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Abstract

Nanotechnology has received considerable attention and interest over the past few decades in
the field of biomedicine due to the wide range of applications it provides in disease diagnosis,
drug design and delivery, biomolecules detection, tissue engineering and regenerative
medicine. Ultra-small size and large surface area of nanomaterials prove to be greatly
advantageous for their biomedical applications. Moreover, the physico-chemical and thus, the
biological properties of nanomaterials can be manipulated depending on the application.
However, stability, efficacy and toxicity of nanoparticles remain challenge for researchers
working in this area. This mini review highlights the recent advances of various types of
nanoparticles in biomedicine and will be of great value to researchers in the field of materials
science, chemistry, biology and medicine.

Introduction

Nanotechnology refers to one of the most innovative technologies of modern times that
highlights the design and development of materials and structures having dimension from 1-
1000 nanometres (1). At this size scale, the physico-chemical and biological properties of
materials are very different from those of larger scale bulk materials. Because of their ultra-small
size, large surface area and large surface to volume ratio, nanomaterials own characteristic
physical, chemical, biological, and mechanical properties that can be applied for a broad
category of applications. Thus, nanotechnology has enriched almost every field of science,
including physics, chemistry, biology, computer science and engineering, and has revolutionized
virtually all areas of our day-to-day life including food, clothing, cosmetics, electronics, energy,
environment and medicine (2).

The application of nanotechnology in medicine, referred to as nanomedicine, has opened a
myriad of opportunities in healthcare including those in disease diagnosis (3, 4), drug, gene and
vaccine delivery (5-7), in vivo imaging (8, 9), tissue engineering and regenerative medicine (10,
11) which have shown huge potential in enhancing many aspects of human health.
Nanomaterials have been used in many therapies such as in the treatment of cancer (5),
diabetes (12), infection (13) and inflammation (14). The most recent utilization of nanomaterials
reported in medicine is as a carrier system in m-RNA based Covid-19 vaccine (15, 16).

Nanomaterials are classified as zero-dimensional like nanoparticles (NPs), one-dimensional
such as nanotubes and nanorods, and two-dimensional like nanofilms, nanolayers (17).
Nanoparticles, made of lipids, polymers, metals, cell membrane coated particles are the most
common structures that have been widely explored for their biomedical and pharmaceutical
applications. However, most of these NPs are still at the research stage and only a handful of
these have managed to clear the clinical stages and succeeded the FDA approvals (18). The
clinical trials for many NPs seem to fail at the later stages due to toxicity. The physico-chemical
properties such as size and shape of NPs determine their in vivo distribution and toxicity,



targeting ability and hence their biological fate (19, 20). Surface properties such as surface
charge and hydrophobicity also influence their blood circulation and biodistribution (20, 21).
Moreover, the physico-chemical and surface characteristics affect the stability of NPs and their
interaction with cells and hence their cellular uptake. The properties of NPs are dictated by the
synthesis methods and conditions (22). Thus, the control over the particle size, shape,
morphology, and surface characteristics is of utmost importance to optimize the therapeutic
efficacy and hence the applicability of NPs in biomedicine. Developing a nanoparticle system
which is biocompatible, safe, stable, and effective is still a challenge to overcome for
researchers. Further, there are key issues relating to complexity in large scale manufacturing,
cost and regulatory standards which are hindering their translation and commercialization (23,
24). This article provides a brief review of various types of NPs, their synthesis methods,
properties, and important applications in biomedicine. The current challenges associated with
these systems for their use in medicine are also discussed.

Synthesis of NPs

Two main methods employed for synthesise of NPs involve top-down and bottom-up approach
(25). Both the approaches include physical, chemical, and biological methods. Top-down is a
simple strategy that involves breaking down of the bulk material to form tinier nanopatrticles
using mechanical or electrical methods (26, 27). Techniques such as ball milling,
micromachining, lithography (photo, electron beam, nanoimprint, soft, nanosphere, block
copolymer) are commonly employed in fabricating nanomaterials using top-down method. Due
to the mechanical and electrical methods used during miniaturization of the particles using top-
down approach, the surface structures generated show crystallographic impairment.

