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Abstract: Metal nanoparticles are extensively studied due to their unique chemical and physical
properties, which differ from the properties of their respective bulk materials. Likewise, the properties
of heterogeneous bimetallic structures are far more attractive than those of single-component
nanoparticles. For example, the incorporation of a second metal into a nanoparticle structure
influences and can potentially enhance the optical/plasmonic and magnetic properties of the
material. This review focuses on the enhanced optical/plasmonic and magnetic properties offered by
bimetallic nanoparticles and their corresponding impact on biological applications. In this review,
we summarize the predominant structures of bimetallic nanoparticles, outline their synthesis methods,
and highlight their use in biological applications, both diagnostic and therapeutic, which are dictated
by their various optical/plasmonic and magnetic properties.

Keywords: bimetallic nanoparticles; optical/plasmonic properties; magnetic properties;
biological applications

1. Introduction

The synthesis and properties of metallic nanoparticles (NPs) has been extensively studied over
decades, not only because of their unique properties, but also because of their potential applications in
catalysis, electronics, optoelectronics, information storage, biosensors, and surface-enhanced Raman
spectroscopy (SERS) [1-10]. Nanoparticles can exist as common structural elements or composites,
and they have a wide functional diversity compared to bulk materials. The physical and chemical
properties of metallic nanoparticles are mostly determined by the following parameters: size, shape,
and composition [11,12]. Therefore, controlling these parameters is extremely important in tailoring the
properties of the nanoparticles. Particular emphasis has recently been placed on controlling the shape
because it allows the fine-tuning of optical properties with a greater versatility than can be achieved
otherwise. Only recently has it become possible to control the shape of metal nanoparticles synthesized
in solution, leading to the development of numerous synthetic methods [13-16]. For example,
Murphy et al. developed a seed-mediated growth method to prepare gold nanorods and nanowires
with controllable aspect ratios; these nanomaterials offer potential applications in optical sensing and as
interconnects in nanoelectronics [17]. Xia and co-workers demonstrated a hot solution approach based
on the polyol process for the large-scale synthesis of silver nanobars and nanorice particles, where the
surface plasmon resonance can be tuned from the visible to near-infrared (NIR) spectral regions [18].
Additionally, Yamauchi et al. prepared bimetallic, magnetic Ni-Co (core-shell) nanoparticles under
microwave irradiation [19].
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Currently, procedures to fabricate various types of metal nanoparticles with excellent control
over their size and shape are well-established [20]. However, the applicability of single-component
metal nanoparticles is restricted by their limited properties. To overcome these limitations,
metal nanoparticles can be modified through the construction of bimetallic architectures consisting of
two distinct metals. These composite bimetallic nanoparticles exhibit fascinating properties that can be
dramatically different from those of the corresponding single-component particles; these properties
include the enhancement of plasmonic properties in Au-based alloy nanoparticles, enhanced magnetic
properties in magnetic materials, or enhanced optical and magnetic properties in multifunctional
nanoparticles, such as AuFe. These properties arise from both the electronic and structural effects of
the bimetallic structures [21-23].

Bimetallic nanoparticles have played an important role in tuning the surface plasmon band,
enhancing the stability and dispersion of nanoparticles, and regulating the magnetic and optical
properties. Since these properties are strongly dependent on the structure and composition of the
nanomaterials, the synthesis of bimetallic nanoparticles with accurately controlled structures and
compositions is a worthwhile objective. For example, it has been demonstrated that the surface
plasmon resonance of hollow bimetallic Au@Ag core-shell nanoparticles can be readily tuned by
controlling the Ag:Au ratio in the replacement reaction [24]. In addition, AuCu nanoparticles have
been used to prepare atomically ordered intermetallic nanocrystals by controlling the diffusion of
Cu into Au; this strategy provides a new avenue to fabricate unique bimetallic nanoparticles [25].
Separate studies have demonstrated the synthesis of CoAu bimetallic nanoparticles via chemical
reduction, offering enhanced magnetic performance with little or no surface oxidation, which can lead
to applications in magnetic resonance imaging [26].

In this review, we give a brief description of the optical and magnetic properties exhibited by
bimetallic nanoparticles followed by an overview of the fundamental and technical approaches used
for the synthesis, characterization, and processing of bimetallic nanoparticles, summarized in Figure 1.
In addition, examples of selected biological applications, such as diagnostic applications as well
as therapeutic use of bimetallic nanoparticles are discussed in the context of their plasmonic and
magnetic properties.
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Figure 1. The synthesis and properties of bimetallic nanoparticles for biological applications.

2. Optical and Magnetic Properties of Bimetallic Nanoparticles for Biological Applications.

The unique optical and magnetic properties of bimetallic nanoparticles render them attractive
for use in biological applications. One of the most interesting optical properties of noble metal
nanoparticles, such as gold, silver, and copper, is the localized surface plasmon resonance
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(LSPR) [27,28]. Surface plasmon resonance occurs when the frequency of incident light matches
the collective oscillation of surface electrons in the conduction band of the metal, as illustrated in
Figure 2. Moreover, the LSPR extinction band can be tuned by varying the size, shape, and composition
of the nanoparticles [29]. Furthermore, noble metal bimetallic nanoparticles exhibit strong plasmon
resonances that can be controlled by varying the composition of the metals in the nanostructures [30].
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Figure 2. Localized surface plasmon oscillations in noble metal nanoparticles.

Over the past several years, there has been increasing interest in utilizing the LSPR of nanoparticles
for biomedical applications such as biosensors, drug-delivery devices, cell imaging, diagnostics,
and therapeutics [31-34]. Specifically, surface enhanced Raman scattering (SERS) has been used in
biological applications due to SERS being highly effective in the near-infrared (NIR) region, where the
signal from Raman scattering is greater than autofluorescence from surrounding tissue [35]. By varying
the composition and structure of bimetallic nanoparticles, the optical resonances can be tuned over
a broad range of wavelengths (e.g., UV-vis to NIR). Perhaps most important are optical resonances
in the NIR region, which includes wavelengths between 800 and 1200 nm, and is referred to as the
“Tissue Transparency Window”, where such light can penetrate both water and human tissue [36].

Similarly, the magnetic component of bimetallic nanoparticles provides them with unique
nanomagnetism that allows for control of the motion of the particles in addition to offering
magnetic spin behavior, which is critical in magnetic detection techniques, imaging, and thermal
treatment methods [37]. Magnetic nanoparticles are typically characterized by the following physical
characteristics: magnetization (M), coercivity (Hc), and magnetocrystalline anisotropy constant (K).
Figure 3 illustrates the fundamental magnetic properties of magnetic nanoparticles: saturation
magnetization (M), remanent magnetization (M,), and the coercivity (H.). When used in biological
applications, the ability to manipulate the magnetic properties, such as saturation magnetization
(M), relaxation, and the size of the magnetic nanoparticles are critical parameters [37]. Saturation
magnetization is the maximum magnetization value exhibited by the material, where the magnetic
moments of the particles align with the direction of an applied external field. Relaxation can be
categorized as Neel relaxation and Brownian relaxation, where the former arises from spin-spin
relaxation within the particles and the latter from the mechanical rotation of the particles [37].
Neel relaxation dominates when the size of the particle is less than a single domain size and when the
size of the nanoparticle is small; it is the critical factor for magnetic hyperthermia applications. On the
other hand, Brownian relaxation dominates for larger particles and sizes greater than a single domain
size; moreover, it is the critical factor in thermal applications [37,38].
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Figure 3. Schematic illustration of a magnetization hysteresis loop (blue) which shows the change in
magnetization as a function of an applied magnetic field. A non-hysteretic magnetic curve (red) is
representative of superparamagnetic behavior.

