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A B S T R A C T

In the scientific field, nanotechnology has offered multipurpose and designated functional nanoparticles (NPs)
for the development of applications in nano-medicine. This present review focuses on cutting edge of nano-
technology in biomedical applications as drug carries in cancer treatment. The nanotechnology overcomes
several limitations of drug delivery systems used in distinct therapeutic approaches of cancer treatment. The
serious effect of conventional chemotherapeutics by nonspecific targeting, the lack of solubility, and the inability
of chemotherapeutics entry to cancer cells which, offers a great opportunity for nanotechnology to play sig-
nificant roles in cancer biology. The selective delivery of nano-drugs to the targeted cancer cells by the pro-
grammed way and avoiding nonspecific interactions to the healthy cells. The present review focuses on the
methods of improving the size, shape and characteristics of nanomaterials which can be exploited for cancer
therapy. The successful designing of nanocarriers can be tailored for cancer treatment for upcoming future as
nano-medicines.

1. Introduction

The Nano particle research is a fascinating branch of Science having
a lot of potential applications. Their preparation with exclusive results
in modern research is not restricted to man-made materials. There are
various approaches have been used for the synthesis of NPs from
naturally organic compounds (proteins, polysaccharides, lipids, bac-
teria, fungi, and viruses), inorganic materials (Ag, Au, Ti, Zn, Co, etc.)
and also by volcano eruptions and weathering [1,2].The NPs are syn-
thesized through physical, chemical and biological methods. The phy-
sical and chemical methods are extremely pricey. The biological
methods of NPs synthesis would assist to remove ruthless processing
conditions, by allowing the synthesis at physiological pH, temperature,
pressure, and at the same time, at negligible cost. Huge number of
microorganisms has been found competent of synthesizing inorganic
NPs composite, either intra or extracellularly [3–5].

Nanotechnology is an emerging field which exploits the current and
upcoming application of science and technology using NPs in the range
of 100 nm (nm) or less, with completely improved and novel qualities,
which distinguishes it from larger particles characteristics. They are
normally produced on specific characteristics that include size, shape,
distribution, and surface morphology [6]. The NPs showed character-
istic colors and properties with the variation of size and shape, which
can be utilized in bioimaging applications [1,2,6–8].

Nanotechnology is involved in the manipulation of materials and
the creation of structures and systems at the atomic and molecular
scale. These methods controls matter at near-atomic scales to produce
unique or enhanced materials, products and devices [9–12].

The field of nanotechnology existed for the centuries, but applica-
tions were limited until they were introduced by modern laboratories.
The quantum size effect inspired researchers and motivated their per-
formance to work on NPs because metal and semiconducting NPs
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nanometers in diameters and size between single atom/molecules with
a distinct shape have size-dependent optical and electrical properties.
These observations were explored for the expectations of superior
performance compared to bulky materials for possible applications, the
size and shape of the NPs are optimized in a lucid way [13–15]. These
important matters have opened new exhilarating possibilities to tailor
the physical and chemical properties of NPs to create a novel material
for new controlled applications rather altering the composition
[15,16–18].

In addition to this newer synthesis routes paved for its numerous
applications to develop interesting material rather than traditional bulk
synthesis. NPs having a particle size of less than 100 nm tremendously
attracted many scientific domains due to their fascinating properties
with multiple applications than their bulk counterparts [19,20]. The
research on particle size, shape, material surface properties is one of the
prime important areas of NPs properties for targeted applications in
vast areas of science.

Nature has provided ways and insights into the synthesis of ad-
vanced nanomaterials. It has been reported in the literature that bio-
logical systems can act as the ‘bio-laboratory’ to produce pure metal
and metal oxide particles at the nanometer scale using biomimetic
approach [21]. Various microorganisms, such as bacteria, fungi, yeast,
plant extracts and waste materials have acted as eco-friendly precursors
for the synthesis of NPs with potential applications. Also NPs synthesis
by the green route has become the latest development, because of the
bioavailability of sources like plants or microorganisms, and it also
reduces the utilization of toxic chemicals. This microorganism involved
in the synthesis of these NPs also elucidate the size, shape and func-
tional groups involved in the synthesis of NPs and its application
[22,23].

The biological approach which includes different types of micro-
organisms has been used for the synthesis of different metallic NPs and
for the coating of biological molecules on the surface of NPs, which has
advantages over other chemical methods as this is greener, energy
saving and cost-effective. The biocompatibility of bio-inspired NPs of-
fers very interesting applications in biomedicine and related fields [24].
These biomolecules are exploited for the treatment of cancer, diabetes,
thrombosis, obesity, and other degenerative diseases and act as redu-
cing as well as capping agents. Many previous reports are demon-
strating that biosynthesized NPs effectively controlled oxidative stress,

genotoxicity and apoptosis related changes. Sigma Aldrich is currently
the leading supplier of nanomaterials [25,26].

2. Competition for the nano-area

In the 21st century, nanotechnology is one of the key rolling
transformative technologies, and many industries are revolutionized.
Among which, the improvement of the diseases diagnosis and the better
treatment intern are recognized as a national technological compe-
tence. Numerous developed and developing countries are facing serious
competition which leads those governments to make strategies for the
development of advanced technologies including nanotechnology to lift
the countries status [27–29].

Therefore, trillions of dollars of money has been invested in the area
of nanotechnology to use innovative nanotechnology for the manu-
facture of first-class materials from raw materials with low cost, non-
hazardous from green efficient energy to come back from hazardous to
nature. More than 60 leading countries started nanotechnology pro-
grams to create a new avenue through re-engineered nonmaterials for
diverse fields such as energy efficiency, environmental protection, and
health care system [30].

China started nanotechnology research in the mid-1980s and sup-
ported research to tune ultra-fine materials to solve the issues in the
scientific field with the help of the Chinese Academy of Science (CAS)
and National Science Foundation Committee (NSFC). The National
Steering Committee for Nanotechnology Development initiated in
October 2000 established to manage nationwide efforts on nano-
technology research and development (R&D). This committee contains
21 high-class scientists from different institutes, universities, industries
and 7 government agencies which are responsible and contributed their
expertise to start nanotechnology R&D. To the success of this initiative,
around 863 well-planned ideas are executed string projects to support
nanotechnology for NPs and their applications in engineering, food,
medicine, healthcare and many more areas (Fig. 1) [31]. Then after-
wards, nanotechnology has grown as a high-priority by the Chinese
government, for example, Shanghai Municipal Government supported
by the Shanghai Nanotechnology Promotion Center (SNPC; www.snpc.
org.cn) with an annual budget estimated to be 100M RMB (∼$14.7M)
for nanotechnology R&D established in 2001 to carry out engineering,
technology and nanoscience through substantially increased the

Fig. 1. The Chinese government standing to support nanotechnology R&D programs.

P. Dong et al. Bioorganic Chemistry 85 (2019) 325–336

326

http://www.snpc.org.cn
http://www.snpc.org.cn


investments for possible extended collaborations with different sectors
for nano-era for future world [32–34].

With the vision in 1987, establish ultrafine material research and
from 2006 to 2020, the motivational research in nanotechnology as one
of the four most prioritized programs (bottom panel). The figure is
adapted from Ref. [31]. Copyright from Elsevier publishers

2.1. Functionalization of NPs for high output biomedical applications

The advanced nanotechnology field of science attracted a number of
researchers due to its tremendous advantages in many fields, especially
as biomedical materials for possible applications. The unique chemical
and physical properties and their growing interest in the field of nano
science have motivated the synthesis of NPs from different materials
including noble metals such as Ag [35], Au [36], Pd [37], Pt [38],
magnetic materials (e.g. Co [39], CoPt [40], CoFe2O4 [41], Fe3O4 [42],
FePt [43]) and semiconductors (e.g. CdSCdSe, ZnS [44], InP [45], PbS
[46], Si [47], TiO2 [48]) and their possible combinations. The NPs are
widely used in biomedical applications of labeling, drug carriers,
tracking agents [36], gene delivery [49], diabetes [50], cancer [51],
hyperthermia treatments, and magnetic resonance imaging (MRI)
contrast agents [52] and many other applications (Fig. 2A) [53]. If the
designed NPs have been used as biomedicine (Fig. 2B) they should have
certain criteria such as fluorescent staining, minimal cytotoxicity, less
non-specific interactions to plasma proteins, evade the re-
ticuloendothelial system (RES) depending on the application, under
physiological condition, they should also have good colloidal stability
in a wide range of pH, and carriers should avoid remove to release of
the drug at a wrong site will be highlight of the events.

The ionic ligands are primary pre-requisite to allow NPs to proceed
conjugation. The physiological salt concentration should be around
100mM and the synthesized NPs with ionic species such as citric acid/
citrate or orthophosphoric acid/phosphate can lose protons easily and
exhibit highly pH sensitive property such as protonation/deprotonation
which intern affects the surface charge which leads to the salting out of
the NPs. This type of nanomaterials is unfortunately unsuitable for any
type of biomedical applications [54–57]. It is an alternative strategy to
ionic stabilization of NPs to prevent aggregation by giving physical
barrier for superior NPs. This type of performance can be achieved by
coating ligand shell on NPs or embedding NPs within the suitable
polymer or inorganic matrixes. This allows NPs to come in contact and
aggregation which helps in increasing the hydrodynamic radius of the

NPs and therefore make them suitable for in vivo applications with a
longer circulation time in the blood stream. To attain the NPs for the
desired applications, considerations should be taken for many im-
portant characteristics of the synthesized NPs s such as,

1. Ionic stabilization
2. Steric stabilization
3. Polymeric ligands
4. Small-molecule ligands
5. Phase transfer (PT)
6. Ligand exchange
7. Ligand addition
8. Effects of the ligand shell
9. Type of biofunctionalization

10. Type of coupling strategies for biofunctionalization.

NPs were synthesized in many ways and they offer many pre-re-
quisite advantages over larger particles such as increased surface to
volume ratio and increased magnetic properties and they are classified
into different nanosystems engineered for many cellular targets, med-
ical research and other interesting applications [58–63].

