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Abstract

The nanosystems for delivering drugs which have evolved with time, are being designed for greater drug efficiency and
lesser side-effects, and are also complemented by the advancement of numerous innovative materials. In comparison
to the organic nanoparticles, the inorganic nanoparticles are stable, have a wide range of physicochemical, mechanical,
magnetic, and optical characteristics, and also have the capability to get modified using some ligands to enrich their
attraction towards the molecules at the target site, which makes them appealing for bio-imaging and drug delivery appli-
cations. One of the strong benefits of using the inorganic nanoparticles-drug conjugate is the possibility of delivering
the drugs to the affected cells locally, thus reducing the side-effects like cytotoxicity, and facilitating a higher efficacy of
the therapeutic drug. This review features the direct and indirect effects of such inorganic nanoparticles like gold, silver,
graphene-based, hydroxyapatite, iron oxide, ZnO, and CeO, nanoparticles in developing effective drug carrier systems.
This article has remarked the peculiarities of these nanoparticle-based systems in pulmonary, ocular, wound healing,
and antibacterial drug deliveries as well as in delivering drugs across Blood-Brain-Barrier (BBB) and acting as agents for
cancer theranostics. Additionally, the article sheds light on the plausible modifications that can be carried out on the
inorganic nanoparticles, from a researcher’s perspective, which could open a new pathway.
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1 Introduction

In earlier days, the conventional forms of drug administration were generally ointments, pills, solutions that can be
injected into the bloodstream, or by oral solutions. At present, various drug delivery approaches have been developed,
for example, chemical modification of drugs, entrapment of drugs in inorganic and organic materials that are placed in
desired body parts, or drug entrapment in small intravenous vehicles. Drug delivery systems are those for the delivery
of drugs to the target sites where therapeutic actions are to be carried out. The technologies implemented for these
applications include those regarding the route of administration, drug preparation, site targeting, and toxicity. The dosage
form is based on the route of administration and enteral, parenteral (injections), transdermal, inhalation, oral, and topical
routes are some of the habitual routes of administration. One of the problems encountered while administering drugs is
the molecular size of drug particles. Due to molecular size and charge, many medications like peptide and protein, gene,
vaccine, and antibody-based drugs, may not be supplied using these routes because it cannot be absorbed into the
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systemic circulation effectively. The solubility of drugs also plays a vital role in drug efficacy, independent of the adminis-
tration route. To avoid this problem, drug carrier materials have been used in the medical field to deliver the therapeutic
molecule at specific sites in the human body. However, there are many problems still existing in drug delivery systems,
such as low drug loading efficiency, rapid release, degradation rate, size, and various other surface chemistry hurdles
are still some of the roadblocks and challenges after its administration to our body. There are numerous standard bulk
methods to synthesize drug delivery systems, but they all suffer from several drawbacks. The constraints in generating
carriers that are to be loaded with multiple therapeutic agents, studying the therapeutic/toxic effects in vivo, and the
difficulty confronted in localized drug delivery can be considered as some drawbacks.

Recently, the field of nanotechnology has acquired a lot of attention for its ability to effectively diagnose and take
care of various kinds of tumours. Nanocarriers are colloidal drug carrier systems having submicron particle sizes typically,
less than 500 nm [1]. For the past few decades, they have been comprehensively examined as they exhibited promising
results in the area of drug delivery. Nowadays, nanocarriers of size less than 100 nm have been developed. Nanocarriers
have the capability of altering the fundamental properties and bioactivity of the drugs, due to their high surface area
to volume ratio [2]. Nanocarrier systems own several advantageous aspects for the intended areas of applications. The
volumes of distribution are lowered when the drugs and imaging agents are combined with nanocarriers. And it also
can improve the pharmacokinetics and intensify the distribution of therapeutic agents to target organs, which results in
better effectiveness. The drug toxicity is abridged as an outcome of its preferential accretion at the specific destinations
and lower levels of concentration in the healthy tissues. Many nanoscale carriers also have the enviable advantage of
enhancing the solubility of hydrophobic compounds in the aqueous medium to make them appropriate for parenteral
administration. Moreover, to be on the safer side, biocompatible nanocarrier materials are being used recently [3].

The substantial amount of effort taken in the synthesis and modification of nanomaterials has resulted in the advance-
ment of the utilization of nanoparticles for various biomedical applications such as gene/drug delivery, orthopedic
implants, tissue engineering [4, 5], bone regeneration, magnetic resonance imaging (MRI), and cancer treatment [6, 71.
Nanoparticle-based drug delivery systems have arisen as an assuring methodology for the improvement of the efficiency
of prevailing drugs and also to enable the advancement of new therapies. Various characteristics like size, porosity, mor-
phology, adsorption, and physicochemical parameters determine the suitability of nanoparticles for their usage in drug
delivery systems. Nanoparticles have the potential and ability to navigate through the body’s smallest blood vessels
effectively and securely due to miniaturization and associated technology developments. Also, it increases the surface
area for rapid dissolution of the drug. Porosity is essential for capturing gases in the nanoparticles, for the controlled
release rate of the drug, and also for targeting the drugs to specified sites [8].

2 Inorganic and organic nanoparticles
2.1 Organic nanoparticles

In general, nanoparticles can be classified into two: Organic and Inorganic. Organic nanoparticles (eg: Micelles, dendrim-
ers, ferritin, liposomes, and so on) are non-toxic and biodegradable. It also has to be highlighted that nanocapsules for
example like micelles and liposomes, which have a hollow core, are delicate to thermal or electromagnetic (EM) radiations
such as heat and light. These exceptional features make them a perfect choice for biomedical applications, drug delivery
in particular [9]. Nevertheless, certain factors like poor stability, short shelf life and low drug encapsulation efficacy, could
hinder their widespread utilization in drug delivery applications, as reported by Naseri et al. [10]. A comparison on the
properties of organic and inorganic nanoparticles [11], that play a key role in determining their utilization as drug car-
riers, is given in Table 1.

2.2 Inorganic nanoparticles

Inorganic nanoparticles are highly stable and hydrophilic when compared to organic nanomaterials [16]. Inorganic
nanoparticles do have intrinsic outstanding physicochemical properties (magnetic, thermal, optical, and catalytic perfor-
mance) and therefore, these nanosized materials offer a sturdy framework where two or more dopants can be integrated
to give multifunctional abilities [17-20]. As compared to the organic nanoparticles, the inorganic nanoparticles exhibit
better drug loading capacity, excellent stability and tunable degradation rates [14, 15, 21]. Few studies based on the
drug delivery systems made from inorganic nanoparticles are enlisted in Table 2 below.
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Table 1 A comparison on the physical and biological properties of organic and inorganic nanoparticles

Organic Nanoparticles (eg: liposomes [12], micelles [13] etc.) Inorganic Nanoparticles (eg: ZnO [14], Mesoporous silica [15] etc.)
Biodegradable Ease of surface functionalization

Biocompatible Tunable particle size

Non-toxic Enhanced stability

Low stability Improved magnetic properties

Low reproducibility rate Cellular toxicity

Issues in the drug entrapment efficiency Low biodegradability

Less biocompatible

Inorganic nanoparticles can be generally categorized into Metal-based and Metal Oxide-based nanoparticles. The
former nanoparticles are synthesized from metals and then altered to nanosize either by a bottom-up or top-down
approach. Some of the familiar examples are Fe, Cu, Zn, Cd, Ag etc. The latter is synthesized to alter the properties of
their corresponding metal-based nanoparticles, for example, Zinc oxide, Iron (11) oxide, Iron (lll) oxide, Aluminium oxide
etc. Generally, the major intention of the synthesis of these metal oxide-based nanoparticles is to increase their reactiv-
ity and efficiency. These nanoparticles hold remarkable properties when compared to their metal counterparts. In this
review article, we will be discussing the recent research developments in the application of gold nanoparticles, silver
nanoparticles, graphene-based nanomaterials, iron oxide, zinc oxide, hydroxyapatite and cerium oxide nanoparticles
for efficient drug delivery.

2.2.1 Gold nanoparticles (AuNPs)

The properties of gold vary when they are reduced to nanoscale from the bulk form. In bulk, the colour of gold is yellow-
ish whereas gold nanoparticles (AuNPs) exhibit various colours according to their particle size. AuNPs have attracted a
remarkable amount of interest in applications ranging from photovoltaics and charge storage systems to drug delivery
systems and biomolecule sensing. This is due to certain features like distinctive tunable optical and electronic proper-
ties, high X-Ray absorption coefficient, and ease of functionalization [37, 38]. We can also induce specific control on the
physicochemical properties of the particle. Characteristic optical and electronic properties can be revealed by these
nanoparticles with even less than 300 Au atoms, compared to bulk gold [39]. They also have a strong affinity towards
amines and thiols. The electronic structure of the AuNPs tends to change with shape and size due to which, the physical
properties also vary. Likewise, their chemical properties and catalytic activity are also dependent on the shape and size of
the AuNPs. When the particle size is varied, the colour of the colloidal AuNPs is altered. The colour of bulk gold is yellow,
but when AuNPs are of size within 2 to 100 nm, they appear red [40, 41]. This optical feature is due to the surface plasmon
resonance (SPR). SPR, because of its subtle spectral response to the native environment and easiness in observing the
light signal due to larger absorption and scattering cross-section, plays a key role in applications for biological sensing.
The gold nanoparticles are said to have the capability of strengthening the electromagnetic field near the surface of the
metal, excellent biocompatibility, high photostability, and high efficiency in light to heat conversion when compared
to other chromophores.

Generally, gold nanoparticles can be classified into three, based on dimension: 1-D (eg: nanowires, nanorods), 2-D
(eg: nanoplates), and 3-D (branched structures like nanostars, and nanopods) AuNPs (Fig. 1 A (a-c)). Researchers have
been investigating the anisotropic gold nanoparticles, since the early twentieth century. The properties of anisotropic
gold nanoparticles were found to be different or to be more precise, exceptional when compared to that of the spherical
AuNPs [42]. The anisotropy is the main reason for the plasmon absorption in both the visible and NIR region. This is why
AuNPs are of great demand in diagnostics and therapies. The AuNPs can be broadly classified into two sets depending
on their area of application and structure. The first set contains nanoparticles that are coupled with molecules that have
different properties, and are applied for bioimaging, biosensors, targeted drug delivery, and localized hyperthermia [43,
44]. The next set contains polyfunctional, hollow AuNPs that have a gold shell and magnetic core and are commonly
utilized for encapsulating the agents for therapies [45].

The functionalizations that are done to the AuUNP surface bring out a drastic change in their behaviour when compared
to its bulk counterpart. Thus, magnetic and optical characteristics of AuNPs are considered to be tunable by using appro-
priate coating because, as a result of the surface coating, there will be a change occurring in their electronic structure.
The stabilization or protection offered by a shell formed from thiolate ligands, make the nanoparticles (NPs) more stable
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Fig. 1 ATEM/SEM images of
various inorganic nanoparti-
cles having different morphol-
ogies. (a) Au nanorods, (b) Au
nanorattles, (c) Au nanostars,
(d) Ag nanospheres, (e) Ag
nanoprisms, and (f) ZnO
nanoflowers. (b-e) adapted
with permission from [118,
119] and [120]. Copyright
2019, 2015, 2021 American
Chemical Society. (a) and

(f) adapted with permission
from [121] and [122]. © 2023,
2019 Elsevier Ltd. All rights
reserved. B The AuNPs inside
the HepG2 cells treated with
the AuNPs—lipoic acid—
modified PEG derivative of
DOX: a) in the presence and
absence of various inhibitors
and b) at4hor 12 h.c) The
TEM images of HepG2 cells
with: (i) citrate protected
AuNPs and (ii) AuNPs—lipoic
acid—modified PEG deriva-
tive of DOX for4 h or 12 h. d)
Cell viability plot. Adapted
with permission from [54].
Copyright 2017 American
Chemical Society. C Different
biomedical applications of
Iron Oxide nanoparticles

Al

B)

C)

o
~

Au content /ng in 10°
cells

12 hours

w
L

c) Citrate protected AuNPs

c)

100 nm

o
-

4 P

Il

-
© 4@ o af 4 12
:;W 90 o Time/h

[N}

Au content /ng in 105
cells
o N ES

o

AuNP-NHN=DOX-mPEG

O el ¥ %

= (i)

4 hours

12 hours

Magnetic hyperthermia

A

Targeted drug delivery
‘ Drug

| Iron oxide nanoparticle ] ‘ IONP
g Targetcell

oMagnet

@ Springer



Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

and secure towards accretion and all the other forms of decay, which facilitates attempts at recognizing different NP
sizes and the assessment of how NP properties depend on size (including the quantization effects). Even though AuNPs
are said to be biocompatible, their toxic effect is quite debatable. There are reports stating conclusively that the extent
of AuNP toxicity highly depends on their shape, size, functionalizing material as well as the surface charge [46-50]. For
instance, Au nanospheres were confirmed to be less toxic to human fetal osteoblast cells when compared to the Au
nanostars and nanorods, as reported by Steckiewicz et al. But in terms of their cytotoxicity against the osteosarcoma
cells, Au nanostars were reported to be most cytotoxic [51]. In another report by Wang et al., the positively charged cetyl
trimethyl ammonium bromide (CTAB) coated AuNPs were reported to be highly toxic to cell membranes, in comparison
to the positively charged poly (diallyl dimethyl ammonium chloride) coated AuNPs [52]. In a work by Senut et al., AUNPs
of ~ 1.5 nm diameter, was found toxic to the human embryonic stem cells, when compared to AuNPs of 4 nm and 14 nm
diameters [53]. Therefore, special attention has to be made to the biosafety of AuNPs, while designing and synthesizing
them for biomedical applications, such as drug delivery. Table 3 shows a list of very recent research developments in the
area of drug delivery involving functionalized AuNPs.

2.2.2 Silver nanoparticles (AgNPs)

Silver compounds have been extensively utilized for numerous applications from utensils and jewellery to biomedical
purposes. Compared to its counterpart, AGNPs hold exceptional physical, chemical, and biological properties. AQNPs are
considered to have high thermal and electrical conductivities, chemical stability, and are also capable of exhibiting excel-
lent catalytic activity and enhanced Raman scattering [66, 67]. Recent research efforts on AgNPs validated that the Ag ions
possess antimicrobial, antifungal, anti-inflammatory, and antiviral properties and also have a low toxic effect on humans
[68-70]. These unique properties of nanosilver paved the ground for its usage in biomedical applications including drug
delivery and cancer therapy. AgNPs have a high surface area per unit mass and a stable, continuous release of Ag ions
into their environment. Peculiar release profiles of Ag ions can be created by regulating the size, shape, surface coating,
and agglomeration of the nanoparticles. The antimicrobial efficiency of AgNPs is attributed to the rate and duration of
this release of Ag ions [71, 72]. Different sizes and shapes (spheres, wires, rods) of AgNPs can be fabricated by various
synthesis methods (Fig. 1 A (d, e)). So, due to their exceptional physical and biological properties, AgNPs are being widely
utilized in day-to-day life. Though, various reports explained that these AgNPs could cause adverse biological effects
to both environment as well as human beings. The different factors influencing the AgNP toxicity are exogenous (eg:
dosage [73]) and endogenous (eg: size [74], shape and surface functionalization [75]) factors. Table 4 is a list of research
developments in the functionalized AgNPs for drug delivery applications.

When we look into the unique optical properties of these nanoparticles, at specific wavelengths, incident light is
strongly absorbed or scattered with astonishing efficacy. This strong interaction between silver and light is because of the
collective oscillation of the conduction electrons on top of the metal surface when they undergo excitation by lights of
specific wavelengths i.e., a phenomenon known as Surface Plasmon Resonance (SPR). SPRis the reason for much higher
absorption and scattering intensities of AQNPs when compared to similar-size non-plasmonic nanoparticles. These optical
properties form the basis for the field of plasmonics and also for the analytic techniques like Surface Enhanced Raman
Spectroscopy (SERS). The absorption and scattering properties are also size and shape-dependent [88]. So, they can be
tuned by controlling the shape, size, and the local refractive index near the surface of the particle. When the refractive
index is increased near the nanoparticle surface, the spectrum shifts towards the longer wavelength and is known as the
redshift [89]. Similarly, when the refractive index is reduced near the particle surface, the spectrum shifts towards the
shorter wavelength i.e., blue shift. Regarding the problems related to stability, UV-Visible spectroscopy is considered to
be the most simple and dependable method to monitor the stability of AgNPs. The intensity of the original peak in the
spectrum will decrease when the particles destabilize or there will be a secondary peak or a broadening of the peak, due
to the accretion of particles, at longer wavelengths.

2.2.3 Graphene derivatives

Graphene has attracted huge interest from the scientific world since its first appearance. It is a single layer of sp? hybrid-
ized carbon atoms organized in a honeycomb-like crystal lattice [90]. Graphene comprises of a layer of z-conjugated
structure of six-atom rings, which can be theoretically regarded as a planar aromatic macromolecule. This planar struc-
ture gives it an outstanding ability to immobilize various substances like drugs, cells and other biomolecules. This is why
graphene has generated much interest in the field of biomaterials and pharmaceuticals industries. Other members of
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the graphene family are Graphene Oxide (GO), reduced Graphene Oxide (rGO) and graphene sheets and so on. With two
external surfaces, graphene has a higher surface area and it also exhibits greater biocompatibility when compared to
other carbon nanoparticles like CNTs and fullerenes. In monolayer graphene, every atom in it is exposed on the surface.
In comparison with other nanomaterials, this monolayer structure allows a suggestively higher drug loading capacity. The
shape of graphene and GO have a significant role in the field of drug delivery. Both of them have an exceptional planar
morphology and 2-D shape which is entirely different from others like tubular or spherical. If more number of layers is
added to graphene, it will reduce the surface area but at the same time, increases its rigidity, which makes it perfect for
cell penetration [91]. But if the structure is way too rigid, it can damage the cell. So, it is very essential to moderate the
rigidity of the material to minimize the impact, which can be a hindrance for drug delivery applications. GO is easily
dispersible in water and forms stable colloids whereas Graphene, on the other hand, is exceedingly hydrophobic and
therefore poorly dispersible in water. It is possible to make graphene water-soluble, by adding required surfactants or by
surface modification [92-97]. But the chosen synthesis method could result in several impurities, which can cause adverse
biological effects [98, 99]. There are also certain reports on the toxicity of GO sheets due to their sharp edges and size.
Wang et al. studied the biocompatibility of GO sheets in-vivo and observed high levels of cytotoxicity in mice after the
intravenous administration of 0.4 mg GO [100]. In another study by Yuan et al., RFFCs were treated with varying concen-
trations of functionalized GO (GO-AgNPs). With increasing concentration of nanoparticles, the viability of cells drastically
decremented, which implied a dose dependent toxicity by the particle system [73]. Thus, a balance between the thera-
peutic efficacy and biosafety should be maintained during the development of GO-based drug carriers. Table 5 displays
the recent research developments in the area of drug delivery involving functionalized graphene-based nanoparticles.

2.2.4 Iron oxide nanoparticles (IONPs)

Iron oxides are chemical compounds comprising of iron and oxygen. Three main and most common forms of iron oxide
are Fe;0, (Magnetite), a-Fe,0; (Hematite), and y-Fe,0; (Maghemite) [123]. Greater reactive area and the capability to
travel across biological barriers make the magnetic nanoparticles more favorable for drug delivery systems when com-
pared to their microscale counterparts. Several other significant features make these magnetic nanoparticles appealing
for biomedical applications (Fig. 1 C). IONPs are physically and chemically stable, biocompatible, environmentally safe,
and also easily separable. At room temperature, a-Fe,O; exhibits poor ferromagnetism but at the same time, y-Fe,04
and Fe;0, are ferromagnetic. The properties of IONPs are directly related to their size and shape [124]. When IONPs are
reduced to 10 to 20 nm, they build superparamagnetic properties which make them ideal for improved drug delivery
systems [125, 126]. Nonetheless, the agglomeration of superparamagnetic IONPs is a common phenomenon. This can
also, at times, lead to complications like toxicity. So, the biocompatibility of these nanoparticles can be enhanced by
surface functionalization or suitable surface coating. It also implies that the success rate of these surface-modified IONPs
based drug delivery systems will also depend on the properties of the coating material [127].

2.2.5 Zinc oxide nanoparticles

In the emerging field of nanotechnology, metal oxide nanoparticles exhibit unique physical and chemical properties
owing to their limited size and a high density of corner or edge surface sites. Among the metal oxide nanoparticles, Zinc
oxide (ZnO) (Fig. 1A(f)) is considered to be the most fundamental due to its distinctive physical and chemical properties,
as a result of which it is implemented/exercised in many spheres. Nano ZnO enables zinc (Zn**) to be easily absorbed
by the body, which facilitates zinc to enact a vital role in procedures like neurogenesis and protein synthesis [128]. As
we all know, nano ZnO exists in all the body tissues as an important trace element. Zinc oxide nanoparticles (ZnO NPs)
are inexpensive and have less toxicity, in comparison to the other metal oxide nanoparticles. Their distinct properties
include superior anti-bacterial, anti-microbial and anti-inflammatory properties [129]. The antibacterial activity may
involve the accumulation of ZnO NPs in the cytoplasm of bacterial cells which trigger the release of Zn** causing bacte-
rial cell membrane disintegration and various other activities, thereby ensuring the death of bacterial cells, although
the exact mechanism remains unknown or disproven hitherto [130, 131]. Along with the aforesaid properties, ZnO NPs
have high specific surface area and high activity to block a wide range of pathogenic agents, because of which they are
highly efficient for many biomedical applications including drug delivery. Various drugs or biomolecules when loaded
onto ZnO display better solubility, and are more effective to cancer cells, in contrast to several other individual agents.
Conversely, excessive exposure to ZnO NPs results in their elevated depositions in and damage of organs such as lungs,
liver, kidney, and spleen etc. irrespective of the exposure routes [132]. The generation of ROS and the oxidative stress
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induced by them are known to be the major toxic-mechanisms involved. Additionally, the main challenge in the appli-
cation of drug delivery is in obtaining ZnO-based nanocarrier systems that are stable in-vivo. The stability requirement
applies not only to ZnO nanocarriers but also to the combination of ZnO and the drugs or biomolecules to be loaded.
During blood circulation, the loaded drugs should not leak and hence a strong interaction between ZnO and the load is
essential. Moreover, surface modification is crucial for protecting the ZnO NPs in the biological system.

2.2.6 Cerium oxide nanoparticles or nanoceria

Cerium, a rare earth element, has two partially filled subshells (4f and 5d) and is hypothesized to have several excited
substates. Cerium atom has two valence states: fully oxidized (+4) and fully reduced (+ 3). It has the unique property of
being able to alter between the two oxidation states in redox reactions. In Cerium oxide, cerium is attached to oxygen
in a crystalline fluorite lattice structure which exhibits the defects on the surface, when they are in nanoparticle form.
These defects are mainly the oxygen vacancies which result in a mixed valance of Ce (IV) and Ce (Ill) oxidation states
which coexist on the surface. This results in a redox couple which is the reason for nanoceria’s catalytic activity. This has
led to an increased interest in Nanoceria as a potential biological antioxidant [133-140]. Because of the lattice structure
and ease of electronic conversions with other ionic species at the quantum level, CeO, NPs are capable of regenerating
their redox-active matrix, allowing repetitive free radical interactions [141]. When these redox capabilities are combined
with the basic properties of nanoscale particles like large surface area and quantum effects, a highly efficient nanoscale
free radical scavenger can be developed [142]. CeO, NPs have a cerium core surrounded by an oxygen lattice. In normal
cells, under neutral pH, these NPs have an antioxidant and cytoprotective role. But as we know, one of the characteristics
of the tumour cells is having an acidic nature. So, in an acidic medium, these NPs show pro-oxidant and cytotoxic effects
[143]. On contrary, there are also reports stating the dose-dependent and time-dependent toxicity of CeO, NPs on nor-
mal cells [144]. For example, Mittal et al. investigated the CeO, NP induced toxicity in human lung cells [145]. The nano-
particles caused morphological alterations to the cells and also increased the ROS production that led to a decrement
in the level of antioxidant in the cell, resulting in the cellular death. The CeO, NPs are very well known for their oxygen
storage capacity. When the valency of Ce changes from +4 to + 3, oxygen is usually released into the environment. This
property becomes useful in some situations while examining an intravenous activity, like the release of oxygen when
the tissue oxygen is lacking [146].

2.2.7 Hydroxyapatite

Hydroxyapatite [Ca,,(PO,)¢(OH).] is a calcium phosphate ceramic as well as one among the most widely utilized bioma-
terials, well-known for their biocompatibility and osteo-inductive properties. It is the primary mineral component found
in the bones and dental tissues and therefore portrays excellent biocompatibility. Also, the nanocrystalline as well as
carbonated HAp nanoparticles are regarded as biological apatite, due to the presence of OH and calcium groups [4, 5].
Aside from the dental or bone implant applications, the HAp nanoparticles are recently being utilized as drug carriers
with enhanced adsorption over the biological boundaries, for controlled and targeted delivery of drugs [147-149]. Various
desired drugs could be directly infused in the porous HAp or surface modified HAp nanoparticle systems, and then could
be utilized for targeted delivery as well as for strengthening the nascent bone tissue structure [150-153]. These drug-
loaded vehicles could be used in drug delivery applications for the bone-damage causing diseases such as osteoporosis
and tumors [154-156]. Several recent reports also detailed the effective practice of using nano HAp functionalized with
bioactive factors or organic polymers for targeted and controlled drug delivery, with better biodegradability, non-toxicity
as well as increased drug loading capacity [157-159]. By varying the steps involved in the synthesis processes of HAp
based drug carriers, like adsorption and chemical cross-linking, enhanced physical as well as mechanical characteristics
could be attained [160-163]. Though, the exact dosage of the nanoparticles that is required for loading the drugs and
for the achievement of desired payload release, should be optimized before the clinical trials. Therefore, the utilization
of HAp nanopowder for bone-related as well as other drug delivery applications is desirable and is considered to be a
biocompatible and non-toxic biopharmaceutical material. Also, the synthesis mechanism (eg: doping foreign elements or
varying synthesis method) highly influences their morphological as well as other physical and biological characteristics.
Thus, the regulation of physical characteristics of the nanoparticulate system is a key factor in fabricating an effective
drug loading vehicle system.
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3 The necessity of drug delivery applications

In recent days, researchers have been more keenly concentrated on the improvement of the safety efficacy ratio of
the existing drugs rather than developing a new drug that requires a huge amount of money and time. The improv-
isation methodologies include procedures like monitoring the drug, the drug dosage, individualization of drug
therapy, slow and controlled delivery of the drug, and targeted drug delivery. The principles of pharmacodynamics
and pharmacokinetics, which manage the action and character of drugs, were thoroughly studied on administering
these improvised drugs on living beings. From these studies, it was found that nasal and buccal mucosa and also skin
membranes can be utilized as the alternate routes for the delivery of analgesics and anaesthetics. Similarly, when
these drugs were combined with other materials, a whole new range of implantable and programmable devices such
as nasal aerosol sprays, transdermal and transmucosal delivery systems, incorporated with controlled drug release
technology, were developed. The obstacles faced while using the standard methods of drug administration can be
subjugated by implementing these methods.

