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Abstract

Over the past few years, nanotechnology has been attracting considerable research attention because of their outstanding
mechanical, electromagnetic and optical properties. Nanotechnology is an interdisciplinary field comprising nanomaterials,
nanoelectronics, and nanobiotechnology, as three areas which extensively overlap. The application of metal nanoparticles
(MNPs) has drawn much attention offering significant advances, especially in the field of medicine by increasing the thera-
peutic index of drugs through site specificity preventing multidrug resistance and delivering therapeutic agents efficiently.
Apart from drug delivery, some other applications of MNPs in medicine are also well known such as in vivo and in vitro
diagnostics and production of enhanced biocompatible materials and nutraceuticals. The use of metallic nanoparticles for drug
delivery systems has significant advantages, such as increased stability and half-life of drug carrier in circulation, required
biodistribution, and passive or active targeting into the required target site. Green synthesis of MNPs is an emerging area in
the field of bionanotechnology and provides economic and environmental benefits as an alternative to chemical and physical
methods. Therefore, this review aims to provide up-to-date insights on the current challenges and perspectives of MNPs in
drug delivery systems. The present review was mainly focused on the greener methods of metallic nanocarrier preparations
and its surface modifications, applications of different MNPs like silver, gold, platinum, palladium, copper, zinc oxide, metal
sulfide and nanometal organic frameworks in drug delivery systems.
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1 Introduction

Nanotechnology is a science that deals with the preparation
of nanosize particles ranging from 1 to 100 nm employing
diverse synthetic strategies, particle structure and size modi-
fication [1]. The technological leap of controlling materials
at nanoscale provides for a big revolution in medical and
healthcare treatments and therapies. The use of nanoparticles
in different fields like molecular biology, physics, organic
and inorganic chemistry, medicine, and material science
is unexpectedly augmented nowadays [2, 3]. It is reported
that moving from bulk materials into nanosize will change
their physicochemical properties, which can be utilized in
diverse biomedical applications. Nanoparticles are extremely
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attractive for several biomedical applications mainly due to
its high surface to volume ratio with the capability to inter-
act with the molecular or cellular process and the possibil-
ity to influence their functions [4]. Drug delivery systems
(DDS) are one of the greatest promising applications of
human health care and represent an eternally progressing
field for medical sciences. In spite of vast development in
the field of DDS, still it is a crucial challenge for formula-
tion scientists to develop an appropriate carrier that is effi-
cient for drug delivery to the body with maximum benefit
to risk ratio [5]. The development of drug-delivery systems
has been an active field of multidisciplinary research for
more than 20 years and has led to successful improvement
of treatments for different pathologies [6, 7]. Nanoscale drug
delivery systems are an important route to reduce the side
effects and improve the treatment efficacy of chemotherapy
drugs. The use of nanostructured materials provides incom-
parable liberty to customize the intrinsic properties of the
drug in DDS such as drug release characteristics, dissolu-
tion, solubility, bioavailability, #,,,, and immunogenicity
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[8]. Another important feature of nanostructured materials
(NSM) is its comparable size of the cell organelles in the
human cell and this property makes them a potential candi-
date for DDS as the variety of physiological processes take
place at nanoscales (Fig. 1). Formation of stable interac-
tions with ligands, variability in size and shape, high carrier
capacity and convenience of binding of both hydrophilic and
hydrophobic substances make nanoparticles favorable plat-
forms for the target-specific and controlled delivery of micro
and macromolecules in disease therapy [9]. The side effects
and poor bioavailability associated with existing drugs make
NSM as an effective drug delivery system. It means that the
delivery of therapeutic agent directly to the tumor cells is a
critical challenge. Some conventional chemotherapy drugs
used to treat cancer can increase the risk of heart problems,
which can also occur with radiation therapy which includes
myocardial infarction, heart attack, stroke and blood clot
[10]. By using metal nanoparticles, drug delivery system can
minimize these types of side effects because they directly
target the affected organ and thereby reduces the side effects.

In the field of nanobiotechnology, synthesis of MNPs is
considered as a progressive area attracting scientific research
with significant importance on imaging and drug delivery
[11, 12]. MNPs are of great interest because of its optical
properties such as surface plasmon resonance (SPR) with the
ability to control optical field which makes them potential
candidates for biomedical applications. The small size of
MNPs facilitates them to infiltrate through the biological
or physiological membrane that is usually impermeable to

Fig. 1 The size, shape, material,
and surface of the nanoparticles o

Liposome

other macromolecules [13, 14]. To alter the pharmacokinet-
ics properties, the surface of the MNPs can be tuned accord-
ingly. For example the circulation time of the MNPs within
the body can be enhanced by reducing the non-specific
uptake by mononuclear phagocyte system through coating
the surface of MNPs with polyethylene glycol (PEG). Over
the past years, there is a rapid improvement in the utilization
of MNPs as drug delivery carriers for the treatment of tumor
cells [15]. Applying radiation or removing tumor surgically
is the most common treatment for cancer. Utilizing thera-
peutic agents is non-invasive process and produce promising
results when compared with other treatments, still they have
some problem in practice: the selectivity of the treatments
cannot reach the target site, tumor cells cannot be killed
completely and the side effects cannot be controlled [16,
17]. To overcome these problems, the MNPs are selected to
synthesize smart drug delivery systems to make the agents
attack directly to the target site [18, 19]. To synthesize such
type of drug delivery systems, we need to investigate the
tumor and select materials for responding tumoral signal
and thereby releasing drug to the target site. The growth of
tumor tissues is completely different from normal healthy
tissues, in addition to these, they have some biochemical dif-
ferences and pathological differences; it provides chances for
drug delivery system to attack the tumor selectively [20, 21].
Conjugation of targeting ligands such as antibodies, peptides
or sequence of nucleic acid to target tissue or specific disease
organ is mainly associated with surface chemistry of MNPs
[22, 23]. Functionalized MNPs deliver the therapeutic drugs
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effectively by substantially increasing drug payload to the
site of action into specific cells with minimal adverse effects,
thereby diagnosis and treatment occur at the cellular level
[24, 25]. By considering the effective advantages of MNPs
due to their large surface area, tunable hole size, high pore
volume and informal surface variation, this review explores
the current challenges and perspectives of various metal-
based nanomaterials for their potential applications in drug
delivery systems especially in the treatment of cancer, dia-
betes, inflammation and in anti-viral therapy.

2 Methods of synthesizing MNPs

The synthesis of MNPs majorly involves two different
approaches named as top-down approach or dispersion
method and bottom-up approach or condensation method
[26]. In top-down approach, the nanoparticles are formed
by size reduction method where bulk materials are broken
down into small materials. This can be accomplished with
the use of ultrasonic generators of greater intensity oper-
ating at frequencies around 1,200,000 rpm [27]. Another
dispersion method includes the generation of an electric
arc within the liquid. Metal is dispersed as vapor from
the electrode due to the intense heat produced from the
electric arc which condensed further to form MNPs [28].

Fig.2 A Schematic representa- A
tion of top-down and bottom-up

In the bottom-up assembly, nanostructures are fabricated
atom by atom or particle by particle to build up nanostruc-
ture. This can be attained by a high degree of supersatura-
tion followed by nuclei growth [29, 30]. By considering
these two approaches, various scientists have reported a
variety of chemical and physical methods for production of
MNPs, for instance, chemical reduction [31], microemul-
sion [32, 33], thermal decomposition [34, 35], sonochemi-
cal [36, 37], polyol method [38, 39], microwave-assisted
method [40, 41], laser ablation [42], sputtering deposi-
tion [43], lithography [44], pulsed electrochemical etching
[45], vapor deposition [46] and sol-gel [47] (Fig. 2). In
chemical methods, the harsh chemical additives are added
to prepare the MNPs. For example, dimethyl formamide,
hydrazine, and sodium borohydride are used as reducing
agents and capping agents. Moreover, this method needs
to be maintained under some physical conditions like high
temperature and vacuum and also these methods need to
face some environmental issues because of using toxic
chemicals and the waste byproducts are discharged into
soil or rivers which will affect the microorganisms, plants
and human health [48]. So the researchers aim to minimize
the hazards by synthesizing nanomaterials via greener
methods by using plant parts (root, fruit, leaves, stem and
flowers), and this method was considered as ecofriendly,
simple, fast, and stable method.
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When the synthesis of MNPs was carried out by the
green chemistry principle, the produced particle has more
compatibility and also the greener synthesis of nanoparti-
cles protects the environment from toxic effects [49-51]. In
phytonanotechnology, the NP synthesis was carried out by
using water as a solvent and this technique was non-toxic
and the process was completed in a single step [52, 53]. The
plant extract contains proteins, amino acids, vitamins as well
as secondary metabolites which act as reducing agent, cap-
ping agent, and stabilizing agent during metal NP synthesis.
By using this greener approach, hazards can be minimized
compared to chemical synthesis. The reference guide for the
researchers, scientists and the chemists are the 12 principles
of Green Chemistry to develop the low toxic nanomateri-
als. The greener way of synthesizing nanoparticles, mainly
used in the field of nanomedicine and nanodrug delivery sys-
tems. In ancient time, humans widely used these plant-based
products as medicine for several diseases. Now nearly 25%
of medicines are derived from natural resources [54]. The
plant-based natural compounds are basis for the invention of
novel drugs [55] and they have outstanding characteristics
like chemical diversity, biological property and very less
hazards. Natural compounds are proved to be effective for
the treatment of several diseases, in addition they have many
advantages like low cost, lower side effect and less toxicity
[56-58].

3 Metallic nanoparticles in drug delivery

In the field of nanotechnology, metallic nanoparticles have
shown the number of properties, and it has unlocked many
new pathways in nanotechnology especially in targeted drug
delivery systems (Fig. 3) [59]. MNPs are extensively uti-
lized as drug delivery carriers for various therapeutic agents
(antibodies, nucleic acids, chemotherapeutic drugs, pep-
tides, etc.). Most of the MNPs like silver, gold, palladium,
titanium, zinc, and copper nanoparticles possess enhanced
tunable optical properties. Moreover, their surface can be
easily functionalized to conjugate targeting agents and
active biomolecules through H-bonding, covalent bonding
and electrostatic interactions. In addition to this, multiple
drugs can be easily loaded to achieve higher therapeutic
efficacy [60]. MNPs are attained from their capability to
increase the aqueous solubility of hydrophobic drug com-
pound, enhanced circulation time of drugs in the blood and
repress or eliminate fast renal drug excretion. Multifunc-
tional nanoparticles have greater ability than conventional
nanoparticles, to perform several goals synergistically such
as co-delivery of multiple bioactive(s) with imaging agents,
target-specific delivery through surface ligand decoration
and simultaneously attainment of cancer therapeutics as well
as diagnostics (Fig. 4) [61-63]. In drug delivery, there are
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three main goals: targeting therapeutic agent to the site of
action, minimizing adverse effects of the drug to the healthy
tissues or organs and controlling release of drug to avoid
the classical overdosing/underdosing cycle [64]. MNPs pro-
vided a model to achieve these goals. Hence, the coating of
MNP surface has been optimized to control the drug load-
ing, drug delivery, and drug release in the target area [65].
Surface coating aim, in addition to improve biocompatibility
and reduce side effects, is endowing MNPs with functional
groups to be more suitable for drug combination. Efficient
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drug delivery through MNPs depends on two important fac-
tors: (i) design of MNPs for slow and sustained release of
drug and (ii) ability of MNPs to distribute the therapeutic
drugs to the target areas, without disturbing the other nor-
mal cells [66, 67]. By using active and passive targeting,
these factors could be achieved easily. Passive targeting is
possible due to the exclusive changes in the cancer vascu-
lature. Owing to the fast growth of tumors, blood vessels
and junctions are not shaped appropriately and can be leaky
and lose. Due to the unique size of MNPs, they are able
to travel through these loose junctions resulting in better
accumulation at the tumor site and over time is primarily
utilized for cancer therapeutics [68]. On the other side, in
active targeting strategy, MNPs are conjugated with various
active ligands that bind with specific cell surface receptors
and ultimately lead to take the load to the desired site and
release the drug [69].

MNPs are explored in early and clinical studies for
detection, diagnosis and treatment of several diseases.
MNPs have received widespread attention based on their
unique material and size-dependent physicochemical
property which are impossible with organic NPs [70, 71].
FDA-approved metal nanoparticle—based nanomedicines
in clinical use have been shown to enhance the bioavail-
ability and efficacy of drug delivery systems, while at the
same time reducing side effects due to their properties

like improved targeted delivery to active cellular uptake.
By adjusting their sizes and shapes, surface chemistry and
doping techniques, the designed MNPs can decompose
rapidly under specific physiological conditions and are
thereby easily absorbed by various metabolic pathways
without affecting the healthy tissues [72]. For example,
MNPs approved for cancer therapy by FDA or EMA and
clinical trials are given in Table. 1.

3.1 Characteristic properties of MNPs

Metallic nanoparticles generally possess large surface
energies which is one of the most important quanti-
ties in understanding the thermodynamics of particles.
The increase in surface area to volume ratio leads to an
increase in dominance behavior of the atoms at the surface
rather than the interior of the particle which subsequently
results in an increase in overall surface energy [73]. By
using various approaches such as molecular dynamics
simulations, ab initio calculations and classical thermo-
dynamic calculations, the surface energy of the metallic
nanoparticle can be determined [74]. The high surface area
of MNPs provides more possible reactive sites with high
surface energy which makes them ideal candidates in drug
delivery systems [75, 76].

Table 1 Metal nanoparticles for cancer therapy approved by FDA or EMA and clinical trials

Nanomaterial Sponsor/company name

Indication/application Clinical trial identifier

Iron oxide

Magnetic iron oxide NPs

Gold nanoparticle with iron oxide
silica cell

Spherical gold nanoparticle

Silver nanoparticle gel
Nanocrystalline silver

Adhesive doped with Zn oxide + Cu

nanoparticles in a (5%/0.2% con-
centration)

Zinc oxide nanoparticles

Titanium dioxide nanoparticles

Iron-based inorganic nanoparticles
Magnablate I (University College
London)

MagProbeTM (University of New
Mexico)

NANOM (Ural Medical University)

NU-0129 (Northwestern University)

SilvaSorb (Madigan Army Medical
Center)

Acticoat

Cu/Zn nanoparticles (University of

Chile)

Zinc oxide nanoparticles

Cairo University

Prostate cancer

Detection of leukemia

Plasmonic photothermal and
stem cell therapy of athero-
sclerosis

Recurrent glioblastoma or glio-
sarcoma undergoing surgery

Anti-bacterial

Pemphigus; pemphigoid

Dental varies

Foot dermatoses; dental caries

Denture stomatitis

NCT02033447 (Ph 0)

NCTO01411904

NCTO01270139 (not applicable),
NCT01436123 (Ph I)

NCT03020017 (Ph 0)
NCT00659204 (Ph III)
NCT02365675 (not applicable)

NCT03635138 (not applicable)

NCT04000386 (not applicable),
NCT03478150 (not applica-
ble)

NCT02950584 (Ph I)

Mixture of gold and silver nanopar- ~ NanoCare Gold Caries class II NCT03669224 (not applicable)
ticles
Hafnium oxide nanoparticle Nanobiotix Prostate adenocarcinoma NCTO02805894
Silver nanoparticle/calcium hydrox-  Cairo University Postoperative pain NCT03692286 (Ph IV),
ide NCT04213716 (Ph II)
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3.2 Surface modification of MNPs

Surface modification is a rapidly growing area of focus in the
fields of nanoscience and technology, along with the design
and development of nanomaterials [77]. Surface modifi-
cation is necessary to stabilize a nanoparticle and prevent
agglomeration. It is also essential to improve the properties
of MNPs in terms of biocompatibility, wettability, adhesion
and toxicity up to sufficient extent prior to their practical
application in drug delivery systems [78]. The surface modi-
fication of noble metals is typically carried out by adher-
ence, mainly with a thiol group, disulfide ligands, amines,
nitriles, carboxylic acids, and phosphines. The development
and the utilization of organosulphur in the surface modifi-
cation was mainly attributed to its chemical feasibility in
the formation of strong covalent bond with noble metals
such as Ag, Au, Cu, Pt, Hg, and Fe [79-81]. The crucial
factor that enables the strong coordinate bond between the
metal surface organo-sulfur is the higher affinity of sulfur to
metal surfaces, thus making the organo-sulfur compounds
readily absorbable. Surface modification of nanoparticles
with long-chain polymers such as polyethylene glycol (PEG)
was shown to minimize non-specific protein absorption onto
the nanoparticle surface. Due to its intrinsic physicochemi-
cal properties, PEG is a favorable polymer for therapeutic
nanoparticles, which decreases their phagocytic uptake and
reduces their accumulation in non-target organs [82].

