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Multidisciplinary efforts in the field of nanomedicine for cancer therapy to provide solutions to common
limitations of traditional drug administration such as poor bioaccumulation, hydrophobicity, and
nonspecific biodistribution and targeting have registered very promising progress thus far. Currently,
a new class of metal nanostructures possessing a unique dendritic-shaped morphology has been
designed for improved therapeutic efficiency. Branched metal nanoparticles or metal nanodendrites are
credited to present promising characteristics for biomedical applications owing to their unique
physicochemical, optical, and electronic properties. Nanodendrites can enhance the loading efficiency of
bioactive molecules due to their three-dimensional (3D) high surface area and can selectively deliver
their cargo to tumor cells using their stimuli-responsive properties. With the ability to accumulate
sufficiently within cells, nanodendrites can overcome the detection and clearance by glycoproteins.
Moreover, active targeting ligands such as antibodies and proteins can as well be attached to these
therapeutic nanodendrites to enhance specific tumor targeting, thereby presenting a multifunctional
nanoplatform with tunable strategies. This mini-review focuses on recent developments in the
understanding of metallic nanodendrite synthesis, formation mechanism, and their therapeutic
capabilities for next-generation cancer therapy. Finally, the challenges and future opportunities of these
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Introduction

Over the last few decades, conventional chemotherapies though
effective have been found to be limited in terms of their treat-
ment outcomes. This is because most chemotherapeutic drugs
induce several deleterious effects due to their inability to
distinguish between normal cells from cancerous cells. More-
over, the insufficient and/or poor accumulation of drugs at
target sites and the menace of drug resistance in cancer treat-
ment regimes continue to pose a great challenge." These chal-
lenges have hampered the use of conventional chemotherapy,
thus prompting the need for alternative novel strategies to
improve treatment success.

The emergence of nanoparticle-based delivery systems as an
ingenious approach to traditional therapies has been able to
mitigate the problems commonly associated with chemo-drugs.
The precise release and accumulation of drugs in specific cells,
tissues, and organs have been the principal focus of
nanoparticle-based treatment strategies. Nanoparticles can
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improve the intracellular delivery of drugs to cancer cells while
circumventing acute toxicity to normal cells either by active or
passive targeting design. To reach their target, however, drug-
laden nanoparticles must overcome a variety of highly
complex cellular barriers.” Besides, nanoparticles can enter the
cells via receptor-mediated endocytosis, a process whereby
nanoparticles modified by targeting ligands with a specific
affinity towards distinct receptors are enveloped by endosomes
after entry into cells, leading to the generation of new
membrane-enclosed vesicles.®> These vesicles can bypass the
clearance by phagocytes, thus leading to preferential accumu-
lation of drugs at the target site.>* Although nanoparticles have
offered significant improvements as drug delivery systems,
some concerns relating to their limited tissue penetration, poor
systemic circulation, insufficient drug loading, instability, and
toxicity still require considerable interventions for improved
and efficient therapy.>®

Among the metal nanoparticles with excess structural
morphologies such as nanoplates, nanorods, nanocages,
nanoprisms, nanostars, nanodumbbells, etc.,*** nanodendrites
are particularly unique and fascinating in their architectural
design owing to their three-dimensional (3D) morphology with
multiple dense arrays of branches of porous structure of the
surface. The high density of defects on the surface may
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contribute to a significantly improved surface area to volume
ratio when compared to smooth surface nanocrystals.*>*> These
defects can provide multiple binding sites on a single branch of
a nanodendrite with numerous interconnected sub-branches,*
thereby making it possible to achieve excellent features for
multivariant applications such as catalysis,"* drug delivery,*
and hyperthermia cancer therapy.” As an example, nano-
dendrites have recently been reported to form various assem-
blies, including monometallic, bimetallic, and in a few cases
trimetallic nanodendrites with superior tunable shape-
dependent properties. These superior properties, especially
those of noble metal-based systems, include high selectivity and
sensitivity, enhanced catalytic activity,*** improved anti-
microbial activity,”?** enhanced drug loading content,*?* and
good stability and biocompatibility.>”>* Moreover, the presence
of multiple metals in the structure has provided possibilities for
several morphological architectures and orientations of
metallic nanodendrites, such as core-shell, alloy, mixed struc-
tures, and sub-clusters.>>** The promising physicochemically
induced properties are due to the synergistic or multifunctional
effect influenced by the combination of the two individual
metals and have been widely investigated.