In most cases, the efficiency of the drug carrier is highly dependent on the particle size, i.e., smaller the particle
size, the greater the surface area and therefore has a greater capability to cross the minute parts in the human body
like the blood-brain barrier and constricted junctions in the endothelial cells in the skin. The drug particles may
also exhibit increased bioavailability and higher solubility. There are some basic requirements to be achieved for the
designing of an ideal drug carrier for higher drug efficacy. The first and foremost one is that, when administered, the
loaded drugs should reach the destination site with minimum volume loss and blood circulation activity. The next
requirement is that the drug administered should only act on the desired tumour site and should be ineffective to
the healthy cells.

3.1 Types of drug delivery and the utilization of inorganic nanoparticles
3.1.1 Pulmonary drug delivery

Intake of medications via inhalation has been available for many years for treating respiratory diseases. Inhalation is
found to be an optimal and non-invasive route of administration for first-line therapy of asthma and other chronic
obstructive pulmonary diseases. Also, lungs are capable of absorbing medications for systemic delivery, like drug
delivery for diseases such as diabetes mellitus since lungs have a large surface area for absorption, high permeabil-
ity, and an excellent supply of blood. The main absorption site, for most of the pharmaceuticals in the lungs, is the
alveolar epithelium in the central part of the lung (Fig. 2 A). The epithelial cells in the respiratory system play a key
role in regulating the airway tone and also in producing the lining fluid in the airway.

For appropriate therapeutic efficacy, if the lung is the target organ or the route of administration, a suitable amount
of drug should be deposited in or around the oropharynx. In addition to the deposition site, the uniformity in the
distribution of drugs is also a major factor for drug efficacy. At present, there are a number of inhaled products in
the market to treat respiratory diseases. This drastic growth in the usage of inhalable drugs is due to the increased
development of inhalable devices (nanoparticles or aerosols) that are capable of delivering high doses of the drug to
the respiratory pathway, with higher deposition efficacy, when compared to earlier methods of administration. The
capability to defeat the first-pass metabolism and low enzymatic activity are some other advantages of these newly
developed inhalable devices over the traditional or peroral applications of therapeutics. When the lung is selected
as the route of administration, there is a need to have some basic knowledge of the science behind the pulmonary
drug delivery, i.e., physiological characteristics (respiratory pathway geometry, size of the particle, polymer selection)
and other technicalities that affect the therapeutic efficiency.

There are various natural defence mechanisms like the bronchial tree, for the human lungs to prevent the entry
of aerosol particles. Bronchial tree or the oropharynx are known to be very good filters that eliminate the inhaled
aerosol particles and also prevent the deposition of particles in the epithelium. So, the administered drug delivery
system should surpass these filters. In addition to these filters, there are some other precautionary mechanisms that
inhibit the permeability of the drug into the circulatory system and cause an obstacle for the cellular uptake. It is said
that, by principle, the absorption property of the substances that are inhaled greatly depends on their properties like
molecular weight, charge, and solubility. Compared to the larger molecules, smaller ones are absorbed more quickly.
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Fig.2 A Administration of drugs into lungs using nanoparticle-based drug carriers. B (a) Cytotoxicity of GO, GO-PEG and GO-PEG-MAN on
human THP-1 cells. (b) Cellular uptake of C6@GO-PEG and C6@GO-PEG-MAN by THP-1 cells after 1 h incubation. (c) Effects of free mannose
on the cellular uptake of C6@GO-PEG-MAN in THP-1 cells. (d) Cellular uptake of C6@GOPEG-MAN in THP-1 cells under different endocytosis
inhibition conditions. (e) Confocal images for intracellular localization of C6@GO-PEG-MAN and lysosomes in THP-1 cells at 1 h, 3 h, 6 h and
12 h. TEM images for localization of (f, g) GO-PEG-MAN in lysosomes of THP-1 cells, and (h, i) GO-PEG-MAN and M.tuberculosis (H37Rv) in
the H37Rv infected THP-1 cells. Adapted with permission from [164]. © 2019 Elsevier Ltd. All rights reserved. C) (a) Cellular uptake of [*6Sc]
Sc-HAp and [*%Sc] Sc-HAp-Zr in A549 cell line at 10, 30, and 60 min. (b) Ex vivo biodistribution of Sc-46, [*°Sc] Sc-HAp, and [*°Sc] Sc-HAp-Zr in
normal mice 1 h after injection. Adapted with permission from [165]. © 2021 Elsevier Ltd. All rights reserved
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For inhalation, the nanoparticles should possess a pH value above 3 and below 8.5, excellent aerosol properties, and
should be sterile. There are few strategies followed to overcome the challenges faced during the development of
inhalable therapeutic drugs using nanocarriers. The first one is the nebulization of nanocarriers in the form of col-
loidal suspensions. The next one is the association of the developed nanocarrier system with a microsize carrier. This
association can be done by implanting the nanoparticle-based carrier into the microsize carrier. It can also be done
via the incorporation of inert carriers (eg: Mannitol) onto the nanocarriers.

When we consider the case in which GO is selected as the lung targeting nanocarrier material, it was reported in pre-
vious works that the administration can be done through inhalation or IV routes and also reported the positive results
based on their uptake by the cells in the lungs [166, 167]. But a detailed understanding of the chemical transformation,
which occurs in the lungs after the addition of GO, is required. Liu et al. investigated the bio-transformation of GO in the
lung. In their study, GO was incubated for 5 days in two lung fluids from humans, namely, Alveolar Lining Fluid (ALF) and
Gamble’s solution. An increase in the C to O ratio was evident as a result of this incubation i.e., there was an increase in the
number of carboxyl groups (GO-5.7%; 26% in ALF-GO and 8.7% in Gamble-GO). The interaction of GO and the loaded drug
is initiated by this biotransformation. As GO, when incorporated with a poly-aromatic structure, provides an extremely
larger surface area, it is very much appropriate for the effectual loading of drugs through hydrogen bonding or n-it stack-
ing. There would be a large reduction in the surface area for the loading of drugs if the GO sheets are stacked after the
transformation. From the team’s work, it was noted that the loading ability of Gamble treated GO was more constricted
when compared to that of ALF treated GO since there are more carboxyl groups present on the ALF-GO surface than
the Gamble-GO surface [168]. Pi et al. studied the utilization of mannosylated graphene oxide for macrophage targeted
delivery of the drug, for killing intracellular M.tuberculosis with high efficacy. The collective release rate of Rifampicin
from Rif@GO-PEG-MAN was studied at pH=7.4 and pH=5.5. At pH 5.5, the rate of release was found to be 27.17 + 1.86%
in 3 h,and in 48 h; it was 79.92 + 1.72% which demonstrated an increased release rate of the drug in the acidic medium
in comparison with pH 7.4 (53.62 £ 1.28% in 48 h). The study reported that the functionalization done on GO makes it an
excellent material for the smart delivery of drugs (Fig. 2B) [164].

In the parenchyma of lungs, a compact system of various groups of immune cells that process and present antigens
for detection by some lymphocytes (macrophages, dendritic cells, Langerhans cells), is present in addition to the large
surface area of lungs. So, for treating allergic diseases, the development of nanocarriers that deliver drugs to the main
immune cells for suppressing or enhancing the immune response is a very promising methodology. Fytianos et al. have
investigated the immunological and functional properties and the cellular uptake of aerosolized gold nanoparticles when
they are exposed to cells on the lung surface, using an innovative in vitro co-culture cell model that represented the epi-
thelial tissue barrier in the lungs. The AuNPs were functionalized with PVA, some surface charge (PVA-NH, AUNPs—posi-
tively charged and PVA-COOH AuNPs—negatively charged) and a dendritic cell-specific ICAM-3 grabbing non-integrin
(DC-SIGN), which enables it to link with the receptor on the surface of dendritic cells and then labelled with a fluorescent
molecule (ATTO590). They also inspected the capability of the DC-SIGN coupled gold nanoparticles in targeting the
MDDCs (monocyte-derived dendritic cells), using the 3-D co-culture cell model. PVA-NH2 AuNPs, PVA-COOH AuNPs, DC-
SIGN- PVA-NH2 AuNPs, and DC-SIGN- PVA-COOH AuNPs were the four different types of nanoparticles that were studied
and none of them were reported cytotoxic. For all the four nanoparticles used, in general, a low occurrence of positive
cells was witnessed for the epithelial cells. All the AuNPs, except DC-SIGN- PVA-NH2 AuNPs, suggestively caused slower
cell death. From their results, it was evident that it is possible to develop nanoparticle-based pulmonary drug delivery
systems that can be targeted to the dendritic cells and can be used to stimulate the immune reactions. They also sug-
gested that the in-vitro system, which was developed by them, could be used for further studies like the degradation
or elimination of particles or whether the particles were transported to other organs or not [169]. Gold nanoparticles
were incorporated into inhalable microparticles by Silva et al. The average aerodynamic sizes of the particles used in the
respirable form should be in the range between 1 and 5 p m so that it can reach the deep lung and supply the drugin a
controlled manner, by depositing themselves on the moist surface of the lung. This study group of Silva et al. has stated
that the particles, they have engineered, demonstrate a morphology that is satisfactory with an aerodynamic size which
ranges from 3.2 to 3.8 p m. The particles exhibited a biodegradation of optimum rate. It also exhibited continuous and
well-organized release of the particles loaded. As a result, there was an enhancement in the cellular uptake of particles
and the authors also mentioned that their work opens a new prospect to future lung-related therapies [170].

The drug carriers, for example in the form of dry powder, are mostly administered via inhalation than any other admin-
istration routes. But the inefficiency in depositing the required amount of drugs at the desired location in the lungs is
a problem that has to be rendered. Tuberculosis (TB) is known to be a fatal epidemic that claims many lives across the
world each year and is extremely difficult to bring under control. Poh et al. has tried to develop a better alternative for

@ Springer



Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

the therapy of tuberculosis while using a respiratory treatment. They combined Bedaquiline and Q203, which are two
well-known agents for treating active tuberculosis, along with SPIONs. This combination was then encapsulated into the
poly (D, L-lactide-co-glycolide) and the SPIONs offer magnetic properties to the nanocarrier, therefore, it can be targeted
magnetically. The particles were said to have magnetic susceptibility from the assessment done in-vitro, with magnetic
saturation—28 emu/g. The efficacy in the deposition was analyzed with the help of a magnet and also by using the CFD
model, and reported 100% efficient deposition in the deeper parts of the lungs [171]. Similar is the work done by Miranda
et al. and the group. The group has developed a magnetically responsive microparticle system of CaCO; and SPIONSs, for
tuberculosis treatment, where P3 is taken as the drug. SPIONs were incorporated into the microparticle system for fine
targeting and controlled release of drugs from the template, with the help of an alternating external magnetic field. The
developed microparticles exhibited improved and continual release of P3 at reduced pH environments. Furthermore, it
was reported that the alternating external magnetic field could activate and control the rate of release of P3 since the
release rate was ten times proliferated when compared to the release profile of P3 in the absence of a magnetic field. The
author suggests that the inhalable drug carrier developed by them could improve the effectiveness of therapy which
results in acquiescence of the patient [172]. Saifullah et al. designed a nanocarrier that comprises zinc layered hydroxide
and PAS (para-aminosalicylic acid). According to the author, the developed material exhibited quadruple efficiency, in
comparison with the pure PAS against M.tuberculosis. The inhibition concentration of the formulation developed was
found to be very low (1.40 pg/mL) when compared to the minimum inhibitory concentration of pure PAS (5.0 pug/mL).
It was active towards the gram-negative and gram-positive bacteria, and also against the pathogenic yeast, Candida
albicans. The formulation was reported to be highly biocompatible and non-toxic, from in-vitro studies and also provides
sustained release of PAS. The author suggested further investigation on the prepared formulation, in-vivo [173].

The capability of Nanoceria or CeO, to accumulate in cells or tissues is considered to be one of its favorable proper-
ties. But, a long-time exposure and an uncontrollable concentration of CeO, can cause toxicity to cells. Serebrovska et al.
implanted Nanoceria onto the silica nanoparticle surface. Silica is very well known for its less toxic behaviour and also, it
can be easily eradicated from living organisms. The author has reported that the CeO, nanoparticles showed anti-oxidant
and anti-inflammatory effects when introduced to rats. When CeO, nanoparticles were introduced to both, pneumonia
affected rats and normal rats, a rise in the consumption of oxygen was noted in both cases, which could be attributed to
the ROS scavenging property of CeO, [174]. A similar study was done by Ma et al. and has reported the ability of CeO,
to induce cytotoxicity and perpetual lung inflammation [175]. In the case of HAp nanoparticles, the particles with size
between 100 and 200 nm, are considered as ideal for utilization as drug carriers to lungs [176]. The anticancer mechanism
of these particles involves the induction of apoptosis through a mitochondria dependent method. Febrian et al. designed
a Zr-doped HAp nanoparticles for cancer therapy in lungs. The particle size of the prepared Zr-HAp ranged between 119
and 138 nm. The nanoparticle system intended for lung cancer therapy, was found to have improved efficacy as the IC;,
value was 513 p g/ml. The [*Sc] Sc-HAp-Zr nanoparticles exhibited increased accumulation in the ex-vivo lung cancer
cell environment, where Sc-46 was used for radiolabelling (Fig. 2 C) [165].

3.1.2 Drug delivery for cancer theranostics

Cancer, one of the most complicated diseases, occurs due to the uncontrollable or abnormal growth of cells in differ-
ent body parts and chemotherapy is the treatment where we use very strong drugs to exterminate this exceeding cell
growth. The most commonly seen mode of treatment of various cancers is through the practice of toxic agents. Initially,
the chemical entities used in chemotherapy interfere with the synthesis of DNA and also the process of cell division (mito-
sis). This will bring a halt to the division and rapid growth of cancer cells. But the drawback here is the non-selectiveness
nature of therapeutic agents. But the problem arises when they act on both normal and affected cells indifferently. If
the agents used, damage the normal cells along with the cancer cells, it will fail the therapy. To resolve this setback,
innovative nanoparticle-based drug carriers were explored and developed in order to increase the therapeutic efficacy
and also to ensure the safety of conventional cancer therapeutic agents. Many such drug carriers have been accepted,
and are utilized these days. Another problematic situation is where the cancer cells pose resistance towards the drug,
quite sometime after the administration. There can be two major reasons for this resistance; first, the reduction in the
uptake of drugs by the cells, and second, intense leakage of drugs before reaching the desired location. Also, the acting
mechanism of different drugs varies with the different kinds of cancer cells. Accordingly, the therapeutics may contain
a mixture of numerous drugs. The nanoparticles have the aptitude for effective targeting and delivery of drugs due to
their minimal size. They can also enhance or modify various characteristics of typical chemotherapeutic agents. So, for an
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intense curative effect, increased specificity, and reduced toxicity, several nanoparticle-based targeting delivery systems
have been approved and developed.

Cancer theranostics is the domain which unifies the fields of diagnostics and therapy for cancer. It aims at the timely
diagnosis and specific medication with appropriate dosage, along with advanced molecular imaging techniques, sub-
sequently followed by instantaneous observation on the efficiency of treatment. For the integration of diagnostics and
therapeutics, one of the best nanoparticle platforms is the gold, because of its ease in functionalization with drugs
and other imaging representatives. Many researchers have assessed the capability of gold nanoparticles in delivering
nuclides which are appropriate for radiotheranostics. One such study was done by Silva et al. in which AuNPs acted as
a multimodal probe used for imaging purposes. They reported that the AuNPs were ornamented with BBN (Bombesin)
analogues, a peptide that is bioactive and has a very high affinity to GRPr (Gastrin Releasing Peptide receptor) which
are found in many kinds of tumours or cancers. They also stated that the synthesized nanoparticles were able to suc-
cessfully synchronize Gadolinium (Gd®*) as MRI contrast agents and %’Ga>* as SPECT imaging agents for applications
in theranostics of tumours [177]. Hazkani et al. has also performed research on the modifications that can be done on
AuNPs in order to make them an ideal cancer radiosensitizer and also useful for enhanced imaging. They also tried to
recognize the advantages of custom-made molecular profiling for theranostics enhancement. When the tumour from
the salivary gland was treated with Crizotinib-coated, anaplastic lymphoma kinase-targeted AuNPs, an enhancement
in the radiative therapy was observed, which was evident from the substantial shrinkage in the volume of the tumour
with time. The effect of the Crizotinib-coated AuNPs on the tumour was visualized by CT [178]. Zhao et al. developed
a smart nanoparticulate probe for targeted tumour therapy and fluorescent photothermal effect, which acts only at a
specific site and also can be activated reversibly. In this work, gold nanorods were functionalized with glycosyl and cya-
nine. Later, the particles were linked with peptides that are specific to MMP (matrix metalloproteinase) to attain reverse
activation. The coated cyanine helps in giving excellent photothermal therapy when irradiated with 808 nm laser, and
due to peptides linked and glycosyl, the designed probe illuminates only at the environment of the tumour. The therapy
is stimulated by both pH and MMPs, and thus the devised probe is said to be dual stimuli-responsive [179]. Knights
et al. studied the dependence of size and concentration of gold nanorods on its efficiency in photothermal therapy
using pulsed waves and in imaging using photoacoustics. They synthesized 4 types of AUNRs of varied sizes (10, 25, 40,
50 nm), out of which, a very high photoacoustic signal was given out by large AuNRs (40 nm and 50 nm width) and high
efficiency in pulsed-wave—plasmonic photothermal therapy was exhibited by the smaller AuNRs (10 nm and 25 nm).
But, since the photoacoustic signal given out by nanorods of width 10 nm is also powerful enough to be detected, these
nanorods were reported to be the most efficient ones (out of the 4) for both applications mentioned [180]. As far as the
branched AuNPs are concerned, their number of arms and the lengths of each arm are some of the limitations for their
usage in biomedical applications. Due to appealing characteristics and distinctive structure which allows the utilization
of surface plasmon resonance, hollow nanostructures of gold have drawn significant interest for applications in cancer
theranostics. Wang et al. prepared multifunctional, resveratrol-coated gold hollow nanoparticles through an easy and
suitable procedure where no surfactants were used, which is an essential requirement in the case of theranostic tools.
Resveratrol is a coating-cum-reducing agent, known for its anti-cancer and anti-oxidant activities. When irradiated using
a laser (A = 808 nm), the resveratrol-coated gold hollow nanoparticles efficiently inhibited the division of cancer cells
and also exhibited excellent photothermal conversion efficacy [181].

Wang et al. developed a nanoprobe using Au nanostars, Atto655 (fluorescent dye), folic acid (for targeting), and DEVD
(a peptide linker which is responsive to Caspase-3, an enzyme) for synchronized tumour-targeted photothermal therapy
and monitoring of the imaging of Casp-3-responsive activity, which is considered as a self-therapy. When irradiated with
a requisite source, the as-synthesized nanocomposite exhibited outstanding therapeutic effects by initiating the cancer
cell deaths via Casp-3 pathway apoptosis, as a result of the photothermal activity. Simultaneously, the released Casp-3
concluded the process of quenching and recovered the fluorescent near-infrared signal, which helped in precisely trac-
ing the apoptosis process [182]. Maniglio et al. developed a superparamagnetic, hydrophilic, hybrid theranostic tool,
to overcome the limitations faced in theranostics like the inability in evaluating the efficacy of targeted drug delivery,
from a combination of AuNPs and Fe;0, (65:35 ratio), where Tween20 was used as a surfactant. Even at increased levels
of nanoparticle concentrations, negligible cytotoxicity was exhibited. When irradiated using X-Rays, the synthesized
nanoparticles persuaded the activity of radiosensitizing only selectively on osteogenic sarcoma-derived cells [183]. Srini-
vasan et al. designed PEG-coated AuNPs, loaded with Cyanine-7 modified with methoxyamine. The load taken is a probe
that can attach to the AP sites and restrain the process of repairing DNA, which will, in turn, kill the cell. The synthesized
nanoparticulate system at a ratio of 10:1 (load:AuNPs) exhibited an enhanced profile of drug release, tumour-specific
confinement, and very solid attachment to the AP sites [184]. Grabowska-Jadach et al. developed a biocompatible
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nanoplatform that is capable of performing drug delivery and photothermal therapy for skin tumours, with hollow Au
nanoshells synthesized by reducing Tetrachloroauric acid onto AgNP templates, and then conjugating it with AS1411,
an aptamer with a thiol group at its end. This conjugation helped in improving the confinement of nanoparticles to the
target cells than to the normal cell lines. When irradiated using a laser, the synthesized nanosystem was utilized for the
production of heat and ablating the tumour cells due to the adjustable plasmonic characteristics of the AuNPs. At high
concentration levels, a loss of < 10% alone was caused by the nanoconjugate in the case of cell viability [185].

An NIR-responsive, non-toxic nano-drug delivery system, in which Au nanorattles along with Doxorubicin and a
phase-change material were enclosed within chitosan (Fig. 3 A (a)), was developed by Sarkar et al. The Au nanorattles
have exceptional characteristics like its structure, which is shell-like and porous, and the electromagnetic hotspots, which
are inherent. The developed nanocarrier was found to be receptive to NIR radiations since Au nanorattles displayed a
broad spectrum of absorption in the NIR range. It then melted the phase-change material photothermally and resulted
in the instantaneous release of Doxorubicin. The NIR-irradiation and the release of the drug significantly inhibited the
MCF7 cell lines (Fig. 3A(b-i)) [118]. Zhang et al. developed a biocompatible, nanoparticle-based probe that can be used
for both photothermal and photodynamic therapies. The shell of the nanosystem contained mSiO, loaded with Chlorin
e6 (a photosensitizer-Ce6) and modified by catalase, the core was made of gold nanostars (AuNSs) and Cyclo (Arg-Gly-
Asp-D-Tyr-Lys) was used to enclose the nanosystem and also as the targeting agent. AuNSs are highly efficient in ther-
mal conversion and thus the approach of utilizing them as the core increases the effect of photothermal therapy. Also,
the modification of the shell using the catalase helped in avoiding the occurrence of hypoxia, as the catalase converts
the H,0, formed in the tumour cells into oxygen. The nanoprobe was found to be capable of selectively recognizing
the tumour cells, releasing Ce6 to the tumour site alone when triggered, and achieved substantial cytotoxicity on the
tumour cells [187].

Hwang et al. developed a theranostic nanosheet using graphene oxide conjugated with hyaluronic acid, loaded with
PNA-21 (antisense), and labelled by cyanine-3, to overcome the problems while administering the anticancer drug in-
vivo, for example, the ambiguity in the reactions of the therapeutic drug delivered. The nanosystem was reported to be
proficient in detecting and impeding the microRNA-21 which supports the growth of malicious tumours. And also, an
intense signal of fluorescence was retrieved, 3 h after the delivery of the nanosheet in-vivo (Fig. 3B). Thus, the nanosheet
could be efficiently used as a theranostic nanotool and also for delivering the therapeutic nucleic acids [186]. Wu et al.
reported the development of a biocompatible and stable phototheranostic nanosystem made of graphene oxide (GO),
gold nanostars (AuNSs), polyethylene glycol, and Chlorin e6. The composite exhibited excellent absorbance in the NIR
region due to the presence of AuNSs and GO, and therefore enhanced efficacy in the photothermal conversion. It also
entirely eradicated the cancerous EMT6 cell lines. So, by ablating using single-wavelength radiation, the developed
theranostic tool could be used for synchronized photothermal and photodynamic therapies, and also for effectual pho-
tothermal imaging [188]. Diaz-diestra et al. developed a nanoparticle composite for delivering drugs, which can van-
quish the concerns regarding the existing nano-based theranostic tools, for example, the toxicity, its reduced ability to
disperse in biological fluids, and its re-accumulation over a period. The nanocomposite was made of a combination of
rGO and Mn-doped ZnS quantum dots, then modified using folic acid and loaded with DOX. Due to the adsorption of
DOX onto the rGO surface through n-x stacking and because of the bonding between the loaded drug and the metal
ions on the surface (Zn?*), the nanocomposite exhibited better loading and entrapping efficacies. The functionalization
done using folic acid has helped to reduce the toxicity and also the attraction between the edges of rGO and the walls of
the cell membranes, which supported increased dispersion and reduced agglomeration. The presence of folic acid also
increases the capability of the nanocomposite to specifically target the tumour cells that are rich in Folate [189]. Kumar
et al. developed a stable, hybrid nanosystem by electrostatically assembling GO (2D) and graphene QDs (0D) in layers,
using PEl as a bridge. Even when exposed to a laser of very low power, the complex system responded exceptionally,
concerning the photodynamic and photothermal activity, bioimaging, and oxidative stress in the MDA-MB-231 cell lines
[190]. Luo et al. synthesized GO nanosheets loaded with very small SPIONs of diameter less than 5 nm, with the help of
Na;CzH;0; as an inhibitor for crystal growth, which could be utilized for both chemotherapeutics and T1-MRI. Doxoru-
bicin was then modified with generation 2 PAMAM (dendrimer) and cis-aconitic acid since the amino groups can easily
form appropriate links with the -COOH groups present on the surface of GO, and this modified DOX was loaded onto
the synthesized SPIONs-loaded GO nanosheet. The nanosheet could be used as an efficient drug carrier as it displayed
a manageable pH-sensitive release of DOX and better anti-cancer efficiency. Due to the interface formed between the
in situ-grown SPIONs and GO, the nanocarrier showed high values of r1 and therefore, excellent performance in the case
of T1-MRl in-vivo [191]. Usman et al. also developed a GO-based theranostic drug delivery system in which a natural
anticancer drug, Protocatechuic acid, and a contrast medium, GdH,,N;0,5, were doped onto the GO nanosheet surface
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through pi stacking and H-bond formations. Later, via electrostatic interactions, gold nanoparticles were adsorbed onto
the functionalized nanosheet. The release of the drug was reportedly higher in an acidic environment, and the nano-
carrier was non-toxic to normal fibroblasts. A visible increase in the T1-contrast of the developed nanosheet suggested
that they could be used as efficient agents for MRI [192]. Further research has to be done here since the results are com-
pletely based on the experiments done in-vitro. Guo et al. developed a uniform-sized nanoplatform for the combined
photothermal chemotherapy. The nanosystem consisted of rGO onto which mSiO, was grown through the formation of
a supramolecular interface, and PEG-modified-Octadecanoic acid was added in order to make the nanoplatform more
stable and soluble. Finally, via non-covalent bonding, DOX was loaded to the nanocarrier system. It was reported that the
DOX release was initiated only by an acidic medium and when subjected to light radiation, the nanoplatform exhibited
improved as well as combined photothermal and chemotherapeutic effects [193]. Another work based on GO was done
by Liu et al. in which, GO was PEGylated and then loaded with a 2-photon compound (BL4) and photosensitizer (PPa)
simultaneously, for the combined photothermal and photodynamic therapies. The 2-photon compound was found to
be capable of converting the incoming light in the NIR region (980 nm) to the light in the visible region and therefore
attained a greater, extended therapeutic efficacy. GO quenches the photoactivity of the 2-photon compound and the
photosensitizer, but as soon as they are released from the nanocarrier, they are activated. So, the combined therapy with
an excitation laser of a single wavelength repressed the large growth of tumour cells and also resulted in lesser damage
to the normal cells [194].