The NPs were synthesized as discussed above and they were at-
tracted due to unique optical, magnetic, drug delivery properties that
can be further tuned depending upon their size, shape, and surface
functionalization [64–66]. For biomedical applications, if material is
water soluble it attracts for many interesting applications. This can be
possible by designing NPs with small molecules such as polymers, li-
pids, proteins, and coating other organic materials to assemble into pre-
determined to provide desirable properties for many biomedical ap-
plications such as tracking, drug delivery, cellular labeling, therapies
for cancer, microbial infections, and other therapeutics to perform
complex desirable functions in a controlled physiological system
[67–72] (Fig. 3).

2.2. First class magnetic NPs (MNPs) in cancer therapy

The current hot topic of research in the biomedical application for
cancer is synthesizing NPs having magnetic properties with well-de-
fined specifically triggering biological response and received a great
attention as a unique proposal for biomedical systems. Their inclusion
in the treatment pathways of various pathologies highlights a growing
trend towards the integration of novel biotechnologies in healthcare

Fig. 2. Nanotechnology research proved its strength through many applications in different fields of sciences. A. Various applications of nanotechnology and new hot
areas in the upcoming years. B. Application of nanomaterials in the field of biomedical science, Adapted from Ref. [53]. Open access article, with permission.
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and therapeutic settings. Superparamagnetic NPs (SPNs) allow clin-
icians to produce a localized thermo-ablative effect leading to the de-
struction of bacterial biofilms and cancer cells. In addition, through the
physical disruption of bacterial membranes, SPNs can sensitize resistant
bacterial cells to antibacterial compounds [73,74].

The ferromagnetic magnetic NPs are superior compared to light,
and the MNPs can convert external electromagnetic energy (i.e., alter-
nating magnetic field, AMF) into heat applied in the vast area of biology
and medicine due property to control the local temperature at the na-
noscale in a remote-controlled manner [75,76]. This is because the
biological molecules such as DNA and membrane proteins had similar
dimensions influence the MNPs to specifically stimulate or activate
target molecules in a fastidiousness way at the molecular level. The
MNPs extensively studied specifically for the type of cancer using
thermal treatment. The tumor cells are damaged by excess heat released
by MNPs which leads to series of shock response and generated heat can
stop cancerous cells and return to state for anti-cancer activities. This
remarkable potential has made it a potent candidate for clinical ap-
plications specifically for prostate cancer and gliomas without con-
siderable side effects. Recently, researchers in biomedical applications,
spontaneously MNPs are begun to utilize as stimulating components for
various biological systems such as cell signal trafficking, cargo delivery
by magnetically triggered NPs, for the activation of membrane re-
ceptors by heat-sensitivity by NPs, and production of proteins by gene
expression studies [77–81] (Fig. 4a–d).

2.3. Magneto thermal NPs in drug delivery

Many decades ago, by trial and error various strategies have been
employed to trigger and release loaded particles under controlled
physiological conditions, including pH, ionic conditions, varying

glucose levels, altering enzyme levels, different thiol states, and highly
sensitive response immune stimuli’s or different intermolecular asso-
ciations. Under these conditions, MNPs induce effective targeted drug
delivery through modulating bimolecular interactions such as dis-
sociations, shrinkage, and cleavage of the targeted molecules. With this
new interesting approach, many novel molecules such as siRNA, apta-
mers, chemotherapy agents, antibodies, and interesting cell-membrane
escaping peptides can be used for various applications and have the
future for remote-controlled cellular activities through designing MNPs
with new characteristic properties to extend its potentiality to whole
body for providing suitable therapy for various biological systems ac-
curate therapy for biological system [82,83].

In terms of therapeutics NPs play a potentially large role [84,85].
NPs can be also engineered for selective drug and gene delivery to
targeted organs or tissues, minimizing exposure of healthy tissue to
drugs or genes [86–90]. Furthermore, some nanomaterials are used for
thermal therapy. Several classes of NPs, namely liposomes, magnetic
and metallic, are currently in clinical trials for cancer thermal therapy
[91]. Magnetic NPs (MNPs), are designed to heat under a high fre-
quency magnetic field to induce cancer cell death [92,93]. Research
progresses even further in the cancer fight by targeting cancer stem
cells (CSCs). Infact, the CSCs not only can play a major role in cancer
initiation, progression and drug resistance, but chemotherapeutic drugs
may increase the CSCs fraction in the tumour, allowing these cells to
survive and evade to distant sites [94]. In this battle against CSCs,
MNPs have shown encouraging results. For example, the magnetic hy-
perthermia transduced by superparamagnetic iron oxide NPs (SPION)
in the alternating current magnetic field reduced or eliminated CSC
population [95]. The combination therapy of monoclonal antibody and
paclitaxel loaded iron oxide magnetic NPs against cancer stem-like cell
activity in multiple myeloma, led to significant reduction of tumor

Fig. 3. The different types of NPs and intracellular applications. The NPs can be synthesized in different ways from different materials suitable for desired appli-
cations for biological targets using pre-determined strategies. The figure is adapted from Ref. [70], with permission.
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growth in a preclinical study [96].
The aim of theranostic nanomedicine is not only to improve the

detection and to increase the efficacy of the treatment of cancers but
also reduce the systemic toxicity associated with this treatment. It is
important that the therapeutic agents reach and can concentrate in the
target sites. One more advantage of the nanomedicine in the treatment
of cancer is personalised medicine where we can review the outcome of
a treatment in individual patient and plan the next therapy or to decide
to repeat the same therapeutic session (personalized medicine) [97].
These innovative multifunctional hybrid NPs combine therapeutic and
visualization capabilities for the future use in simultaneous magnetic
resonance imaging and therapy strategies based on targeted drug de-
livery, magnetic hyperthermia or magneto-mechanical actuation [98].

SPIONs are multifunctional and they can be exploited for medical
imaging, tumor targeting, drug delivery and cancer therapy. Sizes,
shapes and surface properties of SPIONs can be engineered to improve
their targeting efficiency, drug delivery, contrast in MRI, responses to
external magnetic fields and reduce their toxicity as well as nonspecific
cellular uptake. The success in MRI application and some clinical out-
comes of SPIONs can pave the way for advanced theranostic utilization
in clinical applications [99].

The role of NPs in breast cancer nanotherapy is not yet fully ex-
plored. SIONPs, have great potential to enhance treatment of breast
cancer. They increase the sensitivity of breast cancer cells to MRI de-
tection, hyperthermia, chemotherapy, radiotherapy and photodynamic
therapy. IONPs with this important feature can act as diagnostic and a
therapeutic agent simultaneously and this needs to be exploited further
to develop low cost drugs. IONPs can be developed as an important

thernostic tool for early detection which is the mainstay of prevention
and better patient survival in breast cancer. Therefore, more of ther-
nostics multifunctional IONPs with very high saturation magnetization
and ability to incorporate biological ligands need to be developed in the
future. Successful clinical translation of these IONPs formulations is the
most important challenge to overcome in nanotherapy [100].

2.3.1. Self-immolative polymers (SIPs)
The controlled release of therapeutics using drug delivery systems

has been studied in depth over the last several decades [101,102]. Drug
delivery systems can provide improved solubility or dispersibility of
hydrophobic drugs, improved bioavailability, and more specific tar-
geting, leading to fewer adverse side effects. Polymers have been widely
explored for drug delivery, as they can be engineered to assemble into a
variety of nanostructures such as vesicles, micelles, and solid core
particles by tuning both their chemical structures and their processing
conditions [103,104]. Over the past decade, a new class of stimuli-re-
sponsive polymers was introduced. Often termed self-immolative
polymers (SIPs), these polymers undergo complete end-to end depoly-
merization in response to stimuli-mediated cleavage of end-caps from
the polymer termini [105,106]. This offers the potential to amplify
responses to stimuli, making SIPs of significant interest for a wide range
of applications such as sensors [107], responsive plastics and coatings
[108], lithography [109], and drug delivery [110]. Only a few studies
thus far have explored the potential of SIPs for drug delivery. To ad-
dress this, recently reported the study of micelles based on poly(ethyl
glyoxylate) (PEtG)-PEG block copolymers. PEtG depolymerizes to ethyl
glyoxylate, which is subsequently hydrolyzed to generate ethanol and

Fig. 4. Magnetothermal triggered NPs are the multipurpose podium for hyperthermia therapy and other biomedical applications. (a) MNPs exchange energy in the
form of heat as an alternative to magnetic field (AMF). (b) Nano-magnetic parameters controlling generated heat through K-anisotropy, V-size, and MS-saturation
magnetization. (c and d) The illustrations showing for penetration with no limit into the tissues in future biomedical applications with molecular specificity,
nanoscale resolution and remote controllability without heating (c) and heating by the magnet can be utilized for hyperthermia, drug delivery through magnetically
triggered NPs, other different cellular functions (d). The figure is adapted from Ref. [77]. Copyright from Elsevier publishers.
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glyoxylic acid (Fig. 5) [111,112]. Glyoxylic acid is a metabolic inter-
mediate that can be processed in the liver and should be nontoxic in low
concentrations. It was envisioned that triggering of PEtG degradation
would result in erosion and rapid drug release from the PEtG domains,
leaving drug-loaded PLA for a sustained drug release. 6-Nitroveratryl
carbonate capped PEtG was selected for its rapid responsiveness to UV
light and served as an ideal model system [113].