In spite of the problems related to the use of nanoparticle-

17-19

based interventions in medicine, they still hold much poten-
tial in cancer therapy. A number of nanoformulations have been
approved by regulatory agencies for use in cancer treatment.*>*
These nanoparticle formulations exert minor side effects
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compared to conventional drugs. However, a focused review of
metallic nanodendrites for promising therapeutic applications
remains unavailable in the literature (Scheme 1). Consequently,
in this minireview, we highlighted the types and properties of
metallic nanodendrites considering their synthesis methods.
Thereafter, recent progress in the development of dendritic-
shaped nanoparticles with potential photothermal and
stimuli-responsive therapeutic functionalities is discussed in
detail. Eventually, we offer promising prospects in designing
metallic nanodendrites for improved cancer therapy.

Basis of metallic nanodendrites

This section highlights the basic concept of metallic nano-
dendrites: firstly, a discussion on the properties of metallic
nanodendrites; secondly, an introduction to the types and
methods of synthesizing metallic nanodendrites.

Optical properties of metallic nanodendrites

Metallic nanodendrites (NDs) have been proven to have versa-
tile potential applications in many fields and continue to attract
research interest. Dendritic/branched structures with porous
and uneven surfaces are known to provide an extremely large
surface area with high-density active sites compared to smooth-
surfaced nanocrystals. Complex morphologies such as nano-
dendrites can significantly maximize their photoabsorption
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compared to nanorods, nanostars, and nanoshells. For
example, Guo and co-workers reported that 3D Pt-on-Au bime-
tallic nanodendrites exhibited a broad extinction band which
red-shifted to the NIR range resulting in a much higher elec-
trocatalytic activity than core/shell Au@PtNPs with a rough
surface.*® The superior optical properties of the Pt-on-Au
nanodendrites were attributed to the dipolar plasmonic oscil-
lation dampening of the Au core by Pt deposition. The physical,
chemical and electronic properties of metallic nanodendrites
are immensely dependent on the spatial movement of the
constituent electrons. When nanosized metallic particles (1-100
nm) interact with light illumination, free electrons positioned
on the surface of the particles get excited, leading to an asym-
metric distribution of the electron cloud over the nanoparticle.
This electron displacement gives rise to a series of oscillations
of the cloud of electrons on the surface, leading to a fascinating
property termed as localized surface plasmon resonance (LSPR).
Under an appropriate frequency of incident light, metallic
dendritic nanostructures (e.g., gold, silver, palladium, plat-
inum, copper) generate highly localized electrical fields within
the confinement of the particle surface. Depending on the size,
composition, dielectric properties, and structural orientation of
the nanodendrites, the surface plasmon resonance can either
be localized in the first near-infrared region (600-800 nm) or the
second near-infrared region (900-1200 nm). These factors
significantly influence the absorption and scattering properties
of plasmonic metallic nanodendrites.

Synthesis methods for metallic nanodendrites

Over the last few decades, a variety of research studies have been
undertaken, which has led to several methods of synthesizing
metallic nanodendrites being successfully developed. Diverse
kinds of metallic NDs containing noble metals have been
fabricated with many shapes or structural architectures.
Currently, wet-chemical synthetic methods have been used as
effective routes for the synthesis of metallic NDs.** The reduc-
tion of noble metal precursors based on their oxidation-
reduction potential has made this route viable. Similarly,
precise control over the size and morphology of metallic NDs
using the dynamics of suitable stabilizers and coordination
compounds to direct the nucleation process has been achieved
with great success. Depending on their structural composition,
metallic nanodendrites can be classified as either monometallic
or bimetallic and in some cases, multimetallic in nature.

Monometallic nanodendrites

Monometallic nanodendrites, as the name suggests, are nano-
particles of dendritic shape, consisting of only a single metal.
The composition and shape of the metal atom determine the
properties of these nanoparticles. Depending on the type of
metal atoms present, for example, if they are metallic, transi-
tion, and magnetic nanoparticles, etc. monometallic nano-
dendrites are of different types. These nanodendrites can be
prepared using different methods; however, the most widely
used method is the wet chemical method. Control over the
morphology  of critical in

metal nanodendrites is
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nanomedicine, as it is in many fields such as catalysis, optics,
and biomedicine. The structural morphology of metallic
nanodendrites can be tailored to enhance their activity and
ultimately performance. Several modalities have been proposed
as a strategy to uniquely tailor and manipulate the reaction
kinetics and activity of metal nanodendrites. One such way is
the use of a gas atmosphere like CO, H,, NH3, etc., which can
serve as a surface confining agent for assisting the morphology
control.***” Gas atmospheric environments are believed to not
only lower the reduction temperature but equally remove weak
coordinating ligands, therefore, regulating the formation
mechanism. This templateless and seedless method enables
specific adsorption onto certain facets of porous structures of Pt
using different gases.