In general, higher saturation magnetization gives higher relaxation rates for magnetic resonance
imaging (MRI), higher heat emission rates for magnetic hyperthermia treatments, and stronger
translational attractive forces for magnetic separation [37,39]. Bimetallic alloys consisting of 3d metals
(e.g., FeCo) exhibit a high magnetic moment and have been reported to have the highest saturation
magnetization values (e.g., Ms ~148 emu/g) [40]. Furthermore, the combination of 3d metals with
4d or 5d metals, which exhibit strong spin-orbital coupling, have been reported to enhance magnetic
moments and enlarge anisotropy [41]. When the size of the nanoparticles is smaller than a single
domain size, the nanoparticles exhibit superparamagnetic behavior. Superparamagnetic behavior in
nanoparticles arises from the fast flipping of the magnetic moment of each nanoparticle, which at
certain temperatures leads to a zero net magnetic moment [42]. Superparamagnetic nanoparticles
exhibit no magnetism in the absence of a magnetic field; this unique property can be used to transport
and deliver the nanoparticles to their targets.

3. Classification and Synthesis of Bimetallic Nanoparticles

3.1. Classification of Bimetallic Nanoparticles

It has been reported that heterogeneous bimetallic nanoparticles have more intriguing properties
than the corresponding single component metal nanoparticles owing to their tunable chemical
and physical properties [43]. The properties of bimetallic nanoparticles can be tuned by adjusting
composition, atomic ordering, morphology, and size. Although bimetallic nanoparticles consist
of only two different metals, there are still many types of possible structures. In terms of
structure, bimetallic nanoparticles can be broadly classified into two types, as shown in Figure 4:
mixed structures (Figure 4a,b) and segregated structures (Figure 4c—f). In terms of atomic ordering,
the bimetallic nanoparticles can be further categorized into four types: alloy, intermetallic, subclusters,
and core-shells [44].
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Figure 4. Types of bimetallic nanoparticles: (a) alloyed, (b) intermetallic, (c) subclusters, (d) core-shell,
(e) multi-shell core-shell, and (f) multiple core materials coated by a single shell material. Yellow and
purple spheres represent two different kinds of metal atoms. Adapted with permission from ref. [45].
Copyright 2008 American Chemical Society.

The nature of the atomic ordering in the two types of structures, with similar atomic ratios
and compositions, plays an important role on the overall properties of the materials. The atomic
ordering of mixed structures can be random (Figure 4a) or have an ordered configuration (Figure 4b).
An example of a mixed structure with random arrangement is the alloyed structure, while an example
of an ordered arrangement is the intermetallic structure. Alloyed nanoparticles are composed of
nanocrystals in which the two metals are randomly mixed; while in intermetallic structures, the two
metals are mixed in an ordered way. Solid solution structures occur when one metal dissolves in
a different metal in the solid state. Solid solution structures can be further divided into substitutional
and interstitial. Substitutional structures form when the size of the two metal atoms is similar, allowing
metal atoms of one material to replace metal atoms of the second material in regular lattice sites.
Whereas, if there is a dramatic size difference between the metal atoms, the smaller atom will position
itself between the larger atoms to form an interstitial structure [46]. On the other hand, segregated
structures are composed of two separate components with a shared interface, subcluster structure
(Figure 4c), or a metal core surrounded with a second metal, core-shell structure (Figure 4d) [47].
Subcluster structures, in which two metals are exposed to the nanoparticle’s environment, have also
been defined as having a Janus configuration [48]. Unlike mixed structures, segregated structures are
achieved in multi-step reactions in which the second metal is added once the first metal has formed
an initial structure. Examples of segregated structures include the core-shell structure (Figure 4d),
the multi-shell core-shell structure, in which the shells are in an alternating arrangement, similar
to onion rings (Figure 4e), or the multiple small cores coated by a single shell (Figure 4f) [45,49,50].
Various synthetic strategies used for the formation of all types of atomically ordered structures are
discussed in the following section.

Similar to organic chemical reactions, the concept of thermodynamic and kinetic control
can be applied to the synthesis of metal nanoparticles [51]. For example, thermodynamic and
kinetic control for the shape-controlled synthesis of nanoparticles is illustrated in Figure 5a [51].
The thermodynamically most stable product (i.e., the structure with the lowest Gibbs free energy,
shape II) is considered the thermodynamic product, while the structure formed from the reaction
pathway with the lowest activation energy (E,) is considered the kinetic product. Changing the
reaction conditions, such as the temperature, can lead to thermodynamic or kinetic control. However,
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for multicomponent or hybrid particles, such as bimetallic nanoparticles, incorporation of the
second metal complicates control beyond the simple analysis made for single-component particles.
Several factors influence the structure of nanoalloys including the relative strengths of metal-metal
bonds, the surface energy of bulk materials, relative atomic sizes, charge transfer, and specific
electronic/magnetic effects [45]. Taking into consideration the different factors that influence structure
and order, the synthesis of multicomponent nanoparticles can be better described by a set of continuous
reactions, as shown in Figure 5b. In the continuous reaction pathway, the thermodynamic product is
still the most thermodynamically stable (i.e., the product located at the global minimum). However,
kinetic products can still be present if the energy of the reaction is insufficient to overcome the
activation energy barrier in each step (i.e., the products located at the local minima), making
temperature an important factor in determining the direction of the reaction [51]. Furthermore,
Wang et al. provide a thorough review of thermodynamic and kinetic control in the synthesis of
nanoparticles including their growth, etching, assembly, and shape control by using geometric analysis
and logical deduction [52].
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Figure 5. Schematic illustrations of thermodynamic and kinetic control for (a) two reactions, and (b)
a series of reactions that involve product formation. Reproduced with permission from ref. [51].
Copyright 2015 American Chemical Society.

3.2. Synthesis of Bimetallic Nanoparticles

There are two general approaches to the synthesis of metal nanomaterials: top-down and
bottom-up. The top-down approach is based on a solid-state physics strategy used to make
nanostructures. This method begins with macroscopic-sized materials that are then made into
structures having nanoscale sizes [53]. The top-down approach presents challenges in producing large
quantities of uniformly shaped particles; however, to circumvent these issues, a bottom-up approach
can be used. The bottom-up approach relies on synthetic pathways to prepare the nanomaterials
of interest. In the bottom-up method, nanostructures are formed from a buildup of atoms found
in solution or in the gas phase. Wet chemical syntheses, especially the reduction of metal salts,
are an example of a bottom-up method that is reliable and frequently used [54]. The formation of metal
nanoparticles by wet chemical methods can be divided into two main pathways: (1) the reduction of
metal ions or (2) the thermal decomposition of metal precursors, as illustrated in Figure 6. Both initial
pathways then lead to the formation of atoms, which will aggregate into clusters and grow to form the
desired nanostructures [22].
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Figure 6. Reduction pathway (a) and decomposition pathway (b) for the formation of metal
nanoparticles by chemical methods.

The preparation methods reported thus far can be divided into two categories: simultaneous
and successive [55]. The simultaneous methods involve precursors of the two metals that are present
in the same reaction system with or without protective agents; examples include chemical synthesis
by co-reduction (citrate reduction [56], alcohol reduction [57], and polyol process [58]), sonochemical
synthesis [59,60], thermal decomposition [61,62], microwave irradiation [63], and radiolytic
synthesis [64]. The successive methods involve reducing metal ions over the surface of other nuclei
followed by particle growth over time. Mild reducing agents used in these types of methods
include formaldehyde [65], hydroxylamine hydrochloride [66], sodium citrate [67], and ascorbic
acid [68]. As highlighted in the following sections and Table 1, certain methods are better suited and
more commonly used for the synthesis of certain nanomaterials (i.e., most noble metal bimetallic
nanoparticles use reduction methods, while most transition metal bimetallic nanoparticles are
synthesized using thermal methods).

Table 1. Methods used for the synthesis of bimetallic nanoparticles.