2.3.2. Zwitterionic polymers
Nanoparticles have also been designed to demonstrate a pH-de-

pendent change in surface charge. One of the most commonly in-
vestigated systems is based on zwitterionic polymers, as they have ca-
tionic and anionic groups that control surface charge in response to pH.
In acidic pH, these zwitterionic polymers have a positive charge, and in
basic pH, they have a negative charge. However, when these zwitter-
ionic polymers are in neutral pH, they are overall neutral with balanced
populations of positive and negative components and they become
more hydrophobic. However, upon entering tumor cells, the balance
between positive and negative charges will be broken and thereby
cause conformational changes, facilitating drug release in tumor cells.
Kang et al. [114] have reported the fabrication of tumor micro-
environment responsive theragnostic with a pH-dependent fluorescence
turn on/off property. The nanoparticles were constructed by en-
capsulating a photothermal dye (IR 825) in the carbonized zwitterionic
polymer. Before accumulating in the tumor site, these nanoparticles
displayed quenching of fluorescence due to the hydrophobic interaction
with neutral pH and π-π stacking. The slight change in the pH in TME
enabled the charge of the nanoparticles to be altered, leading to the
release of IR 825 and recovered fluorescence. These types of nano-
particles can simultaneously be used for diagnosis and photothermal
therapy.

2.3.3. Electrochemical potential-responsive nanoparticles
In the recent years, electrically triggered drug delivery systems

gained more attention towards the cancer therapy. This can be achieved
by using materials which spontaneously changes its dipole moment or
molecules which can shows redox property in the external applied
current. Electro-responsive drug delivery system achieve through dif-
ferent electro-responsive materials such as conducting polymers, metal
nanoparticles and nanocomposites etc., and the rate of deliver of drugs
is based on the applied filed and conductive materials [115]. These
electric signals can be generated and controlled easy and also to trigger
the molecules in pulse, sustained or on demand release to target site.
The electro-responsiveness affected by different parameters such as,
charge density, electrodes, concentration of electrolyte, hydrophilicity
of electro-responsive material, presence of ionisable molecule in
system, in-vivo pH, and composition of aqueous medium, etc [116]. Ge
et al., described the daunorubicin loaded in conducting polypyrrole
nanoparticles which releases with weak and external electric field and
approached for in vivo model [117]. The amount of loaded drugs varies
with the variation in the thickness of thin film. If the thickness of film
was thin then, the release of drug is more effective, but amount of
holding of drug in film is less. If the film thickness is more the capacity
of loaded drug will also increase but the release of drug from inner film
is difficult so, high applied electric current is required [118]. Thin film
incorporated nanomaterials enhances the loading drug capacity due to
its volume to surface ratio property [119]. Weaver et al., designed
graphene oxide nanocomposites incorporated polypyrrole loaded with
dexamethasone. The graphene oxide acts as nanocarrirer due to high
stability and improves the amount of drug loaded into nanocomposite
film. The drug releases from thin nanocomposite film by the electrical
response [120]. Rodzinski et al., paclitaxel loaded magentoelectric
nanoparticle (CoFe2O4@BaTiO3) was treated to ovarian cancer. He
demonstrated that on applying d.c current some of the nanoparticles
found in the target site compare to a.c current [121]. Redox potential
gradients are already present in intracellular and extracellular en-
vironment in many biological systems so if we choose a weak redox
conductive material as a nanocarrier as DDS the efficiency in release of
drug in target site is decreased [121].

2.3.4. NIR light-based photo-responsive materials
Light is used as external stimuli in a various field in biomedical

applications like drug deliver, imaging etc., [122] due to its various
advantages such as non-invasive, high spatial resolution, temperature
control, convenience and easy to handle. NIR based drug deliver based
systems are more advantage compare to other stimuli responsive system
[123]. NIR –stimulus drug delivers are potential carrier for drug deliver
to target site because NIR (750–1200 nm) are good tissue penetration
and safe for cells and tissues compared to UV light. NIR light induces
different types of photoreactions like photo isomerisation, photolysis,
photocoupling, photo polymerisation, photothermal in drug delivery
systems [124]. These photoreactions are mainly worked on two photon
absorption, upconverting nanoparticles and photothermal mechanism
[125]. Photochemically drug delivery (PCDD) depends on the rate of
covalent cleavage by irradiation of NIR. PCDD requires sufficient en-
ergy to cleave the covalent bonds, so this strategy should contain
moieties like ester, aldehydes, and carboxylic acid etc., which readily
cleavable upon irradiation of NIR. The photo-thermal responsive is
mainly conversion of light energy to thermal energy due to the vibra-
tional motion. There are several nano-materials like carbon-based na-
nomaterial, metal oxide nanoparticles, grapheme-based nanomaterials,
NIR absorbing dyes were used in the photo-thermal drug delivery
system. Liu et al., synthesized gold nanoshell-coated betulinic acid li-
posomes (AuNS-BA-Lips) which shows controlled drug release with
synergetic effect of chemio-therapy and thermal-therapy and inhibits
tumour upto 83.02% in mice model [126]. Xu et al., synthesized gold
nanoparticles decorated with catechol and then loaded with doxor-
ubicin conjugated hyaluronic acid (GNRs-HA-FA-DOX) and

Fig. 5. (a) Depolymerization scheme for PEtG. (b) Chemical structures of the
stimuli-responsive and control PEtGs.
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demonstrated great potential against breast cancer [127]. Chen et al.,
prepared nanocomposite decorated with spiropyran-functionalized
amphiphilic polymers and upconversion nanoparticles (UCNPs) loaded
with doxorubicin and tested against U-87 MG cancer cells which killed
60% of cancer cells [128]. Jonas et al., reported two photon fluor-
ophores with two photon absorption which is suitable for FRET to
photoisomerize azobenzene and mesoporous nanosilica and loaded
with anticancer drug captothecin which shows controlled release by
two photon trigerred photoisomerzation and kills the cancer cells
[129].

2.4. Nanotechnology: Smart ligands and antibodies targets in cancer biology

Recent current World population is faced with the threat of the most
serious disease-cancer which is the leading cause of death Worldwide.
Cancer is the uncontrolled proliferation of active cells where apoptosis
is dysregulated and thereby complicates the treatment processes. The
diversity in the cancer genetics, cancer types become resistance to
several chemotherapies and require varieties of new strategies to treat
or eliminate cancer. The treatments for cancer currently employed are
chemotherapy, hormone therapy, surgical removal, and radiation
therapy. Generally, the chemotherapy delivers anticancer drugs to
quench the active cancer cell proliferation. But, the nonspecific delivery
of anticancer agents may lead to side effects due to nonspecific inter-
actions with the normal body cells which avoid desired outcome in
most of the cases. Also, many side effects issues including organ damage
and results in impaired treatment at the low dose, ultimately less
chance of survival rate. At this stage, modifications of NPs in shape,
size, physical and chemical properties and the developments of cancer
drug delivery system play an important function in cancer biology by
targeting neoplastic cells in active or passive targeting way [130–133]
(Fig. 6A and B) (Table 1).

Folate tagged IONPs have also been used for targeted delivery to
folate receptors overexpressing breast cancer cells for similar applica-
tions. Targeted delivery affects only cancer cells expressing the targeted
molecule, thereby decreasing the systemic toxicity and the side effects,
some of which could be life threatening. AntiHer2 antibodies tagged
IONPs have also been used as immunosensor to detect Her2 in serum
samples as breast cancer biomarkers with excellent sensitivity.
Phosphatidylserine (PS) targeting monoclonal antibodies (MAb) have
been tagged to SPIONPs to help target and bind to PS exposed tumor
vessels to increase accumulation of SPIONPs in breast tumors and en-
hance tumor contrast. This increases sensitivity and specificity of de-
tection of breast cancer at an early stage. Endoglin/CD105 MAb tagged-
IONPs loaded single wall carbon nanotubes (SWCNTs) allowed en-
hanced targeting to 4T1 breast tumors, increasing sensitivity of MRI
detection and delivery of higher doses of thernosticsnano-carrier
SWCNTs. IONPs tagged with EGFR-MAb have been used for dual ima-
ging i.e. fluorescence molecular tomography (FMT) and MRI (both non-
radiative and non-invasive) to enhance breast cancer detection
[134–136]. One major challenge in nanomedicine is how to selectively
deliver NPs to diseased tissues. Nanoparticle delivery system requires
targeting for specific delivery to pathogenic sites when enhanced per-
meability and retention (EPR) is not suitable or inefficient. The ideal
nanoparticle-based therapeutics should have specific targeting to pa-
thologic tissues, which minimizes or avoids off-target effects of the
active therapeutic agents on healthy tissues. Much research has con-
jugated targeting ligands specific to cell surface components that are
unique to, or upregulated in, dysplastic and pathologic tissues to na-
noparticle surfaces. These targeting ligands fall into several general
classes: small molecules, polypeptide-based peptides, protein domains,
antibodies, and nucleic acid-based aptamers.

2.4.1. Active targeting
Here, the desired NPs are used as chemotherapeutic agents and

designed in such a way that the surfaces of the NPs have been modified

with specific agent interact directly with defective cells based on mo-
lecular recognition of target cancer cells. The interaction of NPs will be
either antigen-antibody interaction or ligand-receptor recognition in
which drug delivered in three ways, (i) targeting moiety-as a penetra-
tion enhancer (ii) apoptosis-induced by the anticancer drug, and (iii)
using carrier using lipids, metals, and ceramic in NPs. The mechanism
in cancer therapy here is NPs having active agent engulfed by phago-
cytes then cleared by reticuloendothelial systems (RES). The designed
NPs should sustain in the blood stream for which hydrophilic polymers
have been coated to remain in the bloodstream for a longer time to
target cancer cells efficiently, and escapes NPs from opsonization and
clearance; this is called as “cloud” effect. Once the NPs involved in
receptor-mediated endocytosis by cells, which results in internalization
of drug carried NPs [137–140] (Fig. 6A).