The role played by the AgNPs in the field of cancer theranostics is also inevitable. In the work by Debnath et al., AgNPs,
whose size could be tuned, were synthesized using the one-step process of vibration milling at high speeds, and in order
to reduce the synthesized AgNPs, chitosan, PEG and PVP were utilized instead of surfactants. The particles were found to
be stable for a long period and its standard diameters were in the region between 3.1+ 1.4 nm and 22.8+5.8 nm.They
exhibited high levels of cytotoxicity and anticancer characteristics by subduing the growth of MCF-7, NIH-3T3, and NCI-
H358 cell lines [195]. Asha et al. developed a nanoparticulate system in which the surface of nanorods of Eu doped HAp
was decorated with Ag2+ ions that were passivated with linoleic acid. When annealed at 250°C, via diffusion, ultra-small
AgNPs were formed on the surface of nanorods by nucleation. These biocompatible nanorods exhibited outstanding
cytotoxicity against MCF-7 and F929 cancer cell lines. The presence of Ag?* ions and AgNPs additionally to europium,
made the nanorods display varied luminescence i.e., from NIR to visible range emissions, which makes the developed
nanosystem ideal for imaging in the deeper areas of tissues [196]. Yao et al. developed an antibody therapeutic system
by conjoining AgNPs with Rituxan, which is a well-known monoclonal antibody for lymphoma. This conjoining with
AgNPs restricted the entry of Rituxan into the cells and extended the interaction between the cell and drug, which
resulted in enhanced therapeutic efficacy. Thus, the designed nanocarrier has transformed the actions of the antibody
at the molecular level. They could also be functioned as a sensitive probe, to identify lymphoma cells that are alive, with
the help of SERS. In order to increase the efficiency further, the structural features of the nanocarriers can be altered
or the amount of antibody involved can be managed [197]. Sakr et al. also prepared 21 nm hydrodynamic sized, PEG
capped AgNPs doped with "'l (core-shell), by a unique single-step method. The synthesized particles were found to
be highly stable (in-vivo and in-vitro), non-cytotoxic to WI-38 normal cell lines at lower concentrations, enhanced yields
from radiolabelling, and improved uptake of tumours. Thus, these particles could be potentially used as nanocarriers for
radiotherapeutics in cancer theranostics [198]. Of all the AgNPs shapes, it was conveyed that the Ag nanoprisms exhibit
very strong SPR in the NIR region and hence they have greater potentiality for photothermal therapies. But the complica-
tion lies in its heavy toxicity and its vulnerability in the physicochemical atmospheres. This inspired Zeng et al. to design
a hybrid nanosystem with polydopamine-coated Ag nanoprisms, functionalized with RGD peptide. Polydopamine helps
the nanoprisms to stay stable and biocompatible in-vivo, to convert incoming light to heat upon NIR irradiation, and also
make the surface ideal for functionalization. So, in short, the developed nanosystem can act as drug delivery system,
probe for photothermal therapy and an agent for imaging simultaneously [199].

In the work by Feng et al., SPIONs along with PEG were utilized to encapsulate the mesoporous and hollow copper (Il)
sulphide nanoparticles, loaded with Doxorubicin. It was noted that the developed nanocarrier system could be effectively
controlled with the help of an external magnetic field and also exhibited higher absorption when irradiated using NIR
radiation. The efficient encapsulation by the SPIONs resulted in minimal adversities and timely and controlled release of
doxorubicin during the in-vivo delivery of drugs. Therefore, the developed system can be used for both photodynamic
and photothermal therapies at the same time due to the combined effect of hyperthermia and plasmonic resonance
[200]. Hayashi et al. developed a biocompatible nanosystem in a core-shell arrangement, in which the core was formed
by a cluster of IONPs. In the cluster formed, the distance between the particles was maintained to be zero and this
helped in boosting the r2 value and also the power for generating heat. The process of release of drugs was initiated as
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a response to the varying magnetic field and even when the magnetic field was removed, the release continued. This
resulted in the accumulation of nanoparticles in the tumour-site which in turn facilitated the conception of MRI. So, the
consequent application of a magnetic field could generate hyperthermia and restricted tumour cell growth. This led to
increased therapeutic efficiency with minimum side-effects [201]. As discussed earlier, the presence of IONPs as a core
permits its application in imaging and at the same time, the property of AuNPs (as the shell) getting heated when sub-
jected to laser radiations, the action of attachment of drugs onto its surface is inverted. These properties were exploited
by Malekigorji et al. and then synthesized a hybrid nanosystem using IONPs and AuNPs, onto which the drug (which is
in the bisnaphthalamido-based series) was loaded. A drug release which was activated by heat was attained as a result
of the utilization of the electrostatic interaction between the drug and the Au surface [202]. Huang et al. developed a
nanoparticle-based system from PEl and PEG-coated SPIONs, modified with folic acid, and then loaded with Doxorubicin
(DOX). The DOX release was highest in acidic medium and the nanosystem exhibited outstanding stability. Also, they
inhibited the growth of cancer cells with improved efficacy, in the presence of the magnetic field. A higher value of r2
was shown while monitoring the accumulation of the nanoparticles around the tumour cells, using MRI [203]. Aeineh
et al. also developed a delivery system by functionalizing spherical IONP-surface with Glutathione and PEI for delivering
Curcumin. The nanosystem exhibited excellent biocompatibility and increased cellular uptake [204]. Gao et al. developed
a similar biocompatible nanocarrier using IONPs that were functionalized using folic acid, PLGA, a cell-penetrable peptide,
and Doxorubicin. Due to the presence of the peptide, the level of toxicity was significantly reduced and was also having
the exceptional ability for tumour-specific targeting. This nanosystem was also capable of encouraging ROS production
which resulted in cell apoptosis. They could also be utilized as a probe for MRI r2* mapping [205].

Efremova et al. synthesized a hybrid nanomaterial comprising of AuNPs and Fe;0, of selective sizes. When nanopar-
ticles of various sizes were used, ranging from 3 to 11 nm for AuNPs and 6 to 44 nm for Fe;0,, the volume ratio of Au to
Fe;0, was maintained constant. Out of various samples, those with 25 nm size exhibited the finest properties that are
required for local magnetic hyperthermia and also for being acting as a contrast agent for MRI. The properties included
good values for specific loss power and relaxivity of r2, and also excellent efficiency in killing the breast cancer cells in
the presence of a varying magnetic field [206]. Beeran et al. developed a theranostic system by embedding SPIONs in
Hydroxyapatite nanoparticles, for enhancing the negative contrast in magnetic resonance imaging and also for site-
specific hyperthermia. Hela cell destruction was confirmed by ESEM and cell death of about 75% of the total cancer
cell population was observed when they were exposed to low concentrations of the synthesized material (2 mg/ml) for
30 min under a magnetic field (33.8 mT) [207]. Another approach in fabricating a theranostic system using SPIONs that
is capable of delivering drugs to tumour cells and performing MRI was done by Xie et al., where SPIONs modified with
oleylamine, chitosan modified using PEG and Doxorubicin (DOX) were co-precipitated together and was formed into
small cluster bombs. A reduction in the diameter of the synthesized cluster bombs was noted when compared to that
of the DOX loaded PEG-modified chitosan particles, which could be attributed to the occupancy of oleylamine-modified
SPIONs. The clusters were capable of de-assembling and re-self-assembling with an enhanced saturation magnetiza-
tion, in the course of in-vitro drug release which was activated by variation in pH. The accumulation of DOX in the nuclei
of cancer cells was seen from the results of confocal microscopy and this proved the effectual on-demand anti-cancer
drug delivery [208]. The accomplishment of even heating of the cancer cells at a preferred temperature by the agents
and the significant valuation of the extent of distribution of the delivered agents are some of the glitches in the area of
magnetic hyperthermia mediated cancer therapy. Du et al. designed CREKA conjugated IONPs to overcome such chal-
lenges. CREKA, a peptide that targets tumour, was conjugated to improve the distribution over the affected area. Due to
the presence of IONPs, the MPI and MRI signals were significantly enhanced and more efficient ablation of the tumour
was attained [209]. Lin et al. developed a nanoplatform from polydopamine and Fe;0,, coated with Hyaluronic acid, and
loaded with Doxorubicin (DOX) with the help of a disulphide linker, for combinational chemo and photothermal therapy
including thermal and magnetic imaging. The release of DOX was found to be activated under NIR irradiation and also
in the presence of glutathione and suitable pH. From both the in-vivo and in-vitro evaluations, much lower cell viability
(16.2%), good T2-MR imaging contrast, and enhanced anti-tumour efficiency were reported due to the combined effect
of photothermal and chemotherapy. The synthesized nanosystem showed higher uptake by the CD44" Hela cells than
the normal cells which portray the selectivity strategy of the as-synthesized material and exhibited good biocompatibility
due to the presence of Hyaluronic acid [210].

In some cases, photosensitizers and nanoparticles are conjugated to form a composite, and when assisted by X-Rays,
certain optical characteristics of the composite are enhanced. Therefore, these types of nanocomposites along with X-Ray
radiations could be made use for imaging and theranostics of deeper-seated tumours. One such research was done by
Jain et al. in which a nanocarrier system was developed using Gadolinium aluminum nanoparticles doped with cerium
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nanoparticles, then coated with mSiO,, and later the Rose Bengal was loaded onto it. When the nanocomposite was
irradiated using X-Rays of energy 55 kV, it generated high amounts of singlet oxygen, in comparison with Rose Bengal
alone. The nanosystem ominously inhibited the growth of MDA-MB-231 cancer cells, when irradiated using the light of
470 nm wavelength, and also it exhibited efficient magnetic susceptibility. So, the magnetic characteristics and effective
photoluminescence of the nanoparticle system makes them applicable for magnetic photodynamic therapies and sub-
jugates the present-day limitations in theranostics, like the restricted depth of permeation of light [211]. dos Apostolos
et al. reported the preparation of P(MAA) functionalized Eu-doped SiO,/HAp nanocomposite for theranostic applications.
The utilization of europium as dopant effectively resulted in the photoluminescent potential of the nanocomposite. Also,
the functionalization using P(MAA) enabled pH dependent release of the loaded drug [212]. Kermanian et al. reported
the hydrothermal synthesis of IONPs-HAp nanorods, where CTAB was used as the surfactant. In order to analyze the pH-
sensitive drug release and the corresponding cellular uptake, curcumin was loaded onto the synthesized nanorods (Cur@
I0-HAp). Cur@lO-HAp exhibited better cellular uptake in comparison to the free curcumin. Also, IONPs-HAp nanorods
were found to be non-toxic, excellent pH-responsive drug vehicle as well as a promising MRI T2 contrasting agent ideal
for cancer theranostics [213]. Mushtaq et al. fabricated spherically-shaped Mn;0,-HAp nanocomposite with particle
size ~ 28 nm. The functionalization of the nanocomposite by the Pluronic® F-127 copolymer as well as folic acid (FA)
resulted in the enhancement of drug loading ability, biocompatibility as well as the targeting accuracy. Additionally, the
nanocomposite portrayed a promising T1-Magnetic resonance imaging with r, relaxivity of 2.166 mM~" s, attributing
to the presence of Mn;0,. Also, under UV radiation of lower intensity, the metformin-loaded nanocomposite demon-
strated excellent cellular uptake along with good ROS generation, which substantiated their excellent photodynamic
therapeutic efficacy [214].

3.1.3 Drug delivery across blood-brain-barrier (BBB)

The brain is an ultra-sensitive and delicate system which requires a steady supply of nutrients and other necessities regu-
larly, in order to sustain its functions. The Blood-Brain Barrier or BBB is an arrangement of blood vessels, in a particular
manner, for the central nervous system (Fig. 4 A). BBB prevents the delivery of most of the drugs to the central nervous
system. Thus, BBB is considered a very strong barrier. The blood-brain barrier is mainly made of the BCECs or brain capil-
lary endothelial cells. It is also composed of various other types of cells like the neuronal cells and pericytes. There are
tight junctions present in between the brain capillary endothelial cells. These tight junctions are continuous and they
avert or restrict the transport of substances across the epithelium between the brain and blood which results in high
transendothelial electrical resistance (TEER). There are various diseases like Parkinson’s disease, Alzheimer’s disease, and
tumours that adversely affect the CNS. Since there is restriction by BBB, the appropriate treatment for these diseases is
really far from being remarkable. So, for efficient transport of drug carriers, various strategies are to be essentially devel-
oped using nanoparticles of very small size, so that these restrictions can be surmounted.

The antibodies that are made by duplicating the immune cells are the monoclonal antibodies (moAb). Cabezén et al.
had worked on 8D3 antibody-coated AuNPs and successfully illustrated the process of individual internalization of AuNPs
in the vesicles which were mediated by the transferrin receptors. The uptake of the particles by the cells and intracellular
drug transporting mechanisms were understood, in detail, using TEM (2D) and SBF-SEM (serial block-face scanning elec-
tron microscopy) (3D). The 3D analysis using SBF-SEM, made the researchers understand that those vesicles containing
AuNPs are suggestively bigger and more intricate than defined in the 2D study. The author suggested that his work could
critically contribute to the improvement of drug carriers that can travel across the BBB smoothly [215, 216]. In the cases
of targeting the tumours, especially in the brain, the particle size is considered to be a major factor in the designing of
carriers for the drug. Feng et al. designed dynamic switching enabled-gold nanospheres of size~80 nm. These nano-
spheres exhibited high penetrability, reduced toxicity, and also pH-dependent drug release [217]. By implementing the
idea of imaging to the conventional drug carriers, it will be easy to monitor the path of the carrier and also the efficacy of
drugs at the targeted sites. One such nanoplatform was developed by Tomitaka et al. by combining liposomes, magnetic
nanoparticles, and AuNPs. The drug, Tenofovir disoproxil fumarate, which is used for the treatment of HIV-1, was also
incorporated into the nanoplatform. Due to the presence of AuNPs, the drug carrier system displayed increased sensi-
tivity when undergoing CT. And because of the magnetic nanoparticles, targeting the tumour cells became easier and
showed improved penetration of BBB, in vitro [218]. Johnsen et al. has investigated the uptake of antibody-coated-AuNPs
targeted towards the transferrin receptors present on the surface of the brain capillary surface. It was found that the cel-
lular uptake strongly depended upon the valency and attraction of the antibody-coated AuNPs, and antibodies that are
monovalent had improved AuNP uptake efficacy. Also, antibodies with less attraction exhibited a temporary acceptance

@ Springer



Review

Discover Nano

(2023) 18:157

| https://doi.org/10.1186/511671-023-03943-0

Fig.4 AThe transportation of
large and small nanocarriers
across the BBB. B Effect of the
AgNPs entrapped PNP-CTX
on both the irradiated and
non-irradiated U87MG cells
and the tumor viability.

(A) MTT assay of varying
concentrations of nanocon-
structs for 72 h. (B) In situ
apoptosis detection and the
corresponding quantifica-
tion of the apoptotic bodies
in UB7MG cryosections from
the non-irradiated and
irradiated mice, injected with
AgNPs entrapped PNP-CTX. C
Luciferase imaging of the rep-
resentative mice. D Plot rep-
resenting the tumor growth
during 11 days of observation.
Adapted with permission
from [222]. Copyright 2016
American Chemical Society. C
(a) TEM image of SPIONs-PVA
loaded liposome (40,000X).
(b) Graph explaining the
superparamagnetic properties
of the prepared SPIONs-PVA,
liposome and SPIONs-PVA-
loaded liposome. (c, d) SPIONs
accumulation detection by

T1 and T2-weight MRI in mice
bearing intracranial lym-
phoma xenografts. Adapted
with permission from [223].
Copyright 2017 American
Chemical Society
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of AuNPs to the brain and at the same time, those with a high level of attraction mediated a lower uptake [219]. Kang
et al. has studied the penetration efficiency of various sizes of the AuNPs through BBB, for curing brain tumours. Gold
nanoparticles of 10 nm, 50 nm, and 100 nm sizes were labelled with fluorescent particles and their effects were studied
on a mouse with glioblastoma. It was found that the AuNPs of size 10 nm were the only ones that could enter through
BBB and distribute over the tumour cells when compared to 50 nm and 100 nm-sized AuNPs that could not enter the
brain. The particles were dispersed on the tumour cells alone and did not affect the normal cells [220]. Another work, for
improving the ability to deliver drugs for glioblastoma across the BBB, was done by Coluccia et al. 7 nm-sized spherical
AuNPs functionalized with an uptake peptide and Cisplatin was investigated in order to understand their potential in
treating the tumour cells and enhanced uptake by cells and inhibition of cell growth, which depended on the dosage,
was revealed. The treatment was supported by magnetic resonance-guided focussed ultrasound to strengthen the effect
of developed nanoparticles [221].

The work done by Chen et al. gives awareness on the level of toxicity of silver nanoparticles when they are used for
transportation across BBB. For the study, AgNPs of 8 nm size were used and it was observed that both the silver ions and
silver nanoparticles were able to lessen the TEER value so that they could create a discontinuity in the tight continuous
junctions of BBB. When the AgNPs and lipopolysaccharide together were used for treatment, an enhanced permeation
was reported. But at the same time, the penetrating ability of the nanoparticles was much higher when compared to
that of the Ag* ions. Thus, it was said that the intensities of toxicity of Ag™ and AgNPs differ. It was also noted that, for
evaluating the toxicity effects of AQNPs, in addition to their size, the effects specific to particles should also be considered
[224]. Tamborini et al. and the group examined the effects when the nanoparticles are used along with radiotherapy for
circumventing BBB. For the studies, they used PLGA nanoparticles (PNP) linked to the peptide Chlorotoxin (CTX), and
AgNPs were trapped inside these nanoparticles. The exterior part of the tumour contains more number of attacking
cells, rather than the interior part. It was found that the tumour cells at the periphery were much easier to access, by the
nanoparticles under study, assisted by radiation. The role of AQNPs comes here as they help in demonstrating the distri-
bution of the nanoparticles over the tumour site periphery. The incorporation of AgNPs aided the nanoparticle system
in being a worthy tool for precise imaging, with improved quality (Fig. 4B) [222].

Dong et al. has tried to combine an innovative drug carrier with targeting chemo and photothermal therapies for
curing malicious glioma. The drug delivery system was composed of polyethylene glycolated nano graphene oxide
conjugated with transferrin and was loaded with Doxorubicin. It was noted that the synthesized nanocarrier had longer
endurance during the combinational therapy when compared to that of the non-targeting carrier or the solo drug.
Also, the combinational therapy along with the drug carrier could easily cross the BBB and caused an increased cancer
cell death rate. Thus, it can be said that this drug delivery system is found potent for travelling across BBB and in treat-
ing glioma [225]. Su et al. has done work on the comparison of the permeation ability of two-dimensional GO sheet
and GO sheet conjugated with hydrophobic Porphyrin across BBB and it was examined using an in-vitro model. It was
realized that the surface-modified GO sheets attained higher efficiency in permeation, in comparison with pure GO
sheets. Moreover, Porphyrin modified GO sheets were centrifuged at different velocities in order to obtain particles of
varied sizes. The supernatant contained smaller particles and the sediments contained larger particles out of which,
larger-sized particles had sharper edges. The improved capability of larger particles for permeation through BBB can
be attributed to the contact between the cell membrane and their sharp edges. This penetration was found non-toxic
because the Porphyrin modified GO sheets not only penetrated the cellular membranes but also the organelles. Thus,
the functionalized GO sheets could be utilized for transporting specific drugs for brain diseases due to their promising
permeation ability [226]. Huang et al. was quite successful in developing an efficient drug carrier and combining it with
hyperthermia-based chemotherapy, for treating tumours found in the remote areas of the brain. The nanoparticulate
system was co-assembled with SPIONs coated with oleic acid, PLGA, poly (y-glutamic acid-co-distearyl y-glutamate),
and the drug Paclitaxel (PTX). This nanoparticle system was then enclosed within the adipose-derived stem cells (ADSCs)
and was therefore found non-toxic to cells even at a higher concentration (30 uM) of PTX for 48 h without any stimulus.
In the presence of a strong magnetic field, the carrier system exhibited a much higher (four-fold) therapeutic efficacy
when compared with conventional chemotherapy using Temozolomide [227].

For the upcoming progressions in treating psychiatric and neurological diseases, there is a need for neuropeptides
with targeting capability. But the difficulty here is the inability of such peptides to capably crossing the BBB. ASV-30,
from earlier studies, is one such peptide which helps in reducing typical anxiety behaviours by acting upon the CRF2
expressing neurons when used directly. Vinzant et al. verified whether the iron oxide nanoparticles conjugated with
ASV-30 could travel across BBB, localizes the CRF2 receptors, and could reduce anxiety. They were successful in their
research since there was an enhancement in the bioavailability of ASV-30 by the thorough administration of the iron

@ Springer



Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

oxide-peptide (ASV-30) complex nanoparticles. This study helped in introducing a new method for the delivery of
peptides, across BBB, with high efficiency and biodistribution [228]. Saesoo et al. developed SPIONs functionalized
with liposomes (Fig. 4C(a)), the drug Rituximab and tween80 (for improved penetration of BBB), which was aimed
to easily travel across BBB and treat CNS lymphoma. The drug carrier system exhibited higher monitoring abilities,
improved delivery of drugs, and was also capable of diagnosis. Also, the spherical-shaped particles of diameter
between 140 and 190 nm, showed the property of super-paramagnetism (Fig. 4C(b)). Thus, the developed system
could be used as a theranostic tool, which could easily transit across BBB and focus around the cancer cells (Fig. 4C (c,
d)). This was one of the first nanoparticle-based theranostic systems ever developed for treating CNS lymphoma [223].

Another temperature-sensitive, Doxorubicin encapsulated liposomal nanosystem was designed by Shi et al., which
is capable of crossing BBB and delivers drugs for treating aggressive tumours like GBM. The drug, doxorubicin, and
SPIONs were loaded up simultaneously to a liposomal system containing Tenascin-C (antibody) and P1NS (a peptide
that is capable of targeting GBM and has high permeability through cells). The results proved that the liposomal deliv-
ery system was not eliminated by the endothelial cells and at the same time was capable of targeting and entering
the glioblastoma cells. The investigation on the passage of the synthesized delivery system through BBB was done in
an in-vitro model and prominent outcomes, like the noticeable value of TEER and expressions of tight junctions, was
observed. In the presence of a varying magnetic field, the SPIONs inside the delivery system caused a thermally acti-
vated release of doxorubicin, which was controlled, effective, and was also less cytotoxic to normal cells [229]. Shen
et al. also worked on developing a nanocarrier, which could easily pass through BBB, act as a probe for imaging, and
can function as a theranostic tool, for treating glioma. The nanosystem consisted of hydrophobic SPIONs coated with
DSPE-PEG2000, Doxorubicin, and a cyanine dye - ICG. The as-synthesized nanoparticle system was of suitable size
(22.9 nm diameter), and thus an effectual uptake of doxorubicin by the cells was observed, without any side-effects.
The nanoparticles were able to successfully travel across BBB and were also seen gathering around the tumour cells,
in particular, which was observed from the MRI and fluorescence imaging [230]. Shaghaghi et al. designed a multi-
functional, SPIONs and folic acid incorporated, Janus-based nanocarrier that could deliver doxorubicin across BBB to
the tumour cells in the brain. The surface of Janus nanoparticles is said to have more than 2 physical characteristics
and allows 2 separate kinds of chemistry to happen simultaneously. The folic acid conjugated covalently to the Janus
nanoparticle acts as an agent for targeting the cancer cells. The developed drug carrier system showed an increased
circulation period in blood. Since the doxorubicin was conjugated covalently to the system through imine bonds, a
pH-sensitive release of doxorubicin was initiated [231]. Next is the work done by Norouzi et al., on the development
of a biocompatible, magnetically targeting vehicle for the delivery of Salinomycin to the brain, for the treatment
of GBM. Iron oxide nanoparticles were combined with PEG and PEl and then the drug was loaded onto this system.
The release of the drug from the delivery system was prolonged for about four days, in acidic conditions, and was
found to be efficient in killing the ROS (reactive oxygen species) mediated GBM cells. The BBB permeability of the
Salinomycin-PEI-PEG-Iron Oxide nanoparticle-based system was only about 1.0% + 0.08%, but in the presence of an
external magnetic field and also with hyperosmotic disruption, the permeation ability increased to 3.2% +0.1% [232].