Material Synthetic Method Size Reference

Polyol reduction

Galvanic replacement S0nm (6]
Co-reduction
Galvanic replacement 102nm (701
Chemical reduction 5nm (711
32 and 45 nm [72]
AuAg
Radiolysis 1.5-12 nm [64]
Seed-mediated growth 10-16 nm [73]
Seed-mediated polyol process 52 nm [74]
In situ co-reduction method 2.6 nm [75]
Successive ionic layer absorption and
reaction (SILAR) 10-20 nm [76]
Chemical reduction 15-30 nm [61,77]
AuF
ue Laser ablation of a bulk alloy 30-60 nm [78,79]
3-5nm [80]
Chemical reduction 14.2 nm [26]
AuCo
15-30 nm [61]
Pulsed laser processes 11 nm, 230 nm [81,82]
Chemical reduction 15-30 nm [61]
AuNi -
Electrodeposition 100 nm and 200 nm [83]
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Table 1. Cont.
Material Synthetic Method Size Reference
Chemical reduction 8.3 nm, 20-25 nm [25,84]
AuCu Chemical reduction using green synthesis 550 nm [68]
with Vitamin C
Hydrothermal conditions and 40 to 65 nm, 150-200 nm [85]
microwave irradiation
Chemical reduction 1.6 nm [58]
Sonochemical 5-9 nm [59,60,86,87]
AuPd Microwave-assisted polyol 9 nm Au core, 3 nm Pd shell [63]
Seed-mediated growth 5nm [50]
35-100 nm [88]
Green synthesis 7 nm [89]
Chemical reduction 3 nm, 6 nm [90,91]
Successive /reduction 30 nm [66]
Gabicrplcomen, Ihespecarerknghotihe
Transmetalation reaction/replacement 10-20 nm [93]
Ault 3-8 nm pearlike
Seed-mediated growth 5-8 nm peanutlike [94]
7-10 nm cloverlike
Ultrasonochemical reduction 39.5-101.6 nm [95]
Hydrc?thermal c.ondi.tio.ns and 30 nm [85]
microwave irradiation
PdCu Chemical redtlvcig?gittl:ili géeen synthesis 550 nm [68]
PtCu Chemical red‘l,lvciglogiltl:;lﬁl gCreen synthesis 50-60 nm [68]
PtRu Hydrothermal (thermal decomposition) 2.5 nm [62]
PtPd Chemical reduction 5-8 nm, 13 nm [10,96]
Sonochemical 2-3.6 nm [97]
PdAg Galvanic replacement Nanobox 63 nm in edge length [98]
Galvanic replacement Nanobox 63 nm in edge length [98]
PtAg Radjiolytic synthesis 3-20 nm [99]
RhCu Soft-templating strategy 74-135 nm [100]
CuAg Sono and electrochemical synthesis 10-80 nm [101]
Chemical reduction 3nm, 12 nm [34,102]
Pyrolysis (thermal decomposition) 9nm [103]
FePt Thermal decomposition 12 nm [104]
Polyol (chemical reduction) 3-12 nm [23,105-107]
Sonochemical 3-5nm [108]
Hydrothermal 9.4 nm [109]
Chemical reduction 9 nm [110]
o Physical vaport:;rllr(l)i}zlalgicle-deposition 3100 nm [39]
Thermal decomposition 4,7 nm [111]
Sputtering gas condensation technique 12.8 nm [112,113]
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Table 1. Cont.

Material Synthetic Method Size Reference

. Chemical reduction 12.2 nm [114]

FeNi
Pyrolysis chemical reduction 9nm [115]
NiCo Microwave irradiation 71 nm [19]
Chemical reductllor} 318 nm [116]

Thermal decomposition

PtCo
Thermal decomposition 6 nm [40]
Chemical reduction 5.3 nm [117]
CoCu Sonochemical 50 nm [118]
CuNi Mechanical milling 10 nm [119]

3.3. Simultaneous Methods

3.3.1. Co-Reduction

Chemical co-reduction is a straightforward method that affords bimetallic nanoparticles from the
reduction of two metal precursors to zerovalent atoms [120]. Major advantages of the co-reduction
technique are its simplicity and versatility; several Ag@Au bimetallic core-shell nanoparticles having
various shapes have been generated using this strategy. For example, Xia and co-workers prepared
bimetallic AgAu nanocages using a polyol reduction reaction [69]. In these specific studies, an Au shell
forms over a silver nanocube template to afford particles having a hollow interior, pinhole-containing
surface, and crystalline walls. Silver nanocubes with Pt and Pd shells were also reported by
Xia et al. [98]. These researchers demonstrated the formation of AgPt and AgPd nanoboxes through
a galvanic replacement between Ag nanocubes and NayPtCly and NayPdCly, respectively. Similarly,
hollow bimetallic Ag@Pt core-shell nanoparticles with high Pt content were generated through the
successive reductions of an aqueous solution of AgNO3; and H,PtClg with hydrazine by Tang et al. [21].
Similarly, concave Au@Pt nanocubes were prepared by Li et al. via galvanic replacement using Au@Ag
nanocubes as templates, as shown in Figure 7 [92].

a
Pt (IV)

ey 2
BRIy u by 'y 100 N5
ML C S s |

Figure 7. Schematic illustrations of (a) the formation of the concave Au@Pt nanocubes and TEM images
and colloidal solutions (inset) of (b) Au NPs, (¢) Au@Ag nanocubes, and (d) concave Au@Pt nanocubes.
Reproduced with permission from ref. [92]. Copyright 2013 American Chemical Society.

Separately, there are several syntheses of nanoparticles that have been prepared in organic
media [22,70,96,121]. The use of organic solvents is an attractive synthetic approach because it
typically circumvents the agglomeration of nanoparticles that occurs in the presence of hydrophobic
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stabilizing ligands typically used in aqueous media [122]. For example, Yang et al. reported the
synthesis of Ag@Au core-shell nanoparticles via a replacement reaction between hydrophobic Ag
nanoparticles and [AuCly]™ in toluene [70]. Furthermore, Sastry et al. prepared Ag@Pt core-shell
particles through a replacement reaction between hydrophobic Au nanoparticles and hydrophilic
PtClg2~ ions in chloroform [93].

3.3.2. Thermal Decomposition

As highlighted in the preceding sections, noble metal nanoparticles can be prepared at room
temperature through the reduction of the corresponding metal salts. However, for the synthesis of
transition metal nanoparticles, higher temperatures are required due to the inability of the particles to
crystallize at room temperature [123]. To employ this synthetic method successfully, the reaction must
be conducted at or near the decomposition temperature of the metal precursors. The metal precursor
that has lower decomposition temperature will form single-component metal nanoparticles, with the
second metal precursor still in the solution. The second metal will be formed on the surface of the first
metal nanoparticle when the temperature increases to the decomposition temperature of the second
metal precursor.

Regarding specific examples, thermal-decomposition methods have been used for the synthesis
of CoPt; and FePt nanocrystals from cobalt and platinum precursors as well as iron and platinum
precursors, respectively [116]. To control the size and shape of the nanoparticles, experimental
conditions, such as, temperature, concentration of the stabilizing agents, and the ratio between the
metal precursors are systematically varied. Additionally, Yang et al. demonstrated that FePt particles
can be dispersed in organic solvents and water in addition to having good biocompatibility [105].
Furthermore, the thermal decomposition method has been used for the preparation of FeCo, FeNi,
PtCo, and FeAu alloy nanoparticles [40,61,110,114,116]

3.3.3. Radiolytic Synthesis

The radiation-induced generation of metal clusters has proven to be a powerful method in the
synthesis of bimetallic nanoparticles. In particular cases of the radiolytic reduction of metal ions in
aqueous solution, the reducing radicals produced during the radiolysis of the solvents are used to
reduce metal ions [124]. The radiolytic approach can offer certain advantages because of the fine
control over the rate of generation of the growing species afforded by the control over the dose
delivered to the sample. However, the radiolytic approach can suffer from difficulty in controlling
the shape of the nanoparticles. It has been found that y irradiation of mixed solutions of the metal
ions of two elements can yield perfectly ordered bimetallic clusters. The structure of the bimetallic
nanoparticles depends on the irradiation dose rate because of the competition between the radiolytic
reduction and the electron-transfer reaction from less noble metal atoms to other metal cations [124].
Alloy clusters are formed by radiolytic reduction at high dose rates because the reduction is sudden
and faster than a possible inter-metal electron transfer. On the other hand, the radiation-induced
reduction of mixed ions gives rise to bimetallic core/shell structures at low dose rates. For example, the
production of AuAg bimetallic nanoparticles at different dose rates was studied by Treguer et al. [64].
These researchers found that the reduced silver atoms transfer electrons to gold ions at low dosage
rates. When the Au'! ions are totally reduced, the reduction of silver ions occurs in the second step
at the surface of the gold clusters to afford silver-coated gold core/shell nanoparticles. In contrast,
bimetallic alloyed AgAu clusters are formed at high dosage rates. Other bimetallic structures generated
by v irradiation include Ag-Pt nanoparticles [99], Au-coated Ag nanoparticles [125], PdAu [126],
and trimetallic PdAuAg particles [126].

Similarly, Boyer et al. reported the synthesis of subclustered Au and Co bimetallic nanoparticles
consisting of nanoclusters fabricated by pulsed laser processes [81]. Femtosecond laser fragmentation
offers the possibility to fabricate non-equilibrium nanostructures due to the rapid quenching that
occurs during the synthesis. For this type of process, the nanoparticles are reheated and broken down
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into nanoclusters, which subsequently coalesce and aggregate with their neighbors. These metastable
structures can also be transformed into more stable core-shell states using pulsed laser annealing [81].
In a separate study, Koshizaki proposed a method for preparing submicrometer-sized spheres
by selectively pulse-heating colloidal nanoparticles in solution [127]. Recently, these researchers
reported the generation of AuCo alloy particles by following the same laser ablation-in-liquid
technique and using an unfocused laser to irradiate a solution mixture of colloidal gold and cobalt
oxides [82]. Furthermore, this technique was found to be applicable for other nanoparticles with
combinations of metals that are not thermodynamically stable under equilibrium, such as AuFe and
AuNi [82]. For example, Amendola et al. were able to overcome the thermodynamic limitations of the
room-temperature synthesis of AuFe nanoparticles by using their laser synthesis in solution (LASIS)
method, illustrated in Figure 8 [78]. This environmentally-friendly, low-cost, laser-assisted preparation
method shows promise as a synthetic method for the preparation of bioimaging agents [79].

a Laser b

pulses
(1064 nm, 9 ns)

EDTA
+

Ethanol PEG-SH
inH,0
(1 h,60°C)
—
Au;,Fe28
Alloy target

Figure 8. Two-step synthesis of PEG-AuFe NPs. (a) LASiS was used to synthesize AuFeNDPs in ethanol
from a bulk Auy,Feyg alloy. (b) EDTA and thiolated PEG was used to obtain water stable PEG-AuFe
NPs. TEM images of (c) the nanoparticles obtained after LASiS and (d) after coating with the thiolated
PEG. Reproduced with permission from ref. [78]. Copyright 2013 Royal Society of Chemistry.

3.3.4. Sonochemical Synthesis

The sonochemical synthesis of colloidal particles involves a rapid reaction rate and the ability to
form unusually small metal particles. When solutions are exposed to strong ultrasound, micro bubbles
in the solution implosively collapse and grow via acoustic fields where high-temperatures and
high-pressures are produced, an effect known as acoustic cavitation [97]. The temperature generated
through this method is sufficiently high to decompose molecules in the bubbles. In addition, sonication
of a liquid medium also leads to the generation of oxidizing and reducing radicals [128]. These radicals
play important roles in the synthesis of colloidal particles. Particularly for aqueous systems, primary
radicals are generated within the bubbles through sonication, which consequently generate secondary
radicals through the reaction with the bulk solution. A more detailed discussion of the sonochemical
process to produce nanomaterials is found in the literature [129]

Sonochemical methods have been used for the synthesis of bimetallic nanoparticles.
Mizukoshi et al. have applied the sonochemical method for the preparation of bimetallic AuPd
nanoparticles with a narrow size distribution [59,86]. The particles were obtained by the simultaneous
reductions of Au(Ill) and Pd(II) ions by ultrasonic treatment of an aqueous solution of sodium
tetrachloroaurate(Ill) dihydrate and sodium tetrachloropalladate(II) in the presence of sodium dodecyl



Appl. Sci. 2018, 8, 1106 12 of 32

sulfate. Subsequent studies found that these bimetallic nanoparticles showed higher activity for
the hydrogenation of 4-pentenoic acid than an analogous mixture of monometallic nanoparticles.
In separate studies, Okitsu et al. prepared bimetallic AuPd nanoparticles using sonochemical
reduction and a sol-gel processes at a relatively low temperature, less than 200 °C [87]. Separately,
Jia et al. reported the sonochemical preparation of bimetallic CoCu nanoparticles in aqueous
solution [130]. The synthesis method involved ultrasonic treatment of a hydrazine solution containing
a mixture of copper chloride and cobalt chloride. The resultant bimetallic CoCu nanoparticles
were shown to have an average diameter of 50 nm and a core-shell structure in which a copper
core was surrounded by a thin cobalt shell. Wang et al. deposited FePt nanoparticles on silica
microspheres modified with polyelectrolytes by a sonochemical process, using iron and platinum
acetylacetonates as metal precursors [108]. Moreover, after the nucleation of FePt nanoparticles onto
silica microspheres, they were coated with ZnS. The ZnS/FePt/SiO; nanospheres displayed both
luminescent and magnetic properties after annealing, which renders them promising candidates for
photocatalytic applications [108].

3.4. Successive Methods

Seed-Mediated Growth

The seed-mediated growth process begins by synthesizing a seed nanoparticle followed by
subsequent growth, in solution, from metal precursors and reducing agents [131]. The seed-mediated
method is typically used for the synthesis of well-defined bimetallic nanoparticles of core-shell and
intermetallic structures due to the ability to control their size, shape, and composition [132]. In this
type of synthetic process, reducing agents play an important role in controlling the size distribution of
the nanoparticles. For example, strong reducing agents can create new nuclei in solution, which can
lead to the formation of metal nanoparticles having two different sizes [133,134].

The most common combinations of metals used for the fabrication of bimetallic particles are gold
and silver, palladium, or platinum due to their desired properties for a plethora of applications [135].
Srnova-Sloufova et al. used the seeded-growth method to prepare layered core-shell bimetallic
Ag-Au nanocages in the 10-16 nm size range that were suitable for use in surface enhanced Raman
spectroscopy (SERS) applications [73]. Park et al. synthesized Au@Ag core-shell nanoparticles having
controllable shapes from spherical gold seeds. Various shapes synthesized on the gram scale include:
cubes, cuboctahedrals, and octahedrons such as those shown in Figure 9 [74].

a

Figure 9. Schematic illustration of (a) Au@Ag core-shell nanopolyhedrons synthesized by the

seed-mediated method and SEM images of (b) gold nanoseeds, (c) Au@Ag nanospheres, (d) Au@Ag
cuboctahedrons, and (e) Au@Ag nanocubes. Reproduced with permission from ref. [74]. Copyright
2011 American Chemical Society.
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Bimetallic AuPd and AuPt nanoparticles have also been extensively studied in terms of their
preparation, stabilization, and catalytic activity [50,85,136,137]. Hu et al. developed an Au-seeding
method by which bimetallic core-shell nanoparticles can be readily synthesized with controllable
sizes [88]. Following the method developed by Hu, core-shell Au@Pd nanoparticles with tunable sizes
were prepared for use in practical SERS-based applications due to their high SERS activity, stability,
and reversibility. In addition to synthesizing core-shell structures, a novel route for the synthesis of
subclustered PtAu nanoparticles with controllable morphologies was developed by the overgrowth
of Au onto Pt [94]. The size and shape of the nanoparticles were controlled by tuning the size of
the Pt seeds or the solvent polarity to afford particles having clover-like, peanut-like, and pear-like
shapes. Furthermore, certain morphologies proved to influence their catalytic performance, making
this method a potential candidate for the rational synthesis of advanced materials for several types of
catalytic applications.

3.5. Other Synthetic Methods

Most of the synthetic methods discussed in the previous sections occur in the liquid-phase.
However, gas-phase synthetic methods have also been widely used to prepared both single-metal and
multi-component nanoparticles and are reviewed in the literature [138]. Currently, green chemistry has
received considerable attention, with new promising synthetic routes being proposed for the formation
of nanoparticles that are environmentally friendly [139-141]. Some examples of the synthetic strategies
being employed for the synthesis of bimetallic nanoparticles include the use of plant extracts [89,142],
enzymes [143], and microorganisms [144] as reducing agents and capping agents. In addition to
being non-hazardous, these reducing agents can be used at room temperature and atmospheric
pressure, which not only saves energy, but also minimizes pollution that can accompany certain
reaction pathways [44].

The use of bimetallic nanoparticles as catalysts has a long history but offers an ever-growing
presence in the literature [145]. For example, Jiang et al. utilized a soft-templating technique
to synthesize mesoporous bimetallic RhCu nanospheres [100]. In this example, the bimetallic
nanoparticles were grown in the presence of a polymeric micelle, which was later removed to yield the
mesoporous structure. Furthermore, bimetallic nanoparticles have also been directly fabricated on
catalytic templates such as graphene, metal oxide structures, and biomolecules for use as electrodes in
electrochemical reactions [75,90,91,146].

Often, a combination of multiple synthetic strategies is employed for the fabrication of bimetallic
nanoparticles. By combining more than one method, one can capitalize on the advantages each method
offers. For example, ultrasound-assisted electrochemistry combines a sonochemical method with
electrochemistry. This technique was utilized to synthesize core-shell nanoparticles by Mancier et al.
for the generation of Cu@Ag nanoparticles [101]. Similarly, Li and co-workers combined galvanic
replacement and diffusion through a protective porous silica shell to synthesize SiO;-coated hollow
AgAu nanoparticles for use as stable plasmonic agents for NIR activation [1].

3.6. Stabilization Strategies

Due to their strong van der Waals interactions, metallic nanoparticles must be stabilized either
electrostatically or sterically using coordinating (capping) agents that prevent the nanoparticles from
aggregating. Electrostatic stabilization involves the columbic repulsion of the electrical double layer
formed by ions adsorbed at the particle surface and between neighboring particles. When two particles
are far apart or the distance between the particles is larger than the thickness of two electric double
layers, the electrostatic repulsion between two particles is zero [147]. However, when two particles
move closer, the two electric double layers overlap, and a repulsive force is developed. For example,
the preparation of gold nanoparticles by Faraday’s method uses the reduction of [AuCl4]™ by sodium
citrate. The particles formed are surrounded by an electric double layer arising from adsorbed
citrate and chloride ions and by the corresponding cations [148]. Similarly, Yin et al. prepared
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silver nanoparticles using the Tollens process without adding any external stabilizing agents. Under
appropriate conditions, mixing of the reagents generates a stable dispersion of silver nanoparticles.
The nanoparticles with dimension ranging from 20-30 nm were found to be stable for at least one year
via electrostatic stabilization [149].

Steric stabilization, also called polymeric stabilization, is a method commonly used to stabilize
metal nanoparticles. Polymer layers adsorbed on the surface of the nanoparticles also serve as
a diffusion barrier to the growth of nuclei. The diffusion-limited growth gives rise to small but
uniform initial nuclei, which lead to monodisperse nanoparticles [150]. Figure 10 shows a schematic
representation of electrostatic stabilization and steric stabilization. The polymer layer can play
three roles here: (1) it can prevent aggregation of the nanoparticles sterically, (2) it can enhance the
formation of monodisperse particles via diffusion-limited growth, and (3) it can provide control of the
morphology of the nanoparticles. For example, Murphy et al. synthesized Au and Ag nanorods with
aspect ratios of 5:25 in the presence of cetyltrimethylammonium bromide (CTAB) [151]. Furthermore,
Xia et al. demonstrated the large-scale synthesis of cubic silver nanoparticles with controllable shapes
by using the polyol process [152]. The latter reaction involved the reduction of a precursor by
ethylene glycol at elevated temperatures in the presence of poly(vinyl pyrrolidone) (PVP). In separate
studies, Zheng et al. demonstrated a convenient and effective “thiol-frozen” approach to stabilize
triangular silver nanoplates with bis(2-ethylhexyl) sulfosuccinate, which is also known as Aerosol OT
or AOT [153].

a b

Figure 10. Schematic representations of (a) electrostatic stabilization and (b) steric stabilization in
metallic nanoparticles.

4. Biological Applications

Metallic, bimetallic, and metal oxide nanoparticles have seen extensive use in biomedical
applications [154]. The use of bimetallic nanoparticles for biological applications is focused on
exploiting their optical or magnetic properties. For the following discussion, we have classified
the selected biomedical applications based on their purpose: (1) diagnostic and/or (2) therapeutic.
The applications categorized as diagnostic applications involve sensing and imaging. Applications
categorized as therapeutic applications involve thermal treatments and drug-delivery systems.

4.1. Diagnostic Applications

The use of nanoparticles in diagnostic applications can be classified into two categories: sensing
and imaging. Typically, plasmonic nanoparticles are employed as plasmonic biosensors for the
detection of specific biomolecules. For example, metal nanoclusters of gold, silver, and copper
have been well established as imaging agents in both in vitro and in vivo systems [155]. Magnetic
nanoparticles as labels for biomolecule detection provide the advantage of low background signal for
most biological samples. In addition to their unique magnetic separation properties used for sensing,
magnetic nanoparticles can also act as contrast agents in imaging applications used for diagnosis.
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4.1.1. Biosensors

A biosensor is a device that provides qualitative and quantitative information about the
chemical composition of the molecules in which the sensor is situated [156]. Plasmonic bimetallic
nanoparticles have been used for biomolecular analyte detection based on their unique optical
properties, including LSPR (vide supra). An additional factor affecting the wavelength at which
the LSPR of plasmonic nanoparticles undergoes excitation is the refractive index of the medium
surrounding the nanoparticles [157]. A medium with a relatively high refractive index, such as a buffer
solution or biomolecules, will shift the LSPR to longer wavelengths [158]. Since most biomolecules
have a higher refractive index than the buffer solution, the LSPR of the plasmonic nanoparticles
conjugated with biomolecules will experience a red shift [159]. Another factor affecting the LSPR
of nanoparticles is the degree of particle aggregation [160]. Specifically, certain biological molecules
such as peptide nucleic acids (PNA), DNA aptamers, and protein antigens, can induce nanoparticle
aggregation; a shift in the extinction peaks of the nanoparticles will then indicate the presence of the
targeted molecules [161,162]. For example, Fan Zhang et al. used Au@Ag nanorods for the colorimetric
sensing of the biological molecule alpha-fetoprotein, a biomarker for hepatocellular carcinoma in
human serum [163].

Surface-enhanced Raman scattering (SERS) coupled with plasmonic materials has also been used
for the detection of biological species due to the high selectivity and sensitivity of the technique;
thorough reviews of the use of SERS in sensing applications can be found in the literature [35,164,165].
Recently, Kim et al. synthesized a label-free biosensing cellulose strip sensor with SERS-encoded
bimetallic silver-gold core-shell nanoparticles (Ag@Au NPs) [76]. The biosensing material was
characterized with Raman spectroscopy to evaluate the feasibility of detecting representative prohibited
drugs with hazardous substances taken from patients including aniline, sodium azide, and malachite
green. Recently, Bing-Liu et al. proposed an ultrasensitive biosensor based on gold-silver core-shell
SERS nanotags and photonic crystal beads for the detection of proteins over a wide range of
concentrations [166]. This biosensor showed a limit of detection of 672 fg mL~! with a linear dynamic
detection from 10 pg mL~! to 10 ug mL~!, showing improved analytical performance for the Au@Ag
NPs compared to that reported for simple Au NP-based nanotags.

Magnetic nanoparticles have also been used as biosensing materials [113,167]. Compared to
their single-component oxides, bimetallic nanoparticles offer higher magnetic moments, which give
rise to sensing materials with lower detection limits [109,120]. Magnetic bimetallic nanoparticles
have been successfully applied as sensing agents in a variety of magnetic-based detection techniques.
For example, sensing based on magnetic resistant biosensors utilizes the local magnetic dipole field
produced by the change in the magnetoresistance signal of the magnetic nanoparticles. The higher
magnetic moment of bimetallic nanoparticles offers stronger dipole fields and thus greater sensing
potential [109]. Similarly, bimetallic nanoparticles have been used to improve the sensitivity of
giant magnetoresistance (GMR) sensors used for biosensing applications through the modification
of the particle size and shape [112,113,168]. By reducing the size of the particle or changing the
shape from spherical to cubic, the binding density of the particle and the magnetic response both
increase [169,170]. For example, 12 nm FeCo nanocubes have been used to quantify interleukin-6
(IL-6) and endoglin from unprocessed body fluids [112,113,168]. In addition, magnetic nanoparticles
offer unique magnetic separation methods for multimodal detection, allowing for the capture and
detection of target biomolecules at low concentrations [144,170,171]. For example, Xu et al. reported the
capture of Gram-negative and Gram-positive bacteria by FePt nanoparticles with polyvalent ligands
at an ultra-low concentration (15 cfu/mL) [170,171]. The polyvalent ligand, vancomycin, provided
a specific biofunctional receptor to capture the target bacteria. Moreover, PtCo bimetallic nanoparticles,
displaying a unique combination of magnetism and oxidase-like catalytic activity, have been reported
to enhance the colorimetric biosensing of MCF-7 cells [117]. The magnetic PtCo nanoparticles were
conjugated with aptamers that can selectively capture cancer cells via their magnetic properties. Further,
the magnetic nanoparticles show oxidase-like catalytic activity toward the oxidation of chromogenic
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substrates, which further enhances the quantitative detection of cancer cell lines through a colorimetric
assay. These results highlight a detection method that can be observed with the naked eye without
requiring HyO; as an oxidant or illumination by light [117]. The fabricated bimetallic nanoparticles
represent a facile, rapid, and highly selective detection method.

4.1.2. Bioimaging

The use of nanoparticles in bioimaging applications includes imaging at the molecular level and
at markedly larger scales (e.g., organs). Plasmonic nanoparticles are typically limited to molecular
imaging or can act as contrast agents in bioimaging applications. Gold nanoparticles of various
shapes and sizes have been reported for bioimaging applications due to their low toxicity and
biocompatibility [172,173]. Recently, Naha et al. developed gold-silver alloy nanoparticles (GSAN) to
improve the efficiency of an imaging probe for breast cancer [71]. In this study, the GSAN enhanced
the imaging contrast for dual-energy mammography (DEM)—an X-ray-based imaging technique used
to screen for breast cancer.

Magnetic resonance imaging (MRI) is one of the most powerful imaging techniques in medical
diagnosis. MRI measures the change in magnetization of protons under a magnetic field exposed to
a radio frequency pulse [36]. The principle of the technique is based on the nuclear magnetic resonance
effect where the local magnetic field produced by magnetic nanoparticles induces a change in the
relaxation times of the surrounding protons. To investigate the enhancement of MRI signal, contrast
agents act by accelerating the rate of relaxation of nearby water molecules, which increases the contrast
between the tissue or organ of interest and the surrounding tissue [37]. Magnetic resonance (MR)
contrast agents either accelerate the longitudinal relaxation (T1) of water and produce bright “positive”
contrast images or accelerate the transverse relaxation (T;) and produce dark “negative” contrast
images. For nanoparticle-based contrast agents, the relatively high magnetic moments of magnetic
nanoparticles have been commonly used to shorten the T, of water protons in their vicinity, giving
rise to an enhanced T,-weigthed MR images. The measurement and the effect of the contrast agents
are typically measured as the T, relaxation time of water protons with a spin-echo pulse sequence
and presented as the spin-spin relaxation rate R, where R, = 1/T5. The degree to which the contrast
enhances the relaxation rate is denoted as the transverse relaxivity coefficient (ro), which is determined
from the change of R; (spin-spin relaxation rate) as a function of the concentration of the magnetic
material [37,174]. Particles that are large and have higher saturation magnetization values have been
reported to provide higher relaxivity (r2) [175]. Bimetallic nanoparticles with high magnetization,
have thus attracted attention as contrast materials for MRI [39,110,111].

Several types of bimetallic nanoparticles such as biophosphonated-functionalized FeNi
nanoparticles, dextran-coated FeCo nanoalloys, PEGylated Pt;Co nanoparticles, and CuNi have been
reported as T, contrast agents [19,40,110,111,115]. Maenosono et al. synthesized FePt nanoparticles
capped with tetramethylammonium hydroxide (TMAOH) and found, by magnetic resonance
relaxometry measurements, that TMAOH-capped FePt nanoparticles exhibit short T, relaxation
times, which renders them attractive for use as negative contrast agents in MRI [103]. Similarly,
H. Yang et al. developed amphiphilic FePt nanoparticles capped with tetraethylene glycol and oleic
acid [80]. The amphiphilic FePt nanoparticles can be efficiently endocytosed in living HeLa cells and
offer good biocompatibility and high T, relaxivities at 122 mM~! s~! [105].

Dual modal imaging, using only one type of nanoparticle, can offer a more comprehensive
diagnosis of cellular and in vivo imaging via CT/MRI [176]. For example, FePt nanoparticles have
been conjugated with cysteamine and the antibody anti-Her2 and used as dual contrast agents for
CT/MRI molecular imaging, as illustrated in Figure 11 [106]. The authors of the study used the
polyol method to synthesize 3, 6, and 12 nm FePt nanoparticles and concluded that the 12 nm FePt
nanoparticles offered the highest amount of serum concentration as well as provided long-term
circulation in both CT and MRI applications.
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Figure 11. Schematic illustrations of (a) the surface functionalization of Anti-Her2 antibodies
conjugated onto cysteamine capped FePt particles, and (b) in vitro and in vivo MRI and CT imaging
using FePt nanoparticles as dual contrast agents. Reproduced with permission from reference [106].
Copyright 2010 American Chemical Society.

Surface coatings on bimetallic nanoparticles open new avenues for the creation of nanoparticles
that offer higher stability, lower toxicity, and access toward a variety of functional groups [111,174].
Using chemical vapor deposition, Seo et al. synthesized FeCo nanoparticles having a graphitic
shell [111]. The particles exhibited high ry and r; relaxivities and high optical absorbances in the NIR
region. Preliminary in vivo experiments showed that these nanoparticles offer high-contrast in the MRI
of the targeted tissue and NIR laser-triggered tumor destruction. Chen et al. showed that silica-coated
FePt nanoparticles functionalized with cysteamine provided a six-fold increase in the relaxivity,
17, and lower cytotoxicity than the commercially offered colloidal suspension of superparamagnetic
iron oxide particles known as Feridex [177]. Gao et al. designed and synthesized 3 nm FePt@Fe,O3
yolk-shell nanoparticles through the Kirkendall effect [34]. The iron oxide surface of the nanoparticle
allows for slow oxidation; thus, the yolk-shell nanoparticles were found to exhibit a strong MR contrast
enhancement (effective relaxivity, r,* = 3.462 (ug/ mL)~! s71). In addition, the low cytotoxicity of
the FePt@Fe,O3 nanoparticles makes them a potential candidate for use in drug delivery. Separately,
Chou et al., demonstrated the use of infrared-active FePt nanoparticles as a quadruple-contrast
in multiscale molecular imaging in CT, MRI, photoacoustic imaging, and high-order multiphoton
luminescence microscopy [102]. The FePt nanoparticles gave a higher photoacoustic response than
gold nanorods and allowed for the visualization of in vivo targeting with four techniques at the same
time, making them flexible and versatile imaging contrasts.

Magneto-plasmonic materials have also been employed for use as MRI, CT, and SERS
imaging [78,79,84]. For example, Amendola et al. synthesized AuFe nanoalloys, a magneto-plasmonic
material conjugated with thiolated PEG or dithiolated sulforhodamine [78,79]. The synthesized AuFe
nanoparticles showed simultaneous MRI/CT imaging and in situ SERS imaging with amplification of
Raman signals. Additionally, surface functionalization of the AuFe particles was found to render them
biocompatible. Separate studies by Su et al. have led to the preparation of polyethyleneimine-coated
AuCu nanoparticles with hollow structures as contrast enhancers in both T; and T, imaging, with T
imaging done at low doses [84]. Further, the FePt-Au heterodimer metallic nanoparticles have been
utilized in multimodal biological detection [178]. The Au segment offers high water solubility
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and biocompatibility after functionalization with dihydrolipoic acid through gold-sulfur bonds.
The heterodimer nanoparticles were used in an avidin-biotin biochip assay and in MRI applications.

4.2. Therapeutic Applications

Nanoparticles offer a novel platform for the development of effective therapeutic treatments that
offer specificity. The nanoparticles can be designed in such a way that allows the specific binding
of a biological target to provoke a desired response. Both plasmonic and magnetic materials have
proven to be useful in the thermal treatment of cancer. Likewise, drug-delivery systems that exploit
the properties of these types of nanoparticles to release therapeutic agents have also received attention.
In the following sections, we discuss treatments that are dependent on the optical or magnetic
properties afforded by bimetallic nanoparticles for a variety of thermal treatments and drug-delivery
applications. Table 2 provides a summary of the biological applications of bimetallic nanoparticles and
the types of nanoparticles used in those applications.

4.2.1. Thermal Treatments

Thermal treatment, also called hyperthermia, is an emerging technique for therapeutic cancer
treatment. This technique increases the temperature of the medium surrounding tumor cells. Research
has established that tumor cells are sensitive and can be destroyed at temperatures above 42 °C [179].
The heat generated in hyperthermia treatments can originate from ultrasonication, radiofrequency,
or other types of irradiation [180]. These methods, however, can sometimes cause severe damage to
surrounding healthy cells [10,42]. In efforts to develop a more targeted approach, researchers have
described the use of metallic nanoparticles that can locally heat the tumor cells without damaging the
surrounding healthy tissue [181,182]. To provide specificity, the nanoparticles can be conjugated with
antibodies that preferentially bind to tumor cells, and upon NIR irradiation, the absorbed photolytic
energy causes the nanoparticles to warm, leading to the destruction of the tumor tissues [183,184].

Gold nanoparticles have been reported for use in photothermal therapies based on the optical
properties and biocompatibility. As previously mentioned, bimetallic nanomaterials, especially
gold-based bimetallic nanoparticles, can be designed for activation at visible and NIR wavelengths,
making them suitable for use in photothermal cancer therapy. For example, bimetallic AgAu nanocages
have been evaluated as potential materials for photothermal therapy [69,185]. The surface plasmon
resonance of these types of nanocages can be tuned to the NIR region (800 to 2500 nm), making
them compatible with the wavelength of laser irradiation used in many photothermal therapies [38].
Under laser irradiation, gold nanocages generate extremely high local temperatures that can provide
a destructive effect on cancer cells without destroying the particles themselves [167]. Recent simulation
studies have explored the process by which thermal damage of the lipid bilayer occurs by this
process and the subsequent increased permeability of the membrane [186]. Moreover, due to their
strong and tunable surface plasmon resonance, gold nanocages can also be used as a potential
contrast enhancement agent for optical coherence tomography (OCT) and spectroscopic optical
coherence tomography (SOCT) for the imaging of biological tissues for early cancer detection [72].
Furthermore, in addition to plasmonic materials, magnetic particles have also been employed for
photothermal therapy using magnetic FePt nanoparticles [104]. Chen et al. demonstrated the capability
of FePt nanoparticles to heat to 100 °C in picoseconds via femtosecond-laser irradiation. Under the
localized energy irradiation, FePt nanoparticles can trigger photothermolysis and then effectively kill
cancerous cells [104].
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Table 2. Bimetallic nanoparticles in biological applications.

Application Principle Materials Reference
LSPR shift AuAg [163]
Surface-enhanced Raman scattering (SERS) AuAg [76]

AuAg [166]
Sensing GMR sensor; competition assay FeCo [112,113,187]
Magnetic capture FePt [171]
Magnetically-enhanced colorimetric biosensing PtCo [117]
QCM with magnetically controlled permeability AuCo [80]
Electrochemical biosensor PtPd [96]
mammagtapny or computed tomography AuAg 71
The optical absorption cross sections AuAg [72]
MRI contrast agent (no imaging) FePt [103]
FePt [105]
MRI in vitro FeNi [115]
PtCo [40]
AuCu [84]
MRI in vivo FeCo [110]
Imaging FePt [177]
Eu;lilt ;22(3:;1 1(1111;/1 ‘1>/([)RI molecular imaging FePt [132]
MRI and near-infrared agents FeCo [111]
Multimodal imaging
—  Computed tomography (CT),
e e i 1), SR
—  High-order multiphoton luminescence
(HOMPL) microscopy
in vivo Multimodal SERS-MRI-CT imaging AuFe [79]
i o MR el nugin and a1
in vitro hyperthermia FePt [109]
Thermal Photothermal FePt [104]
treatment Hyperthermia CuNi [119,188]
Tumor chemo-photothermal therapy AuPt [95]
Drug by pore s and el by o
Drug delivery Gene delivery by functionalized surface AuNi [83]
Drug delivery by pore structure AuPt [95]
Photothermally enhanced photodynamic therapy PdAg [118,189]

In addition to photothermal treatments, another class of hyperthermia treatment is magnetic
hyperthermia—a therapy that depends on magnetic nanomaterials that can be selectively positioned
near target cells and generate localized heat when exposed to an alternating external magnetic field.
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In the presence of an alternating magnetic field, magnetic nanoparticles continuously generate energy
as heat due to Neel and Brownian relaxation [37,190,191]. The heating efficiency of a magnetic
nanoparticle is determined from the specific loss power (SLP), which is a measurement of the change in
temperature per unit volume or mass of the nanoparticles [37,98]. The SLP values are proportional to
the M value but inversely proportional to the size distribution of the nanoparticles [37]. The optimized
magnetic anisotropy and size also can enhance the SLP. Therefore, a material with a high SLP value
can bring enhanced efficacy with a lower number of nanoparticles. Temperature control in this type of
application can be achieved with an intense alternating magnetic field and a particle with a low Curie
temperature (T.), typically in the range of 42 to 46 °C [191-193]. Magnetic nanoparticles with a low
Curie temperature (the temperature at which magnetic materials transition between ferromagnetic
and paramagnetic properties) can be effectively heated to a temperature below their T, to prevent
damage to neighboring healthy tissues since at these temperatures, there is a decrease in magnetic
coupling interactions in the paramagnetic regime. Nanoparticles suitable for magnetic hyperthermia
must be biocompatible as well as monodisperse with simultaneously high and self-regulated heating
capability, with a desired Curie temperature less than 60 °C [194].