2.4.2. Precise receptor targeting
There are many cell membrane receptors for targeting cancer cells

in which specifically targeted NPs can be designed in to bind to interact
and release the anticancer drugs at the target site. They include (i)
Folate Receptor-expressed more in neoplastic cells for targeting certain
cancer therapies [141], (ii) Transferrin Receptor-investigated and over
expressed by certain types of tumor cells to help in increasing the iron
uptake. The transferrin can be engineered to different materials for
cancer therapy includes Tf-toxic protein, Tf-antibody, Tf-chemother-
apeutic agent, Tf-RNase, and Tf-peptide [142–145] (Fig. 6B). One of the
commonly prevalent targeting ligands conjugated to NPs are small
molecules. The advantage of using them is for their stability, ease of
conjugation with NPs at a low cost. Vitamin B9 (folic acid) is a small
molecule ligand that has been intensively used and investigated. Ben-
zamides can target sigma receptor-positive tissues. Carbohydrates
which interact weakly with some cell surface receptors can be used for
small molecule targeting ligands.

2.4.3. Asialoglycoprotein
The Asialoglycoprotein (ASGP) is a type of overexpressed receptor

in hepatoma, and NPs are used in the treatment of cancer by targeting
anticancer drug delivery system [146,147]. The biodegradable NPs
with size of 140 nm targeted to hepatoma cells by preparing poly(β-
glutamic acid)-poly (lactide) block copolymers loaded with paclitaxel in
a technique called emulsion solvent evaporation and its NPs were
linked with galactosamine (GAL) in amide linkage to increase the he-
patoma HepG2 cell opsonization through ASGP membrane receptors
[148].

2.5. Luteinizing hormone-releasing hormone receptor (LHRHR)

It is an ongoing research interestingly nowadays, targeting ligand to
LHRH receptor over expressed in the various plasma membrane in
cancer cells like prostate, breast, and ovarian cancer [149–152].

2.5.1. Nanoparticles-vehicles to target angiogenesis
It deals with the growth of new blood vessels from preexisting

vessels. It is a special nature of some tumor types, without angiogenesis,
the tumor will not grow even not more than 2mm in diameter. It is due
to overexpression of angiogenic growth factors of abnormal state and
limitation of angiogenic inhibitors leading to leaky and tortuous vessels
induce an inflammation, reoccurrence of the tumor, high degree of
metastasis, and shorten lifespan correlated to angiogenesis.
Development of anti-angiogenesis therapy is based on either using
drugs that will prevent formation of new blood vessels supplying to the
tumor or the drugs that will damage the existing tumor [153–157]. The
NPs directed antiangiogenesis chemotherapy mechanism based on de-
livered NPs must involve in preventing the steps involved in blood
vessel formation for tumor growth (e.g., endostatin, angiostatin, and
TNP-470) or NPs coated drugs must involve in the destruction of ex-
isting blood vessels (e.g., combretastain) [158–160].
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2.5.2. Antibody mediated targeting
Many cancer cells show different antigens of unusual function due

to genetic defects occurred for environmental alterations, cell type, and
developmental state of an organism and their cells are unrecognized
due to own cells. To activate the immune system to destroy the tumor
cells, highly specific monoclonal antibodies (mAbs) are designed for
NPs to delivery at target specific cancer cells [161–163].

3. Overcoming limitation of conventional chemotherapy

Cancer is one of the major causes of death worldwide and che-
motherapy is a major therapeutic approach for the treatment which
may be used alone or combined with other forms of therapy. However,
conventional chemotherapy suffers lack of aqueous solubility, lack of
selectivity and multidrug resistance. The chemotherapeutic agents have
cannot be efficiently delivered to the exact site of tumor for the treat-
ment of cancer. This problem can be overcome using NPs in drug de-
livery system by encapsulating hydrophobic drugs in micelles to be-
come soluble. Also, the dendrimers have binding sites for both
hydrophilic and hydrophobic molecules to bind. Hydrophobic nature of
chemotherapeutics leads to poor aqueous solubility and low bioavail-
ability which can be overcome by nanocrystals, albumin-based nano-
particles, liposomal formulation, polymeric micelles, cyclodextrin and
chitosan-based nanoparticles. The liposomes mediated drug delivery
system can be efficiently used in cancer treatment to transport active
molecule to the desired site of release. The NPs drug delivery method
has been efficiently adopted to solve the P-glycoprotein mediated drug

resistance. Generally, the drugs are localized to plasma membrane only.
The problem will be solved using cyclosporine or verapamil agents and
administered with a cytotoxic drug to restrain the P-glycoprotein. In
this way, chemotherapeutic and inhibiting agents are used in one for-
mulated NPs form to overcome the P-glycoprotein associated problem
[164,165].

Some important technological advantages of nanotherapeutic drug
delivery systems (NDDS) are (a) NDDS provides longer shelf life, (b)
Both hydrophilic and hydrophobic substances can be incorporated in
NDDS. (c) NDDS can be administrated through oral, nasal, parenteral,
intraocular etc. (d) NDDS improve the biodistribution of cancer drugs.
Whereas optimal size and surface characteristics of nanoparticles in-
creases the circulation time of the drug, (e) NDDS provides control and
sustain release of the drug both during the transportation and at the site
of action and (f) NDDS increases the intercellular concentration of drug
either by enhanced permeability and retention effect (EPR) or by en-
docytosis mechanism [166,167]. The role of nanotherapeutics to
overcome lack of selectivity, multidrug resistance and lack of aqueous
solubility of conventional cancer chemotherapy. However, due to lack
of selectivity these drugs cause significant damage to rapidly pro-
liferating normal cells. The major goal of targeted therapies is to target
the chemotherapeutics to cancer cell which ultimately reduce the side
effects. Strategies continuously assessing for the safe delivery of the
targeted drugs for the cancer therapies such as,

A. Nanoparticle drug delivery system to overcome lack of selectivity of
anticancer drugs can be achieved through: passive targeting [168], active
targeting [169], folate-mediated targeting [170], and transferrin-

Fig. 6. NPs in drug delivery system. A. Active and passive targeting of NPs. B. The engineering NPs for cancer immunotherapy through (a) particle size & shape
control, (b) surface modification, and (c) spatiotemporal drug release. The figure is adapted from Ref. [103]. Open access article, with permission.
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mediated targeting [171] etc.
B. Nanoparticle drug delivery system to overcome multidrug resistance:

A major problem in cancer chemotherapy is multidrug resistance.
Cancers such as non-small cancer, lung cancer, and rectal cancer may
not respond to standard chemotherapy from the beginning which is
called primary resistance or natural resistance. The cell membrane,
cytoplasm, and nuclear protein participate in resistance mechanisms.
The mechanisms with known clinical significance are: (a) activation of
transmembrane proteins effluxing different chemical substances from
the cells; (b) activation of the enzymes of the glutathione detoxification
system; (c) alterations of the genes and the proteins involved into the
control of apoptosis (especially p53 and Bcl-2). However, multidrug
resistance is mostly due to increased efflux pumps in the cell mem-
brane. The most common efflux pump in the cell membrane is
Pglycoprotein (Pgp) and it transports various anticancer out of cells by
using ATP [172–174]. Various nanoparticluate drug delivery systems to
overcome multidrug resistance are Chemosensitizers through NDDS
[175], Mesoporous Silica Nanoparticles [176], Solid lipid nanoparticles
(SLN) [177], Polymeric nanoparticles [178], Poloxamers, and Magnetic
nanoparticles (MNPs) [179–181].

C. Nanoparticle drug delivery system to overcome aqueous solubility:
Drug substances are considered highly soluble when the largest dose of
drug is soluble in< 250mL water throughout the physiological pH
range from 1 to 8 but most of the anticancer drugs show poor aqueous
solubility. Poor aqueous solubility chemotherapeutics both from plant
source and synthetic often demonstrate decreased bioavailability, in-
creased chance of food effect, more frequent incomplete release from
the dosage form and higher interpatient variability. There are two basic
approaches to overcome the poor water solubility and poor bioavail-
ability problems (a) Increase of saturation solubility (by complex for-
mation) and (b) Increase of dissolution velocity (Dissolution velocity
can be increased by increasing the surface area of the drug powder, i.e.
nanonisation) [182] through Nanocrystals [183], Albumin based na-
noparticles [184], Liposomal formulation [185], Polymeric micelles
[186], Cyclodextrin based nanoparticles [187], and Chitosan based
nanoparticles [188]. Poor aqueous solubility and low bioavailability of
cancer chemotherapeutic can be effectively overcome by nanocrystals,
albumin-based nanoparticles, liposomal formulation, Polymeric mi-
celles, cyclodextrin and chitosan-based nanoparticles.

Attempts have been made to circumvent the mechanisms that
cancer cells use to avoid cell death using chemotherapy. A polymeric
NP was created to deliver ceramide, which triggers resistant cells to
apoptosis under paclitaxel treatment. Another option is to treat with the
multifunctional nanoparticle which resulted in 100% mortality among
cultured cells. To overcome MDR in a human ovarian cancer cell line,
modified poly(epsiloncaprolactone) (PEO-PCL) NPs were used to en-
capsulate and deliver therapeutic agents for enhanced efficacy. With
nanoparticle drug delivery, the resistant cells can be sensitized to pa-
clitaxel. Chemotherapy enhanced via nanoparticle delivery has a pro-
mising potential as a strategy to overcome multidrug resistance
[189–195].

An alternative new approach was evaluated to inhibit the P-glyco-
protein- mediated efflux of vincristine loaded to lipid NPs, which are
conjugated to anti-P-glycoprotein mAb (MRK-16). This shows the
greater cytotoxicity of resistant human myelogenous leukemia cells
than another nonspecific particle [196].

4. Conclusions and future perspectives

NPs based cancer therapy is still in its infancy and holding con-
siderable potential. Nanotechnology has been revolutionized for cancer
therapy by changing the strategy of many biomedical applications. This
made a remarkable importance for specifically recognizing cancer types
through tagging active molecules and delivering of safe and efficient
systems. Some of the nanotechnology-based formulations have been
launched in the market and many are in clinical trials to overcome theTa
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limitations of conventional chemotherapies. The most chemotherapies
side effects can be eliminated by active or passive drug delivery systems
to extend the survival rate of a human being. In addition, the detailed
information of NPs mediated lingering safety issues such as toxicity and
immune response lead a nanotechnology to get into deep in nanome-
dicine. The successful development of NPs-based therapies requires a
lot of research in cutting edge of scientific fields including immunology,
tumor biology, and in nanotechnology. The life-threatening disease
cancer can be effectively treated through new nanotechnology ap-
proaches in the future to make an enormous clinical impact that will
ultimately improve public health.