4 Greener approach in the synthesis
of MNPs

Green chemistry for sustainable development has been uni-
versally studied extensively for the past 15 years [83]. The
three important conditions for the synthesis of nanomate-
rials are the selection of environment-friendly solvent, a
good reducing agent and a good stabilizing agent. Gener-
ally, the chemical methods used are too costly and incorpo-
rate the use of hazardous and toxic chemicals responsible
for many risks to the environment [4], but the biosynthetic
way is considered to be a safe and environmental-friendly
green approach to synthesize nanoparticles for biomedical
applications. The researchers from throughout the world is
continuously involved in developing eco-friendly methods
to produce products that are environmentally friendly and
non-toxic, also highly effective, via the implementation of
green nanotechnology [84, 85]. In biology and medicine
field, the used nanoparticles should have the ability of less
toxicity or absence of toxicity, high compatibility and bio-
degradability [86]. Metal nanoparticles have different target
organs and reaction response mechanisms and they have the
ability to penetrate easily to the body through the skin and
overcome the biological barriers, bind to nucleic acids and
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proteins, are embedded in cell membranes, penetrate into
cell nucleus and alter their functions, and express more bio-
logical activity due to their smaller size and large surface
area [87, 88]. In spite of tremendous advantages of greener
methods over other chemical methods in nanoparticle syn-
thesis, these greener approaches also associated some minor
disadvantages. The plant extracts cannot be manipulated by
optimizing synthesis as a choice of nanoparticles through
genetic engineering. In order to increase the productivity
as a future approach, researchers are involved in the genetic
modification of plants with improved metal tolerance and
accumulation capacities.

4.1 Synthesis of MNPs from biological source

The bio-mediated synthesis using microbes (Table 2) and
plants (Table 3) has grown as a favorable substitute to tradi-
tional methods of nanoparticle synthesis [89]. Microorgan-
isms and plants provide potential nanofactories for low cost
and eco-friendly synthesis of various metallic nanoparticles
such as silver, gold, palladium, copper, and metal oxides
(Fig. 5).

4.1.1 From bacteria and actinomycetes

Single bacteria have the ability of converting toxic metal
ions into non-toxic NPs [90]. It is a promising source of
synthesizing NPs because of its utilizing low energy and
process controllability [91]. For example, the silver nanopar-
ticles were synthesized from the source of Streptacidiphilus
durhamensis HGG16n and it had a size range of 848 nm
[92]; similarly Bacillus endophyticus [93] and Deinococ-
cus radiodurans [94] are capable of producing silver nano-
particles with different shapes and sizes. Bacteria have the
ability to reduce metallic ions into nanoparticles and are
one of the most suitable applicants for nanoparticle synthe-
sis because of their ease of handling. Silver nanoparticles
(AgNP) synthesized by using the strain of Pseudomonas
stutzeri AG259 with the size range of less than 200 nm by
using NADH-dependant reductase enzyme that supplies
electrons and itself oxidises to NAD™ [95]. The transfer of
electrons from NADH shows the bio reduction of silver ions
into silver nanoparticles. In 2012, Srivastava et al. reported
that Pseudomonas aeruginosa has the ability to synthesize
different nanoparticles intracellularly for example Pd, Ag,
Rh, Ni, Fe, Co, Pt. and Li nanoparticles [96].

Nowadays, researchers are moving towards the synthesis
and development of various nanoparticles such as palladium,
platinum, and tellurium. For example, Ahmed et al. reported
synthesis of ultra-small palladium and platinum nanopar-
ticles by Shewanella loihica PV-4 within the size range of
2—7 nm [97]. Srinath et al. reported the synthesis of AgNPs
using Bacillus subtilis [98] extracted from gold mine have
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Table 2 Microbe-mediated nanoparticles
Species Type of microorganism Mode Metal Size (nm) Reference
Candida albicans Fungi Extracellular Ag 60-80 [115]
Au 20-40 [116]
Fusarium oxysporum Fungi Extracellular Au 20-40 [117]
CdsS 5-20 [118]
Zr 3-11 [119]
Rhodopseudomonas capsulata Bacteria Extracellular Au 10-20 [120]
Vibrio alginolyticus Bacteria Intra cellular and  Ag 50-100 [121]
Extracellular
Pseudomonas stutzeri AG259 Bacteria Extracellular Ag 200 [95]
Pseudomonas aeruginosa Bacteria Intracellualar Pd, Ag, Rh, Ni, - [96]
Fe, Co, Pt, Li
Shewanella loihica PV-4 Bacteria Extracellular Pd, Pt 2-7 [97]
actinobacteria Rhodococcus NCIM 2891 Actinomycetes Extracellular Ag 10 [101]
actinobacteria, Streptacidiphilus durhamensis Actinomycetes Extracellular Ag 8-48 [102]
Streptomyces griseoruber, Streptomyces capil- Actinomycetes Extracellular Cu - [103]
lispiralis Ca-1 Au [104]
Schizophyllum radiatum, Fungi Extracellular Ag - [105]
Rhizopus oryzae Fungi Extracellular Au - [109]
Candida utilis NCIM 3469 Yeast Extracellular Ag 20-80 [111]
Candida lusitaniae Yeast Extracellular Ag 2-10 [112]
Table 3 P lant-mediated greener Plant Origin Mode Metal Size (nm) Reference
nanoparticles
Andrographis paniculata Leaves Extracellular Ag 40-60 [132]
Brassica oleracea Arial parts Extracellular Ag 36 [133]
Camellia sinensis Leaves Extracellular ZnO 9-17.5 [134]
Sapium sebiferum Leaves Extracellular Pd 2-14 [135]
Spinacia oleracea Leaves Extracellular ZnO 40.9 [136]
Alternanthera dentate Leaves Extracellular Ag 50-100 [131]
Euphorbia nivulia Plant Extracellular CuO - [130]

high resistance to gold ions toxicity and can synthesize silver
nanoparticle (AuNPs) efficiently. Sintubin et al. suggested
that the cell wall of the bacteria may act as a capping agent
for the production of NPs, stabilizing them by preventing
aggregation. These author also shows the reduction process
and the formation of nanoparticle may stimulate when there
is an increase in the pH of the culture medium [99]. Gener-
ally, actinomycetes are used for the synthesis of extracel-
lular enzymes and secondary metabolites [100] as well as
they have ability for the biosynthesis of nanoparticles as
they have unparalleled ability for the production of differ-
ent bioactive compounds and contain high protein content.
In 2012, Otari et al. prepared the silver nanoparticles by
using Actinobacteria Rhodococcus NCIM 2891 [101] with
the size range of 10 nm and spherical shape. Buszewski et al.
prepared stable spherical shaped silver nanoparticle with the
size range of 8 to 48 nm by using acidophilic actinobacte-
ria, Streptacidiphilus durhamensis [102]. The recent reports

described the synthesis of copper and gold nanoparticles
using actinomycetes of Streptomyces griseoruber and Strep-
tomyces capillispiralis Ca-1, respectively [103, 104].