When a stroke happens, an excess amount of ROS is produced and they could destroy the BBB. As far as Nanoceria
is concerned, they are found efficient in scavenging ROS and offer high protection to the neurons and vasculature
of the brain. Bao et al. designed and developed a neuroprotective nanocarrier to effectively deliver the therapeutics
required for the treatment of strokes. The nanosystem consisted of CeO, nanoparticles functionalized with PEG and
an oligopeptide, Angiopep-2, and was loaded with the drug, Edaravone. This system was non-toxic, was able to
cross BBB through transcytosis, and at the same time, was successful in ensuring the stability of the environment of
the brain. A high level of agglomeration of particles was found in the intracerebral lesions. This nanoparticle system
could, therefore, be used for the targeted delivery of drugs for treating neurodegenerative diseases [233]. Kaushik
et al. computationally analyzed the effectiveness of ceria nanoparticle-based drug delivery systems in elucidating
the activity of a-synuclein (causing Parkinson'’s disease), when compared to that of the SPIONs and AuNPs. It was
found that CeO, nanoparticles were capable enough to inhibit a-synuclein activity [234]. In a recent attempt by Lin
et al., honokiol loaded HAp nanoparticles were developed for targeted delivery of the drug, during the post-glioma
surgery management. It was noted that in acidic environment, the hydrophobic honokiol-HAp nanoparticles undergo
burst release. The nanoparticle system also displayed better cell viability along with prolonged and effective release
of honokiol. Additionally, after the treatment with honokiol loaded HAp, the MRI results of the in-vivo studies carried
out, displayed an effective reduction of the size of tumor by 40% [235].
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3.1.4 Ocular drug delivery

The human eye is a very complicated organ with distinctive physiology and anatomy, and therefore, the designing of an
ideal drug carrier for the eye, that targets a certain tissue, has been a greater challenge for the researchers. The interior
of the eye consists of three parts: anterior and posterior chambers, and vitreous body. The tissues like cornea, iris, and
lens, together form the anterior chamber. The posterior chamber is made of tissues like the choroid and sclera. Different
types of vision-affecting diseases, for example, cataract, conjunctivitis, diabetic retinopathy, and glaucoma, pose a threat
to the anterior chamber and posterior chamber. In the eye, the retina is separated from the circulation of blood, by the
BRB or Blood-Retinal Barrier. Both the interior and exterior BRB cells consist of tight junctions that differ only in their
configuration. These tight junctions control the movement of molecules or fluids between the tissues in the retina and
the ocular vasculature. It also prevents the entry of very large molecules and various other foreign, unsafe agents into
the retina and supports the retention of the micro-environment in the retina [236]. In addition to this barrier, there are
various other barriers, both static and dynamic which are unique and intrinsic to ocular anatomy. Most of these barriers
generally protect the eye from toxic agents [237]. Due to these obstructions, it is important to develop a drug carrier
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for treating retinal diseases with appropriate size range, enhanced drug penetration, controlled drug release, and drug
targeting capability with minimal side-effects which ensure high therapeutic efficiency and biocompatibility (Fig. 5 A).

In a study by Salem et al., an antifungal drug named Flucytosine was capped by gold nanoparticles and the nanocarrier
was developed with the help of liposomes for treating the inflammation of intraocular fluids (endophthalmitis), caused
by Candida albicans. AUNPs acted as an agent for contrasting, which helps in tracing the drug in the posterior chamber
of the eye. Liposomes were formulated in varying ratios of molar weights. The optimum formulation of liposome was
obtained, when stearylamine, phosphatidylcholine, Span 60, and cholesterol were taken at a ratio of 0:1:1:1, with a
maximum ocular depth of penetration (10.22+0.11 mm) and maximum drug release (7.043 mg/hour). When Candida
albicans infected cornea of rabbit were treated with the as-prepared nanocarrier, it reported an increase in the healing
efficiency, since there was an increase in the zeta potential (positive) of the liposome used. The Computed Tomography
(CT) imaging technique revealed the achievement in tracking the AuNPs [238]. For prolonged delivery of drugs to the
tissues in the eye, contact lenses could be used. But the problem lies in the fact that the inclusion of drugs onto the
lens could damage its significant characteristics. There are various methods implemented for loading drugs to contact
lenses like molecular imprinting, the technology of supercritical fluids, and soaking methods. Timolol is a medication
that helps to treat glaucoma, which is caused by the increased pressure in the eye. Incorporation of timolol to the lens
via the standard method of soaking doesn’t expressively change the substantial characteristics of the lens but thereis a
possibility for burst release and minimal loading of drugs. Maulvi et al. studied the consequences of loading AUNPs on
the contact lens, through the conventional method of soaking, and also about its drug-releasing performance. In the
first methodology followed, AuNPs were mixed in the soaking solution that contains timolol (GNP-SS), and in the second,
the AuNPs were directly fabricated to the lens (GNP-CL) (Fig. 5 B (a)). The in-vivo studies indicated that GNP-CL contained
higher concentrations of timolol. The studies on the distribution of drugs also revealed the major enhancement in the
deposition of drugs at the desired sites, when GNP-CL was used (Fig. 5B(b)). So, in a nutshell, the author has reported
the ability of AUNPs in enhancing the acceptance of drugs from the soaking solution, without affecting the properties
of the lens [239]. AuNPs should be highly stable to be more efficient and also to avoid forming clusters in tissues or cells.
Masse et al. reported the novel conditions under which highly stable AuNPs were synthesized. The AuNPs were made
highly stable by combining it with ligands of mass that range from 800 to 600 g/mol. The research group has also proven
the capability of the synthesized nanoparticles in encapsulating the drug used for treating glaucoma, Bimatoprost, from
the experiments done for assessing drug encapsulation. The nanoparticles exhibited no cytotoxicity in MTT assay. From
the results obtained, the author has concluded that the synthesized ultrastable AUNPs can be utilized as potential drug
carriers for ocular therapies [240]. Natesan et al. designed a formulation in which Hypocrellin B, along with AgNPs, was
loaded on PLGA (HBS-NPs), which aimed at attaining an increased '0, production and can be applied for ocular photo-
dynamic therapy, i.e., for treatments in the posterior chamber of the eye. The HBS-NPs were in the range between 135.6
and 828.2 nm, showed 92.9 +1.79% of encapsulation efficacy, contained 2.60 + 0.06 mg/mL of amorphous Hypocrellin
B and exhibited a negative zeta potential. Regarding the release of drugs, a burst release (3.50%) was witnessed in the
initial 8 h, which was then followed by a steady release (47.82%), observed for 3 days. An increase in the ROS production
by the HBS-NPs was detected, when compared to that of the HB-NPs or pure HB. When HBS-NPs were irradiated by the
light source, it showed phototoxicity which depended on time and concentration [241].

Typically, the RPE cells are held responsible for causing blindness in both adults and children. From the report of Gian-
naccini et al., effective utilization of magnetic nanoparticles as drug carriers made it possible to rapidly and specifically
locate the RPE cells. Additionally, this nanocarrier could be used to offer therapies in those areas which have the least
access and can also be used as an agent for tracking in MRI, in various kinds of retinopathy [242]. Mousavikhamene et al.
introduced an exceptional method for delivering drugs from the periocular routes, across the sclera, with the help of
magnetically subtle nanoparticles that are loaded with drugs. He stated that applying an external magnetic field in front
of the eye, after injecting the magnetically-active, polymeric nanoparticles into the periocular space (parallel to the axis
of the eye), could influence the nanoparticles so that, they move in the magnetic field direction and travel across the
sclera. This method could overcome the difficulties faced by the normal scleral drug nanocarriers. An anti-inflammatory
drug, diclofenac sodium, was loaded onto a nanocomposite consisting of sodium alginate (biopolymer) and IONPs. In
the presence of an external magnetic field, a substantial upsurge in the transferring of diclofenac sodium through sclera
was affirmed [243]. Agban et al. developed a novel nanoparticle cross-linked collagen to overcome the difficulties met
while using the usual therapeutics for treating glaucoma. The current practice involves the recurrent usage of eye drops
which resulted in reduced healing effects and weak patient compliance. The objective of this research group was a con-
tinual delivery of Pilocarpine hydrochloride and surmount the ineffectiveness of the eye drops prescribed for glaucoma.
PVP functionalized zinc oxide nanoparticles were selected as ideal delivery candidate when compared with TiO, and
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pure ZnO. ZnO/PVP loaded with PHCI, displayed cytotoxicity, thickness, tensile strength, transparency in shielding and
bioadhesive properties which are supportive for ocular drug delivery. Zinc ions were also released along with PHCI and
the concentration of Zn ions was much lower than the half maximal inhibitory concentration. Also, the drug release from
the crosslinked collagen was observed for a stretch of 14 days. This confirmed a sustained PHCl release for the therapy,
which is much more extended than the drug release by the administered eye drops [244]. Luo et al. has also introduced a
new formulation for the treatment of glaucoma. They have designed a nanocarrier (in the form of eye drops) for targeted
and continual delivery of pilocarpine to the eye. Hollow nanoceria was functionalized with ZM241385 and chitosan. They
were designed in such a manner so that they can pass through the tight junctions of BRB. The results of the prepared
eye drops, when compared to that of the conventional eye drops, showed that the as-prepared nanocarrier had anti-
inflammatory and antioxidant characteristics, which are the important criteria for eradicating glaucoma progression. It
established 42 times longer period to normalize the elevated pressure, in a one-time administration which, according
to the author, attributes to the permeation of the nanocarrier through the cornea [245]. Diabetic cataract is considered
as one of the major causes of visual impairment in patients, who are diabetic. There are only a handful of drugs that are
capable of prolonging or preventing this type of cataract. Zhou et al. synthesized Nanoceria and coated it with a com-
bination of polyethylene glycol and PLGA to form a redox and auto-reformative nanoparticle. The results affirmed that
the nanoparticles remained in the eyes for an extended time and thereby reduced the opacity of the lens which, later on,
attenuates diabetic cataract. The author suggested that this advantageous result can be attributed to two reasons; the
antioxidant behaviour of the prepared nanoparticles and the action of nanoparticles as an inhibitor of non-enzymatic
glycosylation which helps to keep the lens transparent [246].

3.1.5 Drug delivery for microbial infections and wound healing

The chronic wounds and full-thickness burns are extremely vulnerable to infections caused by bacterial growth and
their treatment is quite costly. So, their co-operated healing imposes a huge responsibility for the therapeutics. The top-
notch approach for enhanced extermination of bacteria can be made by encapsulating the necessitated drugs into the
nanoparticulate system. In this way, the efficiency in delivering the drug to the target site and thus the bioavailability of
the drug can be enriched, with reduced toxicity (Fig. 6A(a)). Nanoparticles are known to have a large surface area which
makes them easier to functionalize, resulting in furthermore increased ability in loading drugs onto its surface. Therefore,
nanoparticles exhibit a very high affinity to bacterial growth (Fig. 6A(b)) [247].

Various biomaterials have been developed recently, that are capable of completely eradicating the bacterial growth
and repairing the skin tissues at the wound site, rapidly. AuNPs-incorporated thermosensitive gels were developed by
Arafa et al. for the transdermal delivery of AUNPs to act against S.aureus growth and heal burn-induced wounds. Two
types of gels were developed; Type 1 contained only 15%w/w Pluronic® 127 (a polymer that is thermosensitive) along
with AuNPs and Type 2 consisted of both Hypromellose (viscoelastic polymer) and Pluronic® 127 (15:1%w/w) in addition
to AuNPs. From the ex-vivo, in-vivo, and in-vitro test results, Type 2 showed better bioadhesion, viscosity, and 100% drug
release in 6 h while Type 1 had higher permeation flux and 98.03% release of drug in 6 h. Both Type 1 and 2 had better
capability in acting against S.aureus and healing the wound and exhibited increased bioavailability when compared to
that of the AuNPs in suspension form [248]. Another work using gold nanoparticles was done by Wang et al. in which,
AuNPs of about 7 nm were combined with LL37 (Cathelicidin antimicrobial peptide) and vascular endothelial growth
factor (VEGF), in order to develop a gene-delivery nanosystem for treating chronic diabetic wounds. The nanosystem
showed notably higher capability in inserting the pDNA to keratinocytes, in the outermost layer of skin. It also exhibited
high efficiency in antibacterial activity with lesser toxicity levels, endorsed angiogenesis, and thus helped in increasing
the rate of closure of the wound [249].

Rangasamy et al. developed a special kind of AgNPs that were conjugated with Pyridoxine, having antibacterial char-
acteristics, moisturizing properties, and properties for healing a wound. It was found that the synthesized nanoparticles
were able to fasten the movement of keratinocytes and fibroblasts which supported the therapeutic effect on the wound
[250]. Aloe vera is a plant that contains vitamins and amino acids abundantly. It is one of the perpetual elements used
in cosmetics and medicines, which also has a soothing effect. These properties of aloe vera were made use by Chabala
et al. and combined with the healing and antibacterial characteristics of AgNPs, chitosan-alginate polymer system, for
developing a new kind of dressing material for wounds. The polymer matrix with AgNPs, synthesized by the method
of blending, was highly porous, which facilitated higher absorption and release of Aloe vera. The matrix in which Aloe
vera and AgNPs are incorporated showed antibacterial property towards P.aeruginosa and S.aureus. This material can be
used for wound healing applications in order to reduce the consequences of using antibiotics [251]. Tarusha et al. also
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developed a blended polymeric membrane consisting of hyaluronic acid, polysaccharides alginate, and Chitlac coated
AgNPs, where Ca®* ions were used as an agent for the cross-linking process, for healing chronic wounds. The matrix devel-
oped was highly efficient in eradicating and preventing the growth of the biofilms formed by bacteria and planktonic
bacteria, and was proven to be non-cytotoxic to normal cell lines, due to the slow-release rate of Ag. The presence of
Chitlac coated AgNPs helped in inhibiting the overexpression of proteolysis by Matrix metalloproteinases, which could
hinder the wound healing process. The developed membrane possessed a better value of transmission rate of water
vapours, which confirmed the presence of moisture on the wound bed, which would not allow any risk of dehydration
and helps in the restoration of the tissues [252]. Oryan et al. synthesized AgNPs that were capped with chitosan in a
single step and analyzed the outcomes when they were introduced to wounds caused by burns. After 7 days of applica-
tion of the chitosan-capped AgNPs to the wound, a considerably low inflammation, an increase in the TGF-31 and bFGF,
improved and faster restoration of epithelial cells, and enhanced maturing of granulation tissue was noted. Therefore,
it was evident that the chitosan-capped AgNPs were effective and highly encouraged faster healing of wounds caused
by burns, by reducing the time taken by each repairing phase [253].

There are some cases where the delivered drugs are ineffective in killing the bacteria at the wound site since they
resist the entry of drugs. AgQNPs along with the photothermal therapy is being utilized in such situations, but the less
effectiveness of the photothermal therapy and the toxicity caused because of the exposure of humans to high volumes
of silver, are some of the limitations encountered during the application. To enhance the efficacy of the antibacterial
agents, Liu et al. developed a nanocarrier by combining two different bactericidal agents into a single platform. Gold
nanorods coated with polydopamine were loaded with Ag* ions and Glycol chitosan which was labelled with Cyanine
5-SE. The developed therapeutic nanoplatform had a higher capacity in loading the Ag* ions, and very low-dose release
of Ag* was pH-dependent which led to a selective agglomeration of Ag™ ions at the bacterial site. The low dosages of Ag*
ions were able to pierce through the membrane of the bacteria and were successfully able to moderate the resistance of
the cell membrane posed towards heat, which later on led to the enhancement in the efficacy of photothermal therapy.
Also, due to the hyperthermia caused, increased Ag* release was observed, and thus development in the efficiency in
killing the bacterial growth. These mechanisms were highly supportive of rapid wound healing and faster recovery from
bacterial infection [254]. Chhibber et al. studied the efficiency of a microemulsion made from AgNPs that were coated
with an alpha-amino acid, histidine, in healing infections caused by K.pneumoniae at the burn-wound site. There was a
significant decrement in bacterial growth and the healing efficiency was improved. The developed microemulsion can
be utilized for delivering therapeutics to those sites, where the bacteria which resist the antibiotics are present [255].
Altinbasak et al. developed a stable, nano polymeric mat that releases the antibiotic drugs to the affected area as and
when irradiated with NIR radiation, by electrospinning PAA and rGO (Fig. 6B(a)). The mat synthesized displayed precise
heating when irradiated with a 980 nm laser. When the antibiotic-loaded mat was exposed to the NIR laser, the rate of
release of the drug was enhanced when compared to the rate of release in the absence of the NIR, and the rate was
dependent on the power of the laser used. So, the amount of drug released can be controlled externally, based on the
required quantity of antibiotics to kill the bacteria (Figs. 6B(b-¢)) [256].

Ali et al. explored the capability of rGO in acting against the biofilms, which resist the entry of antibiotics to the wound
site and promote chronic wounds. rGO along with CgH;sNaOg (carboxymethylcellulose sodium) formed a hydrogel
and was confirmed that the hydrogel was efficient in restraining the growth of biofilms formed by P. aeruginosa and S.
aureus, through the XTT test [258]. Fazli et al. developed a nanofiber-based mat using Chitosan and PEG, onto which
Imipenem/Cilastatin-Hydrocortisone-coated ZnO nanoparticles were loaded. The swelling behaviour of the mat was at
its maximum in the acidic environment and even after the complete utilization of the drug-loaded mat in buffer solu-
tion for a period of 8 days, its antibacterial property was conserved. The rate of release of Imipenem/Cilastatin (reduces
infection) was found to be very slow when compared to that of the Hydrocortisone (inhibition of swelling) from the mat,
which was appropriate for the wound healing dressings [259]. Gong et al. developed a biofilm from Chitosan, Alginate,
and ZnO nanoparticles for managing wound dehiscence, which is quite common in patients who have received sutures
in abdominopelvic surgeries. Alginate and chitosan are biodegradable polymers that are well known for their biocom-
patibility and the incorporated ZnO nanoparticles were observed to have a smaller size and large surface area, which
highly influences its antimicrobial activity and its role in wound healing (Fig. 6C(a) (i, ii)). From the images taken after
Masson’s trichrome staining, it was seen that the newly formed tissue wall in the wound site in the abdomen, exhib-
ited high mechanical strength with increased deposition of collagen (Figs. 6C(b) (i-x)) [257]. Another work using ZnO
nanoparticles was done by Masud et al., for enhanced healing of wounds through the controlled release of antibiotics.
ZnO nanoparticles, Chitosan, and PEG were combined and linked through sodium triphosphate, and Gentamicin was
loaded (loading efficiency-76%) onto the semi-porous nanocomposite. Because of the combinational effect of ZnO and
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gentamicin, the nanocomposite displayed increased bactericidal activity towards S.enterica and E.coli, when analyzed
in-vitro. The prepared nanocomposite could be used as an effective wound dressing material since it degraded slowly
in both PBS and water, offered moisture at the wound area, and exhibited enhanced healing characteristics by not leav-
ing scars when compared to that of the commercially available hydrogels [260]. Even in the current times, curing an
injury without leaving any scars is considered a big challenge due to some complications. Curcumin is well-known for
its anti-inflammatory properties in healing any kind of wound. Bhattacharya et al. combined the anti-oxidant properties
of nanoceria and the anti-inflammatory properties of Curcumin in order to find whether they could completely heal a
wound without leaving scars. A hydrogel scaffold consisting of CeO, NPs, PAA, and Curcumin was developed for dress-
ing an acute wound. The release of Curcumin from the hydrogel was sustained and the efficiency in healing the wound
was around 78%. The scaffold was applied only for one time and in a period of 7 days, the presence of renewed follicles
of hair and an insignificant scar was found in comparison to that of the dressing material with Curcumin alone [261].

Xu et al. reported a study done on the efficacy of HAp incorporated with AuNPs and coated with polydopamine, in kill-
ing bacteria like S.aureus and E.coli, and healing the wound when combined with photothermal therapy. The free radicals
(+OH) produced by the synthesized nanoparticles, make the bacteria susceptible to the change in temperature. At low
and regulated temperature (45 °C), the nanoparticulate system was able to kill 95.2% of S.aureus and 96.8% of E.coli, and
initiated skin-tissue regeneration. So, at a lower temperature, the bacteria were killed in a short period with high efficiency
without affecting the normal skin tissue [262]. Similarly, Suja et al. prepared Fe-doped HAp as an antibacterial agent for
various biomedical applications. Varying concentrations of Fe-doping was carried out in which the 0.2 M Fe doped HAp
exhibited prominent antibacterial efficacy [263]. In another attempt by Suja et al., self-luminescent Mg doped HAp was
prepared for the roles of antibacterial agent and drug carrier. The analyses were carried out on both the as-prepared as
well as microwave irradiated nanoparticles. The microwave irradiated samples exhibited a sustained, quasi-Fickian drug
release pattern and thus were found to be ideal for drug delivery applications [264].

4 Fate of inorganic nanoparticles post-application

The inherent physical as well as chemical characteristics of the inorganic nanoparticles, and the properties that evolve
from these characteristics (such as quantum confinement and superparamagnetic behaviour) could moderately or com-
pletely vary as the particles interact with the physiological microenvironment [265]. For instance, a surface modified
nanoparticle system when in contact with the physiological environment, could partially lose its coating, which could
ultimately lead to instability of the particle system and their aggregation. As the nanoparticles are taken up by the cells,
the protein layer protecting them will be enzymatically digested in the phagosomes or lysosomes. After the digestive
process in the cell, the degraded nanoparticle system would be considered foreign and this triggers various immune
responses inside the host. These degraded particles could initiate certain variations in the physicochemical characteris-
tics of the residue [266]. These variations, like agglomeration of nanoparticles, could alter their biodistribution and also
theirimmunogenicity. Thus, a precise and comprehensive investigation on such variations is prerequisite to clinical trials,
especially in the case of inorganic nanoparticles.

5 Clinical trials and FDA-approval of inorganic nanoparticles

In the past two decades, the clinical trials and FDA and/or EMA approvals of inorganic nanoparticle-based drug carri-
ers have sky-rocketed. On the basis of 2022 data, more than 100 nanoparticle-based formulations are available in the
market [267, 268]. Due to the superparamagnetic behaviour of SPIONs, dextran coated SPION-based FDA approved
imaging agents (Feridex®/ Endorem?®) are readily available in the market. AuNPs are also one among the few inorganic
nanoparticles that are FDA approved. Most of the AuNP-based clinical trials are carried out for applications such as con-
trast agents, drug delivery and photothermal therapy [269, 270]. Till date, the most accounted FDA approved inorganic
nanoparticle is AgNPs, for many of its properties. AgNPs have attained greater commercialization, conquering 57% of
the whole commercial products available. Few examples for the biocomposite wound dressing with AgNPs, with the
US-FDA approval, are PolyMem Silver™ (Aspen), Aquacel™ (ConvaTec) and Tegaderm™ (3 M) [271]. Thus, conclusively, it
is essential to focus on the efficiency as well as safety of the nanoparticles, whilst abiding by the regulations instituted
by the agencies like EMA and FDA.
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6 Outlook

The unification of nanoscience and nanotechnology with biomedicine has opened wide and stimulating paths for
research, and some recent developments have indicated the greater potential of the nanoparticles for their applications
in drug delivery. This review article has conversed about the physical, chemical, and biological properties of different
inorganic nanoparticles, how these properties vary depending on the structure, shape, and size of the nanoparticle
considered and has also outlined the exceptional properties of the inorganic nanoparticles which make them useful
for designing ideal drug delivery systems. Furthermore, recent research developments in designing drug carriers using
AuNPs, AgNPs, graphene-based nanoparticles, Iron oxide NPs, ZnO NPs, CeO, NPs and nano HAp for different drug deliv-
ery applications have also been mentioned. Nevertheless, the authenticity of the inorganic particles, when compared to
the organic nanoparticles, has been disputed as they are associated with certain restraining factors, which cause souring
pain in the biomedical field.

In order to select the ideal nanoparticle for a drug delivery application, it is necessary to consider its factors like bio-
compatibility, drug-loading capacity, release kinetics, and targeting capabilities. Moreover, a thorough evaluation of
the regulatory and safety aspects of nanoparticles in medical applications should be carried out. Extensive studies are
being conducted by the researchers recently for determining the most appropriate nanoparticle for a specific therapeutic
purpose.

The selection of nanoparticles for certain drug delivery applications also depends on various other factors like the
specific drug being delivered, the proposed target, and the anticipated drug release kinetics. i.e., if targeting cancer cells is
crucial, then AuNPs or graphene-based nanoparticles might be suitable due to their targeting capabilities. If antimicrobial
properties are the prime concern, AgNPs could be considered. Iron oxide nanoparticles are useful whenever magnetic
targeting is needed, and ZnO NPs can be utilized for wound healing. Thus, each of the nanoparticles mentioned in this
article has unique properties that can make them suitable for drug delivery applications in different contexts.

The development of efficient nanoparticles, capable of delivering multiple drugs or therapeutic agents simultane-
ously, will gain prominence. This approach can significantly enhance the treatment efficacy and reduce the extent of
resistance. Nanoparticles that respond to specific external stimuli, such as pH, light and/or temperature, will be highly
explored. These "smart" nanoparticles can release drugs in response to the microenvironment of the target site, sugges-
tively minimizing the systemic side effects. Developing patient-specific drug delivery systems tailored to an individual’s
disease profile and genetic makeup, would be an exciting avenue to explore. As the nanoparticles advance towards the
clinical applications, regulatory agencies will need to establish guidelines and safety standards that are specific to the
nanoparticle-based drug vehicles.

Research in this area will involve meeting regulatory requirements and ensuring the product quality as well as safety.
Developing cost-effective, scalable production methods for the nanoparticles will be vital for their widespread adoption
in the pharmaceutical arena. Transitioning the nanoparticle-based drug carriers from the laboratories to clinical trials
and, eventually, to the market will be of significant focus. Researchers will need to address the clinical challenges, such
as pharmacokinetics and the compliance by the patients. These research perspectives demonstrate a broader potential
of utilization of nanoparticles as drug carriers and highlight the ongoing efforts to advance this field for better and
improved healthcare outcomes. A collaborative effort between scientists, clinicians, regulatory bodies, and industrialists
would be essential in driving these innovations toward clinical practice.

Acknowledgements The authors wish to submit their heartfelt gratitude to the Department of Physics at Karunya Institute of Technology and
Sciences, Coimbatore, for providing necessary support and encouragement in the course of preparing this review article.

Author contributions G.U. wrote the main manuscript text; A.J. and M.M. prepared Figs. 1C and 2A; E.K. and M.S. supervised and validated this
work. All authors reviewed the manuscript.

Funding This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors.
Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this article

@ Springer



Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

. Shah S, Patel AA, Prajapati BG, Alexander A, Pandya V, Trivedi N, Pandey P, Patel SG, Patel RJ. Multifaceted nanolipidic carriers: a modish

stratagem accentuating nose-to-brain drug delivery. J Nanopart Res. 2023;25:150. https://doi.org/10.1007/s11051-023-05804-4.

Din FU, Aman W, Ullah |, Qureshi OS, Mustapha O, Shafique S, Zeb A. Effective use of nanocarriers as drug delivery systems for the treat-
ment of selected tumors. Int J Nanomed. 2017;12:7291-309. https://doi.org/10.2147/IJN.S146315.