Acknowledgment

We are grateful to the Wuhan Applied Fundamental Research
Program of Wuhan Science and Technology Bureau (Grant NO.
2017060201010216) and Wuhan University of Technology for financial
support.

Contribution

The work designed and manuscript was written by MHM and KPR;
suggestions were given by HLQ and PM; and corrections were edited by
CSK, PD, YHEM, and SS.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bioorg.2019.01.019.

References:

[1] J.R. Lead, K.J. Wilkinson, Environ. Chem. 3 (2013) 159–171.
[2] R.M. Hough, M. Reich, Ore Geo. Rev. 42 (2011) 55–61.
[3] J. Jeevanandam, A. Barhoum, Y.S. Chan, A. Dufresne, M.K. Danquah, Beilstein J.

Nanotechnol. 9 (2018) 1050–1074.
[4] S. Bhatia, Nanoparticles Types, Classification, Characterization, Fabrication

Methods and Drug Delivery Applications, Natural Polymer Drug Delivery Systems,
Springer, Cham, 2016, pp. 33–93.

[5] T. Ramasamy, T.H. Tran, H.J. Cho, J.H. Kim, Y.I. Kim, J.Y. Jeon, H.G. Choi,
C.S. Yong, J.O. Kim, Pharma. Res. 31 (2014) 1302–1314.

[6] K. Shameli, M. Bin Ahmad, A.M. Jaffar, E.A. Ibrahim, N.A. Shabanzadeh,
A. Rustaiyan, M. Zidan, Molecules 17 (2012) 8506–8517.

[7] M. Cushen, J. Kerry, M. Morris, M. Cruz-Romero, E. Cummins, Trends Food Sci.
Technol. 24 (2012) 30–46.

[8] R. Singh, H.S. Nalwa, J. Biomed. Nanotechnol. 7 (2011) 489–503.
[9] H. Jalal, M. Salahuddin, H. Gazalli, Inter. J. Food Safety Nut. 3 (2013) 111–118.

[10] M.C. Roco, C.A. Mirkin, M.C. Hersam, Nanotechnology Research Directions for
Societal Needs in 2020. Retrospective and Outlook, National Science Foundation
(Sponsor), 2010.

[11] S. Jesse, A.Y. Borisevich, J.D. Fowlkes, A.R. Lupini, P.D. Rack, R.R. Unocic,
B.G. Sumpter, S.V. Kalinin, A. Belianinov, O.S. Ovchinnikova, ACS Nano. 26
(2016) 5600–5618.

[12] T. Fukuda, F. Arai, M. Nakajima, Micro-Nanorobotic Manipulation Systems and
their Applications, Springer Science & Business Media, 2013.

[13] A. Henglein, Chem. Rev. 89 (1989) 1861–1873.
[14] A.P. Alivisatos, J. Phys. Chem. 100 (1996) 13226–13239.
[15] C. Burda, X. Chen, R. Narayanan, M.A. El-Sayed, J. Phys. Chem. 105 (2005)

1025–1102.
[16] P.A. Jensen-Haxel, J.L. Wake Forest, Pol’y 5 (2015) 231.
[17] S. Sun, X. Zhang, Y. Sun, S. Yang, X. Song, Z. Yang, ACS Appl. Mater. Interfaces 9

(2013) 4429–4437.
[18] R. Hirsch, J. Valentino, Photographic Possibilities: The Expressive Use of Ideas,

Materials and Processes, Focal Press, 2013 Apr 26.
[19] V. Le, F. Araoka, H. Orihara, Conference 10125: Emerging Liquid Crystal

Technologies XII 38 (2014) 389 www. spie. org/PW.
[20] C. Sanchez, C. Boissiere, S. Cassaignon, C. Chanéac, O. Durupthy, M. Faustini,

D. Grosso, C. Laberty-Robert, L. Nicole, D. Portehault, F. Ribot, Chem. Mater. 26
(2013) 221–238.

[21] L.H. Madkour, Chron. Pharm. Sci. 2 (2018) 384–444.
[22] S. Ahmed, M. Ahmad, B.L. Swami, S. Ikram, J. Adv. Res. 7 (2016) 17–28.
[23] P. Kuppusamy, M.M. Yusoff, G.P. Maniam, N. Govindan, Saudi Pharma. J. 24

(2016) 473–484.
[24] D. Sharma, S. Kanchi, K. Bisetty, Ara. J. Chem. (2015), https://doi.org/10.1016/j.

arabjc.2015.11.002.
[25] M. Colombo, S. Carregal-Romero, M.F. Casula, L. Gutierrez, M.P. Morales,

I.B. Boehm, J.T. Heverhagen, D. Prosperi, W.J. Parak, Chem. Soc. Rev. 41 (2012)
4306–4334.

[26] S. Honary, H. Barabadi, E. Gharaei-Fathabad, F. Naghibi, Trop. J. Pharm. Res. 12
(2013) 7–11.

[27] K.W. Goodman, Ethics, Medicine, and Information Technology: Intelligent
Machines and the Transformation of Health Care, Cambridge University Press,
2016 Jan 14.

[28] G. Maiorano, S. Sabella, B. Sorce, V. Brunetti, M.A. Malvindi, R. Cingolani,
P.P. Pompa, ACS Nano 17 (2010) 7481–7491.

[29] L.J. Whitman, L.A. Henderson, M.A. Meador, L.E. Friedersdorf, S. Standridge,
T. Thomas, J. Howard, A.M. Biaggi-Labiosa, L.D. Madsen, C. Cannizzaro,
A. Jillavenkatesa, National Nanotechnol. Initiative Strategic Plan (2016).

[30] X. Liu, P. Zhang, X. Li, H. Chen, Y. Dang, C. Larson, X. Wang, J. Nanopart. Res. 11
(2009) 1845–1866.

[31] L. Jia, Y. Zhao, X.J. Liang, Nano Today 1 (2011) 6–11.
[32] Y. Gao, B. Jin, W. Shen, P.J. Sinko, X. Xie, H. Zhang, L. Jia, Nanomedicine: NBM

12 (2016) 13–19.
[33] F. Zhang, P. Cooke, Euro. Plan. Stud. 18 (2010) 1153–1168.
[34] H. Balzer, J. Askonas, Triple Helix 3 (2016) 1–31.
[35] I. Robinson, D. Ung, B. Tan, J. Long, A.I. Cooper, D.G. Fernig, N.T.K. Thanh, J.

Mater. Chem. 18 (2008) 2453–2458.
[36] E. Boisselier, D. Astruc, Chem. Soc. Rev. 38 (2009) 1759–1782.
[37] M.T. Reetz, E. Westermann, Angew. Chem., Inter. Ed. 39 (2000) 165–168.
[38] D. Ung, L.D. Tung, G. Caruntu, D. Delaportas, I. Alexandrou, I.A. Prior,

N.T. Thanh, Cryst. Eng. Commun. 11 (2009) 1309–1316.
[39] N.T. Thanh, L.A. Green, Nano Today 5 (2010) 213–230.
[40] D. Alloyeau, C. Ricolleau, C. Mottet, T. Oikawa, C. Langlois, Y. Le Bouar,

A. Loiseau, Nat. Mater. 8 (2009) 940–946.
[41] C. Liu, A.J. Rondinone, Z.J. Zhang, Pure Appl. Chem. 72 (2010) 37–45.
[42] H. Yu, M. Chen, P.M. Rice, S.X. Wang, R.L. White, S. Sun, Nano Lett. 5 (2005)

379–382.
[43] S. Sun, Adv. Mater. 18 (2006) 393–403.
[44] T. Jamieson, R. Bakhshi, D. Petrova, R. Pocock, M. Imani, A.M. Seifalian,

Biomaterials 28 (2007) 4717–4732.
[45] J. Jasinski, V.J. Leppert, S.T. Lam, G.A. Gibson, C.C. Yang, Z.L. Zhou, Solid State

Commun. 141 (2007) 624–627.
[46] S. Chen, W. Liu, L. Yu, Wear 218 (1998) 153–158.
[47] A.B. Evlyukhin, C. Reinhardt, A. Seidel, B.S. Lukyanchuk, B.N. Chichkov, Phys.

Rev. B 82 (2010) 45404.
[48] J. Drbohlavova, V. Adam, R. Kizek, J. Hubalek, Int. J. Mol. Sci. 10 (2009)

656–673.
[49] S. Jin, J.C. Leach, K. Ye, Methods Mol Biol. 544 (2009) 547–557.
[50] J. Shin, S.J. Choi, I. Lee, D.Y. Youn, C.O. Park, J.H. Lee, I.D. Kim, Adv. Funct.

Mater. 23 (2013) 2357–2367.
[51] L. Liao, J. Liu, E.C. Dreaden, S.W. Morton, K.E. Shopsowitz, P.T. Hammond,

J.A. Johnson, J. Am. Chem. Soc. 136 (2014) 5896–5899.
[52] J.T. Jang, H. Nah, J.H. Lee, S.H. Moon, M.G. Kim, J. Cheon, Angew. Chemie., Int.