4.1.2 From fungi and yeast

Fungal biosynthesis of nanoparticles is another easy
and uncomplicated approach which has been promoted
extensively for the production of nanoparticles. For the
nanoparticle synthesis, fungi have higher productivity and
higher tolerance to metals when compared with bacteria
[105] as well as have the ability of higher bioaccumulation
towards metal ions that leads to the production of nano-
particle that is efficient as well as low cost. Trichoderma
viride reported AuNP biosynthesis within 10 min at 30 °C
and have a property of catalyst (biocatalyst) and strong
anti-microbial agents. Metuku et al. have reported white
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Fig.5 Biosynthesis of MNPs

rot fungus and Schizophyllum radiatum, which have the
ability of producing well-dispersed stable silver nanopar-
ticles [106]. Candida albicans extract was used to prepare
the Au and AgNPs [107] and the resulting nanoparticles
are monodisperse and highly crystalline; the selenium
nanoparticles (SeNPs) with the diameter range of 500 nm
were prepared by using marine fungus Aspergillus terreus
[108]. Kitching et al. reported the in vitro production of
gold nanoparticles by using Rhizopus oryzae (cell surface
proteins) as it has biomedical and bio catalytic applica-
tions [109]. Yeast has the ability to absorb and collect high
concentrations of toxic metal ions from their surroundings
[110]. Waghmare et al. reported the extracellular biosyn-
thesis of AgNP using Candida utilis NCIM 3469. The
obtained nanoparticles possess circular shape with a size
range between 20 and 80 nm and they have anti-bacterial
activity against some pathogenic strains (Staphylococ-
cus aureus) [111]. In 2016, Eugenio et al. extract a yeast
strain, Candida lusitaniae from the gut of a termite and
show the production of silver nanoparticles with a diam-
eter in the range of 2—10 nm [112].
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4.1.3 From virus

Viruses can be employed for the preparation of nanoconju-
gates and nanocomposites with metal nanoparticles which
are important materials in drug delivery and cancer therapy.
The structural and biochemical stability of plant viruses pro-
vides a safe nanotechnology application as well as its ease
of cultivation and non-toxicity in animals and humans. Cao
et al. used red clover necrotic mosaic virus (RCNMYV) for
the synthesis of nanoparticles for the controlled delivery of
doxorubicin drug for cancer therapy [113] as well as Le et al.
investigated the ability of potato virus X nanoparticles for
the delivery of doxorubicin drug for cancer treatment [114].

4.1.4 From plants

Plants are rich in secondary metabolites (alkaloids, flavo-
noids, and phenolic acids). Some of the studies have shown
that the metabolites act as reducing, capping and stabilizing
agents and inhibit the aggregation and agglomeration of the
MNPs (Fig. 6) [122-124]. The bio-reduction of metal NPs
using plant sources involved into three main phases. The
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Fig.6 Role of secondary
metabolites in the formation of
MNPs

Plant Source

/ Reducing Agent

—1 - Stabilizing Agent

/

4

Plant Extract

Capping Agent

first one is activation step, another one is thermodynamic
stability and the last one is termination phase [125]. The
concentration of the plant extracts influence the arrange-
ment of the formed nanoparticles as well as the temperature
and pH of the plant extract control the size and growth of
the nanoparticles [126]. El-Kemary et al. investigated the
biosynthesis of AgNPs using a leaf extract of Ambrosia
maritime, which are rich in secondary metabolites and have
strongly influenced the NP yield [127].

The use of plants for the production of metallic nanoparti-
cles has become more focused in recent years because of its
rapid, environmentally friendly, pathogenic and economical
protocol providing a single-step mechanism for biological
process [128]. Relatively high levels of steroids, saponins,
carbohydrates and flavonoids act as capping-reducing agents
and phyto-constituents that provide stability to silver nano-
particles [129]. Copper oxide nanoparticles were synthe-
sized extracellularly by using a medicinal plant extract of
Euphorbia nivulia and the particles are stabilized by the
terpenoids and peptides present within the latex [130].
The aqueous extract of Alternanthera dentate was used for
the synthesis of silver nanoparticles with the size range of
50-100 nm. The extracellular silver nanoparticles were syn-
thesized within 10 min [131].

The mechanism for the plant based biosynthesis of n° as
zero valent metal atoms by extract polyphenols APOH when
reacting with a metal halogen precursor is as follows:

nAPOH + nM"* — nAPX + nM°

4.2 Factors influencing the greener synthesis
of metallic nanoparticle

Light: The rate of biosynthesis processes can affect when
it has exposure to sunlight; for example, generally, the bio-
synthesis of AgNps was achieved at 12 h but exposure to

sunlight reduced the reaction time up to 12 h to 5 min. It was
observed by Raut et al. [137].

Temperature and heating rate: The temperature can
straightly affect the size, shape and rate of the formation of
biosynthetic NPs [138]. For example, the size-selective syn-
thesis of CuNPs could be achieved by adjusting the reaction
temperature; the resulting nanoparticles have the diameters
ranging from 5 to 25 nm as well as the shape of the CuNPs
also change with the reaction temperature, enabling the for-
mation of rod-shaped and cubical shape products [139].

pH: pH shows important effects on the shapes and sizes
of NPs. For example, at pH 7, the gold nanoparticle was
synthesized by using Rhodopseudomonas capsulate; it gives
spherical shaped AuNPs but changing the pH to 4, it gives
nanoplates. So changing of the pH value gives the different
morphology and it has been proved by He et al. [120].

Time: Reaction time is also affecting the size and mor-
phology of NPs. In increasing the reaction rate, the size and
breadth of the synthesized nanoparticles can be reduced
[140, 141].

4.3 Toxicity of green nanoparticle

The green nanoparticles can cause damage to the cell mem-
brane, oxidative DNA damage and inhibit the electron
transport chain as these have the ability to enter into cells
and cause destruction when present above a threshold limit.
However, the exact inhibition mechanism has not been dem-
onstrated because there is limited available data on the bio-
logical activity of the green nanoparticles [142].

5 Administration routes of drug delivery

The choice of delivery route is driven by patient accept-
ance, drug properties (such as its solubility), access to a
disease location, or efficacy in dealing with a specific disease
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(Fig. 7). There are several reports of drug delivery based
on metal nanoparticles via transdermal drug delivery sys-
tem (TDDS) and intravenous. Intravenous (IV) route is an
invasive technique, although it has the advantage of avoid-
ing drug dysfunction during the first pass metabolism and
rapidly increasing drug concentration in a proper cycle.
Compared to IV, TDDS offers many benefits, e.g., (1) the
skin is easily accessible for absorption and it is harmless and
patient-friendly and (2) TDDS drugs can be more systemati-
cally released into the system (146).

5.1 Transdermal route

In the skin, the penetration of drugs occurs by the process of
spreading throughout the skin layers filled with byproducts.
Basic properties of drugs manage molecular flow through

Fig.7 Schematic representation
of drug administrative route
using MNPs
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these routes. The skin generally acts as a shield for efficient
drug delivery, but there are other ways to achieve proper
absorption. Various infiltration pathways are recognized in
TDDS: (1) intercellular, (2) intra/trans cellular and (3) trans
appendageal. Transdermal drug delivery avoids problems
such as gastrointestinal irritation, metabolism, variations
in delivery rates and disruption caused by food. It is also
acceptable for patients under anesthesia. This technique is
normally non-invasive and aesthetically acceptable and can
be used to deliver local delivery for several days. Suksaeree
et al. have reported silver nanoparticle (AgNP)-loaded anti-
microbial wound dressing patch using ethyl cellulose as
a matrix membrane and diethyl phthalate as a plasticizer.
The anti-microbial wound dressing patch did not exhibit
any interaction between the matrix membrane and AgNPs.
The AgNPs were evenly dispersed in the patch. The patch
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could control the release of silver at 102.98 +4.11% over
12 h [143].

5.2 Intravenous route

MNPs can be administered using different routes namely
intravenous, intraperitoneal injection, pulmonary inhala-
tion and oral administration. The intravenous route delivers
almost instantaneous response and permits systematic con-
trol of the rate of drug contribution into the body. It is also
suitable for drugs which cannot be absorbed by the gastro-
intestinal tract or which cannot be injected into muscles or
other tissues; equally important, it overcomes the problem
of first-pass metabolism. Expensive drugs such as peptides
and proteins are delivered efficiently by intravenous route.
Intravenous administration overcomes the degradation by
proteolytic enzymes. The main advantage of intravenous
drug delivery is the rapid onset of action and complete bio-
availability of drugs even with low doses. [144].

6 Various metallic nanocarriers in drug
delivery systems

6.1 Silver nanoparticles

Silver is the most profit-oriented precious metal used in the
preparation of NPs and nanomaterials. These are known
because of their anti-bacterial, anti-viral, anti-fungal, anti-
oxidant and unusually enhanced physicochemical properties
compared to the bulk material such as optical, thermal, elec-
trical and catalytic properties [145]. About 500 t of silver
nanoparticles (AgNPs), used in various industries and every-
day life, is produced per year. Rising demand for silver nano-
materials requires the development of eco-friendly synthesis
methods. AgNPs interrelate with microbes and discharge
the silver ion in the de-activation of cellular-based enzymes,

delayed membrane penetrability. Silver nanoparticles have
been found to induce cytotoxicity via apoptosis and necro-
sis toward a range of different cell types. Moreover, they
exhibit results against secondary effects of current therapies
as well, such as deoxyribonucleic acid (DNA) damage, gen-
eration of reactive oxygen species (ROS), increasing leak-
age of lactate dehydrogenase (LDH) and inhibiting stem cell
differentiation.

6.1.1 AgNPs in cancer therapy

Recent advancements in the field of oncology and therapeu-
tic research of nanodiagnostic and nanotherapeutic agents
have gave important improvements in the use of nanoscale
metal particles as a solid carrier for the site-specific delivery
of the drug release process [146]. Cancer is one of the lead-
ing causes of mortality in the modern world, with more than
10 million new cases every year. Anti-cancer activities of
silver nanoparticles (AgNPs) are also being widely studied
(Table 4). AgNPs have the ability to stimulate the produc-
tion of reactive oxygen species (ROS) and thus destroying
the mitochondrial respiratory chain of cancer cells. The
(AgNPs) have proven promising anti-cancer effects [147].
Some researchers have reported that AgNPs induced a
cytotoxic effect against leukemic cells. Guo et al. studied
the PVP-coated AgNPs could effectively reduce the activ-
ity of acute myeloid leukemia (AML) cells and stimulate
DNA damage and apoptosis through the generation of reac-
tive oxygen species (ROS) and the release of silver ions.
Sahu et al. reported the significant concentration-dependent
cytotoxicity of AgNPs in human liver (HepG2) cells in the
concentration range of 1 to 20 pg/mL [148]. El-Deeb et al.
reported the simple, low cost and eco-friendly synthesis
of AgNPs by using honey bees. The prepared nanocarrier
was used for the treatment of colon carcinoma Caco-2 cells.
They noted that the obtained AgNPs could be safely used
with concentrations up to 39 pg/mL with 60% inhibition

Table 4 AgNPs in anti-cancer

therapy S.no Material used Activity/cell line Reference
1 PVP-coated AgNPs Acute myeloid leukemia (AML) cells [149]
2 AgNPs Human liver (HepG2) cells [148]
3 AgNPs Colon carcinoma Caco-2 cells [149]
4 AgNPs Cytotoxic effect to MCF-7 breast cancer [150]
5 AgNPs Colon cancer cells/ HCT116, Caco-2 and HT-29 [152-155]
6 AgPCA HCT116 colorectal cells [159]
7 AgNPs-MTX Lung cancer cell line (A-549) [160]
8 (MTX-GO/AgNPs) Anti-cancer pharmacological activity [161]
9 Ag-NGO-DOX HepG2 cancer cell line and HEK293 cell line [163]
10 DOX-AgNPs Inhibition of the proliferation of cancer cells B16F10 [164]
11 IMAB-AgNPs Cytotoxicity in MCF-7 cells [165]
12 AgNPs Cytotoxicity and apoptosis in A2780 cells [166]
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of Caco-2 cell proliferation [149]. AgNPs have exhibited
cytotoxic effect to MCF-7 breast cancer cells at 20 ug/mL for
48 h [150] and also its suppressed lung cancer cells, H1299
in which 50% of cells were killed at 5 ug/mL [151] In colon
cancer cells, AgNPs have shown effective killings of 5 to
28 g/mL in cell lines such as HCT116 [152], Caco-2 [153]
and HT-29 [154] as well as AGNPs have been shown to have
great potential to act as a nanocarrier to deliver anti-cancer
drugs to cancer cells [155, 156]. This evidence strongly sup-
ports the potential use of AGNPs for cancer chemotherapy
[157]. K. X. Lee et al. prepared AgPCA (PCA: protocate-
chuic acid) by using Garcinia mangostana fruit peel extract.
They reported AgNPs loaded with PCA (AgPCA) resulted
in 80% of inhibition at 15.6 ug/mL as compared to AgNPs
which only killed 5% of HCT116 colorectal cells at the same
concentration [158].

Rozalen et al. [159] synthesized AgNPs (size of
11.13 £2.3 nm), then it is coupled with methotrexate
(AgNPs-MTX) and it shows anti-cancer activity, and the
lower dose of AgNPs-MTX was needed compared to free
methotrexate, as well as the authors reported that the anti-
cancer activity was more noticeable in the colon cancer cell
line (HTC-116) than in the lung cancer cell line (A-549).
Thapa et al. prepared the nanocomposite of AgNPs embed-
ded in graphene oxide (GO) and coupled with methotrexate
(MTX-GO/AgNPs). The nanocarrier combines the com-
bined effect of AgNPs, which increase the production of
reactive oxygen species that cause DNA damage, leading
to improved cellular apoptosis. The combinational therapy
system MTX-GO/AgNPs potentially evaluated for effective
folate receptor-targeted treatment of cancers [160]. Palai
et al. [161] synthesized AgNPs coupled with doxorubicin
by utilizing a biosynthesis approach. The drug release by
the nanosystem was studied at two different pHs of 7.4 and
5.4. From the result, at acidic pH higher rate of drug release
was observed as well as at both pH, it was possible to note
a controlled release of doxorubicin up to 120 h. The authors
reported the synthesized nanocarriers had a less damag-
ing effect on cancer cells of the HeLa cell line compared to
free doxorubicin; it showed less cytotoxicity in the normal
HaCaT keratinocyte cell line and the nanosystem shows less
harmful effect on normal cells compared to free doxorubicin.

Zeng et al. (2018) [162] prepared AgNPs coated with
graphene oxide (Ag-NGO) as doxorubicin nanocarriers.
The Ag-NGO-DOX nanocarrier has the potential to deliver
the drug and released it at a targeted location, due to the
intracellular acidic pH responsive release of DOX, making
viable the drug to reach the nucleus of cancer cells (HepG2
cancer cell line and HEK293 cell line). In 2015, Patra et al.
[163] synthesized AgNPs by using Butea monosperma leaf
extract, then the AgNPs were coupled with doxorubicin. The
DOX-AgNPs nanosystem produced greater inhibition of the
proliferation of cancer cells BI6F10 of murine melanoma,
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and MCF-7 than free doxorubicin. In 2017, Shandiz et al.
[164] synthesized AgNPs coupled with imatinib (IMAB)
through biosynthesis (Eucalyptus procera extract) method.
The authors finalize that the IMAB release could be split
into two stages. In the first stage, till ~40 h, there was a burst
release of the drug and in the second stage; the drug release
was gradual till a release of 86.56 +2.04% at 80 h of contact
time in a releasing inducing medium of phosphate buffer.
The IMAB-AgNPs show greater cytotoxicity in MCF-7 cells
than the free drug of imatinib.