Koo OM, Rubinstein I, Onyuksel H. Role of nanotechnology in targeted drug delivery and imaging: a concise review. Nanomedicine.
2005;1:193-212. https://doi.org/10.1016/j.nan0.2005.06.004.

Megha M, Joy A, Unnikrishnan G, Jayan M, Haris M, Thomas J, Kolanthai E, Muthuswamy S. Structural and biological evaluation of novel
vanadium/Yttrium co-doped hydroxyapatite for bone tissue engineering applications. J Alloys Compd. 2023;967:171697. https://doi.
org/10.1016/j.jallcom.2023.171697.

Megha M, Joy A, Unnikrishnan G, Haris M, Thomas J, Deepti A, Chakrapani PSB, Kolanthai E, Muthuswamy S. Structural and biological
properties of novel Vanadium and Strontium co-doped HAp for tissue engineering applications. Ceram Int. 2023;49:30156-609. https://
doi.org/10.1016/j.ceramint.2023.06.272.

Pillai AS, Manikantan V, Alexander A, Varalakshmi GS, Akash BA, Enoch IVMV. Designed dual-functional surface-modified copper-iron
sulfide nanocarrier for anticancer drug delivery. Mater Today Commun. 2022;33:104862. https://doi.org/10.1016/j.mtcomm.2022.104862.
Pillai AS, Alexander A, Manikantan V, Varalakshmi GS, Akash BA, Enoch IVMV. Camptothecin-carrying cobalt-doped copper sulfide
nanoparticles. J Clust Sci. 2023;34:2991-9. https://doi.org/10.1007/s10876-023-02441-8.

Jain KK (2020) Role of nanobiotechnology in drug delivery, pp 55-73

Salel S, lyisan B. Polymer-lipid hybrid nanoparticles as potential lipophilic anticancer drug carriers. Discover Nano. 2023;18:114. https://
doi.org/10.1186/s11671-023-03897-3.

Naseri N, Valizadeh H, Zakeri-Milani P (2015) Solid lipid nanoparticles and nanostructured lipid carriers: structure, preparation and
application. Adv Pharm Bull 5:305-313. https://doi.org/10.15171/apb.2015.043

Poon C, Patel AA. Organic and inorganic nanoparticle vaccines for prevention of infectious diseases. Nano Express. 2020;1:012001.
https://doi.org/10.1088/2632-959X/ab8075.

Daraee H, Etemadi A, Kouhi M, Alimirzalu S, Akbarzadeh A. Application of liposomes in medicine and drug delivery. Artif Cells Nanomed
Biotechnol. 2016;44:381-91. https://doi.org/10.3109/21691401.2014.953633.

Alexander-Bryant AA, Vanden Berg-Foels WS, Wen X (2013) Bioengineering Strategies for Designing Targeted Cancer Therapies, pp 1-59
Mishra P, Ahmad A, Al-Keridis LA, Alshammari N, Alabdallah NM, Muzammil K, Saeed M, Ansari IA. Doxorubicin-conjugated zinc oxide
nanoparticles, biogenically synthesised using a fungus aspergillus niger, exhibit high therapeutic efficacy against lung cancer cells.
Molecules. 2022;27:2590. https://doi.org/10.3390/molecules27082590.

Oh JY, Yang G, Choi E, Ryu J-H. Mesoporous silica nanoparticle-supported nanocarriers with enhanced drug loading, encapsulation
stability, and targeting efficiency. Biomater Sci. 2022;10:1448-55. https://doi.org/10.1039/D2BMO00010E.

Paul W, Sharma CP (2020) Inorganic nanoparticles for targeted drug delivery. In: Biointegration of medical implant materials. Elsevier,
pp 333-373

Liong M, Lu J, Kovochich M, Xia T, Ruehm SG, Nel AE, Tamanoi F, Zink JI. Multifunctional inorganic nanoparticles for imaging, targeting,
and drug delivery. ACS Nano. 2008;2:889-96. https://doi.org/10.1021/nn800072t.

Zhou H, Ge J, Miao Q, Zhu R, Wen L, Zeng J, Gao M. Biodegradable inorganic nanoparticles for cancer theranostics: insights into the
degradation behavior. Bioconjug Chem. 2020;31:315-31. https://doi.org/10.1021/acs.bioconjchem.9b00699.

Zhang X, Wang S, Fu C, Feng L, JiY, Tao L, Li S, Wei Y. PolyPEGylated nanodiamond for intracellular delivery of a chemotherapeutic drug.
Polym Chem. 2012;3:2716-9. https://doi.org/10.1039/c2py20457f.

Zhang X, Wang S, Liu M, Hui J, Yang B, Tao L, Wei Y. Surfactant-dispersed nanodiamond: biocompatibility evaluation and drug delivery
applications. Toxicol Res (Camb). 2013;2:335-42. https://doi.org/10.1039/c3tx50021g.

YuY,Wang A, Wang S, Sun Y, Chu L, Zhou L, Yang X, Liu X, Sha C, Sun K, Xu L. Efficacy of temozolomide-conjugated gold nanoparticle
photothermal therapy of drug-resistant glioblastoma and its mechanism study. Mol Pharm. 2022;19:1219-29. https://doi.org/10.1021/
acs.molpharmaceut.2c00083.

Coelho SC, Reis DP, Pereira MC, Coelho MAN (2018) Gold nanoparticles for targeting varlitinib to human pancreatic cancer cells. Phar-
maceutics 10. https://doi.org/10.3390/pharmaceutics10030091

Nasef SM, Khozemy EE, Mahmoud GA. Characterization and in vitro drug release properties of chitosan/acrylamide/gold nanocomposite
prepared by gamma irradiation. Int J Polym Mater Polym Biomater. 2019;68:723-32. https://doi.org/10.1080/00914037.2018.1493685.
Banihashem S, Nezhati MN, Panahia HA (2020) Synthesis of chitosan-grafted-poly(N-vinylcaprolactam) coated on the thiolated gold
nanoparticles surface for controlled release of cisplatin. Carbohydr Polym 227. https://doi.org/10.1016/j.carbpol.2019.115333

XuC, YanY,Tan J,Yang D, Jia X, Wang L, Xu Y, Cao S, Sun S. Biodegradable nanoparticles of polyacrylic acid-stabilized amorphous CaCO,
for tunable pH-responsive drug delivery and enhanced tumor inhibition. Adv Funct Mater. 2019;29:1-10. https://doi.org/10.1002/adfm.
201808146.

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s11051-023-05804-4
https://doi.org/10.2147/IJN.S146315
https://doi.org/10.1016/j.nano.2005.06.004
https://doi.org/10.1016/j.jallcom.2023.171697
https://doi.org/10.1016/j.jallcom.2023.171697
https://doi.org/10.1016/j.ceramint.2023.06.272
https://doi.org/10.1016/j.ceramint.2023.06.272
https://doi.org/10.1016/j.mtcomm.2022.104862
https://doi.org/10.1007/s10876-023-02441-8
https://doi.org/10.1186/s11671-023-03897-3
https://doi.org/10.1186/s11671-023-03897-3
https://doi.org/10.15171/apb.2015.043
https://doi.org/10.1088/2632-959X/ab8075
https://doi.org/10.3109/21691401.2014.953633
https://doi.org/10.3390/molecules27082590
https://doi.org/10.1039/D2BM00010E
https://doi.org/10.1021/nn800072t
https://doi.org/10.1021/acs.bioconjchem.9b00699
https://doi.org/10.1039/c2py20457f
https://doi.org/10.1039/c3tx50021g
https://doi.org/10.1021/acs.molpharmaceut.2c00083
https://doi.org/10.1021/acs.molpharmaceut.2c00083
https://doi.org/10.3390/pharmaceutics10030091
https://doi.org/10.1080/00914037.2018.1493685
https://doi.org/10.1016/j.carbpol.2019.115333
https://doi.org/10.1002/adfm.201808146
https://doi.org/10.1002/adfm.201808146

Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

Peng JQ, Fumoto S, Suga T, Miyamoto H, Kuroda N, Kawakami S, Nishida K. Targeted co-delivery of protein and drug to a tumor in vivo
by sophisticated RGD-modified lipid-calcium carbonate nanoparticles. J Control Release. 2019;302:42-53. https://doi.org/10.1016/j.
jconrel.2019.03.021.

Hadipour Moghaddam SP, Yazdimamaghani M, Ghandehari H. Glutathione-sensitive hollow mesoporous silica nanoparticles for con-
trolled drug delivery. J Control Release. 2018;282:62-75. https://doi.org/10.1016/j.jconrel.2018.04.032.

Naz S, Wang M, Han Y, Hu B, Teng L, Zhou J, Zhang H, Chen J. Enzyme-responsive mesoporous silica nanoparticles for tumor cells
and mitochondria multistage-targeted drug delivery. Int J Nanomed. 2019;14:2533-42. https://doi.org/10.2147/1JN.5202210.
Wang B, Zhang K, Wang J, Zhao R, Zhang Q, Kong X. Poly(amidoamine)-modified mesoporous silica nanoparticles as a mucoadhesive
drug delivery system for potential bladder cancer therapy. Colloids Surf B Biointerfaces. 2020;189:110832. https://doi.org/10.1016/j.
colsurfb.2020.110832.

Hasanzadeh L, Darroudi M, Ramezanian N, Zamani P, Aghaee-bakhtiari SH, Nourmohammadi E, Kazemi R. Polyethylenimine-asso-
ciated cerium oxide nanoparticles: a novel promising gene delivery vector. Life Sci. 2019;232:116661. https://doi.org/10.1016/j.Ifs.
2019.116661.

Hui Xu, Liu M, Lan M, Yuan H, Weijen Yu, Tian J, Wan Q, Xiaoyong Zhang YW. Mussel inspired PEGylated carbon nanotubes: biocompat-
ibility evaluation and their drug delivery applications. Toxicol Res. 2016. https://doi.org/10.1039/C6TX00094K.

Wang C, Zhang Z, Chen B, Gu L, Li Y, Yu S. Design and evaluation of galactosylated chitosan/graphene oxide nanoparticles as a drug
delivery system. J Colloid Interface Sci. 2018;516:332-41. https://doi.org/10.1016/j.jcis.2018.01.073.

Unal S, Arslan S, Gokce T, Atasoy BM, Karademir B, Oktar FN, Gunduz O. Design and characterization of polycaprolactone-gelatin-graphene
oxide scaffolds for drug influence on glioblastoma cells. Eur Polym J. 2019;115:157-65. https://doi.org/10.1016/j.eurpolym;j.2019.03.027.
Su 'S, Wang J, Qiu J, Martinez-Zaguilan R, Sennoune SR, Wang S (2020) In vitro study of transportation of porphyrin immobilized graphene
oxide through blood brain barrier. Mater Sci Eng C 107. https://doi.org/10.1016/j.msec.2019.110313

Kakaei A, Mirzaei M (2021) Cyclophosphamide@CNT: in silico exploration of nano drug delivery system. Lab-in-silico 2:9-14. https://doi.
org/10.22034/labinsilico21021009

Gul G, Faller R, lleri-Ercan N. Polystyrene-modified carbon nanotubes: promising carriers in targeted drug delivery. Biophys J.
2022;121:4271-9. https://doi.org/10.1016/j.0p}.2022.10.014.

Desai MP, Paiva-Santos AC, Nimbalkar MS, Sonawane KD, Patil PS, Pawar KD. Iron tolerant Bacillus badius mediated bimetallic magnetic
iron oxide and gold nanoparticles as Doxorubicin carrier and for hyperthermia treatment. J Drug Deliv Sci Technol. 2023;81:104214.
https://doi.org/10.1016/j.jddst.2023.104214.

Kumari V, Vishwas S, Kumar R, Kakoty V, Khursheed R, Babu MR, Harish V, Mittal N, Singh PK, Alharthi NS, Hakami MA, Aba Alkhayl FF,
Gupta G, De RG, Paudel KR, Singh M, Zandi M, Oliver BG, Dua K, Singh SK. An overview of biomedical applications for gold nanoparticles
against lung cancer. J Drug Deliv Sci Technol. 2023;86:104729. https://doi.org/10.1016/j.jddst.2023.104729.

Sardar R, Funston AM, Mulvaney P, Murray RW. Gold nanoparticles: past, present, and future. Langmuir. 2009;25:13840-51. https://doi.
org/10.1021/1a9019475.

Kly S, Huang Y, Moffitt MG. Enhancement of cellular uptake by increasing the number of encapsulated gold nanoparticles in polymeric
micelles. J Colloid Interface Sci. 2023;652:142-54. https://doi.org/10.1016/j.jcis.2023.08.060.

Oliveira AEF, Pereira AC, Resende MAC, Ferreira LF. Gold Nanoparticles: a didactic step-by-step of the synthesis using the turkevich
method, mechanisms, and characterizations. Analytica. 2023;4:250-63. https://doi.org/10.3390/analytica4020020.

Zhang X. Gold nanoparticles: recent advances in the biomedical applications. Cell Biochem Biophys. 2015;72:771-5. https://doi.org/10.
1007/s12013-015-0529-4.

Lyu N, Sun B, Tukova A, Zhang Q, Gu Z, Wang Y. In situ synthesis of gold nanoparticles on layered double hydroxide nanoparticles for
multiplexing molecular imaging of single cells. Mater Today Chem. 2023;33:101698. https://doi.org/10.1016/j.mtchem.2023.101698.
Zhu D, Zhang X, Han Y, Luan X, Wei G. Biomimetic gold nanomaterials for biosensing, bioimaging and biotherapy: a mini-review. Sens
Diagnostics. 2023;2:320-36. https://doi.org/10.1039/D2SD00222A.

Kurapov PB, Bakhtenko EYu (2019) Gold nanoparticles for diagnosis and therapy of oncological diseases. Bull Russian State Med Univ
79-85. https://doi.org/10.24075/brsmu.2018.090

Shi Z, Zhou Y, Fan T, Lin Y, Zhang H, Mei L. Inorganic nano-carriers based smart drug delivery systems for tumor therapy. Smart Mater
Med. 2020;1:32-47. https://doi.org/10.1016/j.smaim.2020.05.002.

Jia Y-P, Ma B-Y, Wei X-W, Qian Z-Y. The in vitro and in vivo toxicity of gold nanoparticles. Chin Chem Lett. 2017;28:691-702. https://doi.
org/10.1016/j.cclet.2017.01.021.

Ibrahim B, Akere TH, Chakraborty S, Valsami-Jones E, Ali-Boucetta H. Gold nanoparticles induced size dependent cytotoxicity on human
alveolar adenocarcinoma cells by inhibiting the ubiquitin proteasome system. Pharmaceutics. 2023;15:432. https://doi.org/10.3390/
pharmaceutics15020432.

Windell DL, Mourabit S, Moger J, Owen SF, Winter MJ, Tyler CR. The influence of size and surface chemistry on the bioavailability, tissue
distribution and toxicity of gold nanoparticles in zebrafish (Danio rerio). Ecotoxicol Environ Saf. 2023;260:115019. https://doi.org/10.
1016/j.ecoenv.2023.115019.

Bano A, Dawood A, Rida SF, Malik A, Alkholief M, Ahmad H, Khan MA, Ahmad Z, Bazighifan O. Enhancing catalytic activity of gold nano-
particles in a standard redox reaction by investigating the impact of AuNPs size, temperature and reductant concentrations. Sci Rep.
2023;13:12359. https://doi.org/10.1038/s41598-023-38234-2.

Steckiewicz KP, Barcinska E, Malankowska A, Zauszkiewicz-Pawlak A, Nowaczyk G, Zaleska-Medynska A, Inkielewicz-Stepniak I. Impact
of gold nanoparticles shape on their cytotoxicity against human osteoblast and osteosarcoma in in vitro model: evaluation of the safety
of use and anti-cancer potential. J Mater Sci Mater Med. 2019;30:22. https://doi.org/10.1007/s10856-019-6221-2.

Wang L, Jiang X, JiY, Bai R, Zhao Y, Wu X, Chen C. Surface chemistry of gold nanorods: origin of cell membrane damage and cytotoxicity.
Nanoscale. 2013;5:8384. https://doi.org/10.1039/c3nr01626a.

Senut M, Zhang, Liu F, Sen A, Ruden DM, Mao G. Size-dependent toxicity of gold nanoparticles on human embryonic stem cells and
their neural derivatives. Small. 2016;12:631-46. https://doi.org/10.1002/smll.201502346.

@ Springer


https://doi.org/10.1016/j.jconrel.2019.03.021
https://doi.org/10.1016/j.jconrel.2019.03.021
https://doi.org/10.1016/j.jconrel.2018.04.032
https://doi.org/10.2147/IJN.S202210
https://doi.org/10.1016/j.colsurfb.2020.110832
https://doi.org/10.1016/j.colsurfb.2020.110832
https://doi.org/10.1016/j.lfs.2019.116661
https://doi.org/10.1016/j.lfs.2019.116661
https://doi.org/10.1039/C6TX00094K
https://doi.org/10.1016/j.jcis.2018.01.073
https://doi.org/10.1016/j.eurpolymj.2019.03.027
https://doi.org/10.1016/j.msec.2019.110313
https://doi.org/10.22034/labinsilico21021009
https://doi.org/10.22034/labinsilico21021009
https://doi.org/10.1016/j.bpj.2022.10.014
https://doi.org/10.1016/j.jddst.2023.104214
https://doi.org/10.1016/j.jddst.2023.104729
https://doi.org/10.1021/la9019475
https://doi.org/10.1021/la9019475
https://doi.org/10.1016/j.jcis.2023.08.060
https://doi.org/10.3390/analytica4020020
https://doi.org/10.1007/s12013-015-0529-4
https://doi.org/10.1007/s12013-015-0529-4
https://doi.org/10.1016/j.mtchem.2023.101698
https://doi.org/10.1039/D2SD00222A
https://doi.org/10.24075/brsmu.2018.090
https://doi.org/10.1016/j.smaim.2020.05.002
https://doi.org/10.1016/j.cclet.2017.01.021
https://doi.org/10.1016/j.cclet.2017.01.021
https://doi.org/10.3390/pharmaceutics15020432
https://doi.org/10.3390/pharmaceutics15020432
https://doi.org/10.1016/j.ecoenv.2023.115019
https://doi.org/10.1016/j.ecoenv.2023.115019
https://doi.org/10.1038/s41598-023-38234-2
https://doi.org/10.1007/s10856-019-6221-2
https://doi.org/10.1039/c3nr01626a
https://doi.org/10.1002/smll.201502346

Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

CuiT, Liang J-J, Chen H, Geng D-D, Jiao L, Yang J-Y, Qian H, Zhang C, Ding Y. Performance of doxorubicin-conjugated gold nanoparticles:
regulation of drug location. ACS Appl Mater Interfaces. 2017;9:8569-80. https://doi.org/10.1021/acsami.6b16669.

DuY, Xia L, Jo A, Davis RM, Bissel P, Ehrich M, George D, Kingston I. Synthesis and evaluation of doxorubicin-loaded gold nanoparticles
for tumor-targeted drug delivery. Bioconjug Chem. 2018;29:420-30. https://doi.org/10.1021/acs.bioconjchem.7b00756.

Pang B, Meng X, Hou Y, Sun H, Ren Q (2017) Large-scale high-yield synthesis of PdCu@Au tripods and the quantification of their lumi-
nescence properties for cancer cell imaging. 49:85-97. https://doi.org/10.4028/www.scientific.net/JNanoR.49.85

Yang, LinY, Di D, Zhang X, Wang D, Zhao Q, Wang S. Gold nanoparticle-gated mesoporous silica as redox-triggered drug delivery for
chemo-photothermal synergistic therapy. J Colloid Interface Sci. 2017;508:323-31. https://doi.org/10.1016/j.jcis.2017.08.050.

Farooq MU, Novosad V, Rozhkova EA, Wali H, Fateh AA, Neogi PB, Neogi A, Wang Z. Gold Nanoparticles-enabled efficient dual delivery
of anticancer therapeutics to hela cells. Sci Rep 2018;1-12. https://doi.org/10.1038/s41598-018-21331-y

Elbialy NS, Fathy MM, AL-Wafi R, Darwesh R, Abdel-dayem UA, Aldhahri M, Noorwali A, AL-ghamdi AA. Multifunctional magnetic-gold
nanoparticles for efficient combined targeted drug delivery and interstitial photothermal therapy. Int J Pharm 2019;554:256-63. https://
doi.org/10.1016/j.ijpharm.2018.11.021

Gajendiran M, Jo H, Kim K, Balasubramanian S. Green synthesis of multifunctional PEG-carboxylate m back-bonded gold nanoconjugates
for breast cancer treatment. Int J Nanomed. 2019;14:819-34. https://doi.org/10.2147/1JN.S190946.

Coelho SC, Reis DP, Pereira MC, Coelho MAN (2019) Doxorubicin and varlitinib delivery by functionalized gold nanoparticles against
human pancreatic adenocarcinoma. Pharmaceutics 11. https://doi.org/10.3390/pharmaceutics11110551

Lara P, Palma-Florez S, Salas-Huenuleo E, Polakovicova |, Guerrero S, Lobos-Gonzalez L, Campos A, Muiioz L, Jorquera-Cordero C, Varas-
Godoy M, Quest AFG, Kogan MJ (2020) Gold nanoparticle based double-labeling of melanoma extracellular vesicles to determine the
specificity of uptake by cells and preferential accumulation in small metastatic lung tumors. J Nanobiotechnology 18. https://doi.org/
10.1186/512951-020-0573-0

Riveros AL, Eggeling C, Riquelme S, Adura C, Lopez-lglesias C, Guzman F, Araya E, Almada M, Juarez J, Valdez M, Fuentevilla |, Lopez O,
Kogan MJ. Improving cell penetration of gold nanorods by using an amphipathic arginine rich peptide. Int J Nanomed. 2020;15:1837-51.
https://doi.org/10.2147/1JN.5237820.

Guo Q, Jia L, Qinggeletu, Zhang R, Yang X. In vitro and in vivo evaluation of ketotifen-gold nanoparticles laden contact lens for controlled
drug delivery to manage conjunctivitis. J Drug Deliv Sci Technol 2021;64. https://doi.org/10.1016/j.jddst.2021.102538

Stavropoulou AP, Theodosiou M, Sakellis E, Boukos N, Papanastasiou G, Wang C, Tavares A, Corral CA, Gournis D, Chalmpes N, Gobbo
OL, Efthimiadou EK. Bimetallic gold-platinum nanoparticles as a drug delivery system coated with a new drug to target glioblastoma.
Colloids Surf B Biointerfaces. 2022;214:112463. https://doi.org/10.1016/J.COLSURFB.2022.112463.

Mobed A, Kohansal F, Dolati S, Hasanzadeh M. A novel portable immuno-device for the recognition of lymphatic vessel endothelial
hyaluronan receptor-1 biomarker using GQD-AgNPrs conductive ink stabilized on the surface of cellulose. RSC Adv. 2023;13:30925-36.
https://doi.org/10.1039/D3RA06025J.

Usman F, Ghazali KH, Fen YW, Meriaudeau F, Jose R. Biosensing through surface enhanced Raman spectroscopy: a review on the role of
plasmonic nanoparticle-polymer composites. Eur Polym J. 2023;195:112250. https://doi.org/10.1016/j.eurpolym;j.2023.112250.
Rizwana H, Aljowaie RM, Al Otibi F, Alwahibi MS, Alharbi SA, Al asmari SA, Aldosari NS, Aldehaish HA. Antimicrobial and antioxidant
potential of the silver nanoparticles synthesized using aqueous extracts of coconut meat (Cocos nucifera L). Sci Rep 2023;13:16270.
https://doi.org/10.1038/s41598-023-43384-4

Aldakheel FM, EI SMM, Mohsen D, Fagir MH, El Dein DK. Green synthesis of silver nanoparticles loaded hydrogel for wound healing.
System Rev Gels. 2023;9:530. https://doi.org/10.3390/gels9070530.

Nelagadarnahalli HJ, Jacob GK, Prakash D, Iska RR, Iska VBR, Ameen F, Rajadurai UM, Polachi N, Jacob JA. Optimization and fabrication
of silver nanoparticles to assess the beneficial biological effects besides the inhibition of pathogenic microbes and their biofilms. Inorg
Chem Commun. 2023;156:111140. https://doi.org/10.1016/j.inoche.2023.111140.

Sotiriou GA, Pratsinis SE. Antibacterial activity of nanosilver ions and particles. Environ Sci Technol. 2010;44:5649-54. https://doi.org/
10.1021/es101072s.

Burdusel A-C, Gherasim O, Grumezescu AM, Mogoanta L, Ficai A, Andronescu E. Biomedical applications of silver nanoparticles: an up-
to-date overview. Nanomaterials. 2018;8:681. https://doi.org/10.3390/nano8090681.

Yuan Y-G, Zhang Y-X, Liu S-Z, Reza AMMT, Wang J-L, Li L, Cai H-Q, Zhong P, Kong I-K. Multiple RNA profiling reveal epigenetic toxicity
effects of oxidative stress by graphene oxide silver nanoparticles in-vitro. Int J Nanomedicine. 2023;18:2855-71. https://doi.org/10.2147/
1JN.S373161.

Gao Y, Yang P, Zhu J. Particle size-dependent effects of silver nanoparticles on swim bladder damage in zebrafish larvae. Ecotoxicol
Environ Saf. 2023;249:114363. https://doi.org/10.1016/j.ecoenv.2022.114363.

Nie P, Zhao Y, Xu H. Synthesis, applications, toxicity and toxicity mechanisms of silver nanoparticles: a review. Ecotoxicol Environ Saf.
2023;253:114636. https://doi.org/10.1016/j.ecoenv.2023.114636.

Takahashi C, Matsubara N, Akachi Y, Ogawa N, Kalita G, Asaka T, Tanemura M, Kawashima Y, Yamamoto H. Visualization of silver-decorated
poly (DL-lactide-co-glycolide) nanoparticles and their efficacy against Staphylococcus epidermidis. Mater Sci Eng C. 2017;72:143-9.
https://doi.org/10.1016/j.msec.2016.11.051.

Rasoulzadehzali M, Namazi H. Facile preparation of antibacterial chitosan/graphene oxide-Ag bio-nanocomposite hydrogel beads for
controlled release of doxorubicin. Int J Biol Macromol. 2018;116:54-63. https://doi.org/10.1016/j.ijbiomac.2018.04.140.

Prusty K, Swain SK. Nano silver decorated polyacrylamide/dextran nanohydrogels hybrid composites for drug delivery applications.
Mater Sci Eng C. 2018;85:130-41. https://doi.org/10.1016/j.msec.2017.11.028.