Ed. 121 (2009) 1260–1264.
[53] F.H. Khan, Orient. J. Chem. 29 (2013) 1399–1408.
[54] J. Turkevich, P.C. Stevenson, J. Hillier, Discuss. Faraday Soc. 11 (1951) 55–75.
[55] P.W. Atkins, J. De Paula, Atkins’ Physical Chemistry, 8th Ed., Oxford University

Press, Oxford/New York, 2006.
[56] K. Timberlake, Chemistry: An Introduction to General, Organic and Biological

Chemistry, 10th Ed., Pearson Education, Upper Saddle River, NJ, 2009.
[57] T.J. Daou, S. Begin-Colin, J.M. Greneche, F. Thomas, A. Derory, P. Bernhardt,

G. Pourroy, Chem. Mater. 19 (2007) 4494–4505.
[58] A.I. Becerro, D. González-Mancebo, E. Cantelar, F. Cussó, G. Stepien, J.M. de la

Fuente, M. Ocaña, Langmuir 32 (2016) 411–420.
[59] J. Bear, G. Charron, M.T. Fernández-Argüelles, S. Massadeh, P. McNaughter,

T. Nann, In vivo Applications of Inorganic Nanoparticles. In Beta Sys, Springer,
New York, 2011, pp. 185–220.

[60] M. Rai, S.K. Singh, A.K. Singh, R. Prasad, B. Koch, K. Mishra, S.B. Rai, ACS Appl.
Mater. Interfaces 7 (2015) 15339–15350.

[61] F. Schulz, S. Tober, H. Lange, Langmuir 33 (2017) 14437–14444.
[62] N. Karak, ACS Catal. 7 (2017) 1664–1672.
[63] S.E. Lohse, Direct Synthesis of Thiolate-Protected Gold Nanoparticles Using Bunte

Salts as Ligand Precursors: Investigations of Ligand Shell Formation and Core
Growth. Doctoral Dissertation, University of Oregon, 2011.

[64] A.M. Smith, S. Nie, Acc. Chem. Res. 43 (2010) 190–200.
[65] S. Eustis, M.A. El-Sayed, Chem. Soc. Rev. 35 (2006) 209–217.
[66] A.H. Lu, E.E. Salabas, F. Schüth, Angew. Chemie. Inter. Ed. 46 (2007) 1222–1244.
[67] H.M. Manukumar, B. Chandrasekhar, K.P. Rakesh, A.P. Ananda, M. Nandhini,

P. Lalitha, S. Umesha, Med. Chem. Commun. 8 (2017) 2181–2194.
[68] H.M. Manukumar, S. Umesha, H.N. Kumar, Int. J. Biol. Macromol. 102 (2017)

1257–1265.
[69] H.M. Manukumar, B. Yashwanth, S. Umesha, J.V. Rao, Ara. J. Chem. (2017),

https://doi.org/10.1016/j.arabjc.2017.09.017.
[70] L.Y. Chou, K. Ming, W.C. Chan, Chem. Soc. Rev. 40 (2011) 233–245.
[71] B. Ozpolat, A.K. Sood, G. Lopez-Berestein, Adv. Drug Delivery Rev. 66 (2014)

110–116.
[72] A. Alibakhshi, F.A. Kahaki, S. Ahangarzadeh, H. Yaghoobi, F. Yarian,

R. Arezumand, J. Ranjbari, A. Mokhtarzadeh, M. de la Guardia, J. Control. Release
268 (2017) 323–334.

[73] W. Wu, Z. Wu, T. Yu, C. Jiang, W.S. Kim, Sci. Technol. Adv. Mater. 16 (2015)
23501.

[74] Y. Liu, K. Ai, L. Lu, Chem. Rev. 114 (2014) 5057–5115.

P. Dong et al. Bioorganic Chemistry 85 (2019) 325–336

334

https://doi.org/10.1016/j.bioorg.2019.01.019
https://doi.org/10.1016/j.bioorg.2019.01.019
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0005
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0010
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0015
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0015
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0020
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0020
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0020
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0025
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0025
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0030
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0030
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0035
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0035
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0040
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0045
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0050
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0050
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0050
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0055
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0055
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0055
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0060
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0060
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0065
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0070
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0075
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0075
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0080
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0085
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0085
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0090
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0090
http://www.%20spie.%20org/PW
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0100
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0100
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0100
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0105
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0110
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0115
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0115
https://doi.org/10.1016/j.arabjc.2015.11.002
https://doi.org/10.1016/j.arabjc.2015.11.002
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0125
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0125
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0125
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0130
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0130
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0135
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0135
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0135
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0140
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0140
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0145
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0145
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0145
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0150
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0150
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0155
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0160
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0160
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0165
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0170
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0175
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0175
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0180
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0185
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0190
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0190
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0195
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0200
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0200
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0205
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0210
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0210
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0215
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0220
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0220
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0225
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0225
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0230
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0235
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0235
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0240
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0240
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0245
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0250
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0250
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0255
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0255
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0260
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0260
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0265
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0270
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0275
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0275
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0280
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0280
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0285
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0285
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0290
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0290
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0295
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0295
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0295
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0300
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0300
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0305
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0310
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0315
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0315
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0315
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0320
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0325
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0330
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0335
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0335
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0340
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0340
https://doi.org/10.1016/j.arabjc.2017.09.017
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0350
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0355
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0355
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0360
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0360
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0360
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0365
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0365
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0370


[75] H. Huang, S. Delikanli, H. Zeng, D.M. Ferkey, A. Pralle, Nature Nanotechnol. 5
(2010) 602–606.

[76] D. Yoo, H. Jeong, S.H. Noh, J.H. Lee, J. Cheon, Angew. Chem. Inter. Ed. 52 (2013)
13047–13051.

[77] S.H. Noh, S.H. Moon, T.H. Shin, Y. Lim, Nano Today 13 (2017) 61–76.
[78] P.Y. Teo, W. Cheng, J.L. Hedrick, Y.Y. Yang, Adv. Drug Delivery Rev. 98 (2016)

41–63.
[79] M. Karimi, P.S. Zangabad, A. Ghasemi, M. Amiri, M. Bahrami, H. Malekzad,

H. GhahramanzadehAsl, Z. Mahdieh, M. Bozorgomid, A. Ghasemi,
M.R.R. Tajiboyuk, ACS Appl. Mater. Interfaces 8 (2016) 21107–21133.

[80] E.K. Lim, T. Kim, S. Paik, S. Haam, Y.M. Huh, K. Lee, Chem. Rev. 115 (2014)
327–394.

[81] M. Li, Z. Luo, Y. Zhao, Chem. Mater. 30 (2017) 25–53.
[82] S.D. Kong, W. Zhang, J.H. Lee, K. Brammer, R. Lal, M. Karin, S. Jin, Nano Lett. 10

(2010) 5088–5092.
[83] A. Espinosa, R.D. Corato, J. Kolosnjaj-Tabi, P. Flaud, T. Pellegrino, C. Wilhelm,

ACS Nano. 10 (2016) 2436–2446.
[84] L.G. Gutwein, T.J. Webster, Biomaterials 25 (2004) 4175–4183.
[85] T. Webster, E. Ahn, Nanostructured Biomaterials for Tissue Engineering Bone, in:

K. Lee, D. Kaplan (Eds.), Tissue Engineering II, Springer Berlin, Heidelberg, 2007,
pp. 275–308.

[86] M. Chakraborty, S. Jain, V. Rani, Appl. Biochem. Biotechnol. 165 (2011)
1178–1187.

[87] B. Kateb, K. Chiu, K.L. Black, V. Yamamoto, B. Khalsa, J.Y. Ljubimova, D.F. Moore,
Neuroimage 54 (2011) S106–S124.

[88] S. Bhaskar, F. Tian, T. Stoeger, W. Kreyling, J.M. de la Fuente, V. Grazu, et al.,
Part. Fibre. Toxicol. 7 (2010) 3–28.

[89] C. Liu, N. Zhang, Prog. Mol. Bio. Transl. Sci. 104 (2011) 509–562.
[90] S. Parveen, R. Misra, S.K. Sahoo, Nanomedicine (London) 8 (2012) 147–166.
[91] M.M. Shenoi, N.B. Shah, R.J. Griffin, G.M. Vercellotti, J.C. Bischof, Nanomedicine

(Lond) 6 (2011) 545–563.
[92] M. Shinkai, M. Yanase, M. Suzuki, H. Hiroyuki, T. Wakabayashi, J. Yoshida, et al.,

J. Magn. Magn. Mate. 194 (1999) 176–184.
[93] D.H. Kim, D.E. Nikles, C.S. Brazel, Materials 3 (2010) 4051–4065.
[94] Y. Zhao, D.Y. Alakhova, A.V. Kabanov, Adv. Drug Delivery Rev. 65 (2013)

1763–1783.
[95] T. Sadhukha, L. Niu, T.S. Wiedmann, J. Panyam, Mol. Pharmaceutics 10 (2013)

1432–1441.
[96] C. Yang, F. Xiong, J. Wang, J. Dou, J. Chen, D. Chen, et al., Nanomedicine (Lond) 9

(2014) 45–60.
[97] O.L. Gobbo, K. Sjaastad, M.W. Radomski, Y. Volkov, A. Prina-Mello, Theranostics

5 (2015) 1249–1263.
[98] V.E. Maria, V.A. Naumenko, M. Spasova, M. Garanina, A.S. Abakumov,

M.A. Blokhina, A.D.Z. Ma, Sci. Rep. 8 (2018) 11295.
[99] T. Shivani, B.T. Ashu, Adv. Nat. Sci: Nanosci. Nanotechnol. 8 (2017) 1–10.