In bottom-up approach, building blocks i.e. atoms, molecules or smaller particles are added
which assemble to form NPs (28, 29). It usually involves a kind of chemical reaction that
generally happens in homogenous solution or gaseous phase. There is a greater chance of
producing monodisperse NPs with less defects and increased homogenous chemical
composition. Various chemical methods such as chemical reduction, electrochemical reduction
or oxidation, photochemical synthesis, sonochemical synthesis, hydro/solvothermal synthesis,
microwave assisted synthesis, microemulsion, co-precipitation, chemical vapour deposition and
biosynthesis using bacteria, yeast, fungi, plant extracts are used.

Characterisation of NPs

NPs are characterized by various experimental techniques for their physico-chemical properties
(30). Most common parameters such as size and shape can be measured via dynamic light
scattering (DLS), and transmission and scanning electron microscopy (TEM and SEM). Surface
charge can be measured using DLS. Crystal structure of NPs can be detected via X-ray
diffraction technique. Brunauer—Emmett—Teller (BET) analysis is used to measure surface area
of NPs. Optical properties of NPs can be examined using UV-visible spectroscopy and thermal
properties can be studied via thermogravimetric analysis. Magnetic properties of magnetic NPs
can be investigated via techniques such as vibrating sample magnetometry (VSM).

Types of NPs

Liposomes, polymeric nanoparticles, metal nanoparticles and cell membrane coated
nanoparticles are some of the most extensively studied NPs (Figure 1) for their use in
biomedicine. These are further discussed in the following subsections.



Liposomes

Lipids are an integral part of cell membranes and thus present an ideal biocompatible material
to generate nanostructures for biomedical and pharmaceutical applications (31). Liposomes are
one such nanostructures, consisting of lipid vesicles having single or multiple concentric lipid
bilayers which are bounded in an aqueous space. Liposomes are one of the first nanopatrticle
platforms to be applied in medicine (32). In addition to their biocompatible and biodegradable
composition, liposomes have an unique ability to encapsulate hydrophobic agents within their
lamellae and hydrophilic agents in their aqueous core which provides advantage for these
systems as a drug delivery vehicle (33-35). However, the major limitation of these systems is
lack of structural integrity which leads to instability during storage and leakage of the
encapsulated agents (36). The stability and circulation half-life time of the liposomes can be
increased by functionalizing liposomes with polymers (37).

Over the last few decades, liposomes have been explored as delivery systems for various
bioactive agents such as drugs, antimicrobials and antioxidants as well as genes and vaccines
(38-41). Pharmacokinetics and bio-distribution of the encapsulated material can be improved
using liposome drug formulations by exhibiting longer circulation time in blood. It is easy to
modify the physicochemical properties of liposomes such as size, shape, and surface charge by
altering the lipid composition and surface modification agents. Hybrid systems such as lipid-
hydrogels and lipid-iron oxide NPs have also been studied for sustained and targeted drug
delivery (42, 43). So far, only a handful of the liposomal formulations have succeeded to receive
FDA approval which include Doxil and paclitaxel liposome formulations, however, many
systems are in clinical trials and have shown promising results (18). Lipid bilayer structure of the
liposomes is recognized by the immune system and is rapidly cleared by macrophages,
shortening their in-vivo circulation time. Pegylation, i.e. attaching polyethylene glycol (PEG) on
the surface of liposome has been shown to increase their stability (37), to prolong the circulation
half-time time, and thus, to significantly enhance the therapeutic potential of these NPs (44).

Polymeric nanoparticles

Polymeric NPs are one of the most extensively investigated therapeutic carrier systems for
numerous medications including treatments for cancer, cardiovascular diseases, and
vaccinations. These are spherical colloidal systems synthesized by a self-assembly of two or
more block-copolymer (45, 46). These block-copolymers are biodegradable and biocompatible
and consist of two or more polymer chains which differ in their hydrophilicity. The co-polymers
spontaneously self-assemble to form a core-shell structure with hydrophobic blocks forming the
core to minimize its contact with aqueous environment and hydrophilic blocks forming the shell
to stabilize the core

Natural polymers such as chitosan, alginate and dextran have been explored in nanomedicine
due to their biocompatible and biodegradable characteristics as well as due to their abundant
presence in nature (47). Moreover, synthetic polymers such as poly (lactic-co-glycolic acid)
(PLGA), polyglycolic acid (PGA), PEG, N-(2-hydroxypropyl)-methacrylamide copolymer (HPMA)
and polylactic acid (PLA) have also been extensively studied in translational medicine (48).
Rapid clearance from the systemic circulation system before reaching the site of action and
inability to differentiate between different cell types are some of the limitations of the polymeric
NPs. Surface functionalization or hybridizing the polymeric NPs with lipids and other NPs may
circumvent the drawbacks associated with these NPs and improve their in-vivo performance