Amarnath Praphakar R, Jeyaraj M, Ahmed M, Suresh Kumar S, Rajan M. Silver nanoparticle functionalized CS-g-(CA-MA-PZA) carrier for
sustainable anti-tuberculosis drug delivery. Int J Biol Macromol. 2018;118(Pt B):1627-38. https://doi.org/10.1016/j.ijbiomac.2018.07.008.
Anwar A, Siddiqui R, Hussain MA, Ahmed D, Shah MR, Khan NA. Silver nanoparticle conjugation affects antiacanthamoebic activities of
amphotericin B, nystatin, and fluconazole. Parasitol Res. 2018;117:265-71. https://doi.org/10.1007/s00436-017-5701-x.

@ Springer


https://doi.org/10.1021/acsami.6b16669
https://doi.org/10.1021/acs.bioconjchem.7b00756
https://doi.org/10.4028/www.scientific.net/JNanoR.49.85
https://doi.org/10.1016/j.jcis.2017.08.050
https://doi.org/10.1038/s41598-018-21331-y
https://doi.org/10.1016/j.ijpharm.2018.11.021
https://doi.org/10.1016/j.ijpharm.2018.11.021
https://doi.org/10.2147/IJN.S190946
https://doi.org/10.3390/pharmaceutics11110551
https://doi.org/10.1186/s12951-020-0573-0
https://doi.org/10.1186/s12951-020-0573-0
https://doi.org/10.2147/IJN.S237820
https://doi.org/10.1016/j.jddst.2021.102538
https://doi.org/10.1016/J.COLSURFB.2022.112463
https://doi.org/10.1039/D3RA06025J
https://doi.org/10.1016/j.eurpolymj.2023.112250
https://doi.org/10.1038/s41598-023-43384-4
https://doi.org/10.3390/gels9070530
https://doi.org/10.1016/j.inoche.2023.111140
https://doi.org/10.1021/es101072s
https://doi.org/10.1021/es101072s
https://doi.org/10.3390/nano8090681
https://doi.org/10.2147/IJN.S373161
https://doi.org/10.2147/IJN.S373161
https://doi.org/10.1016/j.ecoenv.2022.114363
https://doi.org/10.1016/j.ecoenv.2023.114636
https://doi.org/10.1016/j.msec.2016.11.051
https://doi.org/10.1016/j.ijbiomac.2018.04.140
https://doi.org/10.1016/j.msec.2017.11.028
https://doi.org/10.1016/j.ijbiomac.2018.07.008
https://doi.org/10.1007/s00436-017-5701-x

Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Zomorodian K, Veisi H, Mousavi SM, Ataabadi MS, Yazdanpanah S, Bagheri J, Mehr AP, Hemmati S, Veisi H. Modified magnetic nanopar-
ticles by PEG-400-immobilized ag nanoparticles (Fe304@PEG-Ag) as a core/shell nanocomposite and evaluation of its antimicrobial
activity. Int J Nanomed. 2018;13:3965-73. https://doi.org/10.2147/1JN.S161002.

Yang L, GaoY, Liu J, Zhang Y, Ren C, Wang J, Wang Z, Liu J, Chu L, Wang W, Huang F. Silver-coated nanoparticles combined with doxoru-
bicin for enhanced anticancer therapy. J Biomed Nanotechnol. 2018;14:312-20. https://doi.org/10.1166/jbn.2018.2481.

Sohail MF, Hussain SZ, Saeed H, Javed |, Sarwar HS, Nadhman A, Huma Z e., Rehman M, Jahan S, Hussain |, Shahnaz G. Polymeric nano-
capsules embedded with ultra-small silver nanoclusters for synergistic pharmacology and improved oral delivery of Docetaxel. Sci Rep.
2018;8:1-11. https://doi.org/10.1038/541598-018-30749-3.

Kodoth AK, Ghate VM, Lewis SA, Prakash B, Badalamoole V. Pectin-based silver nanocomposite film for transdermal delivery of Donepezil.
Int J Biol Macromol. 2019;134:269-79. https://doi.org/10.1016/j.ijbiomac.2019.04.191.

Hajtuch J, Hante N, Tomczyk E, Wojcik M, Radomski MW, Santos-Martinez MJ, Inkielewicz-Stepniak I. Effects of functionalized silver
nanoparticles on aggregation of human blood platelets. Int J Nanomed. 2019;14:7399-417. https://doi.org/10.2147/1JN.S213499.

Neri G, Corsaro C, Fazio E. Plasmon-enhanced controlled drug release from Ag-PMA capsules. Molecules. 2020;25:1-14. https://doi.org/
10.3390/molecules25092267.

Pereira AK dos S, Reis DT, Barbosa KM, Scheidt GN, da Costa LS, Santos LSS. Antibacterial effects and ibuprofen release potential using
chitosan microspheres loaded with silver nanoparticles. Carbohydr Res. 2020;488:107891. https://doi.org/10.1016/j.carres.2019.107891.
Stabryla LM, Moncure PJ, Millstone JE, Gilbertson LM. Particle-driven effects at the bacteria interface: a nanosilver investigation of particle
shape and dose metric. ACS Appl Mater Interfaces. 2023;15:39027-38. https://doi.org/10.1021/acsami.3c00144.

Mock JJ, Smith DR, Schultz S. Local refractive index dependence of plasmon resonance spectra from individual nanoparticles. Nano Lett.
2003;3:485-91. https://doi.org/10.1021/nl0340475.

Geim AK, Novoselov KS. The rise of graphene. Nat Mater. 2007;6:183-91. https://doi.org/10.1038/nmat1849.

Novoselov KS, Fal’ko VI, Colombo L, Gellert PR, Schwab MG, Kim K. A roadmap for graphene. Nature. 2012;490:192-200. https://doi.org/
10.1038/nature11458.

Joy A, Unnikrishnan G, Megha M, Duraisamy P devi, Venugopal K, Angamuthu A, Thomas J, Haris M, Kolanthai E, Muthuswamy S. Gold
nanoparticles enriched graphene system for therapeutics: a novel combination of experimental and theoretical studies. J Inorg Orga-
nomet Polym Mater 2023;33:1331-8. https://doi.org/10.1007/510904-023-02588-x

Joy A, Unnikrishnan G, Megha M, Haris M, Thomas J, Deepti A, Baby Chakrapani PS, Kolanthai E, Muthuswamy S. A novel combination
of graphene oxide/palladium integrated polycaprolactone nanocomposite for biomedical applications. Diam Relat Mater 2023;136.
https://doi.org/10.1016/j.diamond.2023.110033

Joy A, Unnikrishnan G, Megha M, devi Duraisamy P, Angamuthu A, Haris M, Kolanthai E, Muthuswamy S. Facile synthesis of visible region
luminescent silver decorated graphene oxide nanohybrid for biomedical applications: In combination with DFT calculations. Mater Today
Proc 2022;58:918-26. https://doi.org/10.1016/j.matpr.2021.12.108

Joy A, Unnikrishnan G, Megha M, Haris M, Thomas J, Kolanthai E, Muthuswamy S. Polycaprolactone/graphene oxide-silver nanocom-
posite: a multifunctional agent for biomedical applications. J Inorg Organomet Polym Mater. 2022;32:912-30. https://doi.org/10.1007/
$10904-021-02180-1.

Joy A, Unnikrishnan G, Megha M, Haris M, Thomas J, Kolanthai E, Muthuswamy S. Design of biocompatible polycaprolactone-based
nanocomposite loaded with graphene oxide/strontium nanohybrid for biomedical applications. Appl Nanosci (Switzerland). 2022.
https://doi.org/10.1007/s13204-022-02721-1.

Joy A, Unnikrishnan G, Megha M, Haris M, Thomas J, Kolanthai E, Senthilkumar M. Hybrid gold/graphene oxide reinforced polycaprol-
actone nanocomposite for biomedical applications. Surf Interfaces. 2023;40:103000. https://doi.org/10.1016/j.surfin.2023.103000.

Liu J, Cui L, Losic D. Graphene and graphene oxide as new nanocarriers for drug delivery applications. Acta Biomater. 2013;9:9243-57.
https://doi.org/10.1016/j.actbio.2013.08.016.

Pelin M, Passerino C, Rodriguez-Garraus A, Carlin M, Sosa S, Suhonen S, Vales G, Alonso B, Zurutuza A, Catalén J, Tubaro A. Role of chemical
reduction and formulation of graphene oxide on its cytotoxicity towards human epithelial bronchial cells. Nanomaterials. 2023;13:2189.
https://doi.org/10.3390/nano13152189.

Wang K, Ruan J, Song H, Zhang J, Wo Y, Guo S, Cui D. Biocompatibility of graphene oxide. Nanoscale Res Lett. 2010;6:8. https://doi.org/
10.1007/s11671-010-9751-6.

Zamani M, Rostami M, Aghajanzadeh M, Kheiri Manjili H, Rostamizadeh K, Danafar H. Mesoporous titanium dioxide@ zinc oxide—gra-
phene oxide nanocarriers for colon-specific drug delivery. J Mater Sci. 2018;53:1634-45. https://doi.org/10.1007/510853-017-1673-6.
Samadi S, Moradkhani M, Beheshti H, Irani M, Aliabadi M. Fabrication of chitosan/poly(lactic acid)/graphene oxide/TiO2 composite
nanofibrous scaffolds for sustained delivery of doxorubicin and treatment of lung cancer. Int J Biol Macromol. 2018;110:416-24. https://
doi.org/10.1016/j.ijbiomac.2017.08.048.

Li D, Deng M, Yu Z, LiuW, Zhou G, Li W, Wang X, Yang D-P, Zhang W. Biocompatible and stable GO-coated Fe;0, nanocomposite: a robust
drug delivery carrier for simultaneous tumor MR imaging and targeted therapy. ACS Biomater Sci Eng. 2018;4:2143-54. https://doi.org/
10.1021/acsbiomaterials.8b00029.

Kazempour M, Namazi H, Akbarzadeh A, Kabiri R. Synthesis and characterization of PEG-functionalized graphene oxide as an effective
pH-sensitive drug carrier. Artif Cells Nanomed Biotechnol. 2019;47:90-4. https://doi.org/10.1080/21691401.2018.1543196.

Tiwari H, Karki N, Pal M, Basak S, Verma RK, Bal R, Kandpal ND, Bisht G, Sahoo NG. Functionalized graphene oxide as a nanocarrier for dual
drug delivery applications: the synergistic effect of quercetin and gefitinib against ovarian cancer cells. Colloids Surf B Biointerfaces.
2019;178:452-9. https://doi.org/10.1016/j.colsurfb.2019.03.037.

Zhu H, Deng J, Yang Z, Deng Y, Yang W, Shi XL, Chen ZG. Facile synthesis and characterization of multifunctional cobalt-based nano-
composites for targeted chemo-photothermal synergistic cancer therapy. Compos B Eng. 2019;178:107521. https://doi.org/10.1016/j.
compositesb.2019.107521.

Abdollahi Z, Taheri-Kafrani A, Bahrani SA, Kajani AA. PEGAylated graphene oxide/superparamagnetic nanocomposite as a high-efficiency
loading nanocarrier for controlled delivery of methotrexate. J Biotechnol. 2019;298:88-97. https://doi.org/10.1016/j.jbiotec.2019.04.006.

@ Springer


https://doi.org/10.2147/IJN.S161002
https://doi.org/10.1166/jbn.2018.2481
https://doi.org/10.1038/s41598-018-30749-3
https://doi.org/10.1016/j.ijbiomac.2019.04.191
https://doi.org/10.2147/IJN.S213499
https://doi.org/10.3390/molecules25092267
https://doi.org/10.3390/molecules25092267
https://doi.org/10.1016/j.carres.2019.107891
https://doi.org/10.1021/acsami.3c00144
https://doi.org/10.1021/nl0340475
https://doi.org/10.1038/nmat1849
https://doi.org/10.1038/nature11458
https://doi.org/10.1038/nature11458
https://doi.org/10.1007/s10904-023-02588-x
https://doi.org/10.1016/j.diamond.2023.110033
https://doi.org/10.1016/j.matpr.2021.12.108
https://doi.org/10.1007/s10904-021-02180-1
https://doi.org/10.1007/s10904-021-02180-1
https://doi.org/10.1007/s13204-022-02721-1
https://doi.org/10.1016/j.surfin.2023.103000
https://doi.org/10.1016/j.actbio.2013.08.016
https://doi.org/10.3390/nano13152189
https://doi.org/10.1007/s11671-010-9751-6
https://doi.org/10.1007/s11671-010-9751-6
https://doi.org/10.1007/s10853-017-1673-6
https://doi.org/10.1016/j.ijbiomac.2017.08.048
https://doi.org/10.1016/j.ijbiomac.2017.08.048
https://doi.org/10.1021/acsbiomaterials.8b00029
https://doi.org/10.1021/acsbiomaterials.8b00029
https://doi.org/10.1080/21691401.2018.1543196
https://doi.org/10.1016/j.colsurfb.2019.03.037
https://doi.org/10.1016/j.compositesb.2019.107521
https://doi.org/10.1016/j.compositesb.2019.107521
https://doi.org/10.1016/j.jbiotec.2019.04.006

Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

108.

109.

110.

111,

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Mahanta AK, Patel DK, Maiti P. Nanohybrid scaffold of chitosan and functionalized graphene oxide for controlled drug delivery and bone
regeneration. ACS Biomater Sci Eng. 2019;5:5139-49. https://doi.org/10.1021/acsbiomaterials.9b00829.

SreeHarsha N, Maheshwari R, Al-Dhubiab BE, Tekade M, Sharma MC, Venugopala KN, Tekade RK, Alzahrani AM. Graphene-based hybrid
nanoparticle of doxorubicin for cancer chemotherapy. Int J Nanomed. 2019;14:7419-29. https://doi.org/10.2147/1JN.S211224.

Sun W, Huang S, Zhang S, Luo Q. Preparation, characterization and application of multi-mode imaging functional graphene Au-Fe;0,
magnetic nanocomposites. Materials. 2019;12:1978. https://doi.org/10.3390/ma12121978.

Tao R, Wang C, Zhang C, Li W, Zhou H, Chen H, Ye J. Characterization, cytotoxicity and genotoxicity of graphene oxide and folate cou-
pled chitosan nanocomposites loading polyprenol and fullerene based nanoemulsion against MHCC97H cells. J Biomed Nanotechnol.
2019;15:555-70. https://doi.org/10.1166/jbn.2019.2698.

Wang L, Yu D, Dai R, Fu D, LiW, Guo Z, Cui C, Xu J, Shen S, Ma K. PEGylated doxorubicin cloaked nano-graphene oxide for dual-responsive
photochemical therapy. Int J Pharm. 2019;557:66-73. https://doi.org/10.1016/j.ijpharm.2018.12.037.

Ramezani Farani M, Khadiv-Parsi P, Riazi GH, Shafiee Ardestani M, Saligheh Rad H. PEGylation of graphene/iron oxide nanocomposite:
assessment of release of doxorubicin, magnetically targeted drug delivery and photothermal therapy. Appl Nanosci (Switzerland).
2020;10:1205-17. https://doi.org/10.1007/s13204-020-01255-8.

Katuwavila NP, Amarasekara Y, Jayaweera V, Rajaphaksha C, Gunasekara C, Perera IC, Amaratunga GAJ, Weerasinghe L. Graphene oxide-
based nanocomposite for sustained release of cephalexin. J Pharm Sci. 2020;109:1130-5. https://doi.org/10.1016/j.xphs.2019.09.022.
QiJ, ChenY, XueT, LinY, Huang S, Cao S, Wang X, SuY, Lin Z. Graphene oxide-based magnetic nanocomposites for the delivery of melittin
to cervical cancer Hela cells. Nanotechnology. 2020;31:065102. https://doi.org/10.1088/1361-6528/ab5084.

Kesavan S, Meena KS, Sharmili SA, Govindarajan M, Alharbi NS, Kadaikunnan S, Khaled JM, Alobaidi AS, Alanzi KF, Vaseeharan B. Ulvan
loaded graphene oxide nanoparticle fabricated with chitosan and d-mannose for targeted anticancer drug delivery. J Drug Deliv Sci
Technol. 2021;65:102760. https://doi.org/10.1016/j.jddst.2021.102760.

Tousian B, Ghasemi MH, Khosravi AR. Targeted chitosan nanoparticles embedded into graphene oxide functionalized with caffeic acid
as a potential drug delivery system: new insight into cancer therapy. Int J Biol Macromol. 2022;222:295-304. https://doi.org/10.1016/J.
IJBIOMAC.2022.09.084.

Sarkar A, Roy S, Sanpui P, Jaiswal A. Plasmonic gold nanorattle impregnated chitosan nanocarrier for stimulus responsive theranostics.
ACS Appl Bio Mater. 2019;2:4812-25. https://doi.org/10.1021/ACSABM.9B00568.

Niu W, Chua YAA, Zhang W, Huang H, Lu X. Highly symmetric gold nanostars: crystallographic control and surface-enhanced raman
scattering property. J Am Chem Soc. 2015;137:10460-3. https://doi.org/10.1021/jacs.5b05321.

Irfan I, Golovynskyi S, Bosi M, Seravalli L, Yeshchenko OA, Xue B, Dong D, Lin Y, Qiu R, Li B, Qu J. Enhancement of Raman scattering and
exciton/trion photoluminescence of monolayer and few-layer MoS , by Ag nanoprisms and nanoparticles: shape and size effects. J Phys
Chem C. 2021;125:4119-32. https://doi.org/10.1021/acs.jpcc.0c11421.

Han S, Wang JT-W, Yavuz E, Zam A, Rouatbi N, Utami RN, Liam-Or R, Griffiths A, Dickson W, Sosabowski J, Al-Jamal KT. Spatiotemporal
tracking of gold nanorods after intranasal administration for brain targeting. J Control Release. 2023;357:606-19. https://doi.org/10.
1016/j.jconrel.2023.04.022.

QuY, Huang R, Qi W, Shi M, Su R, He Z. Controllable synthesis of ZnO nanoflowers with structure-dependent photocatalytic activity. Catal
Today. 2020;355:397-407. https://doi.org/10.1016/j.cattod.2019.07.056.

Rahman MM, Khan SB, Jamal A, Faisal M, Aisiri AM. Iron oxide nanoparticles. Nanomaterials; 2011. https://doi.org/10.5772/27698
Raghunath A, Perumal E. Metal oxide nanoparticles as antimicrobial agents: a promise for the future. Int J Antimicrob Agents.
2017;49:137-52. https://doi.org/10.1016/j.ijantimicag.2016.11.011.

Ogbezode JE, Ezealigo US, Bello A, Anye VC, Onwualu AP. A narrative review of the synthesis, characterization, and applications of iron
oxide nanoparticles. Discover Nano. 2023;18:125. https://doi.org/10.1186/511671-023-03898-2.

Rimenapp C, Gleich B, Haase A. Magnetic nanoparticles in magnetic resonance imaging and diagnostics. Pharm Res. 2012;29:1165-79.
https://doi.org/10.1007/s11095-012-0711-y.

Arias L, Pessan J, Vieira A, Lima T, Delbem A, Monteiro D. Iron Oxide nanoparticles for biomedical applications: a perspective on synthesis,
drugs, antimicrobial activity, and toxicity. Antibiotics. 2018;7:46. https://doi.org/10.3390/antibiotics7020046.

Jiang J, Pi J, Cai J. The advancing of zinc oxide nanoparticles for biomedical applications. Bioinorg Chem Appl. 2018;2018:1-18. https://
doi.org/10.1155/2018/1062562.

Mohd Yusof H, Mohamad R, Zaidan UH, Abdul Rahman NA. Microbial synthesis of zinc oxide nanoparticles and their potential applica-
tion as an antimicrobial agent and a feed supplement in animal industry: a review. J Anim Sci Biotechnol. 2019;10:57. https://doi.org/
10.1186/540104-019-0368-z.

Unnikrishnan G, Joy A, Megha M, Thomas J, Haris M, Kolanthai E, Muthuswamy S (2023) Preparation and characterizations of antibacterial
and electroactive polymeric composites for wound healing applications. Polym Compos 1-19. https://doi.org/10.1002/pc.27775
Siddigi KS, ur Rahman A, Tajuddin, Husen A. Properties of zinc oxide nanoparticles and their activity against microbes. Nanoscale Res
Lett 2018;13:141. https://doi.org/10.1186/s11671-018-2532-3

Fujihara J, Nishimoto N. Review of zinc oxide nanoparticles: toxicokinetics, tissue distribution for various exposure routes, toxicological
effects, toxicity mechanism in mammals, and an approach for toxicity reduction. Biol Trace Elem Res. 2023. https://doi.org/10.1007/
$s12011-023-03644-w.

Chatzimentor |, Tsamesidis I, loannou M-E, Pouroutzidou GK, Beketova A, Giourieva V, Papi R, Kontonasaki E. Study of biological behavior
and antimicrobial properties of cerium oxide nanoparticles. Pharmaceutics. 2023;15:2509. https://doi.org/10.3390/pharmaceutics15
102509.

Nosrati H, Heydari M, Khodaei M. Cerium oxide nanoparticles: Synthesis methods and applications in wound healing. Mater Today Bio.
2023;23:100823. https://doi.org/10.1016/j.mtbio.2023.100823.

Neal CJ, Kolanthai E, Wei F, Coathup M, Seal S. Surface chemistry of biologically active reducible oxide nanozymes. Adv Mater. 2023.
https://doi.org/10.1002/adma.202211261.

FuY, Kolanthai E, Neal CJ, Kumar U, Zgheib C, Liechty KW, Seal S. Engineered faceted cerium oxide nanoparticles for therapeutic miRNA
delivery. Nanomaterials. 2022;12:4389. https://doi.org/10.3390/nano12244389.

@ Springer


https://doi.org/10.1021/acsbiomaterials.9b00829
https://doi.org/10.2147/IJN.S211224
https://doi.org/10.3390/ma12121978
https://doi.org/10.1166/jbn.2019.2698
https://doi.org/10.1016/j.ijpharm.2018.12.037
https://doi.org/10.1007/s13204-020-01255-8
https://doi.org/10.1016/j.xphs.2019.09.022
https://doi.org/10.1088/1361-6528/ab5084
https://doi.org/10.1016/j.jddst.2021.102760
https://doi.org/10.1016/J.IJBIOMAC.2022.09.084
https://doi.org/10.1016/J.IJBIOMAC.2022.09.084
https://doi.org/10.1021/ACSABM.9B00568
https://doi.org/10.1021/jacs.5b05321
https://doi.org/10.1021/acs.jpcc.0c11421
https://doi.org/10.1016/j.jconrel.2023.04.022
https://doi.org/10.1016/j.jconrel.2023.04.022
https://doi.org/10.1016/j.cattod.2019.07.056
https://doi.org/10.5772/27698
https://doi.org/10.1016/j.ijantimicag.2016.11.011
https://doi.org/10.1186/s11671-023-03898-2
https://doi.org/10.1007/s11095-012-0711-y
https://doi.org/10.3390/antibiotics7020046
https://doi.org/10.1155/2018/1062562
https://doi.org/10.1155/2018/1062562
https://doi.org/10.1186/s40104-019-0368-z
https://doi.org/10.1186/s40104-019-0368-z
https://doi.org/10.1002/pc.27775
https://doi.org/10.1186/s11671-018-2532-3
https://doi.org/10.1007/s12011-023-03644-w
https://doi.org/10.1007/s12011-023-03644-w
https://doi.org/10.3390/pharmaceutics15102509
https://doi.org/10.3390/pharmaceutics15102509
https://doi.org/10.1016/j.mtbio.2023.100823
https://doi.org/10.1002/adma.202211261
https://doi.org/10.3390/nano12244389

Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

Wallbank AM, Vaughn AE, Niemiec S, Bilodeaux J, Lehmann T, Knudsen L, Kolanthai E, Seal S, Zgheib C, Nozik E, Liechty KW, Smith BJ.
CNP-miR146a improves outcomes in a two-hit acute- and ventilator-induced lung injury model. Nanomedicine. 2023;50:102679. https://
doi.org/10.1016/j.nan0.2023.102679.

Fox CR, Kedarinath K, Neal CJ, Sheiber J, Kolanthai E, Kumar U, Drake C, Seal S, Parks GD. Broad-spectrum, potent, and durable ceria nano-
particles inactivate RNA virus infectivity by targeting virion surfaces and disrupting virus-receptor interactions. Molecules. 2023;28:5190.
https://doi.org/10.3390/molecules28135190.

Sotoudeh Bagha P, Kolanthai E, Wei F, Neal CJ, Kumar U, Braun G, Coathup M, Seal S, Razavi M. Ultrasound-responsive nanobubbles for
combined siRNA-cerium oxide nanoparticle delivery to bone cells. Pharmaceutics. 2023;15:2393. https://doi.org/10.3390/pharmaceut
ics15102393.

Daré RG, Kolanthai E, Neal CJ, Fu Y, Seal S, Nakamura CV, Lautenschlager SOS. Cerium oxide nanoparticles conjugated with tannic acid
prevent UVB-induced oxidative stress in fibroblasts: evidence of a promising anti-photodamage agent. Antioxidants. 2023;12:190.
https://doi.org/10.3390/antiox12010190.

Karnwal A, Kumar G, Pant G, Hossain K, Ahmad A, Alshammari MB. Perspectives on usage of functional nanomaterials in antimicrobial
therapy for antibiotic-resistant bacterial infections. ACS Omega. 2023;8:13492-508. https://doi.org/10.1021/acsomega.3c00110.
Shin CS, Veettil RA, Sakthivel TS, Adumbumbkulath A, Lee R, Zaheer M, Kolanthai E, Seal S, Acharya G. Noninvasive delivery of self-
regenerating cerium oxide nanoparticles to modulate oxidative stress in the retina. ACS Appl Bio Mater. 2022;5:5816-25. https://
doi.org/10.1021/acsabm.2c00809.

Thakur N, Manna P, Das J. Synthesis and biomedical applications of nanoceria, a redox active nanoparticle. J Nanobiotechnology.
2019;17:84. https://doi.org/10.1186/s12951-019-0516-9.

Kang M-S, Lee G-H, Kwon IH, Yang M-J, Heo MB, Choi J-W, Lee TG, Yoon C-H, Baek B, Sung M-C, Kim D-W, Park E-J. Uptake and toxicity
of cerium dioxide nanoparticles with different aspect ratio. Toxicol Lett. 2023;373:196-209. https://doi.org/10.1016/j.toxlet.2022.
11.013.