[100] S.A. Bharali, Mousa, Pharmacol. Ther. 128 (2010) 324–335.
[101] K.B. Sutradhar, M.L. Amin, ISRN Nanotechnol. 12 (2014) 1–12.
[102] T.M. Allen, P.R. Cullis, Adv. Drug Delivery Rev. 65 (2013) 36–48.
[103] E. Blanco, H. Shen, M. Ferrari, Nat. Biotechnol. 33 (2015) 941–951.
[104] P. Couvreur, Adv. Drug Delivery Rev. 65 (2013) 21–23.
[105] A. Rösler, G.W.M. Vandermeulen, H. Klok, Adv. Drug Delivery Rev 64 (2012)

270–279.
[106] S.T. Phillips, A.M. DiLauro, ACS Macro Lett. 3 (2014) 298–304.
[107] A. Sagi, R. Weinstain, N. Karton, D. Shabat, J. Am. Chem. Soc. 130 (2008)

5434–5435.
[108] G.G. Lewis, J.S. Robbins, S.T. Phillips, Macromolecules 46 (2013) 5177–5183.
[109] A.W. Knoll, D. Pires, O. Coulembier, P. Dubois, J.L. Hedrick, J. Frommer,

U. Duerig, Adv. Mater. 22 (2010) 3361–3365.
[110] M.A. DeWit, E.R. Gillies, J. Am. Chem. Soc. 131 (2009) 18327–18334.
[111] G. Liu, G. Zhang, J. Hu, X. Wang, M. Zhu, S. Liu, J. Am. Chem. Soc. 137 (2015)

11645–11655.
[112] B. Fan, E.R. Gillies, Mol. Pharmaceutics 14 (2017) 2548–2559.
[113] M.T. Gambles, B. Fan, A. Borecki, E.R. Gillies, ACS Omega 3 (2018) 5002–5011.
[114] B. Fan, J.F. Trant, A.D. Wong, E.R. Gillies, J. Am. Chem. Soc. 136 (2014)

10116–10123.
[115] E.B. Kang, J.E. Lee, Z.A.I. Mazrad, I. In, J.H. Jeong, S.Y. Park, Nanoscale 10 (2018)

2512–2523.
[116] Y. Brudno, D.J. Mooney, J. Control. Release 219 (2015) 8–17.
[117] J. Ge, E. Neofytou, T.J. Cahill, R.E. Beygui, R.N. Zare, ACS Nano 6 (2012)

227–233.
[118] D. Samanta, N. Hosseini-Nassab, R.N. Zare, Nanoscale 8 (2016) 9310–9317.
[119] G.M. Whitesides, Nat. Biotechnol. 21 (2003) 1161.
[120] C.L. Weaver, J.M. LaRosa, X. Luo, X.T. Cui, ACS Nano 8 (2014) 1834–1843.
[121] A. Rodzinski, R. Guduru, P. Liang, A. Hadjikhani, T. Stewart, E. Stimphil,

C. Runowicz, R. Cote, N. Altman, R. Datar, S. Khizroev, Sci. Rep. 6 (2016)
20867–20870.

[122] A.L. Vahrmeijer, M. Hutteman, J.R. van der Vorst, C.J.H. van de Velde,
J.V. Frangioni, Nat. Rev. Clin. Oncol. 10 (2013) 507–518.

[123] C.S. Linsley, B.M. Wu, Therapeutic Delivery 8 (2017) 89–107.
[124] S. Wu, H.J. Butt, Near-infrared photochemistry at interfaces based on upcon-

verting nanoparticles, Phys. Chem. Chem. Phys. 19 (2017) 23585–23596.
[125] A. Raza, U. Hayat, T. Rasheed, M. Bilal, H.M.N. Iqbal, J. Mater. Res. Technol.

(2018), https://doi.org/10.1016/j.jmrt.2018.03.007.
[126] L. Yanping, Z. Xuwu, L. Zhiwei, W. Longgang, L. Liyao, W. Meili, W. Qianqian,

G. Dawei, Nanomedicine: NBM 13 (2017) 1891–1900.
[127] W. Xu, J. Qian, G. Hou, A. Suo, Y. Wang, J. Wang, T. Sun, M. Yang, X. Wan, Y. Yao,

ACC Appl. Mater. Interfaces 9 (2017) 36533–36547.
[128] S. Chen, Y. Gao, Z. Cao, B. Wu, L. Wang, H. Wang, Z. Dang, G. Wang,

Macromolecules 49 (2016) 7490–7496.
[129] J. Croissant, M. Maynadier, A. Gallud, N.H. Peindy, J.L. Nyalosaso, G. Derrien,

N. Cheminet, Angew. Chemie 125 (2013) 14058–14062.
[130] R. Sebastian, J. Cancer Preven. Current Res. 8 (2017) 00265.
[131] D. Peer, J.M. Karp, S. Hong, O.C. Farokhzad, R. Margalit, R. Langer, Nat.

Nanotechnol. 2 (2007) 751–760.
[132] M.V. Yezhelyev, X. Gao, Y. Xing, A. Al-Hajj, S. Nie, R.M. Oregan, Nat.

Nanotechnol. 7 (2006) 657–667.
[133] M. Ferrari, Nat. Rev. Cancer 5 (2005) 161–171.
[134] I. Brigger, C. Dubernet, P. Couvreur, Adv. Drug Delivery Rev. 54 (2002) 631–651.
[135] R. Jayant, M. Nair, J. Nanomed. Res. 3 (2016) 47.
[136] J. Sudimack, R.J. Lee, Adv. Drug Delivery Rev. 41 (2010) 147–162.
[137] G. Russell-Jones, K. McTavish, J. McEwan, B. Thurmond, J. Cancer Res. Updates 1

(2012) 203–211.
[138] G.L. Zwicke, G. AliMansoori, C.J. Jeffery, Nano Rev. 3 (2012) 18496.
[139] T. Ramasamy, H.B. Ruttala, P. Sundaramoorthy, B.K. Poudel, Y.S. Youn, S.K. Ku,

H.G. Choi, C.S. Yong, J.O. Kim, NPG Asia Mater. 10 (2018) 197–216.
[140] H. Meng, A.E. Nel, Adv. Drug Delivery Rev. 130 (2018) 50–57.
[141] D. Zhu, W. Tao, H. Zhang, G. Liu, T. Wang, L. Zhang, X. Zeng, L. Mei, Acta

Biomater. 30 (2016) 144–154.
[142] C.Y. Yu, Y.M. Wang, N.M. Li, G.S. Liu, S. Yang, G.T. Tang, D.X. He, X.W. Tan,

H. Wei, Mol. Pharm. 11 (2014) 638–644.
[143] N.P. Praetorius, T.K. Mandal, Recent Pat. Drug Deliv. Formul. 1 (2007) 37–51.
[144] D.A.I. Fukumura, R.K. Jain, APMIS 116 (2008) 695–715.
[145] M. Dhanabal, M. Jeffers, W.J. LaRochelle, Curr. Med. Chem.-Anti-Cancer Agents 5

(2005) 115–130.
[146] J.Y. Choi, T. Ramasamy, S.Y. Kim, J. Kim, S.K. Ku, Y.S. Youn, J.R. Kim, J.H. Jeong,

H.G. Choi, C.S. Yong, J.O. Kim, Acta Biomater. 39 (2016) 94–105.
[147] T. Ramasamy, Z.S. Haidar, T.H. Tran, J.Y. Choi, J.H. Jeong, B.S. Shin, H.G. Choi,

C.S. Yong, J.O. Kim, Acta Biomater. 10 (2014) 5116–5127.
[148] P. Thirusangu, V. Vigneshwaran, B.V. Avin, H. Rakesh, H.M. Vikas,

B.T. Prabhakar, Biochem. Biophys. Res. Commun. 484 (2017) 85–92.
[149] Y.H.E. Mohammed, S.A. Khanum, Med. Chem. Commun. 9 (2018) 639–656.
[150] N. Puttaswamy, V.H. Malojiao, Y.H.E. Mohammed, A. Sherapura, B.T. Prabhakar,

S.A. Khanum, Biomed. Pharmacother. 103 (2018) 1446–1455.
[151] G. Zhou, O. Latchoumanin, L. Hebbard, W. Duan, C. Liddle, J. George, L. Qiao,

Adv. Ddrug Delivery Rev. 134 (2018) 107–121.
[152] G.N. Naumov, L.A. Akslen, J. Folkman, Cell Cycle 5 (2006) 1779–1787.
[153] M. Dhanabal, M. Jeffers, W.J. LaRochelle, Cur. Med. Chem. 5 (2005) 115–130.
[154] J. Folkman, Cur. Mol. Med. 3 (2003) 643–651.
[155] K.B. Sutradhar, M.D. Amin, ISRN Nanotechnol. 5 (2013) 97–110.
[156] J.M. Shin, S.J. Oh, S. Kwon, V.G. Deepagan, M. Lee, S.H. Song, H.J. Lee, S. Kim,

K.H. Song, T.W. Kim, J.H. Park, J. Control. Release 267 (2017) 181–190.
[157] T. Ramasamy, P. Sundaramoorthy, H.B. Ruttala, Y. Choi, W.H. Shin, J.H. Jeong,

S.K. Ku, H.G. Choi, H.M. Kim, C.S. Yong, J.O. Kim, Drug Deliv. 24 (2017)
1262–1272.

[158] H.B. Ruttala, N. Chitrapriya, K. Kaliraj, T. Ramasamy, W.H. Shin, J.H. Jeong,
J.R. Kim, S.K. Ku, H.G. Choi, C.S. Yong, J.O. Kim, Acta Biomater. 63 (2017)
135–149.

[159] K. Cho, X. Wang, S. Nie, Z. Chen, D.M. Shin, Clin. Cancer Res. 14 (2008)
1310–1316.

[160] V.J. Mohanraj, Y. Chen, Trop. J. Pharm. Res. 5 (2006) 561–573.
[161] X. Wang, Y. Wang, Z.G. Chen, D.M. Shin, Cancer Res. Treat. 41 (2009) 1–11.
[162] A. Lavasanifar, J. Samuel, G.S. Kwon, Adv. Drug Delivery Rev. 54 (2002) 169–190.
[163] H. Elnakat, M. Ratnam, Front. Biosci. 11 (2006) 506–519.
[164] M.M. Hänninen, J. Haapasalo, H. Haapasalo, R.E. Fleming, R.S. Britton,

B.R. Bacon, S. Parkkila, BMC Neurosci. 10 (2009) 36.
[165] A.A. Stavrovskaya, Biochemistry 65 (2000) 95–106.
[166] T. Efferth, Cur. Mol. Med. 1 (2001) 45–65.
[167] S.P. Cole, G. Bhardwaj, J.H. Gerlach, J.E. Mackie, C.E. Grant, K.C. Almquist,

A.J. Stewart, E.U. Kurz, A.M. Duncan, R.G. Deeley, Science 258 (1992)
1650–1654.