(49). Despite their promising properties, very few polymeric NPs, most of which are liposome-
polymer systems, have received FDA approval and further research is still needed on many of
these systems to enhance their blood circulation time in in-vivo applications. Some of the FDA-
approved polymeric nanoparticles include paclitaxel-PLGA NPs for metastatic breast cancer,
non-small lung cancer and metastatic pancreatic cancer (18). Recently, it is reported that
polymeric NPs provide a safe and effective carrier system for delivery of nucleic acids, such as
DNA and small interfering RNA (siRNA), by protecting the nucleic acids from cellular uptake and
degradation (50, 51).

Metal nanoparticles

Metallic nanoparticles such as silver NP, gold NP and superparamagnetic iron oxide
nanoparticles possess excellent physical, chemical, biological, optical, electronic and magnetic
properties which make them suitable in biomedical applications (52-55).

Owing to their intrinsic cytotoxicity, silver NPs have been used as anticancer and antibacterial
agents in healthcare. Silver NPs have been applied against various types of cancer cells such
as breast cancer, lung cancer, liver cancer (56-58). These NPs have also shown anti-
proliferative properties which is attributed to their ability to damage DNA, break chromosomes
and disrupt calcium (Ca2+) homeostasis which induces apoptosis (59).

Gold NPs has shown promise both in diagnostic and therapeutic applications (60). These NPs
are effective carriers which can transfer chemotherapeutic agents, siRNA, proteins, genes and
vaccines (53, 60). Studies have also demonstrated enhanced therapeutic efficacy of gold NPs
in photothermal therapy, thus indicating their potential in cancer treatments (61).

Superparamagnetic iron oxide NPs (SPIONs) such as magnetite (Fez0,4), maghemite (y-Fe,05s)
and hematite (a- Fe,03) have been widely employed in theranostic applications which include,
magnetic resonance imaging (MRI) and drug delivery (8, 62). Due to their superparamagnetic
properties, SPIONs are increasingly investigated for their potential use in hyperthermia cancer
therapy and targeted drug delivery applications (43, 63). By applying external magnetic field
SPIONs can be directed specifically to the cancer cells. Moreover, the therapeutic agent can
then be released to the target cells by inducing local hyperthermia with an applied AC field.

Although these metal particles are biocompatible and inert, there are concerns related to toxicity
of these particles as significant number of particles are retained and accumulate in the body
after administration. Therefore, despite promising research in this field, most of the work on
metal NPs is still in the preclinical stage.

Cell membrane coated NPs

Cell membrane coated NPs are relatively a new class of NPs which are inspired from biological
systems to make nanoparticles with new and enhanced functionalities (64, 65). Cell membrane
coated NPs consists of NP core coated with cell membranes isolated from natural cells such as
red blood cells, white blood cells, platelets , mesenchymal stem cells, cancer cells and bacterial
cells (66, 67). NP core can be polymeric NPs, metallic NPs, or inorganic NPs. Camouflaging
NPs using natural cell membranes is a unique top-down engineering strategy that provides a
successful transfer of membrane proteins along with the surface chemistry of lipid bilayer (68).

Red blood cell membrane coated NPs have proven to increase circulation time and reduce
reticuloendothelial system uptake (69). It was further reported that these NPs not only serve as



carriers but also as detoxification and vaccination platforms. White blood cell membrane coated
NPs have shown to inhibit particle opsonization and consequent clearance by macrophage
internalization (70). Cancer cell coated NPs have been used for tumour targeting, photothermal
therapy (71) and immune response activation (72). Moreover, these NPs can be used in
anticancer vaccination and drug delivery applications. Previous research has shown that
platelet cell membrane coated NPs have potential applications in targeted drug delivery and
pathogen-specific antibiotic delivery (73) whereas bacterial cell membrane coated NPs mainly
find applications in vaccine delivery against antimicrobial-resistant bacteria (74). Previous
studies using mesenchymal stem cell coated SPIONs suggest the potential of these NPs in
diagnostic and magnetic hyperthermia cancer treatment (75).