Mittal S, Pandey AK. Cerium oxide nanoparticles induced toxicity in human lung cells: role of ROS mediated DNA damage and
apoptosis. Biomed Res Int. 2014;2014:1-14. https://doi.org/10.1155/2014/891934.

Rzigalinski BA, Carfagna CS, Ehrich M. Cerium oxide nanoparticles in neuroprotection and considerations for efficacy and safety.
WIREs Nanomed Nanobiotechnol. 2017;9. https://doi.org/10.1002/wnan.1444

Elayaraja K, Rajesh P, Ahymah Joshy MI, Sarath Chandra V, Suganthi RV, Kennedy J, Kulriya PK, Sulania I, Asokan K, Kanjilal D, Avasthi
DK, Varma HK, Narayana Kalkura S. Enhancement of wettability and antibiotic loading/release of hydroxyapatite thin film modified
by 100 MeV Ag7+ ion irradiation. Mater Chem Phys. 2012;134:464-77. https://doi.org/10.1016/j.matchemphys.2012.03.018.

Joshy MIA, Elayaraja K, Sakthivel N, Chandra VS, Shanthini GM, Kalkura SN. Freeze dried cross linking free biodegradable composites
with microstructures for tissue engineering and drug delivery application. Mater Sci Eng C. 2013;33:466-74. https://doi.org/10.
1016/j.msec.2012.09.016.

Sarath ChandraV, Elayaraja K, Thanigai Arul K, Ferraris S, Spriano S, Ferraris M, Asokan K, Narayana Kalkura S. Synthesis of magnetic
hydroxyapatite by hydrothermal-microwave technique: Dielectric, protein adsorption, blood compatibility and drug release stud-
ies. Ceram Int. 2015;41:13153-63. https://doi.org/10.1016/j.ceramint.2015.07.088.

Sarath ChandraV, Baskar G, Suganthi RV, Elayaraja K, Ahymah Joshy MI, Sofi Beaula W, Mythili R, Venkatraman G, Narayana Kalkura
S. Blood compatibility of iron-doped nanosize hydroxyapatite and its drug release. ACS Appl Mater Interfaces. 2012;4:1200-10.
https://doi.org/10.1021/am300140q.

Kolanthai E, Ganesan K, Epple M, Kalkura SN. Synthesis of nanosized hydroxyapatite/agarose powders for bone filler and drug
delivery application. Mater Today Commun. 2016;8:31-40. https://doi.org/10.1016/j.mtcomm.2016.03.008.

Kolanthai E, Abinaya Sindu P, Thanigai Arul K, Sarath Chandra V, Manikandan E, Narayana Kalkura S. Agarose encapsulated
mesoporous carbonated hydroxyapatite nanocomposites powder for drug delivery. J Photochem Photobiol B. 2017;166:220-31.
https://doi.org/10.1016/j.jphotobiol.2016.12.005.

Abinaya Sindu P, Kolanthai E, Suganthi RV, Thanigai Arul K, Manikandan E, Catalani LH, Narayana Kalkura S. Green synthesis of Si-
incorporated hydroxyapatite using sodium metasilicate as silicon precursor and in vitro antibiotic release studies. J Photochem
Photobiol B. 2017;175:163-72. https://doi.org/10.1016/j.jphotobiol.2017.08.030.

Fan L, Song C, Lu X, Wang T, Han J, Guo R. In situ preparation of hydroxyapatite in lamellar liquid crystals for joint lubrication and
drug delivery. Soft Matter. 2022;18:7859-65. https://doi.org/10.1039/D2SM01105K.

Yu F, Wang H, Wang Q, Zhai F, Wang J, Huang C, Cui L. Studies of a novel bone-targeted nano drug delivery system with a HAP core-
PSI coating structure for tanshinol injection. J Drug Target. 2023;31:762-75. https://doi.org/10.1080/1061186X.2023.2230528.
Kim J, Choi Y-J, Park H, Yun H. Fabrication of multifunctional alginate microspheres containing hydroxyapatite powder for simultane-
ous cell and drug delivery. Front Bioeng Biotechnol 2022;10. https://doi.org/10.3389/fbioe.2022.827626

Anirudhan TS, Suriya R, Anoop SN. Polymeric micelle/nano hydrogel composite matrix as a novel multi-drug carrier. J Mol Struct.
2022;1264:133265. https://doi.org/10.1016/j.molstruc.2022.133265.

Mo X, Zhang D, Liu K, Zhao X, Li X, Wang W. Nano-hydroxyapatite composite scaffolds loaded with bioactive factors and drugs for
bone tissue engineering. Int J Mol Sci. 2023;24:1291. https://doi.org/10.3390/ijms24021291.

Belal A, Mahmoud R, Mohamed EE, Farghali A, Abo EI-Ela FI, Gamal A, Halfaya FM, Khaled E, Farahat AA, Hassan AHE, Ghoneim MM,
Taha M, Zaky MY. A novel hydroxyapatite/vitamin B12 nanoformula for treatment of bone damage: preparation, characterization,
and anti-arthritic, anti-inflammatory, and antioxidant activities in chemically induced arthritic rats. Pharmaceuticals. 2023;16:551.
https://doi.org/10.3390/ph16040551.

Ren B, Chen X, Du S, MaY, Chen H, Yuan G, Li J, Xiong D, Tan H, Ling Z, Chen Y, Hu X, Niu X. Injectable polysaccharide hydrogel embed-
ded with hydroxyapatite and calcium carbonate for drug delivery and bone tissue engineering. Int J Biol Macromol. 2018;118:1257-
66. https://doi.org/10.1016/j.ijbiomac.2018.06.200.

Chen M, Tan H, Xu W, Wang Z, Zhang J, Li S, Zhou T, li J, Niu X. A self-healing, magnetic and injectable biopolymer hydrogel generated
by dual cross-linking for drug delivery and bone repair. Acta Biomater. 2022;153:159-77. https://doi.org/10.1016/j.actbio.2022.09.
036

@ Springer


https://doi.org/10.1016/j.nano.2023.102679
https://doi.org/10.1016/j.nano.2023.102679
https://doi.org/10.3390/molecules28135190
https://doi.org/10.3390/pharmaceutics15102393
https://doi.org/10.3390/pharmaceutics15102393
https://doi.org/10.3390/antiox12010190
https://doi.org/10.1021/acsomega.3c00110
https://doi.org/10.1021/acsabm.2c00809
https://doi.org/10.1021/acsabm.2c00809
https://doi.org/10.1186/s12951-019-0516-9
https://doi.org/10.1016/j.toxlet.2022.11.013
https://doi.org/10.1016/j.toxlet.2022.11.013
https://doi.org/10.1155/2014/891934
https://doi.org/10.1002/wnan.1444
https://doi.org/10.1016/j.matchemphys.2012.03.018
https://doi.org/10.1016/j.msec.2012.09.016
https://doi.org/10.1016/j.msec.2012.09.016
https://doi.org/10.1016/j.ceramint.2015.07.088
https://doi.org/10.1021/am300140q
https://doi.org/10.1016/j.mtcomm.2016.03.008
https://doi.org/10.1016/j.jphotobiol.2016.12.005
https://doi.org/10.1016/j.jphotobiol.2017.08.030
https://doi.org/10.1039/D2SM01105K
https://doi.org/10.1080/1061186X.2023.2230528
https://doi.org/10.3389/fbioe.2022.827626
https://doi.org/10.1016/j.molstruc.2022.133265
https://doi.org/10.3390/ijms24021291
https://doi.org/10.3390/ph16040551
https://doi.org/10.1016/j.ijbiomac.2018.06.200
https://doi.org/10.1016/j.actbio.2022.09.036
https://doi.org/10.1016/j.actbio.2022.09.036

Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Jiang W, Wang Q, Cui D, Han L, Chen L, Xu J, Niu N. Metal-polyphenol network coated magnetic hydroxyapatite for pH-activated MR
imaging and drug delivery. Colloids Surf B Biointerfaces. 2023;222:113076. https://doi.org/10.1016/j.colsurfb.2022.113076.

Gumus IB, Kahraman E, Erdol-Aydin N, Nasun-Saygili G. Drug loading of tannic acid crosslinked hydroxyapatite/gelatin composites via
spray dryer and kinetic studies. Dry Technol. 2023;1-15. https://doi.org/10.1080/07373937.2023.2255988

PiJ, Shen L, Shen H, Yang E, Wang W, Wang R, Huang D, Lee BS, Hu C, Chen C, Jin H, Cai J, Zeng G, Chen ZW. Mannosylated graphene oxide
as macrophage-targeted delivery system for enhanced intracellular M.tuberculosis killing efficiency. Mater Sci Eng C 2019;103:109777.
https://doi.org/10.1016/J.MSEC.2019.109777

Febrian MB, Mahendra |, Kurniawan A, Setiadi Y, Ambar Wibawa TH, Lesmana R, Syarif DG. Zirconium doped hydroxyapatite nanoparticle
as a potential design for lung cancer therapy. Ceram Int. 2021;47:27890-7. https://doi.org/10.1016/j.ceramint.2021.06.219.

Ma J, Liu R, Wang X, Liu Q, Chen Y, Valle RP, Zuo YY, Xia T, Liu S. Crucial role of lateral size for graphene oxide in activating macrophages
and stimulating pro-inflammatory responses in cells and animals. ACS Nano. 2015;9:10498-515. https://doi.org/10.1021/acsnano.5b047
51.

Sanchez VC, Jachak A, Hurt RH, Kane AB. Biological interactions of graphene-family nanomaterials: an interdisciplinary review. Chem
Res Toxicol. 2012;25:15-34. https://doi.org/10.1021/tx20033%h.

LiuY, QiY, Yin C,Wang S, Zhang S, Xu A, Chen W, Liu S. Bio-transformation of graphene oxide in lung fluids significantly enhances its
photothermal efficacy. Nanotheranostics. 2018;2:222-32. https://doi.org/10.7150/ntn0.25719.

Fytianos K, Chortarea S, Rodriguez-Lorenzo L, Blank F, von Garnier C, Petri-Fink A, Rothen-Rutishauser B. Aerosol delivery of functional-
ized gold nanoparticles target and activate dendritic cells in a 3D lung cellular model. ACS Nano. 2017;11:375-83. https://doi.org/10.
1021/acsnano.6b06061.

Silva AS, Sousa AM, Cabral RP, Silva MC, Costa C, Miguel SP, Bonifacio VDB, Casimiro T, Correia 1J, Aguiar-Ricardo A. Aerosolizable gold
nano-in-micro dry powder formulations for theragnosis and lung delivery. Int J Pharm. 2017;519:240-9. https://doi.org/10.1016/j.ijpha
rm.2017.01.032.

Poh W, Rahman NA, Ostrovski Y, Sznitman J, Chye S, Loo J. Active pulmonary targeting against tuberculosis (TB) via triple-encapsulation
of Q203, bedaquiline and superparamagnetic iron oxides ( SPIOs ) in nanoparticle aggregates. Drug Deliv. 2019;26:1039-48. https://doi.
org/10.1080/10717544.2019.1676841.

Miranda MS, Rodrigues MT, Domingues RMA, Costa RR, Paz E, Rodriguez-Abreu C, Freitas P, Aimeida BG, Carvalho MA, Gongalves C, Fer-
reira CM, Torrado E, Reis RL, Pedrosa J, Gomes ME. Development of inhalable superparamagnetic iron oxide nanoparticles (SPIONs) in
microparticulate system for antituberculosis drug delivery. Adv Healthc Mater 2018;7. https://doi.org/10.1002/adhm.201800124
Saifullah B, Arulselvan P, El Zowalaty ME, Fakurazi S, Webster TJ, Geilich B, Hussein MZ. Development of a highly biocompatible antituber-
culosis nanodelivery formulation based on para-aminosalicylic acid-zinc layered hydroxide nanocomposites. Sci World J. 2014;2014:1-12.
https://doi.org/10.1155/2014/401460.

Serebrovska Z, Swanson RJ, Portnichenko V, Shysh A, Pavlovich S. ScienceDirect Anti-in flammatory and antioxidant effect of cerium
dioxide nanoparticles immobilized on the surface of silica nanoparticles in rat experimental pneumonia. Biomed et Pharmacother.
2017;92:69-77. https://doi.org/10.1016/j.biopha.2017.05.064.

Ma J, Mercer RR, Barger M, Schwegler-berry D, Cohen JM, Demokritou P, Castranova V. Effects of amorphous silica coating on cerium
oxide nanoparticles induced pulmonary responses. Toxicol Appl Pharmacol. 2015;288:63-73. https://doi.org/10.1016/j.taap.2015.07.
012.

Sandhdfer B, Meckel M, Delgado-Lépez JM, Patricio T, Tampieri A, Résch F, lafisco M. Synthesis and preliminary in Vivo evaluation of well-
dispersed biomimetic nanocrystalline apatites labeled with positron emission tomographic imaging agents. ACS Appl Mater Interfaces.
2015;7:10623-33. https://doi.org/10.1021/acsami.5b02624.

Silva F, Paulo A, Pallier A, Méme S, Téth E, Gano L, Marques F, Geraldes CFGC, Castro MMCA, Cardoso AM, Jurado AS, Lépez-Larrubia P,
Lacerda S, Cabral Campello MP. Dual imaging gold nanoplatforms for targeted radiotheranostics. Materials. 2020;13:513. https://doi.
org/10.3390/ma13030513.

Hazkani |, Motiei M, Betzer O, Sadan T, Bragilovski D, Lubimov L, Mizrachi A, Hadar T, Levi M, Ben-Aharon |, Haviv |, Popovtzer R, Popovtzer
A. Can molecular profiling enhance radiotherapy? Impact of personalized targeted gold nanoparticles on radiosensitivity and imaging
of adenoid cystic carcinoma. Theranostics. 2017;7:3962-71. https://doi.org/10.7150/thno.19615.

Zhao X, Yang C, Chen L, Yan X. Photothermal therapy. Nat Commun. 2017;8:1-9. https://doi.org/10.1038/ncomms14998.

Knights O, McLaughlan J. Gold nanorods for light-based lung cancer theranostics. Int J Mol Sci. 2018;19:3318. https://doi.org/10.3390/
ijms19113318.

Wang W, Tang Q, YuT, Li X, Gao Y, Li J, Liu Y, Rong L, Wang Z, Sun H, Zhang H, Yang B. Surfactant-free preparation of Au@resveratrol hollow
nanoparticles with photothermal performance and antioxidant activity. ACS Appl Mater Interfaces. 2017;9:3376-87. https://doi.org/10.
1021/acsami.6b13911.

Wang J, Zhou Z, Zhang F, Xu H, Chen W, Jiang T. Colloids and surfaces B : biointerfaces A novel nanocomposite based on fl uorescent
turn-on gold nanostars for near-infrared photothermal therapy and self-theranostic caspase-3 imaging of glioblastoma tumor cell.
Colloids Surf B Biointerfaces. 2018;170:303-11. https://doi.org/10.1016/j.colsurfb.2018.06.021.

Maniglio D, Benetti F, Minati L, Jovicich J, Valentini A, Speranza G, Migliaresi C. Theranostic gold-magnetite hybrid nanoparticles for
MRI-guided radiosensitization. Nanotechnology. 2018;29:315101. https://doi.org/10.1088/1361-6528/aac4ce.

Srinivasan SS, Seenivasan R, Condie A, Gerson SL, Wang Y, Burda C. Gold nanoparticle-based fluorescent theranostics for real-time
image-guided assessment of DNA damage and repair. Int J Mol Sci. 2019;20:471. https://doi.org/10.3390/ijms20030471.
Grabowska-Jadach |, Kalinowska D, Drozd M, Pietrzak M. Synthesis, characterization and application of plasmonic hollow gold nanoshells
in a photothermal therapy: new particles for theranostics. Biomed Pharmacother. 2019;111:1147-55. https://doi.org/10.1016/j.biopha.
2019.01.037.

Hwang DW, Kim HY, Li F, Park JY, Kim D, Park JH, Han HS, Byun JW, Lee YS, Jeong JM, Char K, Lee DS. In vivo visualization of endogenous
miR-21 using hyaluronic acid-coated graphene oxide for targeted cancer therapy. Biomaterials. 2017;121:144-54. https://doi.org/10.
1016/J.BIOMATERIALS.2016.12.028.

@ Springer


https://doi.org/10.1016/j.colsurfb.2022.113076
https://doi.org/10.1080/07373937.2023.2255988
https://doi.org/10.1016/J.MSEC.2019.109777
https://doi.org/10.1016/j.ceramint.2021.06.219
https://doi.org/10.1021/acsnano.5b04751
https://doi.org/10.1021/acsnano.5b04751
https://doi.org/10.1021/tx200339h
https://doi.org/10.7150/ntno.25719
https://doi.org/10.1021/acsnano.6b06061
https://doi.org/10.1021/acsnano.6b06061
https://doi.org/10.1016/j.ijpharm.2017.01.032
https://doi.org/10.1016/j.ijpharm.2017.01.032
https://doi.org/10.1080/10717544.2019.1676841
https://doi.org/10.1080/10717544.2019.1676841
https://doi.org/10.1002/adhm.201800124
https://doi.org/10.1155/2014/401460
https://doi.org/10.1016/j.biopha.2017.05.064
https://doi.org/10.1016/j.taap.2015.07.012
https://doi.org/10.1016/j.taap.2015.07.012
https://doi.org/10.1021/acsami.5b02624
https://doi.org/10.3390/ma13030513
https://doi.org/10.3390/ma13030513
https://doi.org/10.7150/thno.19615
https://doi.org/10.1038/ncomms14998
https://doi.org/10.3390/ijms19113318
https://doi.org/10.3390/ijms19113318
https://doi.org/10.1021/acsami.6b13911
https://doi.org/10.1021/acsami.6b13911
https://doi.org/10.1016/j.colsurfb.2018.06.021
https://doi.org/10.1088/1361-6528/aac4ce
https://doi.org/10.3390/ijms20030471
https://doi.org/10.1016/j.biopha.2019.01.037
https://doi.org/10.1016/j.biopha.2019.01.037
https://doi.org/10.1016/J.BIOMATERIALS.2016.12.028
https://doi.org/10.1016/J.BIOMATERIALS.2016.12.028

Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Zhang L, Yang X-Q, Wei J-S, Li X, Wang H, Zhao Y-D. Intelligent gold nanostars for in vivo CT imaging and catalase-enhanced synergistic
photodynamic and photothermal tumor therapy. Theranostics. 2019;9:5424-42. https://doi.org/10.7150/thno.33015.

Wu C, Li D, Wang L, Guan X, Tian Y, Yang H, Li S, Liu Y. Single wavelength light-mediated, synergistic bimodal cancer photoablation and
amplified photothermal performance by graphene/gold nanostar/photosensitizer theranostics. Acta Biomater. 2017;53:631-42. https://
doi.org/10.1016/j.actbio.2017.01.078.

Diaz-Diestra D, Thapa B, Badillo-Diaz D, Beltran-Huarac J, Morell G, Weiner B. Graphene oxide/ZnS: Mn nanocomposite functionalized
with folic acid as a nontoxic and effective theranostic platform for breast cancer treatment. Nanomaterials. 2018;8:484. https://doi.org/
10.3390/nano8070484.

Kumar M, Thakur M, Bahadur R, Kaku T. Preparation of graphene oxide-graphene quantum dots hybrid and its application in cancer
theranostics. Mater Sci Eng C. 2019;103:109774. https://doi.org/10.1016/j.msec.2019.109774.

LuoY, TangY, Liu T, Chen Q, Zhou X, Wang N, Ma M, Cheng Y, Chen H. Engineering graphene oxide with ultrasmall SPIONs and smart
drug release for cancer theranostics. Chem Commun. 2019;55:1963-6. https://doi.org/10.1039/C8CC09185D.

Nanoparticles GG, Usman MS, Hussein MZ, Kura AU, Fakurazi S. Graphene oxide as a nanocarrier for a theranostics delivery system of
protocatechuic acid and. 1-16. https://doi.org/10.3390/molecules23020500

Guo D, Yang H, Zhang Y, Chen L. Constructing mesoporous silica-grown reduced graphene oxide nanoparticles for photothermal-
chemotherapy. Microporous Mesoporous Mater. 2019;288:109608. https://doi.org/10.1016/j.micromeso.2019.109608.

Liu J,Yuan X, Deng L, Yin Z, Tian X, Bhattacharyya S. Graphene oxide activated by 980 nm laser for cascading two-photon photodynamic
therapy and photothermal therapy against breast cancer. Appl Mater Today. 2020;20:100665. https://doi.org/10.1016/j.apmt.2020.100665.
Debnath D, Lee Y, Geckeler KE. Biocompatible polymers as a tool for the synthesis of silver nanoparticles: size tuning and in vitro cyto-
toxicity studies. Polym Int. 2017;66:512-20. https://doi.org/10.1002/pi.5304.

Asha S, Nimrodh Ananth A, Vanitha Kumari G, Prakash B, Jose SP, Jothi Rajan MA. Multi-functional bio-compatible luminescent apatite
with fatty acid passivated nano silver covers and its theranostics potential. Adv Nat Sci: Nanosci Nanotechnol. 2017;8:035015. https://
doi.org/10.1088/2043-6254/aa7717.

Yao Q, Cao F, Lang M, Feng C, Meng X, Zhang Y, Zhao Y, Wang XH. Rituxan nanoconjugation prolongs drug/cell interaction and enables
simultaneous depletion and enhanced Raman detection of lymphoma cells. J Mater Chem B. 2017;5:5165-75. https://doi.org/10.1039/
c7tb00152e.

Sakr TM, Khowessah OM, Motaleb MA, Abd El-Bary A, El-Kolaly MT, Swidan MM. I-131 doping of silver nanoparticles platform for tumor
theranosis guided drug delivery. Eur J Pharm Sci. 2018;122:239-45. https://doi.org/10.1016/j.ejps.2018.06.029.

Zeng X, Yan S, Di C, Lei M, Chen P, Du W, Jin Y, Liu B-F.“All-in-One” silver nanoprism platform for targeted tumor theranostics. ACS Appl
Mater Interfaces. 2020;12:11329-40. https://doi.org/10.1021/acsami.9b21166.

Feng Q, Zhang, Zhang W, Hao Y, Wang Y, Zhang H, Hou L, Zhang Z. Programmed near-infrared light-responsive drug delivery system for
combined magnetic tumor-targeting magnetic resonance imaging and chemo-phototherapy. Acta Biomater. 2017;49:402-13. https://
doi.org/10.1016/j.actbio.2016.11.035.

Hayashi K, Sato Y, Sakamoto W, Yogo T. Theranostic nanoparticles for MRI-guided thermochemotherapy: “Tight” clustering of magnetic
nanoparticles boosts relaxivity and heat-generation power. ACS Biomater Sci Eng. 2017;3:95-105. https://doi.org/10.1021/acsbiomate
rials.6b00536.

Malekigorji M, Alfahad M, Kong Thoo Lin P, Jones S, Curtis A, Hoskins C. Thermally triggered theranostics for pancreatic cancer therapy.
Nanoscale. 2017;9:12735-45. https://doi.org/10.1039/C7NR02751F.

Huang Y, Mao K, Zhang B, Zhao Y. Superparamagnetic iron oxide nanoparticles conjugated with folic acid for dual target-specific drug
delivery and MRI in cancer theranostics. Mater Sci Eng C. 2017;70:763-71. https://doi.org/10.1016/j.msec.2016.09.052.

Aeineh N, Salehi F, Akrami M, Nemati F, Alipour M, Ghorbani M, Nikfar B, Salehian F, Riyahi Alam N, Sadat Ebrahimi SE, Foroumadi A,
Khoobi M, Rouini M, Dibaei M, Haririan |, Ganjali MR, Safaei S. Glutathione conjugated polyethylenimine on the surface of Fe304 magnetic
nanoparticles as a theranostic agent for targeted and controlled curcumin delivery. J Biomater Sci Polym Ed. 2018;29:1109-25. https://
doi.org/10.1080/09205063.2018.1427013.

Gao P, Mei C, He L, Xiao Z, Chan L, Zhang D, Shi C, Chen T, Luo L. Designing multifunctional cancer-targeted nanosystem for magnetic
resonance molecular imaging-guided theranostics of lung cancer. Drug Deliv. 2018;25:1811-25. https://doi.org/10.1080/10717544.
2018.1494224.

Efremova MV, Nalench YA, Myrovali E, Garanina AS, Grebennikov IS, Gifer PK, Abakumov MA, Spasova M, Angelakeris M, Savchenko AG,
Farle M, Klyachko NL, Majouga AG, Wiedwald U. Size-selected Fe;0,—Au hybrid nanoparticles for improved magnetism-based thera-
nostics. 2018;2684-99. https://doi.org/10.3762/bjnano.9.251

Ereath Beeran A, Fernandez FB, Varma PRH. Self-controlled hyperthermia & MRI contrast enhancement via iron oxide embedded
hydroxyapatite superparamagnetic particles for theranostic application. ACS Biomater Sci Eng. 2019;5:106-13. https://doi.org/10.1021/
acsbiomaterials.8000244.

Xie P, Du P, Li J, Liu P. Stimuli-responsive hybrid cluster bombs of PEGylated chitosan encapsulated DOX-loaded superparamagnetic
nanoparticles enabling tumor-speci fi c disassembly for on-demand drug delivery and enhanced MR imaging. Carbohydr Polym.
2019;205:377-84. https://doi.org/10.1016/j.carbpol.2018.10.076.

DuY, Liu X, Liang Q, Liang X, Tian J. Optimization and design of magnetic ferrite nanoparticles with uniform tumor distribution for highly
sensitive MRI/MPI performance and improved magnetic hyperthermia therapy. Nano Lett. 2019;19:3618-26. https://doi.org/10.1021/
acs.nanolett.9b00630.

Lin X, Song X, Zhang Y, Cao Y, Xue Y, Wu F, Yu F, Wu M, Zhu X. Multifunctional theranostic nanosystems enabling photothermal-chemo
combination therapy of triple-stimuli-responsive drug release with magnetic resonance imaging. Biomater Sci. 2020;8:1875-84. https://
doi.org/10.1039/c9bm01482a.

Jain A, Koyani R, Mufioz C, Sengar P, Contreras OE, Juarez P, Hirata GA. Journal of colloid and interface science magnetic-luminescent
cerium-doped gadolinium aluminum garnet nanoparticles for simultaneous imaging and photodynamic therapy of cancer cells. J Col-
loid Interface Sci. 2018;526:220-9. https://doi.org/10.1016/j.jcis.2018.04.100.