Another method for tailoring the dendritic-structure of
metallic nanoparticles is the seed-mediated method. A lot of
fascinating studies that highlighted the synthesis of Au, Pd, Pt,
etc. monometallic nanoparticles with distinctive branches on
their surface have been reported.***° The formation of metal
nanodendrites has been reported to be largely dependent on the
shape-directing agent used during the growth process*"*
(Fig. 1). In many reports, the branches of dendritic-shaped
nanoparticles are relatively large and random. To overcome
this challenge, Pd nanodendrites with uniform perpendicularly
ordered channels synthesized using hexadecylpyridinium
chloride (HDPC) at ambient temperature have been recom-
mended as a sustainable solution.*® With no pre-formed seed
required as a template, the HDPC acting as a shape-directing
agent was found to be a critical element in controlling the
final architecture because of the formation of a higher degree of
surface atoms during the growth process. This process led to the
formation of porous nanodendrites with perpendicular pore
channels in a single reaction step.

Pd nanodendrites have also been obtained by adding a Pd
precursor to octadecylamine (ODA), acting as both the surfac-
tant and solvent, under a strong reducing agent (ascorbic acid)
at high temperature.® The Pd nanodendrites prepared using
this approach involved both the ODA and ascorbic acid at
a higher temperature. The reduction of the Pd precursor under
these conditions allowed for controlling the growth kinetics of
the nanocrystals and ultimately the morphology of the prod-
ucts. Moreover, the final Pd nanodendrites were distinct with
a three-dimensional architecture and monodisperse.

Interestingly, the multifunctionalities of nanodendrites can
also be tailored by adjusting some synthetic parameters during
the formation.*® Recently, Qui et al. reported the influence of
long-chain primary amines (butylamine, dodecylamine, octyl-
amine, hydroxylamine, octadecylamine, and oleylamine) and
solvents (ethanol and chloroform) on the dendritic-morphology
and degree of branching of gold nanodendrites. In this strategy,
primary amines of different carbon chain lengths were
employed as structure directing agents in a seed-mediated
reduction protocol with ascorbic acid as the reductant. Several
factors, including the type of primary amines, type of solvent,
concentrations of amines, amount of seed volume, type of gold
seed shape, etc., all play a crucial role in influencing the degree
of branching, morphology, and size evolution of the Au

This journal is © The Royal Society of Chemistry 2020
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Fig.1 TEM images of Pd nanodendrites synthesized using hexadecylpyridinium chloride (HDPC) surfactant at (a) 20 °C, (b) 400 pL ascorbic acid,
(c) 300 plL ascorbic acid, and (d) 50 °C under similar conditions. Adapted with permission from ref. 38 Copyright 2013 Wiley-VCH. TEM image of
Pd nanodendrites synthesized using octadecylamine (ODA) surfactant at (e) low resolution and (f) high resolution. Adapted with permission from

ref. 39 Copyright 2014 Royal Society of Chemistry.

nanodendrites. Specifically, the degree of branching was found
to greatly impact the plasmonic properties of the
nanodendrites.*’

Another strategy, the laser irradiation method, has been
used for fabricating and controlling the sizes and surface
architectures of various types of nanoparticles, including
metallic nanodendrites. The utilization of light amplification
through stimulated emission of radiation provides an energy
source for irradiating solid materials.** During this process,
tremendously high energy is focused on a solid at a specific
point to generate surface atoms in the light-absorbing mate-
rial.*® The fabrication of bimetallic nanodendrites with multi-
functional systems using laser light as a versatile tool has
generated some interest. Intense and multi-branched Ag@Au
bimetallic nanodendrites with optically tunable surface plas-
mon resonance were achieved via a laser-driven photochemical
route.*® With continuous laser irradiation of a well-polished Au
metal dipped into an Ag liquid solution at a wavelength of
532 nm, a slow and moderate nucleation growth mechanism
allowed for controlled manipulation of the dendritic-shaped
nanoparticles, thereby resulting in high-purity nanostructures.

Bimetallic nanodendrites

Bimetallic nanodendrites have attracted immense attention in
recent years. This is attributed to the nanocrystals composed of
two individual metals, either forming a homogenous alloy or
a heterogeneous mixture with distinct properties when

This journal is © The Royal Society of Chemistry 2020

compared to monometallic nanodendrites.”” Typically, the
fabrication of bimetallic nanodendrites is more complicated
than monometallic nanodendrites. While many studies with
sufficient understanding of the growth mechanism have been
reported for the shape-selective growth of monometallic nano-
dendrites, the same rules simply do not apply to bimetallic
nanodendrites. The introduction of a second metal in the
synthesis could have a significant effect on the nucleation and
growth processes of nanodendrites. To date, many fabrication
methods have been developed for bimetallic nanodendrites.
Among the synthetic methods developed are co-reduction,
template, and galvanic replacement methods.

As for the chemical co-reduction method, it generally
involves the use of two individual metal (active and support)
precursors under a suitable reducing agent(s) that can reduce
the metal ions to their atoms in a single step.*® The incorpora-
tion of surfactants into the reaction enables the capping of both
nanocrystal surfaces intending to direct the shape and size. The
formation of the dendritic-shaped bimetallic nanoparticles is
significantly dependent on the reduction rate and ionic inter-
action of the two metals involved. The formation mechanism of
the dendritic AuPt bimetallic system with ascorbic acid as the
reducing agent was recently highlighted by He and co-workers.*®
In this reaction, AuPt nanodendrites with a porous and tunable
composition were synthesized by changing the molar ratio of
Au**/Pt>" precursor ions. With a well-defined intermediate
lattice plane, the structural orientation indicated an attachment
mechanism for the formation of AuPt nanodendrites from

Nanoscale Adv., 2020, 2, 5152-5165 | 5155
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smaller nanodots. During the formation of bimetallic nano-
dendrites, the different reduction rates of the metal ions often
lead to the generation and nucleation of one metal as seeds first
before the deposition of the second metal.** This process often
results in a large lattice mismatch and high bond dissociation
energies between the two metals, which favor dendritic-island
growth mode formation.> This method provides the advan-
tage of preparing homogenous bimetallic nanodendrites with
a high loading of metals (>70 wt%). By manipulating the reac-
tion kinetics, several bimetallic nanodendrites with different
metal combinations have been achieved.

Another important synthetic strategy for bimetallic nano-
dendrite formation is the template-controlled method. This
approach enables the synthesis of bimetallic nanodendrites
more easily than the co-reduction method because the nano-
crystals of one pre-formed metal can be used as a template to
direct the growth of the second metal.*"**> The relative reduction
potential between the seed template and metal ions provides
the driving force that allows for the deposition of newly reduced
metal atoms over the solid nanocrystal-template support
(Fig. 2). This route provides the possibility for precise control of
the composition and morphology of the final nanoparticles by
changing the molar ratio of the reactants as well as the shape of
the sacrificial template nanocrystals, which in most cases are of
different morphologies.>*"*® This synthetic strategy leads to the
formation of bimetallic nanostructures with a porous and high
surface area within a short reaction time.”*”

Over the past years, the template method has been used for
synthesizing bimetallic nanodendrites based on gold (Au),
silver (Ag), platinum (Pt), and palladium (Pd) with tunable
properties. Due to the several advantages provided by the
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template method, many researchers have extended the physi-
cochemical opportunities for control offered by this method.
Recently, gold core-palladium nanodendrites (Au@PdNDs)
were synthesized via a one-pot route by Zhou and co-workers.*
In this reaction, a pre-formed gold seed was used as the sacri-
ficial template to direct the growth of palladium dendrites on
the gold seed. The effects of the reaction conditions (high
temperature, 160 °C; capping agent and solvents, octadecyl-
amine (ODA); and reducing agent, ascorbic acid) were critical to
the formation of the bimetallic nanodendrites. The newly
reduced Pd atoms attached to the heterogeneous Au seeds via
a rapid growth mechanism, thereby leading to Au@PdNDs
formation. As mentioned, the geometry of the template seed is
important in dendritic-shape formation.

As a modified template method incorporating a seed-
mediated deposition reaction, Tan and co-workers reported
surfactant-free Au@Pt dendritic-shaped nanoparticles using
a modified template method.”> Pt precursor solutions of
different volumes were added to pre-formed spiny-shaped
AuNPs with ascorbic acid as a reductant at 90 °C. The spiny
AuNPs provided a nucleation focal point for the reduced Pt
atoms to uniformly grow and decorate the spiny AuNP surface.
This reaction mechanism is possible when a strong reducing
agent is used and the reduction potential of the second metal
(Pt) is more negative compared to the sacrificial template
metal (Fig. 3). Moreover, the geometry of bimetallic nano-
dendrites synthesized via the template method (Fig. 4) has
also been reported to be largely dependent on the metal-metal
bond strength, concentration, and rate of deposition of
precursors, and coating thickness of the sacrificial
template.>">%°

) TEM image, (b and c¢) HAADF-STEM images, (d and e) EDX elemental mapping of Au and Pd, respectively of Au@Pd core-shell

nanodendrltes synthesized from Au polyhedral seeds as a template. Adapted with permission from ref. 58 Copyright 2013 Royal Society of
Chemistry. (f) TEM image, (g and h) HRTEM images, (i) HAADF-STEM image and EDS elemental mapping of Pd and Au, respectively of Au@Pd
core—shell nanodendrites synthesized from Au spherical seeds as a template. Adapted with permission from ref. 39 Copyright 2013 Royal Society

of Chemistry.
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Therapeutic applications of metallic nanodendrites

As a distinct nanostructure, metallic nanodendrites possess
a three-dimensional (3D) large surface area that can be
adjusted. This section discusses several applications of metallic
nanodendrites with emerging therapeutic functionalities
including photothermal, radiotherapy, theranostics, and drug
delivery applications (Table 1).

Metallic nanodendrites for photothermal applications

A non-invasive treatment strategy that offers increased tumor
permeability, enhanced tumor uptake of biomaterials, and
selective destruction of tumor cells is photothermal therapy
(PTT). This emerging cancer therapy utilizes the heat generated
locally under light interaction with a light-absorbing nano-
material to kill cancer cells.®* Therefore, the extravasation of the
photothermal agent into the tumor region significantly
increases. For a maximal hyperthermia response of the nano-
materials, absorption under near-infrared (NIR) laser light
(700-1300 nm) is very essential. Over the years, a myriad of
nanostructures including graphene oxides,” metal nano-
particles,®*** black phosphorus,*® carbon nanotubes,®” metal-
organic frameworks (MOFs), etc.® has been proposed as
candidates for photothermal therapy. When plasmonic nano-
structures change shape from spheres to other morphological
architectures (shells, cages, and dendrites), the optical absorp-
tion can be maximized in the NIR region. Similarly, the change
in shape also results in a large surface area and can be
controlled for optimal absorption.

Interestingly, metallic nanoparticles are preferred as hyper-
thermia materials due to their biocompatibility, tunable surface
plasmon resonance (SPR) absorption, and ease of surface
modification. Metallic nanoparticles of Au, Ag, Pd, Ru, Cu, and
Pt origin have been intensively researched and deployed as ideal
photothermal agents.®*”® To improve the ability of metallic
nanostructures for this purpose, their morphology needs to be
controlled, thereby enhancing the therapeutic efficiency.
Considering their structural orientation, Qiu and co-workers
proposed that gold nanodendrites could be used as photo-
thermal agents.”* By tuning the degree of branching of the
nanodendrites, the optical properties were also tuned in the

View Article Online

Minireview

NIR region, thereby leading to a significant performance in the
photothermal response (Fig. 5). Gold nanodendrites with
a higher degree of branching were found to be more efficient
photoabsorbers under lower wavelength laser irradiation, while
nanodendrites with a lower degree of branching were discov-
ered to destroy tumors under higher wavelength laser irradia-
tion. The resulting wavelength-dependent photothermal effects
highlighted the importance of the dendritic degree of branch-
ing and allowed for the appropriate laser wavelength required
for tailored cancer therapeutic performance.

In many plasmonic photothermal nanostructures, NIR light is
predominantly used; hence, it is important to appropriately select
nanostructures that exhibit higher NIR light absorption.”
Particularly, in biomedical applications, NIR laser light (800-1100
nm) has been extensively used because it can induce deep pene-
tration into the body owing to the scattering of photons by bio-
logical tissues (water, blood, and fat) and reduced absorption.”
Various materials of bimetallic nanodendrites comprising gold,
platinum, and palladium have been broadly studied for their
photothermal effects. Their longitudinal surface plasmon reso-
nance (LSPR) can be tuned to the NIR range and in most cases,
the synergistic effects can be effectively harnessed compared to
their monometallic counterparts. With the rapid development of
photothermal agents, various structural architectures have
evolved with the aim of tuning the LSPR to NIR range. For
example, novel gold nanoshells with multiple branches (BGSs)
possessing ultrastrong NIR absorption were synthesized using
a dual-template method in which silver nanocrystals (AgNCs)
were used as a sacrificial template.”” The anisotropic growth
process of the BGS synthesis enabled a controlled tunability of the
length, diameter, and density of the branches. Moreover, in vitro
and in vivo experimental results showed that the BGSs exhibited
an intense NIR photothermal heat conversion which selectively
kills cancer cells upon irradiation with a laser. Recently, McGrath
et al. designed bimetallic nanodendrites (Pd-Au) in which
multiple gold nanoparticles were deposited over branched palla-
dium seeds via a seed-mediated method for photothermal
therapy.” Under NIR laser irradiation at 808 nm, Pd-Au bime-
tallic nanodendrites caused the complete destruction of HeLa
tumor xenografts in a mouse model (Fig. 6). The enhanced

Table 1 A summary of the various metallic nanodendrites and their therapeutic applications

Metallic NDs Composition Applications Ref.
AuNDs Gold Imaging and photothermal therapy 74
AuNDs Gold Photothermal and chemotherapy 90
PtNDs Platinum Radiotherapy 85
AuNDs Gold Imaging and photothermal therapy 77
PdAuNDs Gold-over branched palladium Photothermal therapy 78
Au@PtNDs Gold-core platinum shell Imaging and photothermal therapy 79
Au@PtNDs Gold-core platinum shell Imaging, photothermal, and 81
radiotherapy
PtRuNDs Alloyed platinum-ruthenium Imaging, photothermal, and 86
radiotherapy
Au@PdNDs Gold-core palladium shell Stimuli-responsive drug delivery 15
Au@PtNDs Gold-core platinum shell Imaging, photothermal, and 89
chemotherapy
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day 1 and day 12 after photothermal treatment. Adapted with permission from ref. 74 Copyright 2016, Elsevier.
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photothermal hyperthermia was attributed to the electronic
coupling and interaction between the gold and palladium, which
red-shifted the maximum absorption of gold nanoparticles to the
NIR region. The importance of high light-to-heat conversion
performance resulting from strong absorption in the NIR region
cannot be overemphasized in the fabrication of an excellent
photothermal agent. To this effect, Yang et al fabricated
dendritic-structured bimetallic Au@Pt nanoparticles using a one-
step ultrasound-mediated method.” To prevent protein adsorp-
tion and subsequent clearance by phagocytes, the dendritic
nanoparticles were coated with methoxy-PEG-thiol molecules.
The SPR coupling of the Au core and Pt dendritic shell effectively

Q.
-
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Relative tumour volume / V/V,

Fig. 6
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enhanced the absorption properties of the Au@Pt nanoparticles,
thereby culminating in a high photothermal conversion efficiency
of 44.4% under an 808 nm laser when compared with mono-
metallic AuNPs. In vivo experiments demonstrated the dose-
dependent cellular anti-proliferation capacity of the Au@PtNPs
with enhanced NIR absorption for photothermal application in
a tumor mouse model.

Metallic nanodendrites for radiotherapy applications

The minimal invasiveness of photothermal therapy has also
allowed for combination therapy in clinical cancer therapy. One

C
50
0.01 M HAUCI, added: =2.0 mL - A
755  —1omL T=46°C -
. -05mL| 457
= =0.2mL
& 40-
§ 9 .4/**k*‘.
_g — 351 —=—Pd-Au
2 —+—Pd seeds
- 301 ——DMEM
\/6—3‘4\ /;/‘//.,_4—4’4—‘—"—‘
—,/—"\ 251 ;
400 600 800 1000 0 1 2 3 4 5
Alnm Irradiation time / min
[ Pd seeds [ Pd-Au
00+ 100
80 80
2 ok
60 560
S
=
40+ =401
o
204 20
00 "1 5 10 20 50 ’ Laser 1 mM 1 mM
aser 1m m
[Pd] / pg mL" Control “only  pgay  PdAu
only +laser
g PBS Pd PdAu
3.0 PBS + Laser + laser + laser + laser
—=— Pd + Laser "
2.54 —— PdAu + Laser ® =
SE
9]
2.0+ ;q'],‘g
1.5 =
1.0 3 + { E
0.5 ﬁl 23
kL
0- © %
0 2 4 6 8 Q

Time post treatment / days

(al-4) Lower and (a5-8) higher magnification TEM images of synthesized Pd—Au nanodendrites, (b) absorption spectra of Pd—Au

nanodendrites synthesized with different volumes of 0.01 M Au®", (c) temperature changes of Pd seeds and Pd—Au nanodendrites under laser
irradiation at the same concentration of 50 pg mL™2, (d) MTT cell viability assays of Pd seeds and Pd—Au nanodendrites incubated in HeLa cells at
varying concentrations, (e) cell viability assay behavior of Pd—Au nanodendrites incubated in Hela cells under laser irradiation, (f) tumor volume
changes in Hela cell xenografts after photothermal treatment (808 nm, 3 W cm™2) of PBS, Pd seeds, and Pd—Au nanodendrites at 50 ug mL~* Pd
concentration, and (g) representative photographs of mice before and after laser irradiation treatment of tumor sites for 30 min at 3 W cm™2 on
day 8 in each group. Adapted with permission from ref. 78 Copyright 2015 American Chemical Society.
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such treatment strategy used in combination with PTT is radi-
ation therapy (RT). Radiation therapy employs highly ionizing
radiation generated from charged particles (o, B-particles), X-
rays, gamma rays, and neutrons to induce serious damage to
cancer cells/tumor mass shrinkage vie DNA base pair
breakage.®® This powerful combination of strategies has facili-
tated therapeutic efficiency due to the significance of their
merits and the avoidance of their demerits. As a demonstration
of the feasibility of this combination technique, Liu and co-
workers designed PEGylated Au@Pt nanodendrites for syner-
gistic PTT/RT integrated into a single platform.*® The broad
absorption of the Au@PtNDs stretched beyond the first NIR
window due to the growth of the Pt branches, thereby
enhancing the PTT conversion efficiency. Moreover, the high Z
number of both Au and Pt afforded a lethal radiation dose
induction; thus, the combinatory effect of PTT and RT resulted
in enhanced tumor growth suppression accompanied by
a significant computer tomography (CT) imaging signal.

Similarly, nanoparticles synthesized from high atomic
number (Z)-based elements such as Au, Ag, Pt, Gd, Fe, I, etc.®>*
have the potential to improve the efficiency of radiotherapy.
This has been attributed to their ability to allow more absorp-
tion of radiation per unit mass in tumors thus enhancing the
radiation dose.® As reported by Muhammad et al., platinum
nanodendrites (PtNDs) of different sizes were synthesized using
a chemical reduction method and deployed as radiosensitizers
in photon beam radiation therapy.*” The PtNDs of all sizes
exhibited a two-fold radiosensitization enhancement upon 6
MV photon beam irradiation towards HeLa cells. More signifi-
cantly, the sensitization enhancement ratio (SER) was found to
be dependent on the size of PtNDs, thereby demonstrating the
potential of PtNDs in radiotherapy. Besides, the need for
improved cancer therapy efficiency has led to the development
of nanostructures with metal combinations of emerging mate-
rials of choice in nanomedicine. By combining the intrinsic
properties of upcoming and promising therapeutic metals like
ruthenium, rhodium, etc. with already established metals like
gold, silver, platinum, etc. new types of metallic nanodendrites
such as platinum-ruthenium (PtRu) nanodendrites have
continued to evolve.** Functionalized with a multifoliate
receptor that can overcome clearance by glycoproteins and
improve targeting ability, the uniquely fabricated PtRu bime-
tallic nanocomplexes demonstrated a combined photothermal/
radiation therapy in a synergistic manner as well as computer
tomography (CT) imaging capabilities. This has led to signifi-
cant advances in the multifunctional dimensions concerning
the simultaneous treatment and multimodal image-guided
nanoplatforms. In addition, the combination of treatment
approaches has been able to address the limitations of a single
treatment protocol with great success.

Metallic nanodendrites for stimuli-responsive drug delivery
applications

The use of stimuli-responsive or smart nanostructures as
nanocarriers for drug delivery is essential to improve thera-
peutic efficiency while reducing undesired side effects. These

This journal is © The Royal Society of Chemistry 2020
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intelligent nanocarriers have been engineered to experience
activated responses when exposed to modifications in the
environment. Recently, metallic nanodendrites have been
increasingly used as drug delivery nanocarriers due to their
tunable plasmonic properties, localized heat generation, and
large surface area. These properties help to remotely release
their payloads under stimuli-triggered conditions. The stimuli
could be internal (pH, enzymes, antigens, etc.), which are
related mostly to the cellular/tissue status or external (light,
heat, magnetic field, ultrasound, etc.), which require an exter-
nally controlled applied stimuli response in nature.'>”® These
special effects have been widely used to initiate drug release at
any specific site and have also been used to accumulate drugs at
the selected target before their release. The resultant effect of
this delivery system is the minimization of poor accumulation
and biodistribution of drugs hence, mitigating undesirable side
effects and enhancing therapeutic efficacy.

Recently, our group designed bimetallic gold-core palladium
nanodendrites (Au@PdNDs) that were conjugated with the
anticancer drug doxorubicin (DOX) with potential drug delivery
applications."” Since specific substrates respond to changes in
local pH, nanocarriers can be designed and exploited for
modulating drug release. We used negatively charged nano-
dendrites to electrostatically load positively charged DOX
molecules in a heterogeneous binding mechanism. The
dendritic-shaped bimetallic nanostructured-incorporated DOX
demonstrated improved stimuli-responsive properties under
a typical cellular (pH, temperature,
enzymes). pH-Responsive drug nanocarriers are stable under
physiological conditions (~7.4), but under acidic microtumor
environments, they release their payload. This fascinating
property has been attributed to the spatial heterogeneous blood
flow within tumor vessel interstitial fluidics, resulting in
a compromised metabolic environment, which decreases the
pH to below 6.5.*” The use of doxorubicin in the treatment of
diverse cancers has been confirmed to induce reactive oxygen
species (ROS) and oxidative damage in most major organs.* To
mitigate this injury, Yang et al. proposed porous Au@Pt nano-
particles with dendritic architecture as a therapeutic platform
for combined chemo-photothermal tumor therapy.** Hybrid
nanodendritic composites have been designed to combine the
hyperthermia plasmonic properties with thermoresponsive
properties of conjugates for controlled drug delivery. The
porous nature of the Pt dendritic shell of the Au@Pt bimetallic
nanoparticles afforded a 3D capacity for DOX loading and
reduced oxidative stress associated with drug induction (Fig. 7).
The DOX-loaded Au@Pt nanoparticles were modified with
cRGD, a tumor-targeting peptide that can evade detection by
phagocytes and specifically binds to overexpressed integrin
receptors on the surface of tumors. The peptide coating also
enhanced the nanodendrite biocompatibility thereby
improving its tumor accumulation and biostability. The Au@Pt
nanoparticles displayed strong and intense absorption in the
NIR region, which triggered the release of the drug via heat and
light under 808 nm laser irradiation. This combination method
significantly suppressed the growth of breast cancer and
impacted the antioxidative effect on oxidative stress damage in

microenvironment
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Fig. 7 Schematic illustration of the construction of DOX-loaded Au@Pt-cRGD, and ROS scavenging activity of the Pt shell of the bimetallic
Au@Pt nanodendrites during chemo—photothermal therapy. Adapted with permission from ref. 89 Copyright 2018 American Chemical Society.

vivo in an MDA-MB 231 tumor-bearing mouse model. This
technique not only resulted in light-induced hyperthermia with
an eventual tumor permeability, but also resulted in triggered
drug release precisely to the targeted site. Although
nanodendrite-based drug delivery for cancer treatment has
demonstrated fascinating therapeutic efficiency, researchers
have continued to further interest in the synergistic approach by
combining two or more treatment strategies. This has resulted
in the achievement of a significant improvement in anticancer
efficacy. More recently, a multifunctional drug delivery system
with synergistic chemo-photothermal therapy was reported by

5162 | Nanoscale Adv., 2020, 2, 5152-5165

Liu and co-workers.” To achieve this, gold nanobranched
particles coated with a natural compound, betulinic acid (BA),
encapsulated into liposomes that exhibited broad NIR absorp-
tion under laser irradiation were fabricated via a simple and
surfactant-free protocol. The drug BA is a naturally occurring
plant-derived pentacyclic triterpenoid with proven anticancer
potential. Under NIR laser irradiation of 1.5 W cm ™~ for 2 min,
a rapid conversion of light to heat led to the controlled release
of the BA, mediated by the high photothermal conversion effi-
ciency of the gold dendritic nanoconjugate. The improved
cellular uptake of the nanocarrier resulted in sufficient

This journal is © The Royal Society of Chemistry 2020
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intracellular accumulation with outstanding tumor growth
suppression (87%), much higher than photothermal therapy or
chemotherapy alone, therefore, suggesting the synergistic
antitumor effect of the nanocarrier.

Conclusion and future opportunities

This mini-review focused on the current advances in the
deployment of dendritic-shaped metallic nanostructured
systems, including several strategies that enable control over
the morphological evolution as well as features that are pivotal
in the activities of their structure-performance interactions. As
we have highlighted, the main driving force for dendritic shape-
directed formation is the surfactant. Besides, the chemical
composition, shape, and size of nanodendrites are fundamental
features for property-induced functional applications in
biomedicine. Due to their diverse unique characteristics, the
fascinating advantages of the multifunctional capabilities of
nanodendrites can be evaluated for their development for more
sophisticated and practical applications. For instance, aside
from photothermal, radiotherapy, and drug delivery applica-
tions, one can design metallic nanodendrites as potential
photosensitizers for use in photodynamic therapy either alone
or in combination with other treatment methods. Moreover, the
high absorption cross-section of metallic nanodendrites may
potentially be utilized in photoacoustic imaging of cells in a 3D-
culture system in real-time. Eventually, multiplexing nano-
dendrites with targeting biomolecules may provide opportuni-
ties for detecting tumors via active targeting, real-time in vivo
visualization of the location within the body, and the potential
modulation of their immunostimulating properties in cancer
therapy. We strongly believe that the fascinating properties of
metallic nanodendrites would attract extensive research in
nanomedicine and should open opportunities in the next few
decades.
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