Yu-Guo Yuan and collaborators have shown that the syn-
ergism between AgNPs and gemcitabine generated a higher
cytotoxicity and apoptosis in A2780 cells, compared with
the use of the therapeutic agent without nanoparticles [165].
Moreover, it was demonstrated that AgNPs can improve the
responsiveness to gemcitabine or salinomycin in ovarian
cancer cells, leading to an increased level of different proa-
poptotic genes, such as tumor protein p53, p21, Bax, Bak,
and activation of caspases 3 and 9. The synergistic effect
between silver nanoparticles and camptothecin in human
cervical cancer cells (HeLa) was inferred from their ability
to activate caspases 9, 6, and 3. Moreover, increased levels
of p53, p21, cyt C, Bid, Bax, Bak and modulated expres-
sions of Aktl, RAF, MEK, Erk1/2, JNK, P38, NF-kB and
Cyclin D which are known as molecules involved in cell
survival were observed in HeLa cells after using AgNPs
combined with camptothecin [166]. AgNPs are also active
significant therapeutics for HIV infection treatment. AgNPs
induce anti-viral properties through the binding process to
gp120 with the subsequent inhibition of CD4-reliant.

6.1.2 AgNPs as anti-viral agents

The development of resistance by various viral pathogens
against anti-viral agents signifies another main cause of
death, which is a major concern of the pharmaceutical,
medical and biotechnological systems [166]. In recent years,
there is a tremendous growth in the emerging applications of
AgNPs as anti-viral agents, due to their inhibitory efficacy
against numerous viruses, including certain strains of hepa-
titis, coronavirus, influenza, herpes, recombinant respiratory
syncytial virus and human immunodeficiency virus [167]. It
is widely accepted that AgNPs contribute towards the inhibi-
tion of virus because of effective interactions with sulfhy-
dra, amino, carboxyl, phosphate and imidazole groups. A
delivery system was designed at nanoscale with AgNPs for
zanamivir medication which is commonly used to treat and
prevent influenza virus. Similarly surface enrichment of the
AgNPs with amantadine was developed to avoid the resist-
ance shown by HIN1 virus [168]. Compared with single
drug treatments, self-assembly of amantadine and zanamivir
over the surface of AgNPs produces better inhibitory poten-
tial of neuraminidase and hemagglutinin activity.
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6.2 Gold nanoparticles

Gold nanoparticles (AuNPs) are effective radiosensitizers
in medical applications such as drug delivery and cancer
therapy [169]. Au NPs can deliver multiple drug molecules,
recombinant proteins, vaccines or nucleotides into their
targets and can control drug release via biological stimuli
(internal) or light activation (external). Au NPs are known
to be an effective nanocarrier for various drugs such as pep-
tides, plasmid deoxynucleic acids (pDNAs), proteins, small
interfering ribonucleic acids (siRNAs) and chemo-therapeu-
tic agents. AuNP-based drug delivery has gained consider-
able attention because of its prominent performance [170].
Gold particles that are modified with nuclear localization
signal from simian virus (SV40) have been widely used for
drug carrier to nucleus. Surface functionalization is one of
the most favorable properties of Au NPs in the biomedical
domain [171].

6.2.1 AuNPs in cancer therapy

For gold nanoparticles to be effective as a pharmaceutical,
it is essential to have a firm understanding of their biodistri-
bution/accumulation in living systems. To achieve this, it is
necessary to have proper characterization of the nanomateri-
als and a good animal model with an appropriate sample size
and robust statistical analyses. The use of gold nanoparticles
(AuNPs) reduces the risk of side effects and controls the
damage to healthy cells [172]. AuNPs are a novel factor in
cancer therapy and show aggregation [173] and size-depend-
ent cytotoxic activity against various cancer cells [174, 175].
The mechanism beyond the anti-cancer activity of AuNP is
quite difficult and not well understood. AuNPs have posi-
tive charges, while cancer/normal cell membranes contain
negatively charged substances such as lipids having coun-
ter-charges is responsible for taking over and internalizing
AuNPs [176]. Another way for gold nanoparticles to enter
cells is by endocytosis as shown in the study, endocytosis
causes small AuNPs to accumulate within HeLa cells [177].
The surface of AuNPs can be functionalized with various
biomolecules such as DNA, peptides and antibodies. For
example, 13-nm colloidal Au has been combined to metho-
trexate which is an analog of folic acid and has the ability
to restrain the growth and reproduction of cancer cell and
has been usually used as an anti-cancer drug. Gold nanopar-
ticles containing cedoximab and gemcitabine (anti-cancer
drugs) were developed for TDDS and were able to inhibit
pancreatic tumor cells in vitro and tumor model [178]. Eght-
edari et al. have fabricated the AuNPs for in vivo targeting
to breast cancer cells. Herceptin was used to functionalize
the AuNPs by molecular recognition of breast cancer cells
along with PEG [179].

6.2.2 AuNPs in the treatment of bacterial infections

Due to the development and extent of drug resistance by
bacterial pathogens, it resulted in the decrease in effective-
ness of antibiotics over period of time. The so-called “anti-
biotic resistance crisis” caused by drug-resistant bacteria
results in additional medical costs of up to billions of dollars
annually [180]. AuNPs exhibit a combination of physical,
chemical, optical, and electronic properties unique from
other biomedical nanotechnologies and provide a highly
multifunctional platform in drug delivery systems as joint
anti-bacterials [181]. Gentamicin sulfate is an aminoglyco-
side and has a broad range of anti-bacterial activities. How-
ever, gentamicin sulfate has some serious side effects such
as ototoxicity and nephrotoxicity, which restrict its usage. It
also does not make cell membrane efficiently and is highly
soluble to water. Gentamicin can be used for the treatment
of serious microbial infection when it is conjugated to Au
NPs [182]. Ampicillin functionalized AuNP prepared by
Brown et al. was an effective broad-spectrum fungicide that
can resist Gram-negative and Gram-positive bacteria. This
functionalization method mainly utilizes ampicillin’s ability
to permeate the outer membrane of bacteria. Nanoparticles
enter the bacteria to achieve anti-bacterial effects. This com-
bined anti-bacterial effect can destroy ampicillin-resistant
bacteria [183].

6.2.3 AuNPs in the treatment of diabetes and inflammation

Govindaraju et al. synthesized guavanoic acid functionalized
gold nanoparticles and the strong in vitro anti-diabetic activ-
ity of guavanoic acid functionalized gold nanoparticles was
studied by using L6 rat skeletal muscle cell lines. The active
nanoparticles of guanonic acid have been found to enhance
the function of insulin-dependent glucose uptake [184].
Yujie Zhang et al. prepared the two types of glucose-respon-
sive high-drug loading AuNCs (gold nanocluster) which
were produced for insulin release. The first type of AuNCs
was synthesized based on CR9 peptide and it was coupled
with 4-carboxy-3-fluorophenylboronic acid (FPBA-COOH)
and insulin molecules to obtain AuNC nanocomplex drug
namely, (CR9-AuNC-FPBA-Ins) and the second type of
AuNCs was synthesized based on bovine serum albumin
(BSA), the carboxyl-enriched BSA-AuNCs were coupled
with 4-aminophenylboronic acid (NH2-PBA) molecules and
insulin, labeled as BSA—AuNC-PBA-Ins and then the micro
needle (MN) patch was loaded with the above AuNC nano-
complex drugs. The authors have successfully reported the
soluble and glucose-responsive insulin-releasing MN patch
system for the treatment of type 1 diabetes. MNs are fused
with high-drug loading AuNC nanocarrier drugs, where gold
nanomaterials enhance the mechanical strength of MNs to
effectively penetrate the skins of mice [185]. Similarly they
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developed a gold nanocluster (GNCs) based glucose-respon-
sive insulin releasing system for glucose control in diabetes.
The GNCs prepared with one-step reaction and the GNCs
are coupled with the following materials like 4-carboxyphe-
nylboronic acid (PBA) and 4-carboxy-3-fluorophenylboronic
acid (FPBA). Complex prepared for glucose-responsive
insulin release and glucose regulation in diabetes. This nano-
complex has the ability to release insulin quickly into the
hyperglycemic state and effectively maintains blood glucose
levels in the type 1 diabetic mice at the normoglycemic level
for up to 48 h [186].

Nanoparticles have the ability to penetrate epithelial cells
and inflammatory cells resulting in better efficacy and better
durability in the treatment. They also have the best selection
of target sites such as inflammatory cells or tissues [187].
Kim et al. prepared methotrexate (MTX)-loaded Au/Fe/Au
plasmonic nanoparticles coupled with arginylglycylaspartic
acid (RGD) for magnetic targeted chemo-photothermal treat-
ment of rheumatoid arthritis. Under near-infrared (NIR) irra-
diation, the Au half-shell produces heat at the inflammation
area and speeds up the release of MTX. Fe half-shell can
deliver nanoparticles to swollen joints under the action of an
external magnetic field and increase their residence time in
the joints. The study combined the use of low-infrared radia-
tion and external magnetic field so that a low-dose MTX can
achieve the best therapeutic effect for arthritis [188].

6.3 Palladium nanoparticles

To overcome the inherent limitations of conventional drug
therapies with many limitations, such as low selectively,
rapid excretion and severe toxicity, the controlled drug
delivery system has been gaining attention. Pd is a very pre-
cious metal with extraordinary catalytic, powerful mechani-
cal and electroanalytical properties [189]. Pd nano-based
structures have been developed as self-therapeutics, with
proven anti-bacterial and cytotoxic pharmacological activity
[190]. The high porosity of PANPs was the genius property
for loading anti-cancer drugs. The therapeutic drug can be
indirectly conjugated to the PANPs through a linking mol-
ecule. Shanthi et al. have developed pH responsive carrier
of palladium NPs with DOX through acid labile linkage and
exhibited pH-mediated release of doxorubicin in endosomal
compartment of drug-resistant cervical cancer cells [191].
For example, Dox, which was glued to PEGylated PANPs
through a hydrazine bond, showed a pH-responsive releas-
ing profile in human cervical cancer cells (HeLa) and strong
anti-tumor efficacy against HeL.a tumor xenograft models
in vivo. As mentioned earlier PANPs possess anti-cancer
activity on various cancer cell lines resulting in potential
toxicity, which may affect the results of drug-delivery stud-
ies. The effect of cancer drug on targeted cells/tumors need
to be carefully examined by correlating the cytotoxicity of
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mono-modal PANPs as self-therapeutics and that of dual-
modal cancer drug-loaded PANPs. The in vitro experiment
revealed that 20 ug/mL of PANPs which was synthesized by
chaga mushroom extract was able to kill approximately 20%
of HeLa cells; meanwhile, 30% of HeLa cells were killed by
the Dox-loaded PANPs (20 pg/mL of Pd).

6.4 Platinum nanoparticles

Platinum nanoparticles (PtNPs) are noteworthy scientific
tools that are being explored in various biotechnological,
nanomedicinal and pharmacological fields. They are unique
because of their large surface area and their numerous bio-
medical applications as anti-microbial, antioxidant and anti-
cancer properties [192]. However, recent reports have dem-
onstrated the toxicity of PtNPs, limiting the use of PtNPs in
healthcare and medicine. As a consequence, it is an ultimate
challenge to design and develop biocompatible PtNPs for
cancer therapy [193]. Another key challenge in drug delivery
is low circulation and retention of nanoparticles and nan-
odrug conjugates inside tumors limiting the efficacy of the
nanomedicine [194]. Generally, these nanoconjugates are
often cleared from the body in a short time following their
recognition by the immune system. In this context, pegyla-
tion (PEG is FDA approved) of nanoparticles has become a
popular technique; which increases the blood circulation and
retention time and decreases rapid clearance and non-spe-
cific interactions with serum proteins. Mukherjee et al. have
reported improved delivery of doxorubicin using rationally
designed PEGylated platinum nanoparticles for the treat-
ment of melanoma. Intraperitoneal (IP) administration of
PtNPs-DOX shows substantial reduction of tumor growth
in subcutaneous murine melanoma tumor model compared
to control group with free drug. Upregulation of tumor sup-
pressor protein p53 and downregulation of SOX2 and Ki-67
proliferation markers in melanoma tumor tissue indicates
probable molecular mechanism for the anti-cancer activity
of PtINPs-DOX [195].

6.5 Copper nanoparticles

Copper nanoparticles (CuNPs) have gradually become an
active area of research due to their unique physical, chemi-
cal, electrical and optical properties, low cost, availability
and exhibit good anti-bacterial properties [196, 197]. The
prime advantage of CuNPs is their low cost and its avail-
ability compared to gold and silver nanoparticles, resulting
in the sample synthesis and various applications of CuNPs
[198, 199]. Copper is a readily available metal and one of the
essential trace elements in most living organisms. Experi-
mental studies on the development of targeted drug delivery
and bioimaging molecules resulted in the formation of trans-
ferrin (Tf) templated copper nanoclusters (Tf-CuNCs) with



Emergent Materials (2022) 5:1593-1615

1607

enhanced luminescence. The corresponding nanomolecules
were further formulated into spherical transferrin copper
nanocluster-doxorubicin (Dox) NPs (Tf-CuNC-Dox-NPs) of
spherical shape, based on the electrostatic interactions with
doxorubicin. The newly synthesized nanomaterials were fur-
ther assessed in vivo on TfR (transferrin receptor) positive
DLA (Dalton’s lymphoma ascites) bearing mice revealing
enhanced inhibition of tumor growth and prolongation of the
survival of the animals [200]. Kamble et al. have reported
curcumin-capped CuNPs as possible inhibitors of human
breast cancer cells and angiogenesis: a comparative study
with native curcumin [201]. Vikram et al. mupirocin coupled
copper nanoparticles were synthesized to overwhelm drug
resistance in Staphylococcus aureus, responsible for dermal
skin infections. In vitro release study of CuNPs shows 96.5%
release of drug and show effective anti-bacterial activity
against Staphylococcus aureus [202].

6.6 Zinc oxide nanoparticles

Zinc oxide (ZnO) NPs have promising approach in drug
delivery system in cancer, diabetes, and inflammation ther-
apy. Zhang et al. have synthesized ZnO NPs as a drug carrier
for the anti-cancer drug daunorubicin (DNR) by using sim-
ple one-step process at room temperature in the presence of
air. The investigation discloses that the combination of ZnO-
NPs-DNR has stimulated a significant reduced cytotoxicity
of anti-cancer drug and considerable increase in the cancer
cell targeting mediated by ROS in human hepatocarcinoma
cells (SMMC-7721 cells) [203]. J. Hussein et al. synthe-
sized green ZnO NPs using the solid state approach in the
dry state capped by gum arabic (GA) exhibit as an excellent
anti-diabetic agent with high cytocompatibility as a nanode-
livery system. Following this, hydrophobic docosahexaenoic
acid (DHA) was loaded on ZnO NPs to investigate the anti-
diabetic efficacy of free DHA compared with loaded DHA
NPs. The blood glucose, insulin resistance, oxidant and
antioxidants, cholesterol, triglycerides, fatty acid param-
eters and phosphoinositide 3-kinase (PI3K) levels are dem-
onstrated in the preparation of diabetes in experimental rats.
It confirms that the biocompatibility and physicochemical
properties of zinc oxide nanoparticles played a significant
role in the treatment of diabetes [204]. P. Chauhan et al. have
investigated the changes assisted by the treatment of strep-
tozotocin influenced diabetic rats with nanocurcumin-zinc
oxide (ZnO-NC) nanoparticles, encapsulated in chitosan
(CS-ZnO-NC) on different biomarkers associated to the
metabolic and oxidative accelerations were observed in this
experimental model (streptozotocin induced diabetic Wistar
rats) of diabetes mellitus. The CS-ZnO-NC is useful for the
treatment of diabetes mellitus and has no toxicity [205]. Ekta
Yadav et al. have prepared ZnO NPs by using Trianthema
portulacastrum Linn. (TP) plant extract via co-precipitation

method. These greener nanoparticles showed strong in vitro
anti-inflammatory activity. Topical treatment with ZnOTP
on injured skin tissue led to rapid closure and wound healing
due to reduced collagen fibers, tissue granulation, antioxi-
dant pressure, and inflammatory reactions [206].