[168] M. Maliepaard, M.A. van Gastelen, L.A. de Jong, D. Pluim, R.C. van Waardenburg,
M.C. RuevekampHelmers, B.G. Floot, J.H. Schellens, Cancer Res. 59 (1999)
4559–4563.

[169] X.R. Song, Z. Cai, Y. Zheng, G. He, F.Y. Cui, D.Q. Gong, S.X. Hou, S.J. Xiong,
X.J. Lei, Y.Q. Wei, Eur. J. Pharma. Sci. 37 (2009) 300–305.

[170] T. Yanagisawa, T. Shimizu, K. Kuroda, C. Kato, Bull. Chem. Soc. Jpn. 63 (1990)
988–992.

[171] M. Uner, G. Yener, Inter. J. Nanomed. 2 (2007) 289–300.
[172] W. Lam, C.H. Leung, H.L. Chan, W.F. Fong, Anticancer Drugs 11 (2000) 377–384.
[173] M.J.S. Ortega, A.B.J. Reyes, N. Csabac, D.B. González, J.L.O. Vinuesa, J. Colloid

Interface Sci. 302 (2006) 522–529.
[174] D.Yu.Y. Nataliya Rapoport, E.V. Batrakova, A.A. Timoshin, S. Li, D. Nicholls,

V.Yu. Alakhov, A.V. Kabanov, J. Control. Release 142 (2010) 89–100.
[175] N.F. Bushrab, R.H. Muller, J. New Drugs 5 (2003) 20–22.
[176] J.U.A. Junghanns, R.H. Müller, Inter. J. Nanomed. 3 (2008) 295–298.
[177] I.C. Henderson, V. Bhatia, Exp. Rev. Anticancer Ther. 7 (2007) 919–943.
[178] Z.J. Allen, G. Anyarambhatla, L. Ma, S. Ugwu, T. Xuan, T. Sardone, I. Ahmad, Eur.

J. Pharm. Biopharma. 59 (2005) 177–187.
[179] X. Li, Z. Yang, K. Yang, Y. Zhou, X. Chen, Y. Zhang, L. Ren, Nanoscale Res. Lett. 4

(2009) 1502–1511.
[180] T. Loftsson, D. Duchene, Inter. J. Pharma. 329 (2007) 1–11.
[181] C. Zhang, Y. Ding, L.L. Yu, Q. Ping, Colloids Surf., B. 55 (2007) 192–199.

P. Dong et al. Bioorganic Chemistry 85 (2019) 325–336

335

http://refhub.elsevier.com/S0045-2068(18)30891-5/h0375
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0375
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0380
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0380
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0385
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0390
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0390
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0395
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0395
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0395
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0400
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0400
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0405
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0410
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0410
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0415
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0415
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0420
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0425
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0425
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0425
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0430
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0430
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0435
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0435
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0440
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0440
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0445
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0450
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0455
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0455
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0460
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0460
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0465
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0470
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0470
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0475
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0475
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0480
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0480
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0485
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0485
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0490
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0490
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0495
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0500
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0505
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0510
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0515
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0520
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0525
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0525
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0530
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0535
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0535
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0540
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0545
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0545
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0550
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0555
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0555
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0560
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0565
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0570
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0570
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0575
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0575
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0580
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0585
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0585
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0590
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0595
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0600
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0605
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0605
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0605
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0610
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0610
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0615
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0620
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0620
https://doi.org/10.1016/j.jmrt.2018.03.007
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0630
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0630
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0635
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0635
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0640
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0640
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0645
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0645
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0650
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0655
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0655
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0660
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0660
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0665
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0670
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0675
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0680
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0685
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0685
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0690
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0695
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0695
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0700
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0705
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0705
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0710
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0710
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0715
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0720
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0725
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0725
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0730
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0730
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0735
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0735
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0740
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0740
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0745
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0750
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0750
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0755
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0755
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0760
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0765
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0770
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0775
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0780
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0780
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0785
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0785
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0785
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0790
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0790
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0790
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0795
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0795
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0800
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0805
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0810
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0815
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0820
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0820
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0825
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0830
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0835
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0835
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0835
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0840
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0840
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0840
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0845
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0845
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0850
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0850
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0855
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0860
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0865
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0865
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0870
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0870
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0875
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0880
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0885
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0890
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0890
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0895
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0895
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0900
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0905


[182] J. Della Rocca, R.C. Huxford, E. Comstock-Duggan, W. Lin, Angew. Chem.,
Inter..Ed. 50 (2011) 10330–10334.

[183] L. Tang, J. Cheng, Nano Today 8 (2013) 290–312.
[184] T. Ramasamy, J.H. Kim, J.Y. Choi, T.H. Tran, H.G. Choi, C.S. Yong, J. Mater.

Chem. B. 2 (2014) 6324–6333.
[185] R. Raavé, T.H. van Kuppevelt, W.F. Daamen, J. Control. Release 274 (2018) 1–8.
[186] T. Ramasamy, T.H. Tran, J.Y. Choi, H.J. Cho, J.H. Kim, C.S. Yong, H.G. Choi,

J.O. Kim, Carbohydr. Polym. 102 (2014) 653–661.
[187] B. Gupta, T. Ramasamy, B.K. Poudel, S. Pathak, S. Regmi, J.Y. Choi, Y. Son,

R.K. Thapa, J.H. Jeong, J.R. Kim, H.G. Choi, ACS Appl. Mater. Interface 9 (2017)
9280–9290.

[188] O. Taratula, O.B. Garbuzenko, P. Kirkpatrick, I. Pandya, R. Savla, V.P. Pozharov,
T. Minko, J. Control. Release 140 (2009) 284–293.

[189] R.K. Jain, T. Stylianopoulos, Nat. Rev. Clin. Onco. 7 (2010) 653–664.
[190] X.J. Liang, C. Chen, Y. Zhao, P.C. Wang, Circumventing tumor resistance to che-

motherapy by nanotechnology, in: J. Zhou (Ed.), Multi-Drug Resistance in Cancer.
Methods in Molecular Biology (Methods and Protocols), vol 596, Humana Press,
2010.

[191] S. Jinjun, W.K. Philip, W. Richard, C.F. Omid, Nat. Rev. Cancer 17 (2017) 20–37.
[192] P. Sundaramoorthy, T. Ramasamy, S.K. Mishra, K.Y. Jeong, C.S. Yong, J.O. Kim,

H.M. Kim, Acta Biomater. 42 (2016) 220–231.
[193] P. Yuan, Z. Ruan, T. Li, Y. Tian, Q. Cheng, L. Yan, Nanomedicine: NBM 15 (2018)

198–207.
[194] R. Ghanghoria, P. Kesharwani, R.K. Tekade, N.K. Jain, J. Control. Release 269

(2018) 277–301.
[195] T. Ramasamy, H.B. Ruttala, B. Gupta, B.K. Poudel, H.G. Choi, C.S. Yong, J.O. Kim,

J. Control. Release 258 (2017) 226–253.
[196] K. Seidi, H.A. Neubauer, R. Moriggl, R. Jahanban-Esfahlan, T. Javaheri, J. Control.

Release 275 (2018) 142–161.
[197] Y. Patil, T. Sadhukha, L. Ma, J. Panyam, J. Control. Release 136 (2009) 21–29.
[198] Y. Liu, K. Li, J. Pan, B. Liu, S.S. Feng, Y. Liu, K. Li, J. Pan, B. Liu, S.S. Feng,

Biomaterials 31 (2010) 330–338.
[199] J. Kos, N. Obermajer, B. Doljak, P. Kocbek, J. Kristl, Inter. J. Pharma. 381 (2009)

106–112.
[200] E. Brewer, J. Coleman, A. Lowman, J. Nanomater. (2011) 1–10.
[201] Y.B. Patil, U.S. Toti, A. Khdair, L. Ma, J. Panyam, Biomaterials 30 (2009) 859–866.
[202] A. Cirstoiu-Hapca, F. Buchegger, L. Bossy, M. Kosinski, R. Gurny, F. Delie, Eur. J.

Pharma. Sci. 38 (2009) 230–237.
[203] M.L. Amin, Drug Target Insights 7 (2013) 27–34.

P. Dong et al. Bioorganic Chemistry 85 (2019) 325–336

336

http://refhub.elsevier.com/S0045-2068(18)30891-5/h0910
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0910
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0915
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0920
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0920
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0925
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0930
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0930
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0935
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0935
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0935
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0940
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0940
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0945
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0950
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0950
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0950
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0950
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0955
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0960
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0960
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0965
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0965
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0970
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0970
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0975
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0975
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0980
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0980
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0985
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0990
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0990
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0995
http://refhub.elsevier.com/S0045-2068(18)30891-5/h0995
http://refhub.elsevier.com/S0045-2068(18)30891-5/h1000
http://refhub.elsevier.com/S0045-2068(18)30891-5/h1005
http://refhub.elsevier.com/S0045-2068(18)30891-5/h1010
http://refhub.elsevier.com/S0045-2068(18)30891-5/h1010
http://refhub.elsevier.com/S0045-2068(18)30891-5/h1015

	Innovative nano-carriers in anticancer drug delivery-a comprehensive review
	Introduction
	Competition for the nano-area
	Functionalization of NPs for high output biomedical applications
	First class magnetic NPs (MNPs) in cancer therapy
	Magneto thermal NPs in drug delivery
	Self-immolative polymers (SIPs)
	Zwitterionic polymers
	Electrochemical potential-responsive nanoparticles
	NIR light-based photo-responsive materials

	Nanotechnology: Smart ligands and antibodies targets in cancer biology
	Active targeting
	Precise receptor targeting
	Asialoglycoprotein

	Luteinizing hormone-releasing hormone receptor (LHRHR)
	Nanoparticles-vehicles to target angiogenesis
	Antibody mediated targeting


	Overcoming limitation of conventional chemotherapy
	Conclusions and future perspectives
	Acknowledgment
	Contribution
	Supplementary material
	References:




