Figure 3).
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Figure 3. Targeted delivery and metabolism of liposome encapsulated drug.

The pH of the environment where the particles are delivered can also affect the function of the nanoparticle-based

on its surface chemistry, and this phenomenon has been utilised to trigger drug release in the tumour

microenvironment that is characterised by acidic pH. For example, carrageenan oligosaccharide-capped AuNP

have been recently shown to significantly release epirubicin in an acidic pH inducing cell death in HCT-116

colorectal cancer cells . The surface of nanoparticles can alter their movement within aqueous biological

systems and subsequently affect their reactivity or delivery. Such surface properties facilitate their use in a variety

of ways such as in biomedical sensors, coatings of medical implants, and drug delivery systems.

5.2. Polymeric DSSs

Polymer-based nanoparticle DSSs are made up of a repeating unit of specific polymers and have been widely

investigated for medical purposes in recent years . Some of the known polymeric DSSs are PEG, chitosan,

poly-(lactic-co-glycolic acid) (PLGA), and polylactic acid (PLA), but PEG, PLGA and PLA are the more widely

studied, while chitosan research is beginning to gain more attention due to its biocompatibility, low immunogenicity

and low toxicity . Several PEGylated drugs have been approved by FDA for clinical use, making it the most

commercialised polymeric DSSs. PLGA and PLA are, however, known to be characterised by an initial burst

release of the encapsulated drug (within 24 h) irrespective of the drug localization, and this may result in high
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delivery of drugs at unwanted sites, reducing drug benefits . This has led to the development of polymeric DSSs

with different triggers for the release of entrapped drugs.

5.3. Peptide Nanoparticle DSSs

Linear and cyclic peptides that are either synthesised or derived from existing fragments of naturally occurring

proteins are also important contributors to the nanoparticle DSSs that are currently available. Peptides are often

used as the targets for cell surface receptors since most proteins that bind to such receptors do so via a specific

fragment in their peptide sequence. These coupled with their ease of synthesis and low immunogenicity makes

peptides a useful tool as potential DSSs. Several peptides have been used alone or indeed as part of a surface

modification to other nanoparticles for improved drug delivery.

5.4. Inorganic Nanoparticle-Based DSSs

Inorganic nanoparticles have been widely studied for their potential use in drug delivery systems due to their

unique properties, such as small size, biocompatibility, and stability. Inorganic nanoparticles, such as dendrimers,

and inorganic nanocarriers such as silica, magnetic, and gold nanocarriers, can be used to encapsulate and deliver

drugs to specific target sites in the body.

Dendrimers are branched, nanoscale polymers that have attracted significant attention as DSSs due to their unique

properties, such as small size, high surface-to-volume ratio, and tunable surface functionality . One of the main

advantages of dendrimers as DSSs is their ability to encapsulate a large amount of drug in their interior or on their

surface. This allows for controlled and sustained release of the drug, improving its therapeutic efficacy and

reducing its side effects. Dendrimers can also be functionalized with targeting moieties, such as antibodies or

peptides, which can improve their specificity for a specific target site in the body, such as a tumour cell . Another

advantage of dendrimers is their biocompatibility, which is due to their nontoxic and biodegradable nature. This

makes them a promising platform for the delivery of a wide range of drugs, including small molecules, proteins, and

nucleic acids.

5.5. Nanoparticle Delivery Systems and Suppression of Drug-Associated Toxicity

Nanoparticles extensively researched for their medical applications include AgNPs, AuNPs, silicon/silicon oxides

and iron oxide nanoparticles. Of these, AgNPs have been extensively researched for medical applications and in

fact, AgNP is the most commercialised nanoparticle at present as an active ingredient in an everyday consumable

product driven by nanotechnology , especially in high concentration. These diverse applications of AgNPs stems

from its antibacterial activities and indeed several mechanisms of action have been proposed for their cytotoxic

effect. In addition to this, recent investigations have now shifted to investigating the anticancer properties of AgNPs

with interesting results. AgNPs have been shown to interact with the DNA inducing DNA damage. AgNPs can also

induce ROS which further causes DNA single and double-strand breaks in addition to DNA adducts due to the

oxidation of certain nucleotides like guanine to 8-oxo-2-deoxyguanosine, which can base pair with deoxyadenosine

resulting in mutation  (Figure 4). This, in addition to the permeabilisation of the mitochondria membrane,
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can lead to the activation of caspase-dependent cell death. However, the overall effect of both anticancer and

antibacterial applications of AgNP possesses increased toxicity risk due to increased and repeated human

exposure to the free silver ion (Ag ) released into the local environment by the nanoparticle. Ag  released from

AgNPs has been documented to cause several side effects such as skin irritation and discolouration,

hepatotoxicity, kidney damage, DNA damage, and epithelia cell damage .

Figure 4. Proposed mechanism of action of AgNPs.

AgNPs have a dose and size-dependent effect on cellular cytotoxicity, which influence the dynamic changes within

the cell. AgNPs can induce apoptosis via the caspase-dependent mitochondrial cell death pathway facilitating

cellular dynamics that can damage the cell barrier, inactivate ATPase activity to cause inactivation of Ca  ATPase

and Na /K  ATPase. This, in addition to single and double-strand breaks that is caused by AgNP-induced DNA

damage, can excessively generate and accumulate ROS causing the permeabilisation of the mitochondrial

membrane and release of cytochrome C and pro-apoptotic protein into the cytoplasm followed by activation of the

caspase cascade, and finally apoptosis.
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