Thus, lot of progress has been made in the field of cell membrane coated NPs which
demonstrate their strong potential for diagnostic and therapeutic applications including those in
drug delivery, immune modulation, detoxification, and vaccination. However, complexity and
reproducibility issues of the fabrication process of these NPs and their physical instability exhibit
a challenge with these NPs.

In addition to the NPs discussed above, there are many other kinds of nanomaterials
researched over the years. These include quantum dots, carbon nanotubes and dendrimers
(Figure 1). Quantum dots are fluorescent, spherical nanocrystals made of semiconductor
materials which are used as drug carriers, for labelling therapeutic and in imaging and detection
(76). Carbon nanotubes contain sp2 hybridized carbon atoms which are arranged in hexagonal
lattices. This unique property provides these materials an ability to bind with a broad range of
molecules and allowing their wide range of biomedical applications including drug and gene
delivery (77, 78), in cancer diagnhostics and therapy (79) and in tissue engineering (80).
However, in-vivo use of carbon nanotubes is still posing concerns due to their issues relating to
toxicity, water insolubility and biocompatibility. Dendrimers are well defined, multi-branched
polymeric macromolecules synthesized from either synthetic or natural elements such as amino
acids and sugars (81). Dendrimers can enhance the solubility and the bioavailability of various
hydrophobic drugs and thus find applications in drug and gene delivery (82) and in treatments of
cancer and infectious diseases (81, 83).

Moreover, recent development has shown that nanoparticles such as metallic NPs, polymeric
NPs, carbon nanomaterials also have potential in regulating stem cell behaviour and tissue
regeneration (84, 85). These nanomaterials can modulate the microenvironments involved in
stem cell differentiation (86) and thus can be used to treat various diseases such as
cardiovascular disease (87), neurodegenerative disease (88). Although there is a huge promise
for nanotechnology in stem cell research, toxicity of certain nanoscaffolds such as carbon
nanotubes is still a concern for their applications in tissue regeneration.

Conclusions

Nanoparticles represent a variety of applications ranging from diagnosis and delivery of
therapeutics including drugs, genes, and vaccines, to tissue engineering and imaging. Each
nanoparticle platform including liposomes, polymeric nanoparticles, metallic hanopatrticles, bio-
inspired cell membrane coated NPs, quantum dots, carbon nanotubes and dendrimers offers
unique set of physico-chemical and biological properties. Thus, these NPs have potential to
provide alternative strategy to the conventional treatments for cancer, heart and brain diseases,
diabetes, and infectious and respiratory diseases. Although nanoparticles have established a



substantial presence in biomedicine, the field is still in its infancy stage. A large portion of these
NPs are still in the research and development stage and have not been able to make the
transition from the bench-to-bed. Many NPs seem to fail at the later stages of clinical trials due
to severe toxicity, which is governed by their physico-chemical such as size, shape and surface
properties like surface charge and hydrophobicity. Development of stable and effective
nanoparticles requires a thorough knowledge of physico-chemical features of nanomaterials and
their applications. Further strategies to overcome the issues related to manufacturing, costs,
and regulatory standards are needed. Moreover, proper understanding about the safety and
toxicity of the nanoparticles and the health risk associated with their use is crucial. Continuing
the remarkable progress made so far and with the aid of technological and engineering
advances, it will be possible for researchers to optimize these therapeutic and diagnostic
modalities. Thus, nanoparticles certainly hold a promise to revolutionize the field of biomedicine
and present an opportunity to treat a myriad of important human diseases.

Summary points

e Top-down and bottom-up approach, involving different chemical and biological
processes, are employed to synthesize the nanoparticles and the physico-chemical and
hence, the biological characteristics of the nanoparticles can be manipulated using
appropriate synthesis conditions and procedures.

e Ultra-small size (ideally in the range of 0-100 nm), large surface area and large surface
to volume ratio are some of the characteristics that govern the physical, chemical,
optical, electrical, magnetic, mechanical, and biological properties of the nanoparticles.

e Applications of nanoparticles in biomedicine involve disease diagnosis, delivery of
therapeutic agent such as drug, gene and vaccine, in vivo imaging, tissue engineering
and regenerative medicine, hyperthermia.



Figure 1: Schematic representation of nanoparticles discussed here, a. liposome; b polymeric
nanoparticles; c. gold nanoparticle; d. iron oxide nanoparticle; e. quantum dot; f. carbon nanotube; g.
dendrimer; h. red blood cell vesicle and core nanoparticles forming red blood cell membrane coated
nanoparticle.
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