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Abstract 

The unique properties of engineered noble-metal nanostructures make them versatile and 

robust signal transducers for in vitro diagnostics (IVDs). Particularly, thanks to the increased 

mechanistic understanding on fundamental nano-research and the rapid advancement of high-

performance analytical tools, it is now feasible to tightly tune the physical and chemical parameters 

(including size, shape, elemental composition, and internal structure) of a noble-metal 

nanostructure at the atomic precision. Through careful control over these parameters, one can 

optimize the physicochemical properties of a metal nanostructure and thereby enhance its 

performance in IVDs. In this article, we introduce recently developed methodologies for 

effectively engineering noble-metal nanostructures with desired properties, discuss the superior 

performance of the engineered nanostructures in various IVD platforms, and provide insights into 

materials design, synthesis, and application in IVDs. We hope this article will serve as a useful 

foundation to inspire future research in this emerging niche field. 
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1. Introduction 

1.1. In Vitro Diagnostics (IVDs) and Their Significance 

In vitro diagnostics (IVDs) refer to tests on biological samples that are taken from the human 

body, including, but not limited to, blood, urine, saliva, and tissues.1-4 IVD tests are usually 

performed to detect and monitor disease in an individual (in most cases, through the determination 

of molecular biomarkers), intending to provide valuable medical information for disease treatment, 

management, and prevention. IVDs represent a crucial component in modern healthcare. They 

influence more than 60% of clinical decision making, while accounting for only ~2% of total 

healthcare spending.5 IVDs reduce cost by diminishing subsequent health issues, avoiding 

unnecessary treatment, and reducing hospitalization. In addition to cost-effectiveness, IVDs are 

featured by low patient risk. Most IVDs do not come into direct contact with human body, 

involving no more than minimal risk for a patient.6-8 

Today, IVDs go far beyond simply telling a doctor whether a patient has certain diseases or 

not. They are able to spot early warning signs, provide quantitative data on relevant biomarkers, 

and evaluate individual risk factors.9, 10 This information greatly enhances doctors’ ability to make 

an optimized decision at the right time. The versatile capabilities of IVDs make them an integral 

part of decision making during the entire continuum of patient care. For instance, in dealing with 

cancers, IVDs can guide physicians to make clinical decisions on both treatment and recovery. 

Prior to any invasive treatments, IVD tests (e.g., blood tests for prostate cancer and core-needle 

biopsy for breast cancer) need to be performed to obtain detailed information about cancer, such 

as the exact kind of cancer, the stage of cancer, and how fast it is expanding. After treatment, IVDs 

help physicians monitor possible cancer recurrence by measuring the level of specific biomarkers 

in a patient’s blood or tissue.11-15 

The increasing demand of IVDs and their significance in biomedicine drive the development 

of new IVD technologies towards higher sensitivity, greater simplicity, and lower cost. In particular, 

high sensitivity is critical in early detection of life-threatening diseases such as cancers, infectious 

diseases, and cardiovascular disease, creating opportunities for early intervention and 

prevention.16-19 Great simplicity and low cost allow IVDs to extend beyond clinical laboratory and 

doctor’s office, empowering patients to self-monitor and manage their own health conditions and 

ultimately achieving sustainable healthcare.20, 21 

1.2. Noble-metal Nanostructures in IVDs 
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Nanostructures of noble metals (including Au, Ag, Pt, Pd, Rh, Ir, and Ru) as a group of 

emerging functional materials have received increasing interest in various fields over the past 

several decades.22-30 The unique and intriguing physicochemical properties of noble-metal 

nanostructures make them attractive for IVDs.6, 31-34 For example, i) They offer multiple signal 

transduction principles suited for efficient IVD tests. They can generate various types of signal 

such as optical,35 plasmonic,36 electrochemical,37, 38 surface-enhanced Raman scattering (SERS),39, 

40 fluorescent,41, 42 and colorimetric signal.43, 44 Notably, a very small amount of noble-metal 

nanostructures are required to yield a strong signal, allowing for sensitive detection; ii) Owing to 

the great efforts by many research groups in the past,45-49 they can now be produced in high quality 

and large quantities, ensuring good reproducibility for associated IVDs; iii) Their surface can be 

conveniently modified with functional groups such as amino and carboxyl groups by means of 

metal-thiolate bonding, allowing for facile label of biomolecules (e.g., antibodies and nucleic 

acids);50-53 iv) They are made of noble metals with excellent stability and mechanical flexibility, 

enabling them to easily survive complex and harsh environments.54-56 This feature is particularly 

desired for point-of-care IVDs, where environmental conditions such as temperature, humidity, 

and air quality are less predictable and controllable than those in a clinical laboratory.57-59 Finally, 

it should be noted that the cost of noble metals should not be an issue in this particular application 

because of the tiny amount of materials usage in IVDs. 

Technological advancement is oftentimes driven by scientific discoveries. Putting these 

functional noble-metal nanostructures to work for revolution of IVD technologies is an exciting 

task for scientists worldwide. However, the path from lab experiments to clinical use is long and 

fraught with pitfalls. The lack of in-depth fundamental understanding and difficulties in dealing 

with complicated clinical samples make the translational period of these nanostructures in IVDs 

rather arduous. Nevertheless, a few of them have already made it through. For example, Au 

nanoparticles-based test strip technology has successfully been brought to the market since the 

1980s and become a powerful tool to solve real-world problems (e.g., tests for pregnancy and 

malaria).60-62 It is worth mentioning that facile and scalable synthesis of quality colloidal Au 

nanoparticles can be traced back to the work by Turkevich et al. in the early 1950s 63-65 – only ~30 

years behind the practical use. Over the past two decades, great progress has been made on both 

fundamental and practical sides of noble-metal nanostructures. It is now feasible to manufacture 

noble-metal nanostructures with good uniformities and commercial scales.66-71 Taken together, this 
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niche field is primed to make the transition from scientific findings to clinical realities. 

1.3. What is Unique about "Engineered"? 

In this article, the term "engineered" refers to noble-metal nanomaterials "with controlled 

physical parameters, including size, shape, elemental composition, and internal structure (i.e., type 

of crystallinity and degree of hollowness)". It is well documented that the physicochemical 

properties of a noble-metal nanostructure have strong dependence on these physical parameters.30, 

72-79 For a specific application, one can tailor the properties and optimize the performance of metal 

nanostructure by carefully tuning one of these parameters, or a combination of them. 

For example, the molar absorptivity of Au nanospheres is enlarged by 1,000 times when the 

diameter of sphere is increased from 5 to 50 nm.80, 81 In another example, for Ag nanospheres of 

50 nm in diameter, the localized surface plasmon resonance (LSPR) is dominated by a strong peak 

at ~450 nm, giving their aqueous suspension a distinct yellow color since the purple/blue color of 

incident light is largely absorbed by the nanospheres.82-84 Interestingly, when the spheres are re-

shaped to rods with dimensions of 20 × 50 nm2 (width × length), their major LSPR peak is shifted 

to ~600 nm.85 As a result, the aqueous suspension of these nanorods displays a striking blue color. 

In heterogeneous catalysis, the specific activity of Pt nanoparticles toward oxygen reduction 

reaction could be enhanced by approximately 10 times by incorporating Pt with another element 

– Ni to form an alloy of Pt3Ni.86, 87 Pd icosahedra with multiple twin defects showed a catalytic 

activity towards formic-acid oxidation that was several times higher than single-crystal Pd 

octahedrons with a similar size.88, 89 

These and many other examples clearly demonstrate the critical importance of "engineered" to 

the effective utilization of noble-metal nanostructures. Nevertheless, compared to other fields (e.g., 

catalysis and in vivo biomedicine30, 90-93), engineered noble-metal nanostructures have not been 

extensively studied in IVDs. Only within the last few decades have them been applied to IVD tests. 

On the other hand, with our increased mechanistic understanding and recent advancement in 

analytical tools, it is now practicable to precisely control the physical parameters of noble-metal 

nanostructures at the atomic level.94-98 Collectively, it is particular excitement in regard to the 

application of engineered noble-metal nanostructures in IVDs. 

1.4. Scope and Organization of the Article 

This article aims to illustrate how engineering the physical parameters (size, shape, etc.) of a 

noble-metal nanostructure can enhance its performance in IVD tests. We discuss various 



 

5 
 

engineered noble-metal nanostructures used in IVDs, with a minimal discussion of conventional 

nanoparticles with an overall spherical shape. Since the topic of controlled synthesis of 

nanostructures is quite broad, we limit our discussion to solution-phase synthesis,49, 99 where 

seeded growth (or seed-mediated growth,100-104 see Section 2.1) as a highly effective approach is 

emphasized. Production of quality seeds from one-pot synthesis is not specified as it can be 

documented in literatures.48, 49, 105 As limited by space, we only highlight the most effective 

strategy along with a few examples for each one of the controlled syntheses. Detailed synthetic 

approaches and mechanistic understandings can be found in our recently published review 

articles.47, 106, 107 This article is organized by introducing the impacts of size, shape, elemental 

composition, and internal structure, one by one, on the performance of noble-metal nanostructures 

in IVDs. While we focus on engineered individual nanostructures, strategies based on nanoparticle 

aggregates, nanocrystal growth process, and chemical etching are also briefly accounted at the end 

of the article. In this article, we only discuss recent advancements of nanomaterials and IVD 

techniques made in the 2010s. 