Several bimetallic nanoparticles have been reported as successful magnetic hyperthermia
mediators, including CuNi and FeNi [114,119,188]. For example, mechanically milled CuNi
nanoparticles can be obtained at a size of 10 nm with a T, of 45 °C. These particles show
a significant self-heating effect over 40 °C, as determined by analysis using a thermogravimetric
analyzer—simultaneous differential thermal analysis (TGA-SDTA) technique [119]. Additionally,
v-FeNi nanoparticles with a tunable Curie temperature have also been reported by McHenry et al.
for use in self-regulated hyperthermia. In their studies, the authors found that the ratio of Fe and
Ni led to significant variations in the Mg and T, where higher amounts of Fe gave higher values.
Moreover, FeNi nanoparticles with extra Mn precursors added can further reduce the T, from 82 °C
to 78 °C [114].

4.2.2. Drug Delivery

Delivering therapeutic compounds to target sites has been a major obstacle in many applications.
A solution to the problem is cell-specific targeting treatments, which can be achieved by attaching drugs
onto individually designed carriers [195]. Nanoparticles have been used as carriers in targeted drug
delivery to deliver therapeutic agents at the disease site, improve the uptake of poorly soluble drugs,
and improve drug bioavailability [196]. Furthermore, the small sizes and unique physicochemical and
biological properties render nanoparticles to be promising candidates as drug carriers [195].

Gold-based bimetallic nanoparticles are particularly promising candidates as drug carriers due to
their small size, biocompatibility, and facile surface modification [197]. For example, Liu et al. altered
the plasmonic properties of porous-silica-coated AuAg alloy nanoparticles with built-in hotspots
where the electromagnetic field was sufficiently strong to amplify the Raman scattering of target
molecules [198]. These types of materials are suitable for drug delivery and photothermal therapeutics
owing to their size in the range of nanometers, porous structure of both the core and shell, and the
unique optical activity in the NIR region [198]. Other examples of modified gold-based nanoparticles
for drug delivery include the cationic BSA embedded AuAg bimetallic nanocluster system developed
by Dutta. In their study, the authors used BSA to synthesize the unique architecture to serve as
a carrier for the pDNA encoding of the enzyme E. coli cytosine deaminase uracil phosphoribosyltransferase
(CD-UPRT) [155]. The nanoclusters were then converted into composite nanoparticles and bound
to the negatively charged pDNA. Successful uptake of the composite nanoparticles was achieved
by the cancer cells. To track the delivery of pDNA into the cells, the luminescence of the bimetallic
nanoclusters was used. Separately, AuNi nanorods have been designed as selectively functionalized
carriers for gene delivery [83]. The nanorods were double functionalized with transferrin on the Au
segment and DNA plasmids on the Ni segment. The dual-functionalized nanorods demonstrated their
potential use as carriers for gene-delivery into human cells for targeted protein expression [83].
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In addition to exploring the drug-delivery efficacy, recent nanoparticle-based research has
also focused on developing additional capabilities that are beneficial to the patients receiving the
treatments, such as reducing the systemic toxicity. Yang et al., for example, synthesized multifunctional
Au@Pt nanoparticles that allow for the loading of the anticancer drug, doxorubicin (DOX) [95].
The DOX-loaded nanoparticles serve as a chemo-photothermal combination therapy platform with
oxidative stress reduction (Figure 12). In addition to gold-based bimetallic nanoparticles, Shi et al.
demonstrated that mesoporous silica-coated PdA@Ag nanoparticles (PdA@Ag@mSiO;) can be used as
a nanoplatform for photodynamic therapy (PDT) in drug delivery [190]. These nanocomposites were
utilized as nanocarriers for the photosensitizer Ce6 in photothermally enhanced photodynamic therapy.
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Figure 12. Schematic illustrations of (a) the synthesis of DOX/Au@Pt-cRGD, and (b) ROS scavenging
by catalyzing the platinum shell while attenuating DOX-induced organ oxidative injury. Reproduced
with permission from ref. [95]. Copyright 2017 American Chemical Society.

Magnetically guided capsules using an external magnetic field have also gained attention as
a potential method for controlled drug delivery. The use of pH- and temperature-sensitive polymeric
materials as coatings on magnetic nanoparticles have proven to be good candidates for controlled
drug release [19,80,107,176]. Lu et al. optimized polyelectrolyte embedded Co@Au nanoparticles
for magnetically controlled permeability [80]. The permeability of the nanoparticles was achieved
by applying an appropriate frequency to cause the oscillating magnetic field to “twist and shake”
the nanoparticles. Another example of a potential magnetically guided drug-delivery system is the
polycation hybrid FePt nanoparticle-coated capsules developed by Fuchigami et al. [107].

Sahu et al. synthesized PEGylated FePt-Fe;O4 nanoassemblies for the pH-sensitive release of
DOX in a cell-mimicking environment [109]. The authors found higher release of DOX in acidic
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environments (pH 4.3) than at physiological pH (pH 7.4) due to the protonation of DOX under
acidic media. In addition, due to the magnetic nature of the nanoparticles, the DOX release was
enhanced under an alternating magnetic field, which was used to increase the Brownian motion of the
nanoparticles. Another example of a pH-responsive bimetallic nanogel was reported by Wu et al. [199].
The nanogel was composed of core-shell Ni@Ag bimetallic nanoparticles coated with poly(ethylene
glycol-co-meth-acrylic acid) [p(EG-MAA)]. Due to the nature of the composite, the material could
be magnetically manipulated, and drug release was regulated via the pH-sensitive properties of the
polymeric material.

5. Summary and Perspectives

As described in this review, there are various kinds of structures bimetallic nanoparticles
can adopt depending on the atomic ordering of the two metals. The structures can be broadly
classified as mixed structures and segregated structures. Synthetic methods can be divided
into simultaneous (e.g., co-reduction, sonochemical synthesis, thermal decomposition, microwave
irradiation, and radiolytic synthesis) and successive methods (e.g., seed-mediated growth). Bimetallic
nanoparticles prepared via these methods offer advances in a variety of biological applications
that range from diagnostics (e.g., sensing and imaging) to therapeutics (e.g., tumor ablation and
drug delivery). Bimetallic nanoparticles with plasmonic properties, such as Au/Ag/Cu composites,
are typically employed as plasmonic biosensors due to the sensitivity of their LSPR to the surrounding
medium. Most imaging techniques, such as magnetic resonance imaging (MRI), computed tomography
(CT), and dual modal imaging, require the use of a contrast agent. Due to the magnetic nature of Fe,
Co, or Ni bimetallic nanoparticles, these types of materials serve as good contrast agents in imaging
techniques. Additionally, magneto-plasmonic materials, such as Au-Fe nanoparticles, have useful in
multimodal biological detection and imaging diagnostic techniques due to their combined optical and
magnetic properties.

Both plasmonic and magnetic bimetallic nanoparticles have been used in therapeutic applications,
including thermal treatments (hyperthermia) and drug delivery. By taking advantage of the tunable
LSPR of plasmonic nanoparticles (e.g., Au-based bimetallics) or the relaxation of magnetic nanoparticles
(e.g., Fe-based bimetallics), specific cells can be targeted for treatment without damaging the
surrounding tissues. Additionally, Au-based nanoparticles have been proven to be excellent candidates
for drug delivery due to their biocompatibility. Moreover, Fe-based materials coupled with pH- or
temperature-sensitive coatings can be magnetically controlled for targeted drug release. The optical
and magnetic properties inherent in bimetallic nanoparticles render these types of materials promising
candidates for improving the efficiency of diagnostic and therapeutic applications. As described in this
review, various kinds of bimetallic nanoparticles have been used in diagnostic applications such as
imaging and sensing. However, there are comparatively fewer examples in the literature for therapeutic
applications, especially for use in the treatment of cancer. This paucity coupled with emerging synthetic
strategies in the synthesis of bimetallic nanoparticles and technological advances will hopefully fill
the void. Further, the use of multi-component nanoparticles comprised of three or more metals have
also emerged as materials that can enhance the optical and magnetic properties discussed herein.
Undoubtedly, we will continue to see creative advances in the synthesis and applications of these
unique dual-component and multi-component nanomaterials.
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