@ Springer


https://doi.org/10.7150/thno.33015
https://doi.org/10.1016/j.actbio.2017.01.078
https://doi.org/10.1016/j.actbio.2017.01.078
https://doi.org/10.3390/nano8070484
https://doi.org/10.3390/nano8070484
https://doi.org/10.1016/j.msec.2019.109774
https://doi.org/10.1039/C8CC09185D
https://doi.org/10.3390/molecules23020500
https://doi.org/10.1016/j.micromeso.2019.109608
https://doi.org/10.1016/j.apmt.2020.100665
https://doi.org/10.1002/pi.5304
https://doi.org/10.1088/2043-6254/aa7717
https://doi.org/10.1088/2043-6254/aa7717
https://doi.org/10.1039/c7tb00152e
https://doi.org/10.1039/c7tb00152e
https://doi.org/10.1016/j.ejps.2018.06.029
https://doi.org/10.1021/acsami.9b21166
https://doi.org/10.1016/j.actbio.2016.11.035
https://doi.org/10.1016/j.actbio.2016.11.035
https://doi.org/10.1021/acsbiomaterials.6b00536
https://doi.org/10.1021/acsbiomaterials.6b00536
https://doi.org/10.1039/C7NR02751F
https://doi.org/10.1016/j.msec.2016.09.052
https://doi.org/10.1080/09205063.2018.1427013
https://doi.org/10.1080/09205063.2018.1427013
https://doi.org/10.1080/10717544.2018.1494224
https://doi.org/10.1080/10717544.2018.1494224
https://doi.org/10.3762/bjnano.9.251
https://doi.org/10.1021/acsbiomaterials.8b00244
https://doi.org/10.1021/acsbiomaterials.8b00244
https://doi.org/10.1016/j.carbpol.2018.10.076
https://doi.org/10.1021/acs.nanolett.9b00630
https://doi.org/10.1021/acs.nanolett.9b00630
https://doi.org/10.1039/c9bm01482a
https://doi.org/10.1039/c9bm01482a
https://doi.org/10.1016/j.jcis.2018.04.100

Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

dos Apostolos RCR, Cipreste MF, de Sousa RG, de Sousa EMB. Multifunctional hybrid nanosystems based on mesoporous silica and
hydroxyapatite nanoparticles applied as potential nanocarriers for theranostic applications. J Nanopart Res. 2020;22:368. https://doi.
org/10.1007/s11051-020-05105-0.

Kermanian M, Naghibi M, Sadighian S. One-pot hydrothermal synthesis of a magnetic hydroxyapatite nanocomposite for MR imaging
and pH-Sensitive drug delivery applications. Heliyon. 2020;6:€04928. https://doi.org/10.1016/j.heliyon.2020.e04928.

Mushtaq A, Ma X, Farheen J, Lin X, Tayyab M, Igbal MZ, Kong X. Facile synthesis of metformin loaded Mn;0,-HAp magnetic hydroxyapatite
nanocomposites for T1-magnetic resonance imaging guided targeted chemo-phototherapy in vitro. Colloids Surf A Physicochem Eng
Asp. 2023;674:131911. https://doi.org/10.1016/j.colsurfa.2023.131911.

Cabezon |, Manich G, Martin-Venegas R, Camins A, Pelegri C, Vilaplana J. Trafficking of gold nanoparticles coated with the 8D3 anti-
transferrin receptor antibody at the mouse blood-brain barrier. Mol Pharm. 2015;12:4137-45. https://doi.org/10.1021/acs.molpharmac
eut.5b00597.

Cabezon |, Augé E, Bosch M, Beckett AJ, Prior IA, Pelegri C, Vilaplana J. Serial block-face scanning electron microscopy applied to
study the trafficking of 8D3-coated gold nanoparticles at the blood-brain barrier. Histochem Cell Biol. 2017;148:3-12. https://doi.
org/10.1007/s00418-017-1553-9.

Feng Q, ShenY, Fu Y, Muroski ME, Zhang P, Wang Q, Xu C, Lesniak MS, Li G, Cheng Y. Self-assembly of gold nanoparticles shows
microenvironment-mediated dynamic switching and enhanced brain tumor targeting. Theranostics. 2017;7:1875-89. https://doi.
org/10.7150/thno.18985.

Tomitaka A, Arami H, Huang Z, Raymond A, Rodriguez E, Cai Y, Febo M, Takemura Y, Nair M. Hybrid magneto-plasmonic liposomes
for multimodal image-guided and brain-targeted HIV treatment. Nanoscale. 2018;10:184-94. https://doi.org/10.1039/C7NR07255D.
Johnsen KB, Bak M, Kempen PJ, Melander F, Burkhart A, Thomsen MS, Nielsen MS, Moos T, Andresen TL. Antibody affinity and valency
impact brain uptake of transferrin receptor-targeted gold nanoparticles. Theranostics. 2018;8:3416-36. https://doi.org/10.7150/
thno.25228.

Kang JH, Cho J, Ko YT. Investigation on the effect of nanoparticle size on the blood-brain tumour barrier permeability by in situ
perfusion via internal carotid artery in mice. J Drug Target. 2019;27:103-10. https://doi.org/10.1080/1061186X.2018.1497037.
Coluccia D, Figueiredo CA, Wu MY, Riemenschneider AN, Diaz R, Luck A, Smith C, Das S, Ackerley C, O'Reilly M, Hynynen K, Rutka JT.
Enhancing glioblastoma treatment using cisplatin-gold-nanoparticle conjugates and targeted delivery with magnetic resonance-
guided focused ultrasound. Nanomedicine. 2018;14:1137-48. https://doi.org/10.1016/j.nan0.2018.01.021.

Tamborini M, Locatelli E, Rasile M, Monaco |, Rodighiero S, Corradini I, Comes Franchini M, Passoni L, Matteoli M. A combined
approach employing chlorotoxin-nanovectors and low dose radiation to reach infiltrating tumor niches in glioblastoma. ACS Nano.
2016;10:2509-20. https://doi.org/10.1021/acsnano.5b07375.

Saesoo S, Sathornsumetee S, Anekwiang P, Treetidnipa C, Thuwajit P, Bunthot S, Maneeprakorn W, Maurizi L, Hofmann H, Rung-
sardthong RU, Saengkrit N. Characterization of liposome-containing SPIONs conjugated with anti-CD20 developed as a novel
theranostic agent for central nervous system lymphoma. Colloids Surf B Biointerfaces. 2018;161:497-507. https://doi.org/10.1016/J.
COLSURFB.2017.11.003.

Chen |, Hsiao |, Lin H, Wu C, Chuang C. Influence of silver and titanium dioxide nanoparticles on in vitro blood-brain barrier perme-
ability. Environ Toxicol Pharmacol. 2016;47:108-18. https://doi.org/10.1016/j.etap.2016.09.009.

Dong H, Jin M, Liu Z, Xiong H, Qiu X, Zhang W, Guo Z. In vitro and in vivo brain-targeting chemo-photothermal therapy using gra-
phene oxide conjugated with transferrin for Gliomas. Lasers Med Sci. 2016;31:1123-31. https://doi.org/10.1007/s10103-016-1955-2.
Su S, Wang J, Qiu J, Martinez-zaguilan R, Sennoune SR, Wang S. In vitro study of transportation of porphyrin immobilized graphene
oxide through blood brain barrier. Mater Sci Eng C. 2020;107:110313. https://doi.org/10.1016/j.msec.2019.110313.

Huang W-C, Lu I-L, Chiang W-H, Lin Y-W, Tsai Y-C, Chen H-H, Chang C-W, Chiang C-S, Chiu H-C. Tumortropic adipose-derived stem
cells carrying smart nanotherapeutics for targeted delivery and dual-modality therapy of orthotopic glioblastoma. J Control Release.
2017;254:119-30. https://doi.org/10.1016/j.jconrel.2017.03.035.

Vinzant N, Scholl JL, Wu C, Kindle T, Koodali R, Forster GL, Forster GL. Iron oxide nanoparticle delivery of peptides to the brain:
reversal of anxiety during drug withdrawal. 2017;11:1-10. https://doi.org/10.3389/fnins.2017.00608

Shi D, Mi G, Shen Y, Webster TJ. Glioma-targeted dual functionalized thermosensitive Ferri-liposomes for drug delivery through an
in vitro blood-brain barrier. Nanoscale. 2019;11:15057-71. https://doi.org/10.1039/C9NR03931G.

Shen C, Wang X, Zheng Z, Gao C, Chen X, Zhao S, Dai Z. Doxorubicin and indocyanine green loaded superparamagnetic iron oxide
nanoparticles with PEGylated phospholipid coating for magnetic resonance with fluorescence imaging and chemotherapy of glioma.
Int J Nanomedicine. 2018;14:101-17. https://doi.org/10.2147/1JN.S173954.

Shaghaghi B, Khoee S, Bonakdar S. Preparation of multifunctional Janus nanoparticles on the basis of SPIONs as targeted drug
delivery system. Int J Pharm. 2019;559:1-12. https://doi.org/10.1016/j.ijpharm.2019.01.020.

Norouzi M, Yathindranath V, Thliveris JA, Miller DW. Salinomycin-loaded iron oxide nanoparticles for glioblastoma therapy. Nano-
materials. 2020;10:477. https://doi.org/10.3390/nano10030477.

Bao Q, Hu P, Xu Y, Cheng T, Wei C, Pan L, Shi J. Simultaneous blood-brain barrier crossing and protection for stroke treatment based
on edaravone-loaded ceria nanoparticles. ACS Nano. 2018;12:6794-805. https://doi.org/10.1021/acsnano.8b01994.

Kaushik AC, Bharadwaj S, Kumar S, Wei D-Q. Nano-particle mediated inhibition of Parkinson’s disease using computational biology
approach. Sci Rep. 2018;8:9169. https://doi.org/10.1038/541598-018-27580-1.

Lin F-H, Hsu Y-C, Chang K-C, Shyong Y-J. Porous hydroxyapatite carrier enables localized and sustained delivery of honokiol for
glioma treatment. Eur J Pharm Biopharm. 2023;189:224-32. https://doi.org/10.1016/j.ejpb.2023.06.016.

Liu L, Liu X. Roles of drug transporters in blood-retinal barrier. 2019; 467-504

Subrizi A, del Amo EM, Korzhikov-Vlakh V, Tennikova T, Ruponen M, Urtti A. Design principles of ocular drug delivery systems:
importance of drug payload, release rate, and material properties. Drug Discov Today. 2019;24:1446-57. https://doi.org/10.1016/j.
drudis.2019.02.001.

Salem H, Ahmed SM, Omar MM. Liposomal flucytosine capped with gold nanoparticle formulations for improved ocular delivery.
Drug Des Devel Ther 2016;277. https://doi.org/10.2147/DDDT.S91730

@ Springer


https://doi.org/10.1007/s11051-020-05105-0
https://doi.org/10.1007/s11051-020-05105-0
https://doi.org/10.1016/j.heliyon.2020.e04928
https://doi.org/10.1016/j.colsurfa.2023.131911
https://doi.org/10.1021/acs.molpharmaceut.5b00597
https://doi.org/10.1021/acs.molpharmaceut.5b00597
https://doi.org/10.1007/s00418-017-1553-9
https://doi.org/10.1007/s00418-017-1553-9
https://doi.org/10.7150/thno.18985
https://doi.org/10.7150/thno.18985
https://doi.org/10.1039/C7NR07255D
https://doi.org/10.7150/thno.25228
https://doi.org/10.7150/thno.25228
https://doi.org/10.1080/1061186X.2018.1497037
https://doi.org/10.1016/j.nano.2018.01.021
https://doi.org/10.1021/acsnano.5b07375
https://doi.org/10.1016/J.COLSURFB.2017.11.003
https://doi.org/10.1016/J.COLSURFB.2017.11.003
https://doi.org/10.1016/j.etap.2016.09.009
https://doi.org/10.1007/s10103-016-1955-2
https://doi.org/10.1016/j.msec.2019.110313
https://doi.org/10.1016/j.jconrel.2017.03.035
https://doi.org/10.3389/fnins.2017.00608
https://doi.org/10.1039/C9NR03931G
https://doi.org/10.2147/IJN.S173954
https://doi.org/10.1016/j.ijpharm.2019.01.020
https://doi.org/10.3390/nano10030477
https://doi.org/10.1021/acsnano.8b01994
https://doi.org/10.1038/s41598-018-27580-1
https://doi.org/10.1016/j.ejpb.2023.06.016
https://doi.org/10.1016/j.drudis.2019.02.001
https://doi.org/10.1016/j.drudis.2019.02.001
https://doi.org/10.2147/DDDT.S91730

Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0 Review

239.

240.

241.

242,

243.

244,

245,

246.

247.

248.

249,

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Maulvi FA, Patil RJ, Desai AR, Shukla MR, Vaidya RJ, Ranch KM, Vyas BA, Shah SA, Shah DO. Effect of gold nanoparticles on timolol
uptake and its release kinetics from contact lenses: In vitro and in vivo evaluation. Acta Biomater. 2019;86:350-62. https://doi.org/
10.1016/J.ACTBIO.2019.01.004.

Masse F, Desjardins P, Ouellette M, Couture C, Omar MM, PernetV, Guérin S, Boisselier E. Synthesis of ultrastable gold nanoparticles
as a new drug delivery system. Molecules. 2019;24:2929. https://doi.org/10.3390/molecules24162929.

Natesan S, Krishnaswami V, Ponnusamy C, Madiyalakan M, Woo T, Palanisamy R. Hypocrellin B and nano silver loaded polymeric
nanoparticles: enhanced generation of singlet oxygen for improved photodynamic therapy. Mater Sci Eng, C. 2017;77:935-46.
https://doi.org/10.1016/j.msec.2017.03.179.

Giannaccini M, Giannini M, Calatayud M, Goya G, Cuschieri A, Dente L, Raffa V. Magnetic nanoparticles as intraocular drug delivery
system to target retinal pigmented epithelium (RPE). Int J Mol Sci. 2014;15:1590-605. https://doi.org/10.3390/ijms15011590.
Mousavikhamene Z, Abdekhodaie MJ, Ahmadieh H. Facilitation of transscleral drug delivery by drug loaded magnetic polymeric
particles. Mater Sci Eng C. 2017;79:812-20. https://doi.org/10.1016/j.msec.2017.05.015.

AgbanY, Lian J, Prabakar S, Seyfoddin A, Rupenthal ID. Nanoparticle cross-linked collagen shields for sustained delivery of pilocarpine
hydrochloride. Int J Pharm. 2016;501:96-101. https://doi.org/10.1016/j.ijpharm.2016.01.069.

Luo L-J, Nguyen DD, Lai J-Y. Dually functional hollow ceria nanoparticle platform for intraocular drug delivery: a push beyond the
limits of static and dynamic ocular barriers toward glaucoma therapy. Biomaterials. 2020;243:119961. https://doi.org/10.1016/j.
biomaterials.2020.119961.

ZhouY, LiL, LiS, Li S, Zhao M, Zhou Q, Gong X, Yang J, Chang J. Autoregenerative redox nanoparticles as an antioxidant and glyca-
tion inhibitor for palliation of diabetic cataracts. Nanoscale. 2019;11:13126-38. https://doi.org/10.1039/C9NR02350..

Zazo H, Colino Cl, Lanao JM. Current applications of nanoparticles in infectious diseases. J Control Release. 2016;224:86-102. https://
doi.org/10.1016/j.jconrel.2016.01.008.

Arafa MG, El-Kased RF, Elmazar MM. Thermoresponsive gels containing gold nanoparticles as smart antibacterial and wound healing
agents. Sci Rep. 2018;8:1-16. https://doi.org/10.1038/s41598-018-31895-4.

Wang S, Yan C, Zhang X, Shi D, Chi L, Luo G, Deng J. Antimicrobial peptide modification enhances the gene delivery and bactericidal
efficiency of gold nanoparticles for accelerating diabetic wound healing. Biomater Sci. 2018;6:2757-72. https://doi.org/10.1039/
c8bm00807h.

Rangasamy S, Tak YK, Kim S, Paul A, Song JM. Bifunctional therapeutic high-valence silver-pyridoxine nanoparticles with proliferative
and antibacterial wound-healing activities. J Biomed Nanotechnol. 2016;12:182-96. https://doi.org/10.1166/jbn.2016.2179.
Gomez Chabala L, Cuartas C, Lopez M. Release behavior and antibacterial activity of chitosan/alginate blends with aloe vera and
silver nanoparticles. Mar Drugs. 2017;15:328. https://doi.org/10.3390/md15100328.

Tarusha L, Paoletti S, Travan A, Marsich E. Alginate membranes loaded with hyaluronic acid and silver nanoparticles to foster tissue
healing and to control bacterial contamination of non-healing wounds. J Mater Sci Mater Med. 2018;29:22. https://doi.org/10.1007/
s10856-018-6027-7.

Oryan A, Alemzadeh E, Tashkhourian J, Nami Ana SF. Topical delivery of chitosan-capped silver nanoparticles speeds up healing in
burn wounds: a preclinical study. Carbohydr Polym. 2018;200:82-92. https://doi.org/10.1016/j.carbpol.2018.07.077.

Liu M, He D, Yang T, Liu W, Mao L, Zhu Y, Wu J, Luo G, Deng J. An efficient antimicrobial depot for infectious site-targeted chemo-
photothermal therapy. J Nanobiotechnology. 2018;16:1-20. https://doi.org/10.1186/512951-018-0348-z.

Chhibber S, Gondil VS, Singla L, Kumar M, Chhibber T, Sharma G, Sharma RK, Wangoo N, Katare OP. Effective topical delivery of
H-AgNPs for eradication of klebsiella pneumoniae-induced burn wound infection. AAPS PharmSciTech. 2019;20:169. https://doi.
org/10.1208/512249-019-1350-y.

Altinbasak |, Jijie R, Barras A, Golba B, Sanyal R, Bouckaert J, Drider D, Bilyy R, Dumych T, Paryzhak S, Vovk V, Boukherroub R, Sanyal
A, Szunerits S. Reduced graphene-oxide-embedded polymeric nanofiber mats: an “on-demand” photothermally triggered antibiotic
release platform. ACS Appl Mater Interfaces. 2018;10:41098-106. https://doi.org/10.1021/acsami.8b14784.

Gong CP, Luo Y, Pan YY. Novel synthesized zinc oxide nanoparticles loaded alginate-chitosan biofilm to enhanced wound site
activity and anti-septic abilities for the management of complicated abdominal wound dehiscence. J Photochem Photobiol B.
2019;192:124-30. https://doi.org/10.1016/j.jphotobiol.2019.01.019.

Ali NH, Amin MCIM, Ng SF. Sodium carboxymethyl cellulose hydrogels containing reduced graphene oxide (rGO) as a functional
antibiofilm wound dressing. J Biomater Sci Polym Ed. 2019;30:629-45. https://doi.org/10.1080/09205063.2019.1595892.

FazliY, Shariatinia Z, Kohsari |, Azadmehr A, Pourmortazavi SM. A novel chitosan-polyethylene oxide nanofibrous mat designed for
controlled co-release of hydrocortisone and imipenem/cilastatin drugs. Int J Pharm. 2016;513:636-47. https://doi.org/10.1016/j.
ijpharm.2016.09.078.

Masud RA, Islam MdS, Haque P, Khan MNI, Shahruzzaman M, Khan M, Takafuji M, Rahman MM. Preparation of novel chitosan/
poly (ethylene glycol)/ZnO bionanocomposite for wound healing application: effect of gentamicin loading. Materialia (Oxf).
2020;12:100785. https://doi.org/10.1016/j.mtla.2020.100785.

Bhattacharya D, Tiwari R, Bhatia T, Purohit MP, Pal A, Jagdale P, Mudiam MKR, Chaudhari BP, Shukla Y, Ansari KM, Kumar A, Kumar P,
Srivastava V, Gupta KC. Accelerated and scarless wound repair by a multicomponent hydrogel through simultaneous activation of
multiple pathways. Drug Deliv Transl Res. 2019;9:1143-58. https://doi.org/10.1007/513346-019-00660-z.

Xu X, Liu X, Tan L, Cui Z, Yang X, Zhu S, Li Z, Yuan X, Zheng Y, Yeung KWK, Chu PK, Wu S. Controlled-temperature photothermal and
oxidative bacteria killing and acceleration of wound healing by polydopamine-assisted Au-hydroxyapatite nanorods. Acta Biomater.
2018;77:352-64. https://doi.org/10.1016/j.actbio.2018.07.030.

Jose S, Senthilkumar M, Elayaraja K, Haris M, George A, Raj AD, Sundaram SJ, Bashir AKH, Maaza M, Kaviyarasu K. Preparation and
characterization of Fe doped n-hydroxyapatite for biomedical application. Surf Interfaces. 2021;25:101185. https://doi.org/10.1016/j.
surfin.2021.101185.

Jose S, Joy A, Devi P, Unnikrishnan G, Megha M, Haris M, Elayaraja K, Senthilkumar M. Synthesis of luminescent Mg-incorporated
hydroxyapatite by reflux condensation method: Photoluminescence, in-vitro drug release and kinetic studies. Mater Today Proc.
2022;58:836-45. https://doi.org/10.1016/j.matpr.2021.09.390.

@ Springer


https://doi.org/10.1016/J.ACTBIO.2019.01.004
https://doi.org/10.1016/J.ACTBIO.2019.01.004
https://doi.org/10.3390/molecules24162929
https://doi.org/10.1016/j.msec.2017.03.179
https://doi.org/10.3390/ijms15011590
https://doi.org/10.1016/j.msec.2017.05.015
https://doi.org/10.1016/j.ijpharm.2016.01.069
https://doi.org/10.1016/j.biomaterials.2020.119961
https://doi.org/10.1016/j.biomaterials.2020.119961
https://doi.org/10.1039/C9NR02350J
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1016/j.jconrel.2016.01.008
https://doi.org/10.1038/s41598-018-31895-4
https://doi.org/10.1039/c8bm00807h
https://doi.org/10.1039/c8bm00807h
https://doi.org/10.1166/jbn.2016.2179
https://doi.org/10.3390/md15100328
https://doi.org/10.1007/s10856-018-6027-7
https://doi.org/10.1007/s10856-018-6027-7
https://doi.org/10.1016/j.carbpol.2018.07.077
https://doi.org/10.1186/s12951-018-0348-z
https://doi.org/10.1208/s12249-019-1350-y
https://doi.org/10.1208/s12249-019-1350-y
https://doi.org/10.1021/acsami.8b14784
https://doi.org/10.1016/j.jphotobiol.2019.01.019
https://doi.org/10.1080/09205063.2019.1595892
https://doi.org/10.1016/j.ijpharm.2016.09.078
https://doi.org/10.1016/j.ijpharm.2016.09.078
https://doi.org/10.1016/j.mtla.2020.100785
https://doi.org/10.1007/s13346-019-00660-z
https://doi.org/10.1016/j.actbio.2018.07.030
https://doi.org/10.1016/j.surfin.2021.101185
https://doi.org/10.1016/j.surfin.2021.101185
https://doi.org/10.1016/j.matpr.2021.09.390

Review Discover Nano (2023) 18:157 | https://doi.org/10.1186/511671-023-03943-0

265.

266.

267.

268.

269.

270.

271.

Mohammapdour R, Ghandehari H. Mechanisms of immune response to inorganic nanoparticles and their degradation products.
Adv Drug Deliv Rev. 2022;180:114022. https://doi.org/10.1016/j.addr.2021.114022.

Casals E, Gonzalez E, Puntes VF. Reactivity of inorganic nanoparticles in biological environments: insights into nanotoxicity mecha-
nisms. J Phys D Appl Phys. 2012;45:443001. https://doi.org/10.1088/0022-3727/45/44/443001.

Shan X, Gong X, Li J, Wen J, LiY, Zhang Z. Current approaches of nanomedicines in the market and various stage of clinical transla-
tion. Acta Pharm Sin B. 2022;12:3028-48. https://doi.org/10.1016/j.apsb.2022.02.025.

Thapa RK, Kim JO. Nanomedicine-based commercial formulations: current developments and future prospects. J Pharm Investig.
2023;53:19-33. https://doi.org/10.1007/s40005-022-00607-6.

Sibuyi NRS, Moabelo KL, Fadaka AO, Meyer S, Onani MO, Madiehe AM, Meyer M. Multifunctional gold nanoparticles for improved
diagnostic and therapeutic applications: a review. Nanoscale Res Lett. 2021;16:174. https://doi.org/10.1186/s11671-021-03632-w.
Aflakian F, Mirzavi F, Aiyelabegan HT, Soleimani A, Gholizadeh Navashenaq J, Karimi-Sani |, Rafati Zomorodi A, Vakili-Ghartavol R. Nan-
oparticles-based therapeutics for the management of bacterial infections: a special emphasis on FDA approved products and clinical
trials. Eur J Pharm Sci. 2023;188:106515. https://doi.org/10.1016/j.ejps.2023.106515.

Paladini F, Pollini M. Antimicrobial silver nanoparticles for wound healing application: progress and future trends. Materials. 2019;12:2540.
https://doi.org/10.3390/ma12162540.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.addr.2021.114022
https://doi.org/10.1088/0022-3727/45/44/443001
https://doi.org/10.1016/j.apsb.2022.02.025
https://doi.org/10.1007/s40005-022-00607-6
https://doi.org/10.1186/s11671-021-03632-w
https://doi.org/10.1016/j.ejps.2023.106515
https://doi.org/10.3390/ma12162540

	Exploration of inorganic nanoparticles for revolutionary drug delivery applications: a critical review
	Abstract
	1 Introduction
	2 Inorganic and organic nanoparticles
	2.1 Organic nanoparticles
	2.2 Inorganic nanoparticles
	2.2.1 Gold nanoparticles (AuNPs)
	2.2.2 Silver nanoparticles (AgNPs)
	2.2.3 Graphene derivatives
	2.2.4 Iron oxide nanoparticles (IONPs)
	2.2.5 Zinc oxide nanoparticles
	2.2.6 Cerium oxide nanoparticles or nanoceria
	2.2.7 Hydroxyapatite


	3 The necessity of drug delivery applications
	3.1 Types of drug delivery and the utilization of inorganic nanoparticles
	3.1.1 Pulmonary drug delivery
	3.1.2 Drug delivery for cancer theranostics
	3.1.3 Drug delivery across blood–brain-barrier (BBB)
	3.1.4 Ocular drug delivery
	3.1.5 Drug delivery for microbial infections and wound healing


	4 Fate of inorganic nanoparticles post-application
	5 Clinical trials and FDA-approval of inorganic nanoparticles
	6 Outlook
	Acknowledgements 
	References