 

2. Impact of Size 

2.1. Seeded Growth 

Figure 1A illustrates a typical seeded growth of colloidal noble-metal nanostructures. Wherein, 

metal precursor solution is added to (in many cases, through a syringe pump) a vessel containing 

pre-formed seeds, reductant, capping agent and/or colloidal stabilizer that is placed in an oil or 

water bath equipped with a temperature controller.107 The precursor is reduced to metal atoms and 

then heterogeneously nucleate on the surface of seeds. Continued growth of seeds under a specific 

pathway results in the formation of desired nanostructures as the final products. 

The growth pathway of a seed is controlled by a set of thermodynamic (e.g., surface capping 

and reduction potential) and kinetic (e.g., reagent concentration and temperature) parameters.47 To 

understand the difference between thermodynamic and kinetic controls, consider two possible 

products (I and II) that may be obtained from the growth of a seed.108-110 Product I is formed with 

a lower total free energy relative to product II. Therefore, product I is more thermodynamically 

stable. However, the activation energy barrier involved in the formation of product I is higher than 

that in the formation of product II. In this case, product I is expected when the synthesis is 

performed under thermodynamic control while product II will be favored if the synthesis is 
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switched to kinetic control. It should be pointed out that, despite thermodynamic and kinetic 

parameters are oftentimes intricately entangled to each other, one can determine which one takes 

the dominant role in a synthesis. More details about the fundamentals of seeded growth and 

thermodynamic/kinetic controls can be found in our recently published articles.47, 107 In following 

discussion, we will not elaborate on these concepts. 

2.2. Control of Size 

The size of nanostructures can be conveniently controlled in seeded growth by varying the 

ratio of metal precursor to seed. In principle, variation of precursor-to-seed ratio could be achieved 

by altering either the amount of precursor or the number of seeds (see Figure 1B). The key to a 

successful size-controlled synthesis is to carefully control the thermodynamic and kinetic 

parameters in a reaction to ensure that the original shape of seeds is maintained during the entire 

course of growth. 

The capability of seeded growth in size control has been demonstrated in a number of noble 

metals. Taking Au nanospheres as a simple and important example, seeded growth allowed for a 

tight control of size in the range of 10-150 nm.111 In a set of synthesis, HAuCl4 solution (precursor 

to Au) was added to an aqueous solution containing a mixture of ascorbic acid (AA) as the 

reductant, 10 nm single-crystal Au spheres as the seeds, and cetyltrimethylammonium chloride 

(CTAC) as the stabilizer. As shown by Figure 1C, Au nanospheres with average diameters of 15, 

46, and 80 nm could be obtained by reducing the number of seeds introduced to the synthesis while 

fixing the amount of precursor. By repeating the growth process and using the 46 nm Au 

nanospheres as the seeds, larger Au spheres with diameters of up to 150 nm could be obtained with 

high yields and narrow size distributions. The success of this synthesis relies on a slow reduction 

rate of Au3+ by AA, which allows for an adequately long period of time for the system to attain the 

global minimum in Gibbs free energy.  As a result, sphere as a thermodynamically stable shape 

was maintained during the seeded growth. 

In another example, Ag nanocubes with controlled edge lengths in the range of 30-200 nm 

could be synthesized in high yield through seeded growth.112 Different from the above Au 

nanosphere system, an alternative approach – adjusting the amount of precursor (AgNO3 in this 

case) while fixing the number of seeds – was used to control the size. As shown in Figure 1D, Ag 

nanocubes with average edge lengths of 36, 99, and 172 nm, respectively, were obtained by 

increasing the amount of AgNO3 solution in a standard synthesis from 10 to 75, and 200 μL. For 
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this synthesis, the key to the maintenance of cubic shape was to involve sufficient 

poly(vinylpyrrolidone) (PVP) molecules in the reaction solution. PVP as a Ag{100} facet-specific 

capping agent (see more details about capping agent in Section 3.1) can effectively and constantly 

passivate the newly formed Ag{100} facets during the growth,113, 114 promoting the formation of 

six {100} facets-covered Ag nanocube as the final product. 

2.3. Size-controlled Nanostructures in IVDs 

Size plays a critical role in determining the performance of a noble-metal nanostructure in 

IVDs. It not only has a great impact on signal transduction but also affects the way a nanostructure 

interacts with biomolecules and/or other components of an IVD platform. 

Surface plasmon resonance (SPR) biosensor as a widely used and commercially available IVD 

technology is a good example to illustrate the role and importance of particle size. SPR is a classic 

optical phenomenon that arises from the collective oscillation of surface conduction electrons of a 

metal (e.g., Au and Ag) in response to the oscillating electric field of incident light.115-117 When the 

size of metal is shrunk to the nanoscale, the interaction between electron and light will be localized 

on the nanoparticle surface, which is termed the localized SPR (LSPR).77 The principle of a 

conventional SPR biosensor relies on the fact that the binding of specific biomolecules onto the 

surface of a metal film can induce a variation in the dielectric constant, causing a change in the 

reflection of laser from a metal-liquid surface.118 Since Au nanoparticles are highly sensitive to the 

dielectric constant of surrounding medium, they have been extensively used in SPR biosensors to 

amplify the SPR signal and enhance the detection sensitivity.119, 120 In following discussion, Au 

nanoparticles with an overall spherical shape will be referred to as "AuNPs" for simplicity. It has 

been well recognized that the size of AuNP has a direct impact on their performance in SPR 

biosensors. For example, Liu et al. immobilized AuNPs of 500 and 60 nm in diameters on glass 

substrate for detecting cancer cells.121 The results indicated that large-sized AuNPs have a longer 

electromagnetic field decay length, providing a broader linear range and higher sensitivity than 

those of small AuNPs (~103-106 cells/mL for 500 nm AuNPs versus ~104-105 cells/mL for 60 nm 

AuNPs). He et al. observed that 45 nm AuNPs on a SiO2-coated SPR chip gave a similar sensor 

response as 12 nm AuNPs, because the surface density of larger AuNPs was 20 times smaller than 

that of smaller ones.122 Halpern et al. adsorbed AuNPs with diameters in the range of 20 to 100 nm 

onto a gold film and found that the sensor response increased with the size of AuNPs.123 

In a recent work, Springer et al. quantitatively investigated how the size of AuNPs influences 
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their capability in enhancing the response of SPR biosensors.124 The study involved both 

experimental work and theoretical simulations. As a model system (Figure 2A), neutravidin-

functionalized AuNPs (N-AuNPs) were used in the last step of a sandwich assay of 

carcinoembryonic antigen (CEA) to enhance the SPR sensor response to biotinylated secondary 

antibody against CEA. AuNPs with diameters of 10, 15, 21, 33, 52 nm were tested in this system 

to investigate the size effect. The sensor response (shift in the SPR wavelength, Δλr) is determined 

by two factors – the surface density of captured AuNPs (Δσ) and the sensor sensitivity to AuNP 

surface density (Sσ), which are related as Δλr = Δσ·Sσ. 

Herein, the first factor (Δσ) is defined as the ability of the N-AuNPs to bind to the SPR sensor 

surface through the interaction between biotinylated antibody and neutravidin on AuNP surface 

(Figure 2A). The second factor (Sσ) is defined only by the optical properties of both the N-AuNPs 

and the properties of the sensor. This factor measures the ratio between changes in the sensor 

response to changes in the N-AuNP surface density. Significantly, Δλr and Δσ could be 

experimentally determined through SPR instrument readout and scanning electron microscopy 

(SEM) imaging, respectively. Therefore, the value of Sσ can be experimentally derived through 

following equation: 

Sσ = Δλr/Δσ   (1) 

The data of Δλr and Δσ for different sized AuNPs are summarized in Figure 2B and C, 

respectively. On the basis of these data and equation 1, the values of Sσ were derived (symbol ■ in 

Figure 2D). This set of experimental data was well correlated to the results from a theoretical 

model (lines in Figure 2D) that relates the enhancement generated by various characteristics of the 

AuNPs (e.g., size, composition, and concentration). It can be concluded that, while Sσ increases 

with the size of the N-AuNP, the ability of bioreceptors-functionalized surface of the sensor to 

bind the N-AuNPs is affected by steric effects and thus decreases with the size of N-AuNP. This 

study provides quantitative understanding on the impact of particle size, allowing for the design 

and development of SPR biosensors with optimized analytical performance. 

Size also plays a decisive role in other signal transduction principles. Here we still use AuNPs 

as a type of representative nanostructure. AuNPs can effectively generate color signal (through 

absorption/scattering of incident light) and thermal contrast signal (through the photothermal 

effect125, 126). Size of AuNPs has been recognized to have great impacts on both types of signal and 

associated IVD platforms. In a recent work by Zhan et al., such impacts have been understood 
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from both theoretical and experimental aspects using lateral flow assay (LFA) as a model IVD 

platform.127 LFA is one of the most widely used and commercially available point-of-care IVD 

technologies.128 Nevertheless, its relatively low detection sensitivity (~1,000-times less sensitive 

than laboratory tests129, 130) inhibits many critical applications such as early detection of significant 

cancers and acute infectious diseases. 

In a typical sandwich LFA test (Figure 3A), analyte flows through a paper-based strip by 

capillary force and first captured by detection antibodies-labeled AuNPs to form a complex.128 The 

complex is then captured by antibodies pre-coated on the test zone of membrane. The accumulation 

of AuNPs at the test zone results in a visible red color, indicating a positive test. In conventional 

LFA, AuNPs of 30-40 nm in diameter are used as colorimetric labels. To improve the sensitivity 

of LFA, Zhan et al. carefully studied the impact of AuNP size (30, 60, and 100 nm in diameter).127 

The nitrocellulose membrane is conceptually simplified as a bundle of cylindrical pores of radius 

R (Figure 3A). The Peclet number (Pe) and the Damkohler number (Da) were scaled to assess the 

importance of diffusion to convection and reaction in LFA (Figure 3B). Particularly, in the formula 

of Da, the effective forward reaction rate constant (kon′) for antibody-labeled AuNP is assumed to 

be: 

kon′ = nkon    (2) 

Wherein, kon is the forward rate constant for a single antibody-antigen interaction in the LFA 

setting, and n is the effective number of antibodies per AuNP. A COMSOL model was developed 

to analyze the system and predict LFA performance prior to experiments. The model shows that 

reaction and convection have a higher impact on AuNP capture in test zone than diffusion, with 

reaction being the rate-limiting factor in AuNP capture. In this system, the reaction is largely 

determined by kon′. Therefore, on the basis of equation 2, larger sized AuNPs would have greater 

kon′ due to the larger number of antibodies per AuNP (n) and thus could improve AuNP capture. 

Figure 3C shows the modeling results for a sandwich LFA of C-reactive protein (CRP, a biomarker 

of inflammation) achieved by the COMSOL model. Figure 3D shows the modeling results-guided 

experimental results where both thermal and color signals were measured for the CRP LFAs. It 

can be seen that the modeling results agreed well with experimental results, including the 

observation of the "hook effect" (reduction in signal at excessively high analyte concentrations131, 

132). The two sets of data quantitatively demonstrate that larger sized AuNPs having a higher 

effective forward rate constant (kon′) could increase AuNP capture and therefore LFA sensitivity. 
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In particular, under thermal signal detection mode, 100 nm AuNPs yields a 256-fold sensitivity 

enhancement relative to conventional 30 nm AuNP-based colorimetric LFA. It should be 

mentioned that AuNP capture will be rate-limited by diffusion when the size is beyond 100 nm. 

Modeling results show that larger AuNPs (e.g., 400 nm) will settle in the membrane pores within 

50 seconds, the time necessary for a AuNP to migrate from conjugate pad to test zone. Therefore, 

further increasing particle size will decrease AuNP capture and thus the sensitivity of LFA because 

larger AuNPs have slower diffusion rates. 

These examples demonstrate the importance of size control in AuNP-based IVD technologies. 

In fact, the profound impact of particle size on IVDs was also observed in a number of other noble-

metal nanostructures. For instance, for Ag nanoparticle-based surface-enhanced Raman scattering 

(SERS) detection, the optimal size of Ag nanoparticles for providing a maximum SERS signal of 

adsorbed R6G was found to be ~50-60 nm.133 In a Pt nanoparticle-based colorimetric assay, among 

Pt nanoparticles with diameters in the range of 50-280 nm, ~150 nm Pt nanoparticles gave the 

highest signal intensity.58 

 

3. Impact of Shape 

3.1. Control of Shape 

In recent years, a number of approaches have been reported to achieve shape control in seeded 

growth. Here we highlight a couple of representative examples that can effectively and tightly 

control the shape with relatively clear mechanistic understanding. While following discussions 

may be applied to all types of seeds, we will focus on the growth of single-crystal seeds coved by 

a set of low-index facets, including {111}, {100} and {110}, as a model system. 

Facet-specific capping is an effective approach to control the shape of noble-metal 

nanocrystals.47, 106 This approach relies on the introduction of a facet-specific capping agent to a 

synthesis, which can preferentially bind to specific type of facet of a growing seed. It is considered 

a thermodynamic approach because a capping agent reduces the surface free energy () of a 

specific facet through chemisorption. For a noble-metal nanocrystal with a face-centered-cubic 

(fcc) crystal structure, the surface free energies of low-index facets increase in the order of  < 

 < .
49, 134 Therefore, the most thermodynamically stable shape for a noble-metal 

nanocrystal is truncated octahedron covered by {111} and {100} facets (see Figure 4A) as this 

shape ensures a minimal surface free energy.47 When a reaction is dominated by thermodynamic 
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control, seeded growth will proceed along the pathway that minimizes the total surface free energy 

of the system. Therefore, in the absence of any facet-specific capping agent, the growth of a 

truncated octahedral seed will likely produce larger sized truncated octahedron without change in 

shape, just like the case shown in Figure 1C. In the presence of a capping agent, however, the 

truncated octahedral shape can be changed remarkably.47 As shown in Figure 4A, a {100}-specific 

capping agent can passivate (100) surface and lower . Therefore, the growth of a truncated 

octahedral seed is directed to preferentially occur along the <111> directions, resulting in the 

formation of cuboctahedron and then cube. On the contrary, a {111}-specific capping agent can 

block (111) surface and induce growth towards the <100> directions, leading to the formation of 

octahedron as the final product. Over the past, a large number of effective capping agents for 

different types of facets have been reported. Notable examples include PVP and Br− for 

Ag{100},106, 135 citrate for Ag{111};106 Br− and I− for Pd{100},136 HCHO and CO for Pd{111};137, 

138 Br− and CO for Pt{100}.96, 139, 140 Although the explicit mechanism responsible for the 

specificity of a capping agent is still unclear, some studies indicate that good match in geometry 

between the capping agent molecule and metal surface plays a key role in ensuring the 

specificity.141-143 

Kinetic control through manipulating the rates of atom deposition and surface diffusion is 

another effective approach to control the shape evolution during a seeded growth.47 Using 

truncated cube with six side faces being blocked by capping agents as a model seed, Figure 4B 

illustrates how the ratio between the rates of atom deposition and surface diffusion (Vdept./Vdiff.) 

affect the growth pathway of a seed and thus control the shape.144 In this model, newly formed 

atoms from the reduction of a precursor are expected to deposit on the corners of a cubic seed and 

migrate to edges and side faces through surface diffusion because corners are more active than 

other sites. In an extreme case, when Vdept./Vdiff. >> 1, most adatoms will stay at the corners of a 

cubic seed, resulting in the formation of an octapod as final product. In another extreme (Vdept./Vdiff. 

<< 1), the adatoms at corners will migrate to edges and side faces, promoting the formation of a 

cuboctahedron. Nanostructures of other shapes (e.g., concave cube and truncated cube) will form 

when Vdept./Vdiff. is in between the two extremes. These expectations in the model were validated 

by experiments (e.g., growth of Pd cubic seeds; see the electron microscope images in Figure 4B), 

where Vdept. and Vdiff. were separately and tightly controlled with an experimental setup (see Figure 

1A). Specifically, Vdept. can be controlled by adjusting the injection rate of a syringe pump, with 
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which metal precursor is added to the reaction solution. Vdiff. on the other hand can be varied by a 

temperature controller as diffusion is a thermally driven process. This powerful approach is 

applicable in many types of metals and seeds, ranging from monometallic systems to bimetallic 

systems;145-147 and from single-crystal seeds to twin defects-contained seeds.148 

It is worth mentioning that, under certain strict conditions, the growth of a seed with a highly 

symmetric shape can be induced towards an unsymmetric pattern. This case generally happens 

when: i) atom supply is low enough so the amount of atoms is only sufficient to nucleate on limited 

sites of seed surface; and ii) the energy barrier to surface diffusion is sufficiently high so the 

adatoms will not spread across the seed surface.47  For example, the growth towards one of six 

{100}-covered side faces of a cubic seed results in the formation of a pencil-like nanostructure 

(Figure 4C).149 Such an unsymmetric growth can be more dynamic by coupling with a facet-

specific capping agent. For instance, one-dimensional bars will be obtained with the assistance of 

a {100}-specific capping agent. Other examples that involves different types of seeds and 

unsymmetric growth patterns can be found in recent publications.150-153 

3.2. Shape-controlled Nanostructures in IVDs 

Compared to size control, shape control is even more effective and versatile in enhancing the 

properties of a noble-metal nanostructure and thus its performance in IVDs. For instance, the LSPR 

peak of a Au or Ag nanostructure is more sensitive to its shape relative to size.77, 117 Steric effect 

in interaction with biomolecules caused by the increase of particle size can be minimized in the 

case of shape control. Moreover, shape control is more cost-efficient since it avoids the increase 

of materials usage. 

In the SPR biosensor (see a model in Figure 2A), for example, the signal enhancement and 

detection sensitivity have a strong dependence on the shape of Au nanostructures as enhancers. 

Kwon et al. studied the shape effect in SPR biosensor by comparing the performance of Au 

nanostructures with quasi-spherical and rod-like shapes (Figure 5A, B).154 Both Au nanostructures 

possess at least one dimension in the 40-50 nm range. Thrombin was chosen as a model biomarker, 

which was captured by the DNA aptamer probe attached to the SPR-chip surface and the specific 

antibody conjugated on the Au nanostructures to form a sandwich complex during an assay. As 

shown by the spectra in Figure 5A, B, the major LSPR peaks for the Au quasi-spherical 

nanoparticles and nanorods were located at ~640 nm and ~530 nm, respectively. This difference 

in LSPR peak can be ascribed to the difference in particle shape. Under the same assay conditions, 
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the minimum thrombin concentrations detected by the Au quasi-spherical nanoparticles and 

nanorods were 1 and 10 aM, respectively, (see Figure 5C, D). This difference in signal generation 

and thus detection sensitivity originated from the changes in the real and imaginary components 

of the refractive index of the film at the chip-solution interface that were induced by the adsorbed 

Au nanostructures. The poorer detection performance of the Au nanorods relative to the Au quasi-

spherical nanoparticles could be ascribed to that fact that: i) the nanorods induced a smaller change 

in the real component of the refractive index, since the volume of the nanorods is ~3-fold lower 

than that of the quasi-spherical nanoparticles with the same particle number; and ii) near-field 

plasmonic coupling occurred in the case of nanorods due to the overlap between particle LSRP 

profile and the wavelength of light source in the sensor device (760 nm), which affected the 

imaginary component of the refractive index. The shape-dependent performance of SPR biosensor 

was extensively investigated in other studies, where Au nanostructures with various shapes were 

examined.155-157 

SERS is of great interest for IVDs because of its high sensitivity, specificity, and multiplexing 

capabilities.158-160 In SERS, the electric fields (E-fields) of a plasmonic nanostructure (i.e., SERS 

substrate) can enhance the Raman signal of molecules in their vicinity by a factor of E4. In general, 

SERS is applied to IVD tests in two ways – capturing and identifying analytes in a sample directly 

by a substrate; and using SERS "tags" that were prepared by coating substrates with probe 

molecules of known Raman fingerprints. In either way, the SERS enhancement factor (EF) of a 

substrate largely determines the sensitivity of SRES detection. At those regions of a substrate with 

drastically intensified E-field (so-called "hot spot"), Raman signal can be enhanced by many orders 

of magnitude (up to ~1014), enabling single-molecule detection.161, 162 Therefore, in SERS 

detection, much attention has been paid to develop SERS substrates with strong and reproducible 

hot spots. Shape plays a critical role in determining the number and strength of hot spots on a 

substrate and thus the EF. Both experimental and simulation results have demonstrated that hot 

spots oftentimes locate at the tips of a nanoscale substrate with sharp features (e.g., corners and 

edges).161, 163 For example, Ag nanocube with sharp corners and edges provides a much higher EF 

compared to Ag nanosphere with the similar dimension (see Figure 6A).164 This difference in EF 

is more evident (108 for Ag nanocube versus 106 for Ag nanosphere) when the nanoparticle is 

deposited on a Au or Ag film, which can couple with the LSPR of the nanoparticle and significantly 

enhance its E-fields. 
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An effective approach to boost the EF of a nanostructure is to create as many tips on its 

surface.165-167 In a recent theoretical study based on Finite-Difference Time-Domain (FDTD) 

simulations, the EF of Au nanoshells with a number of spikes on the surface was calculated to be 

several orders of magnitude greater than that of Au nanoshells with a smooth surface (Figure 

6B).168 Significantly, the EF of such spiky nanoshells was demonstrated to be sensitive to the subtle 

change of surface geometry. For example, the EF of an ordered spiky nanoshell with identical 

spikes placed symmetrically (spike height of 58 nm, tip radius of 5 nm, and cone angle of 60°) was 

up to ~10 times smaller than that of a disordered spiky nanoshell with random spikes (spike heights 

between 50-65 nm, tip radii between 2-6 nm, and cone angles of 30-75°). In addition, the EF was 

quite sensitive to the heights of spikes. Under 784 nm laser excitation, the EFs of disordered spiky 

nanoshells with short (38-53 nm), medium (50-65 nm), and long (58-73 nm) spikes were at the 

levels of ~102, ~103, and ~105, respectively. In a recent applied research, Au nanostars with 

multiple spikes on the surface were utilized as sensitive SERS substrate for multiplexed detection 

of Zika virus (ZIKV) and dengue virus (DENV) through the platform of lateral flow assay (Figure 

6C).169 Specifically, two types of SERS tags were prepared by sequentially functionalizing Au 

nanostars with two probe molecules with different Raman fingerprints and antibodies specific to 

ZIKV and DENV, respectively. The SERS tags allowed for sensitive detection of both Zika and 

dengue virus in the same test line. 

In recent years, artificial enzymes (or enzyme mimics) made of noble-metal nanostructures 

have emerged as a new type of functional materials for IVDs.170-173 In a typical IVD test, the 

enzyme mimics are conjugated to bioreceptors and specifically generate detection signal by 

catalyzing enzyme substrates. Compared to their natural counterparts, enzyme mimics are more 

stable owing to the excellent stabilities of noble metals. In this niche filed, the major challenge is 

to enhance the catalytic efficiency of mimics since it largely determines the intensity of detection 

signal and thus the assay sensitivity. It has been demonstrated that the catalytic efficiency of an 

enzyme mimic has a strong dependence on the arrangement of atoms on the surface, which is 

correlated to the geometric shape of the mimic. For example, the catalase-like activity (i.e., 

decomposition of H2O2 into O2) of {111}-covered Pd octahedrons was measured to be much higher 

than that of {100}-covered Pd nanocubes under the same conditions (Figure 7A).174 As revealed 

by theoretical simulations, this difference in catalytic activity can be ascribed to the difference in 

reaction energy (Er) of the rate-limiting step (Er = -2.81 for Pd{111} versus Er = -2.64 for Pd{100}). 
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It is worth noting that the catalase-like activity of noble-metal nanostructures enables the 

translation of molecular recognition events into easily measurable physical parameters such as 

volume and pressure of oxygen gas. Based on these signal-transducer principles, simple and 

sensitive point-of-care IVD tests were established.175, 176 In a recent work by Gao et al. (Figure 

7B),177 Pt concave nanocubes encased by high index facets were demonstrated to possess a 

peroxidase-like activity that was ~1,500- and 4-times higher than those of natural peroxidases and 

Pt nanospheres, respectively. The peroxidase-like property of Pt concave cubes allowed them to 

generate an intense color signal by catalyzing chromogenic substrates. Using colorimetric enzyme-

linked immunosorbent assay (ELISA178-180) as a model IVD platform, antibodies conjugated Pt 

concave nanocubes as labels were able to detect prostate-specific antigen (PSA, a biomarker of 

prostate cancer) with a broad linear range (20-2,000 pg/mL) and a detection limit of 0.8 pg/mL, 

which is much lower than that of commercial ELISA kit. 

Besides those abovementioned examples, shape of a noble-metal nanostructure also affects the 

generation of other types of detection signal in IVDs. For instance, in metal-enhanced fluorescence 

(MEF), the enhancement of fluorescence signal has a strong dependence on the plasmonic 

properties that are largely determined by the shape of a nanostructure.181, 182 The color of a Au or 

Ag nanostructure suspension can be tuned by changing the particle shape, which allows for 

multiplexed detection of biomarker/virus with colorimetric assays.183 Electrochemical signal of a 

noble-metal nanostructure can also be enhanced by carefully controlling the shape.184, 185 

 

4. Impact of Elemental Composition 

4.1. Control of Elemental Composition 

Elemental compositions and their spatial distributions of a noble-metal nanostructure can be 

conveniently controlled via seeded growth. Here we use bimetallic nanostructure as a model 

system to illustrate the control of elemental composition. The principles and synthetic strategies 

presented here can be extended to multi-metallic systems. 

Figure 8A shows the three possible growth modes that may involve in the deposition of metal 

N on the surface of a seed made of metal M. In thermodynamics, the growth mode is determined 

by the surface energies of three interfaces – m/s for the seed and solution, n/s for the deposited 

layer and solution, and m/n for the deposited layer and seed.107 The values of these surface energies 

are determined by a number of parameters such as bonding energy, type of solution, lattice 
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mismatch, and crystallinity. Depending on the relationship between these surface energy terms, 

three types of growth modes are expected: Frank-van der Merwe (FM) or layer-by-layer, Volmer–

Weber (VW) or 3D island, and Stranski–Krastanov (SK) or mixed modes (Figure 8A).107, 186 

Nevertheless, the situations presented in Figure 8A only describe the ideal conditions when the 

system is solely under thermodynamic control. In practice, however, the growth of a seed is 

oftentimes governed by a combination of thermodynamic and kinetic parameters. When the 

kinetics is able to inhibit the system from reaching thermodynamic equilibrium, the growth mode 

will be influenced by kinetic control. For example, the 3D island mode can be switched to the 

mixed mode or even layer-by-layer mode when the rate of surface diffusion is adjusted to be 

sufficiently larger than that of atom deposition (see Figure 4B), and vice versa. 

Using truncated cubic seed and layer-by-layer growth mode as a model example, Figure 8B 

shows the capability of seeded growth in controlling the elemental distribution of bimetallic 

nanostructures. In this model, we assume that the seed surface is not absorbed with any capping 

agents. Therefore, atom deposition is expected to preferentially occur on the six side faces of a 

seed because of their relatively high surface free energy. Three representative types of bimetallic 

nanostructures with different elemental distributions can be obtained: i) M@N core@shell 

nanostructures; ii) M-N hybrid nanostructures with both M and N exposing on the surface; and iii) 

M@M/N nanostructures with a shell of M/N alloy on the surface. 

In the case of M@N nanostructures, newly formed atoms are required to be added to the entire 

surface of a seed in order to form a conformal shell. To achieve such a conformal coating, an 

effective strategy is to accelerate surface diffusion during the synthesis to force the adatoms to 

spread across the entire surface of a seed. It should be noted that the shell thickness in an M@N 

nanostructure can be precisely controlled at the atomic level by simply adjusting the amount of 

metal precursors. Examples could be found in recent publications.98, 187, 188  As discussed in Section 

3.1, in principle, M-N hybrid nanostructures are formed when the atom supply is low enough and 

the energy barrier to surface diffusion is sufficiently high.152 M@M/N nanostructures can be 

synthesized through co-reduction of precursors to M and N.189 The percentages of M and N in the 

alloy shell can be conveniently controlled by adjusting the molar ratio of the two precursors. 

Alternatively, the M/N alloy shell can be formed through galvanic replacement between metal M 

and precursor of metal N (see Section 5.2 for more details about galvanic replacement). 

It should be mentioned that bimetallic nanostructures with more sophisticated elemental 
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distributions can be synthesized by varying the conditions presented in Figure 8B. For example, 

M@N@M@N nanostructures with alternating shells can be obtained by sequentially adding 

precursors to N and M.190 By carefully manipulating the reaction kinetics, M-N hybrid 

nanostructures with different proportions of M and N exposing on the surface can be obtained. 

Moreover, through the combinations and permutations of the cases shown in Figure 8A and B, it 

is possible to prepare multi-metallic nanostructures with diverse elemental compositions and 

distributions. 

4.2. Elemental Composition-controlled Nanostructures in IVDs 

In general, noble metals can be classified into two major categories – the coinage metals (i.e., 

Au and Ag) and the platinum-group metals (i.e., Pd, Pt, Rh, Ir, and Ru).191 Nanostructures of 

coinage metals possess tunable SPR properties in a broad range of wavelengths, but have limited 

use in catalysis. In contrast, nanostructures of platinum-group metals are highly active in catalysis, 

but do not display remarkable SPR properties.191 It should be emphasized that certain properties 

of noble-metal nanostructures within a category could be distinctively different because the 

inherent nature of metal is unique with each other. For example, the plasmonic sensitivity of Ag 

nanorods is up to 2 times higher than that of Au nanorods with similar resonance wavelengths.192 

The catalytic activity of Pt nanocubes as artificial enzymes is ~10 times higher than that of Pd 

nanocubes with the same size.193, 194 Apparently, elemental composition of a noble-metal 

nanostructure plays an important role in determining its properties and performance in IVDs. 

In following discussion, instead of monometallic system, we will use bimetallic system to 

demonstrate that the performance of a noble-metal nanostructure in IVDs can be substantially 

improved by incorporating a second metal. In many cases, a subtle change in elemental 

composition makes a dramatic difference. The ideas and strategies discussed below can be 

extended to multi-metallic systems. 

Firstly, a second metal can enhance the detection signal generated from a nanostructure. For 

example, peroxidase mimics made of inorganic nanomaterials have received great interest as 

emerging artificial enzymes for colorimetric IVDs.171 While various peroxidase mimics have been 

actively developed in recent years, their efficiencies in terms of catalytic constant (Kcat, which 

measures the maximum number of color products yielded from a catalytic reaction per second per 

enzyme or mimic) have not been substantially improved. Kcat of most reported peroxidase mimics 

with sizes 1-100 nm is limited to 104 s-1, which is only up to one order of magnitude greater than 
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that of horseradish peroxidase (HRP, Kcat = 103 s-1) as the natural counterpart. Such a limitation in 

catalytic efficiency forms the bottleneck in improving the detection sensitivity of relevant IVD 

tests. In a recent study, our research group has developed a novel type of peroxidase mimic – 

Pd@Ir1-2L core@shell nanocubes (Figure 9A) – that was prepared by coating ~18 nm Pd nanocubes 

with a few atomic layers of Ir.194 The Pd@Ir1-2L cubes displayed a record-high catalytic efficiency 

with a Kcat at the level of 106 s-1, which is approximately 2 and 3 orders of magnitudes higher than 

those of the initial Pd nanocubes and HRP, respectively (Figure 9B). Obviously, the enhanced 

efficiency of Pd@Ir1-2L cubes relative to the Pd nanocubes as the seeds can be attributed to the coat 

of Ir shells. To understand the impact of Ir shells on the catalytic efficiency, a set of Pd@Ir cubes 

with different molar ratios of Ir to Pd were prepared and their Kcat values were determined. 

Interestingly, it was found that the Kcat values showed a volcano-shaped dependence on the Ir 

contents, with a maximum point corresponding to approximately a monolayer of Ir on Pd surface. 

Density functional theory (DFT) based theoretical calculations were conducted to gain more 

insights into the experimental observations, where Pd(100), Ir(100), Ir1L/Pd(100), and Ir3L/Pd(100) 

were compared. The simulation results indicated that Ir1L/Pd(100) among the four surfaces was the 

most reactive since the adsorption energies of key species in the catalytic reaction on this surface 

were most exothermic, which agreed well with the experimental results. Using ELISA as a model 

IVD platform and PSA as a disease biomarker, the Pd@Ir1-2L cube-based ELISA achieved a 

detection limit of 0.67 pg/mL, which is ~110-fold lower than that of the conventional HRP-based 

ELISA (Figure 9C, D). This substantial improvement in detection sensitivity can be ascribed to 

the enhanced catalytic efficiency of Pd@Ir1-2L cubes relative to HRP because all the antibodies and 

materials used in the two ELISAs were kept the same. Enhancing the detection signal by 

incorporating a second metal is also evident in electrochemical biosensors.195, 196 

Secondly, a second metal can endow a nanostructure with dual functionalities. For instance, in 

a recent work, we coated conventional AuNPs of ~40 nm in diameter with conformal, thin skins 

of Pt to form a unique type of nanostructure – Au@PtnL core@shell NPs (nL: n atomic layers of 

Pt, Figure 10A).197 Here n could be conveniently and precisely controlled in the range of 1-10 by 

adjusting the amount of Pt precursor introduced to the growth of AuNP seeds. It was found that 

the plasmonic activity of the AuNP cores in the Au@PtnL NPs could be well retained as long as the 

Pt shell was ultrathin (several atomic layers). Therefore, similar to conventional AuNPs, the 

Au@PtnL NPs would display a distinct red color. On the other hand, the Pt shells on the surface 
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endow the Au@PtnL NPs with high peroxidase-like activities, allowing them to generate intense 

blue colored products by catalyzing the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB, a typical 

peroxidase substrate198) by H2O2 in aqueous solution. The catalytic efficiency, in terms of Kcat, of 

Au@PtnL NPs increased rapidly as n increased and became saturated at n = 4. Note the initial 

AuNPs almost have no peroxidase-like activities. Significantly, the intensity of blue color from 

catalysis is much stronger than that of the intrinsic red color from plasmonics. Taking Au@Pt4L 

NPs as an example (Figure 10B), the molar extinction coefficient of NPs themselves was 

determined to be ~9.5×109 M-1 cm-1. In contrast, the equivalent molar extinction coefficient of the 

blue colored molecules from catalysis was determined to be ~1.8×1013 M-1 cm-1. The dual 

functionalities – plasmonics and catalysis – of the Au@PtnL NPs make them extremely suitable for 

colorimetric lateral flow assay (LFA). They can offer two different colorimetric signals (Figure 

10C): one red color generated by the plasmonic AuNP cores (low-sensitivity mode) and the other 

more sensitive blue color produced by the catalytic Pt shells (high-sensitivity mode), achieving an 

"on-demand" tuning of the detection performance. In practice, the low-sensitivity mode is first 

performed. High-sensitivity mode is only needed when weak or no signal is observed under low-

sensitivity mode (e.g., samples with low concentrations of analytes). Figure 10D shows the results 

of LFAs for PSA standards using the Au@Pt4L NPs and conventional AuNPs as labels. Under low-

sensitivity mode, the detection limit of Au@Pt4L NP-based LFA is similar to that of conventional 

AuNP-based LFA (2 ng/mL PSA). Under high-sensitivity mode, PSA with concentrations as low 

as 20 pg/mL could be detected, rivalling the sensitivity of more sophisticated IVD technologies 

such as ELISA. Such a significant enhancement in sensitivity for LFA (two orders of magnitudes) 

is only paid by a simple, 5-minute substrate treatment process at room temperature. It is worth 

noting that similar concept of dual functionalities achieved by bimetallic systems has been actively 

explored in more recent studies.58, 199 

Moreover, a second metal can enhance the stability of a nanostructure, ensuring reliable IVDs. 

Nanostructures of Ag are known to possess the strongest plasmonic activities among noble metals 

owing to their appropriate electronic structure and thus dielectric function.77, 200-202  Nevertheless, 

the excellent plasmonic properties of Ag nanostructures have not been fully utilized in IVDs and 

many other applications due to the relatively poor chemical and structural stabilities of Ag under 

unfavorable environments.203-205  Therefore, development of approaches that can stabilize Ag 

nanostructures without compromising their plasmonic properties is critical to the practical 
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applications of Ag nanostructures. An effective approach is to incorporate Ag nanostructures with 

Au, which is much more stable and has almost the same lattice constant as Ag. For example, Yang 

et al. reported a robust synthesis of Ag@Au core@shell nanocubes by depositing Au atoms onto 

Ag nanocubes.206 The key to the successful synthesis relied on the inhibition of galvanic 

replacement (see Section 5.2 for details) between Ag and Au3+ by introducing a strong reducing 

agent to rapidly consume Au3+ ions. The conformal and ultrathin Au shells (sub-10 atomic layers, 

see a representative sample in Figure 11A) were able to protect the Ag nanocubes in oxidative 

environments. The Ag@Au nanocubes displayed surface plasmonic properties essentially identical 

to those of the initial Ag nanocubes. Significantly, because of the stronger adsorption of Raman 

probe molecules on Au surface relative to Ag, the Ag@Au nanocubes exhibited an outstanding 

and stable SERS activity with an enhancement factor ~5-fold greater than that of Ag nanocubes 

(Figure 11B). In another study by Gao et al.,207 instead of core@shell structure, Au was mixed 

with Ag to form a Ag/Au alloyed structure (Figure 11C). Unlike conventional methods based on 

co-reduction of Au and Ag precursors, the Ag/Au alloy was formed through annealing process at 

elevated temperatures (~1,000 °C). The high-temperature annealing promoted the complete 

mixing of Ag and Au at the atomic scale. The alloyed nanostructure obtained from this method is 

featured by homogeneous distribution of Ag and Au, minimal crystallographic defects, and the 

absence of structural and compositional interfaces. These features ensured outstanding plasmonic 

properties (e.g., large extinction cross sections and narrow bandwidths) and enhanced stabilities 

for the resultant Ag/Au alloyed nanostructures (see Figure 11D). Collectively, these approaches 

preserved the superior plasmonic properties of Ag while adopted the excellent stabilities of Au, 

making the Au-incorporated Ag nanostructures particularly suitable for IVDs (e.g., SPR and SERS 

biosensing). 

 

5. Impact of Internal Structure 

5.1. Control of Crystallinity 

Most noble metals crystallize in the face-centered cubic (fcc) lattice, with a characteristic 

stacking sequence of ABCABC along the closely packed <111> direction.49 However, planar 

defects can be involved during nanocrystal growth, disrupting the stacking sequence. The two most 

common types of planar defects observed in fcc metal nanocrystals are twin boundary and stacking 

fault. In general, a twin boundary ("||") separates two crystal domains and creates a mirror image 
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(e.g., ABC||CBA). Stacking fault ("[ ]") is formed when a layer in the natural stacking sequence is 

missing (e.g., ABC[ ]BC) or an additional layer is added to the sequence (e.g., ABC[B]ABC). 

Depending on the type and number of planar defects involved, noble-metal nanostructures can be 

classified into four major categories: single-crystal (no defect), singly twinned (one twin boundary), 

multiply twinned (more than one twin boundaries), and stacking-fault-contained structures. 

Representative example of each category is shown in Figure 12A.148, 208, 209 It should be 

emphasized that planar defects are typically introduced into crystal lattice as early as the 

homogeneous nucleation stage in a one-pot synthesis. Once the nuclei have evolved into seeds, 

their crystallinities in terms of planar defects are usually maintained during the later on crystal 

growth process. In this regard, it is challenging to intentionally control the planar defects involved 

in a metal nanostructure due to the lack of clear mechanistic understanding on nucleation process 

and the shortage of analytical tools capable of analyzing the evolution from atoms to nuclei and 

seeds. Nevertheless, in some case studies, nanostructures with desired crystallinities can be 

synthesized in high purity by carefully controlling the reaction conditions. For example, oxidative 

etching was demonstrated to be an effective approach to selectively remove Ag or Pd seeds with 

twin defects.148, 210-212 Pd nanostructures with a specific planar defect can be obtained by 

controlling the initial reduction rate of a precursor in a polyol synthesis.209  Future advancement in 

instrumentation and quantitative understanding on pathways of nucleation and growth will enable 

us to better control the planar defects for noble-metal nanostructures. 

It is worth noting that, in addition to the introduction of planar defects, the crystallinity of 

noble-metal nanostructures can be changed by altering the inherent crystal structure. In recent 

years, a number of noble-metal nanostructures with unusual crystal structures have been reported. 

Representative examples include Au and Rh nanosheets with an hcp structure,213, 214 Ag nanowires 

with a 4H or 2H structure,215, 216 Pd nanocubes with an fct structure,217 and Ru nanostructures with 

an fcc structure.146 These nanostructures with unique crystallinities can be obtained through 

chemical synthesis or post-treatment. More details and insights regarding this topic can found in a 

recently published review article.218 

5.2. Control of Hollowness 

Noble-metal nanostructures with hollow interiors have received great interest in recent years 

because of the unique and useful properties that can’t be offered by their solid counterparts.219 A 

number of approaches have been developed to produce hollow nanostructures, including those 
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based on templating synthesis,220, 221 selective etching,222, 223 Ostwald ripening,224, 225  galvanic 

replacement,226, 227 and Kirkendall effect228, 229. Herein, we briefly introduce galvanic replacement 

as a simple yet effective approach to generate hollow nanostructures and highlight some recent 

developments. 

Galvanic replacement is essentially an electrochemical process, involving the 

oxidation/dissolution of a metal template by the ions of another metal having a higher reduction 

potential.230 When metal nanocrystals are used as the templates, hollow nanostructures with 

tunable degrees of hollowness can be synthesized via galvanic replacement reaction.231 In general, 

galvanic replacement tends to start from the sites of a nanoscale template with the highest surface 

free energy, whereas the newly formed atoms are deposited on the remaining sites.232, 233 Using a 

truncated nanocube of metal M with side faces being covered by capping agents as a model 

template, Figure 12B illustrates the morphological and compositional changes at different stages 

of a galvanic replacement reaction: M + Ny+  Mx+ + N (not balanced, for simplicity). In brief, 

metal M is dissolute from the corners of a cubic template because of their high energy relative to 

side faces (which are passivated by capping agents).231 Meanwhile, atoms of metal N are deposited 

on side faces to form M/N alloy on the surface. Continuous dissolution of M from the interior of 

template results in the formation of hollow nanostructures. 

This method is featured by simplicity and versatility. Galvanic replacement is a simple reaction 

that is limited by no more than the requirement of an appropriate difference in reduction potentials 

of the two metals. The extent of hollowness can be conveniently controlled by varying the amount 

of precursor introduced to the reaction solution. The size and shape of the hollow nanostructures 

can be controlled by using nanocrystals with specific morphologies as the templates. Elemental 

compositions of the final nanostructures can be tuned by using different types/amounts of salt 

precursors. Moreover, by coupling with other mechanisms, hollow nanostructures with more 

delicate features can be obtained. For example, Ag/Au or Ag/Pd hollow nanostructures with 

controllable elemental compositions were synthesized by coupling galvanic replacement with 

Kirkendall effect.234 In a recent work, Au nanoboxes with ultrathin walls (<10 atomic layers) were 

obtained by integrating site-selective passivation and chemical etching into galvanic 

replacement.235 It should be mentioned that galvanic replacement also has some drawbacks to 

consider. For instance, metals with high reduction potentials (e.g., Au and Pt) can barely serve as 

templates. For a specific template, the wall thickness and composition of final hollow 



 

23 
 

nanostructures are largely confined by the stoichiometry of galvanic reaction. 

5.3. Internal Structure-controlled Nanostructures in IVDs 

To the best of our knowledge, IVD platforms relied on the unique properties of planar defects 

of noble-metal nanostructures have not been reported in literature so far. Therefore, in this section, 

we will focus on the influences of hollowness on the performance of a noble-metal nanostructure 

in IVD applications. 

Hollow nanostructures of Au or Ag are known to have better plasmonic properties compared 

to their solid counterparts thanks to the interaction of plasmon fields in the inner and outer layers, 

in compliance with the plasmon hybridization mechanism.236 The hybridizations of the plasmons 

leads to the enhanced plasmon fields together with homogeneous distribution and red-shift of 

plasmon resonances.237-239 In a recent work, Genç et al. systematically investigated the plasmon 

resonances of Au/Ag cubic nanostructures with different extent of hollowness (including solid 

nanocubes, nanocubes with pinholes, nanoboxes with completely hollow interior, and nanoframes 

with an open structure) at the nanoscale.240 Electron energy loss spectroscopy (EELS) was 

employed to obtain the spatially resolved mapping of plasmon resonances. Among those 

nanostructures, nanoboxes exhibited homogeneous distribution of plasmon resonances. As shown 

by the selected area EEL spectra obtained from different sites of a single nanobox (Figure 13A), 

the plasmon peaks were located in a relatively narrow range of ~2-2.5 eV and had similar energies 

as one another. The abundance maps clearly show the homogeneous distribution of plasmon 

resonance all around the nanobox. These experimental observations were accurately correlated 

with the simulation results based on the boundary element method (BEM241). In contrast, other 

nanostructures showed much less homogeneous distributions. This work revealed that the 

homogeneous distribution of plasmon resonances is the key feature for the enhanced plasmonic 

properties of hollow nanostructures. As a proof-of-concept demonstration, the nanoboxes were 

applied to label free SPR detection of bovine serum albumin (BSA) and anti-BSA antibodies, of 

which performance was benchmarked against solid Au nanoparticles (see Figure 13B). The 

adsorption of biomolecules on the plasmonic nanostructures induces refractive index changes that 

can be measured by a UV-vis spectrometer. Compared with solid Au nanoparticles, ~4× stronger 

shifts in extinction wavelength was observed for the Au/Ag nanoboxes. This enhanced detection 

sensitivity could be ascribed to the enhancement of localized electromagnetic field around the 

hollow nanoboxes that allowed for sensitive responses to binding events in their vicinity. 
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The hollow feature of a nanostructure also benefits its SERS enhancement and thus SERS 

biosensing. For example, in a work by Lim et al.,242 gold nanobridged nanogap particles (Au-

NNPs, see Figure 13C) with ~1 nm gap between the core and shell were synthesized using dyed 

DNAs-functionalized Au nanoparticles as the seeds. Owing to the drastically enhanced 

electromagnetic field localized in the interior-gap region of the Au-NNP, Raman signal from dyes 

trapped in the nanogap can be significantly amplified. Compared with solid Au nanoparticles, 

Raman signal from the Au-NNPs was approximately two orders of magnitude stronger. Atomic 

force microscope (AFM)-correlated nano-Raman measurement was performed to determine the 

enhancement factor (EF) of the Au-NNPs. Radom mapping of 200 individual Au-NNPs showed 

that their EF values were narrowly and uniformly distributed within the range of 1.0×108 - 5.0×109, 

making the Au-NNPs capable of single-molecule detection. Such a SERS enhancement by interior 

nanogap was also observed in Au/Ag double-walled nanoboxes.243 Notably, the size of nanogap 

was found to play an important role in determining the SERS EF. Overall, the EF continuously 

decreased as the gap size increased from ~1 to ~16 nm. 

In addition to SPR and SERS, recent studies have demonstrated that hollow nanostructures can 

generate strong metal-enhanced fluorescence (MEF) and photoluminescence (PL). For instance, 

Au/Ag nanocages with major LSPR in the near-infrared (NIR) region were proven to be highly 

effective NIR-MEF substrates that are particularly suitable for biosensing.244 Au@Au/Ag 

core@shell nanostructure with controlled interior nanogaps could offer a highly intense PL signal 

that is ~30 and ~1,000 times stronger than those of solid Au nanoparticles and R6G as a typical 

organic fluorophore, respectively.245 Such enhanced PL intensity is mainly attributed to the 

plasmonic coupling between the core and shell, which results in a super-radiant plasmon mode and 

thereby an increased radiative damping rate. 

It is worth noting that most of abovementioned enhanced performance relies on the superior 

plasmonic properties of hollow nanostructures. Nevertheless, hollow nanostructures have several 

other distinctive advantages over their solid counterparts that may be taken into consideration in 

future IVD development. For example, the outer and inner surfaces of a hollow nanostructure offer 

more flexibilities for biomolecule conjugation. The cavity in a hollow nanostructure affects its 

density/weight and thus transport properties (e.g., diffusion and sedimentation),246 which may 

influence its performance in IVD tests. The enlarged surface area and active surface atoms of a 

hollow nanostructure can boost its catalytic activities, providing enhanced detection signal.75, 187 
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6. Concluding Remarks 

In this article, we have discussed recent progress on engineered noble-metal nanostructures for 

application in IVDs. Owing to their outstanding properties, excellent stabilities, and facile 

synthesis, noble-metal nanostructures have received ever increasing interest as signal transducers 

for IVDs over the past decade. In particular, thanks to the increased mechanistic understanding on 

nanocrystal growth and rapid advancement of characterization tools, one can now precisely tune 

the physical/chemical parameters (including size, shape, elemental composition, and internal 

structure) of a noble-metal nanostructure at the atomic level. Through careful control over these 

parameters, the physicochemical properties of a nanostructure can be optimized and therefore its 

performance in certain IVDs can be substantially enhanced. Effective methodologies for 

engineering noble-metal nanostructures have been introduced. The superior performance of 

engineered nanostructures with desired properties has been demonstrated in various IVD platforms, 

including those based on SPR, SERS, MEF, photothermal, photoluminescence, electrochemical, 

and colorimetric signal-transduction principles. 

While not focused in this article, enhanced performance of noble-metal nanostructures in IVDs 

can also be achieved through approaches other than controlled synthesis of monodispersed 

nanocrystals. One effective approach is to carefully assemble nanoparticles to form nanoparticle 

aggregates with well-controlled spatial geometries. For instance, Lim et al. reported a type of 

highly SERS-active Au@Ag core@shell nanodumbbells (Figure 14A).247 The nanodumbbell was 

prepared by assembling two individual AuNPs by means of single-target-DNA hybridization 

followed by an overgrowth of Ag on the AuNP surfaces. SERS activity of the nanodumbbells was 

demonstrated to have a strong dependence on gap size between the Au@Ag nanoparticles and the 

Ag shell thickness. When Ag shell is ~5 nm and the two particles are in close contact (~0 nm), the 

SERS activity of the nanodumbbells is maximized with an EF at the level of 1012 that is sufficiently 

high for single-molecule detection. Xu et al. reported a smart design of AgNP aggregates with a 

pyramidal shape (Figure 14B).248 Briefly, DNA sequences embedded with disease biomarker-

specific aptamers were used to assemble Raman reporter molecules-labeled AgNPs to obtain the 

AgNP pyramids. The presence of biomarkers will shorten the gap distance between AgNPs in a 

pyramid because of the specific biorecognition by aptamers. As a result, the Raman signal of 

reporter molecules is greatly enhanced, allowing for attomolar biomarker detection. Significantly, 
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the AgNP pyramid is capable of multiplexed detection of biomarkers by embedding the DNA 

frames of the pyramid with multiple aptamers and modifying the AgNPs with different Raman 

reporter molecules. Another notable example is chiral assemblies of nanoparticles for plasmonic 

detection of biomarkers. As shown in Figure 14C, heterodimer of a AuNP and a AgNP can be 

formed through the antibody-antigen bridges.249 The constituent NPs with a prolate geometry (i.e., 

prolate ellipsoids) in a hereodimer are nonparallel to each other but have a distinct dihedral angle. 

Such dihedral angle results in the chiroplasmonic properties of the heterodimer. Therefore, the 

presence of biomarkers can be detected through the circular dichroism (CD) signal with a 

characteristic bisignated line shape. Apart from those nanoparticle aggregates at the nanometer 

scale, nanoparticle assemblies of larger sizes (e.g., micrometer scale) may also provide enhanced 

performance in IVDs. For instance, Kang et al. reported the self-assembly of ~10 nm AuNPs onto 

Au wire of ~15 μm in length in the presence of target DNAs.250 The resultant Au particle-on-wire 

structure was able to yield highly intense SERS signal owing to the formation of multiple SERS 

hot spots located at the junctions between AuNPs and Au wire, which enabled sensitive detection 

of pathogen DNAs. It is worth noting that the performance of particle aggregates in these examples 

may be further enhanced when the size, shape etc. of individual nanostructures are carefully 

controlled. 

Taking advantage of the striking phenomena observed during nanocrystal growth is another 

effective approach to explore the applications of noble-metal nanostructures in IVDs.251 For 

instance, Rica et al. linked the biocatalytic activity of enzymes to the growth of AuNPs to obtain 

blue or red colored solutions in the presence or absence of the analyte, respectively (Figure 

15A).251 In the absence of analyte, the reduction of Au3+ ions by H2O2 occurs at a fast rate, resulting 

in the formation of small-sized and well-dispersed AuNPs. The solution under these conditions is 

expected to display a red color. In the presence of an analyte, the enzyme catalase rapidly digests 

H2O2, which slows down the kinetics of AuNP growth. As a result, larger sized AuNPs with 

irregular morphologies were formed. Consequently, the solution turns blue. This signal generation 

mechanism enables the detection of PSA in whole serum at the ultralow concentration of 1 × 10-18 

g/mL. The concept of enzyme-guided nanocrystal growth for IVD tests was also demonstrated in 

the presence of pre-formed nanostructures as the seeds.252, 253  For example, the growth of Ag on 

Au nanobipyramids with sharp tips can be controlled by enzyme alkaline phosphatase that 

generates 4-aminophenol as a reducing agent for Ag+ ions (Figure 15B).252 Au nanobipyramides 
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coated with different amount of Ag display diverse colors, which can be applied to sensitive 

detection of the H5N1 virus. Similarly, the growth pathway of Ag in the suspension of Au nanostars 

can be guided by enzyme glucose oxidase, which generates H2O2 that can reduce Ag+ ions.36 As 

the reverse process of crystal growth, the phenomena associated with chemical etching of 

nanostructures can also be employed for IVD tests. For example, when Ag triangular nanoplates 

are etched by H2O2, the alternation of shape and size are accompanied by a substantial blue shift 

of the LSPR peak. This etching process can be linked to a biosensing system for DNA detection, 

where target DNA is labeled with glucose oxidase that generates H2O2 to etch Ag nanoplates (see 

Figure 15C).254 

Coupling engineered noble-metal nanostructures with other types of functional materials for 

IVDs is a promising direction to explore. For instance, magnetic nanoparticles are widely used for 

easy separation and concentration of biomolecules owing to their responsive magnetic properties. 

Hybrid magnetic-metal nanostructures with multi-functionalities are expected to provide superior 

performance for IVD tests. A notable example is to use Fe3O4@Pt core@shell nanoparticles as 

labels for point-of-care tests, where Fe3O4 was responsible for enrichment of analytes from a 

sample while Pt as a catalyst could generate an intense color signal.57 Two-dimensional 

nanomaterials (e.g., MoS2,255 Bi2Se3,256 graphene,257 and graphene oxide258) can serve as supports 

to improve the properties of noble-metal nanostructures through the synergetic effects. For 

example, the enzymatic activity of AuNPs could be enhanced by graphene nanosheet as the support, 

making such hybrid catalysts extremely suitable for biosensing.257 In a recent study, nanosheets of 

NiCl2 were demonstrated to be able to synergistically enhance the catalytic activities of Pd 

nanoparticles.259 These functional nanomaterials add a new dimension to the application of noble-

metal nanostructures in IVDs. 