6.7 Titanium dioxide nanoparticles

Titanium dioxide (TiO,) or titania is a semiconductor metal
oxide with potential applications in drug delivery systems
especially in cancer because of its chemical stability as well
as low-toxicity and low cost [207, 208]. Titanium dioxide
exists in two crystalline forms namely rutile and anatase
which is chemically more active. Rutile form of TiO, nano-
particles can also be called as titanium dioxide fine par-
ticles (TiO, FPs). With the increase in crystalline nature
of anatase form, there is an increase in the generation of
reactive oxygen species which substantially makes the
anatase phase more toxic to healthy cells when compared
to rutile phase. The rutile titanium dioxide is considered as
chemically inert but when the particles become smaller, the
surface area will increase and therefore the rutile titanium
dioxide particles can become harmful, according to the stud-
ies. Also, the chemical changes carried out on the surface of
nanoparticles cause alterations in the overall activity of TiO,
NPs [209]. Various nanostructures of TiO, like TiO,NPs,
TiO, nanotubes, TiO, matrices, as well as TiO, capsules
and TiO, whiskers (TiO, Ws) have emerging applications as
drug delivery systems for different anti-cancer drugs, such
as gambogic acid (GA), cisplatin, valproic acid, doxorubicin
(DOX), temozolomide (TMZ) and daunorubicin (DNR).
For example, one-dimensional TiO, Ws clearly enhanced
the cytotoxic effects of DNR by increasing its dose inside
human SMMC-7721 hepatocarcinoma cells [210]. Simi-
larly the anti-tumor efficacy of TMZ, a therapeutic drug for
brain gliomas, could be improved by coupling the TMZ with
TiO, nanostructures [211]. In addition to this encapsulation
of valproic acid into TiO, matrices led to gradual but long
lasting release of valproic acid in numerous diseases [212,
213]. Moreover, GA and DNR from GA-TiO, and DNR-TiO,
nanocomposites represented more potential anti-tumor effi-
ciency in human leukemia K562 cells, when compared with
its individual drugs [214, 215].

6.8 Metal sulfide nanoparticles

Metal sulfide nanomaterials (MeSNPs) are a novel class of
metal-containing nanomaterials composed of metal ions
and sulfur compounds [216, 217]. During the past decade,
scientists found that the MeSNPs engineered by specific
approaches not only had high biocompatibility but also
exhibited unique physicochemical properties for cancer
therapy. Yang et al. have reported engineered polydopamine
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(PDA)-coated hollow mesoporous nickel sulfide (NiS) NPs
(hm-NiS) for the delivery of doxorubicin (DOX) [218]. The
encapsulation efficiency and loading capacity of DOX were
respectively estimated as 66.9 and 7.1%. The high efficiency
of drug encapsulation not only resulted from the internal
cavity and hollow mesoporous structural framework of hm-
NiS but also from the strong interaction between DOX and
PDA. Li et al. designed a kind of mesoporous hollow CuS
nanoparticles (H-CuS NPs) for delivering chlorine6 (Ce6,
a kind of photosensitizer) and DOX to tumor sites [219].
The thermo-responsive degradation feature of H-CuS NPs
could trap drugs interiorly in the cavity of H-CuS nano-
vehicles, thus functioning as a removable plug and thereby
attained the controlled release of drugs by light-induced
thermal stimuli. The attribute was highly useful for targeted
delivery of the drug, which only caused a minimal release
of drug non-specifically in the circulation, thereby enhanc-
ing the drug bioavailability in tumor tissues via improved
permeability and retention effects. Hou et al. have reported
copper sulfide nanoparticle-based localized drug delivery
system as an effective cancer synergistic treatment and thera-
nostic platform [220]. They introduced diffusion molecular
retention (DMR) tumor targeting effect, a new strategy that
employed transferrin (Tf)-modified hollow mesoporous CuS
nanoparticles (HMCuS NPs) to undergo extensive diffuse
through the interstitium and tumor retention after a peritu-
moral (PT) injection. The results exhibited that TTHMCuS
NPs prolonged the local accumulation and retention together
with slow vascular uptake and extensive interstitial diffu-
sion, which was consistent with the biodistribution studies
of AS/Tf-HMCusS NPs. Xie et al. engineered a kind of two-
dimensional tin sulfide nanosheets (SnS NSs) with a high
loading rate of DOX (up to about 200% in weight) through
electrostatic absorption between the negative potential car-
riers and positively charged DOX [221], which was larger
than that of mesoporous MeSNs (about 7%).

6.9 Nanoscale metal organic frameworks

Metal organic frameworks (MOFs) are considered as a
potential class of nanocarriers for drug delivery owing to
well-defined structure, ultrahigh surface area and porosity,
tunable pore size, and easy chemical functionalization [222].
Recently, these materials have been scaled down to nanom-
eter sizes, and this results in the production of nanoscale
metal-organic frameworks (NMOFs) for biomedical appli-
cations [223]. The unique properties of NMOFs such as
large pore volume, highly ordered structure and large sur-
face area enable them to adsorb functional molecules on
their external surface or open channels, as well as trap these
molecules inside the framework [224]. NMOFs possess sev-
eral potential advantages over conventional nanomedicines
such as their structural and chemical diversity, their high
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loading capacity, and their intrinsic biodegradability [225].
To increase the biological functionality and biocompatibil-
ity functionalization of MOFs with biomolecules such as
nucleobases, saccharides, peptides, and amino acids have
been employed as the organic ligands to prepare bio-MOFs.
Zirconium-based MOF was prepared as a nanocarrier for
the controlled release of ibuprofen in an acidic phosphate
buffer solution [226]. Horcajada and collaborators reported
the use of a series of non-toxic porous iron (III)-based nano-
MOFs [227], i.e., MIL-53, MIL-88A, MIL-88Bt, MIL-89,
MIL-100 and MIL-101-NH,, as carriers of antineoplastic
and retroviral drugs, including busulfan, azidothymidine
triphosphate, doxorubicin or cidofovir, ibuprofen, etc. ZIF-8
(Zeolitic Imidazolate Framework) is an outstanding repre-
sentative for drug delivery, which is constructed by zinc
ions and 2-methylimidazole and possesses unique merits
such as high porosity and stability, good biosecurity, and
pH-induced degradability. Recently, Willner and co-work-
ers encapsulated two drugs (e.g., insulin and anti-vascular
endothelial growth factor aptamer (VEGF aptamer) and
glucose oxidase (GOx) into ZIF-8 nanoparticles to build a
glucose-responsive vehicle for drug controlled release [228].
Zhuang et al. have reported optimized metal organic frame-
work nanospheres for drug delivery. Camptothecin encap-
sulated ZIF-8 particles show enhanced cell death, indicative
of internalization and intracellular release of the drug [229].

7 Conclusion

The interdisciplinary multifunctional nature of nanotech-
nology and nanodrugs enabled diversification and advance-
ments to improve the quality of life. However at present,
the basic theory of nanotechnology applied in medicine
and the preparation of nanodrugs are not fully explored.
Therefore, extensive research has to be carried out in the
field of nanomedicine especially in drug delivery systems.
Nanomedicine is constantly looking for new and improved
treatments for diseases, which need to have a high efficacy
and be cost-effective, creating a large demand on scientific
research to discover such new treatments. One important
aspect of any treatment is the ability to be able to target only
the illness and not cause harm to another healthy part of the
body. Nowadays, there is a tremendous improvement in the
utilization of metal nanoparticles as targeted drug delivery
systems because of their availability, biocompatibility, and
stability. These behaviors allow the drugs to be encapsulated
and delivered straightly to the targeted sites thereby pro-
duces higher biological effect. The development of metallic
nanoparticles is rapid and multidirectional and the improved
practical potential of metallic nanoparticle highlights their
potency as new tools for future drug delivery therapeutic
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modalities especially in the cancer, inflammation, diabetes
and anti-viral therapy.
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