Surface chemistry, especially chemical ligands on the surface, plays an important role in 

determining the performance of a noble-metal nanostructure in IVDs. Most metal nanostructures 

are synthesized in the presence of appropriate colloidal stabilizers and/or capping agents.49 As a 

result, the surfaces of as-synthesized nanostructures are oftentimes covered by chemical ligands 

through physical/chemical adsorptions. The surface ligands largely determine the charge, polarity, 

solubility, mobility, and activity of a nanostructure and thus affect its performance in IVDs. For 

example, in bioconjugation, metal nanostructures capped by negatively charged citrates can be 

readily modified with proteins through the electrostatic interactions.260 In contrast, it is not 
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straightforward to achieve protein modification for those metal nanostructures capped by PVP as 

a neutral polymer. In plasmonics, surface ligand-free Au nanostars showed greatly enhanced 

refractive index sensitivity when compared with the PVP-capped counterparts, allowing for 

plasmonic biosensing with improved versatility and sensitivity.261 In catalysis, the specific 

activities of Pt-group metal nanostructures are expected to be substantially enhanced when the 

surface ligands are removed.262, 263 Furthermore, post-functionalization of metal nanostructures 

with specific ligands (e.g., thiol-terminated polyethylene glycol chains for bioconjugations53 and 

amphiphilic block copolymers for self-assembly264, 265) will facilitate their application in IVDs. 

Taken together, surface chemistry is an important aspect to be considered when applying a metal 

nanostructure to IVD tests. 

Ultimately, we hope that the perspectives provided in this article can serve as a helpful resource 

for scientists in academia and industry who want to develop noble-metal nanostructures with 

desired properties for IVDs. In this emerging field, there are plenty of subjects deserve thorough 

exploration in the future. Our constantly refined mechanistic understanding and advanced 

experimental capabilities will enable us to produce engineered nanostructures at industrially 

relevant scales sought for development of simple, sensitive, and affordable IVD technologies. 
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Figure 1. (A) Schematics showing a typical setup for seeded growth of colloidal noble-metal 

nanostructures. (B) Schematics showing size control in a seeded growth that can be achieved by 

altering: i) the number of seeds, or ii) the concentration of metal precursor. (C) Transmission 

electron microscope (TEM) images of Au nanospheres with average diameters of 15, 46 and 80 

nm (from left to right). Adapted with permission from ref 111. Copyright 2013 Wiley-VCH. (D) 

TEM images of Ag nanocubes with average edge lengths of 36, 99 and 172 nm (from left to right). 

Adapted with permission from ref 112. Copyright 2010 American Chemical Society. 
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Figure 2. (A) Schematics showing the sandwich assay of carcinoembryonic antigen (CEA) by a 

neutravidin-functionalized AuNPs (N-AuNPs)-enhanced SPR sensor. N-AuNPs with Au cores of 

five different sizes (i.e., diameters of 10, 15, 21, 33, and 52 nm) are evaluated in the sensor. (B) 

Sensor responses (Δλr) for N-AuNPs with different sizes. (C) Surface densities (∆σ) for N-AuNPs 

with different sizes. (D) Theoretical and experimental sensor sensitivity to surface density (Sσ) as 

a function of N-AuNP size. The dotted line represents a cubic dependence of Sσ on the AuNP size. 

Adapted with permission from ref 124. Copyright 2014 American Chemical Society. 
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Figure 3. (A) Schematics showing the architecture of a typical AuNP-based LFA with test line 

width L, where the nitrocellulose membrane is conceptually simplified as bundles of cylindrical 

pores with radius R. Ctrl represents the control line of LFA. AuNPs of 30, 60, and 100 nm in 

diameters are studied in the LFA. (B) Peclet number (Pe) and Damkohler number (Da) that were 

used to assess the factors of convection, diffusion, and reaction in LFA. Reaction is recognized to 

be the rate-limiting step of AuNP capture in the test zone. (C) COMSOL modeling result showing 

the capture of 100 nm AuNP in the test zone of sandwich LFA of C-reactive protein (CRP). (D) 

Experimental thermal (solid symbols) and visual (hollow symbols) signals of CRP LFAs. a/a', b/b', 

and c/c' denote the results for 100 nm, 60 nm, 30 nm AuNPs, respectively. Adapted with permission 

from ref 127. Copyright 2017 American Chemical Society. 

 

  



 

54 
 

 

Figure 4. (A) 3D models showing the role of facet-specific capping agents in controlling the 

growth pathway of a cuboctahedral seed with an fcc crystal structure. Adapted with permission 

from ref 47. Copyright 2015 American Chemical Society. (B) 2D models and TEM images (scale 

bars: 50 nm) showing the shape evolution of a cubic seed under four different kinetic conditions. 

The side faces of the cubic seed are covered by capping agents (red dots). Adapted with permission 

from ref 144. Copyright 2013 National Academy of Sciences. (C) 2D models and TEM images 

(scale bars: 50 nm) showing the selective growth along one of the six side faces of a cubic seed. 

Adapted with permission from ref 149. Copyright 2012 American Chemical Society. 
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Figure 5. (A, B) UV-vis spectra taken from aqueous suspensions of Au nanorods (A) and Au quasi-

spherical nanoparticles (B) before (dashed lines) and after (solid lines) they had been conjugated 

with anti-thrombin antibodies. Insets show TEM images of corresponding Au nanostructures. (C, 

D) SPR sensorgrams for the detection of thrombin using Au nanorods (C) and Au quasi-spherical 

nanoparticles (D) as the signal enhancers. NC1 and NC2 represent nonspecific signal recorded 

from anti-thrombin conjugated Au nanostructures in the absence of thrombin and anti-BSA 

conjugated Au nanostructures in the presence of thrombin, respectively. Reprinted with permission 

from ref 154. Copyright 2012 American Chemical Society. 

 

  



 

56 
 

 

Figure 6. (A) Simulated E-field enhancements for a Ag nanocube and a nanosphere on Au, Si, and 

Air substrates using the discrete dipole approximation (DDA) method. For nanocube, the 

polarization direction of laser was along the green line. Reprinted with permission from ref 164. 

Copyright 2011 Wiley-VCH. (B) Calculated Raman enhancement factors for the ordered (blue), 

disordered (red), and smooth (gray) Au nanoshells based on the near-field intensities. The green 

and red arrows highlight laser excitation wavelengths. The 3D model on the right shows the E-

field map (log scale) of an ordered nanoshell at 784 nm excitation wavelength. Reprinted with 

permission from ref 168. Copyright 2014 American Chemical Society. (C) Multiplexed detection 

of Zika virus (ZIKV) and Dengue virus (DENV) using SERS tags-based lateral flow assay. The 

SERS spectra were recorded from the test zones of four strips as shown in the inset. Adapted with 

permission from ref 169. Copyright 2017 American Chemical Society. 
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Figure 7. (A) Catalase-like activity of Pd octahedrons and nanocubes. The plots (left column) 

show the steady-state kinetic assay of Pd nanostructures with H2O2. Vmax and Km in the inset 

indicate the maximal reaction velocity and the Michaelis-Menten constant, respectively. The right 

column shows high-resolution TEM (HRTEM) images of individual Pd octahedron (top) and 

nanocube (bottom). The models show simulated atomic structures on metal surfaces after the 

reaction of H2O2 + HO2  O2 + OH + H2O. Er is the reaction energy. Adapted with permission 

from ref 174. Copyright 2016 American Chemical Society. (B) ELISA of prostate specific antigen 

(PSA) using Pt concave nanocubes as the labels, which act as peroxidase mimics to generate color 

signal by catalyzing chromogenic substrates. Left column shows the schematic illustration of the 

assay. Right column shows the calibration curve of the assay for PSA standards. The inset shows 

TEM image of an individual Pt concave nanocube. Adapted with permission from ref 177. 

Copyright 2017 Royal Society of Chemistry. 
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Figure 8. (A) Three possible growth modes for the deposition of metal N atoms on the surface of 

a seed made of metal M. (B) Three representative types of bimetallic nanostructures with different 

elemental distributions that are formed through the growth of a cubic seed under the layer-by-layer 

mode. 
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Figure 9. Pd@Ir1-2L core@shell cubes and their use in ELISA. (A) High-angle annular dark-field 

scanning TEM (HAADF-STEM) image of an individual Pd@Ir1-2L cube. (B) A chart comparing 

the peroxidase-like efficiencies (in terms of Kcat) of HRP, Pd cubes, and Pd@Ir1-2L cubes. (C) 

Schematics showing the principles of Pd@Ir1-2L cube- and HRP-based ELISAs. (D) Calibration 

curves of the two ELISAs for PSA standards. Inset shows the linear range region of the Pd@Ir1-2L 

cube-based ELISA. Adapted with permission from ref 194. Copyright 2015 American Chemical 

Society. 
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Figure 10. Au@PtnL NPs (nL: n atomic layers) and their use in LFA. (A) Schematics showing the 

preparation of Au@PtnL NPs, where Pt atoms are deposited on AuNP seeds to form conformal 

shells with smooth surfaces. (B) TEM (left) and energy-dispersive X-ray (EDX) mapping image 

(right) of Au@Pt4L NPs as a representative sample. (C) Schematics showing the use of Au@PtnL 

NPs as labels for LFA. (D) Detection results of PSA standards by conventional AuNP-based LFA 

and Au@Pt4L NP-based LFA under two different modes. The asterisks (*) indicate limits of 

detection by the naked eye. Adapted with permission from ref 197. Copyright 2017 American 

Chemical Society. 
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Figure 11. (A) HAADF-STEM image of an individual Ag@Au core@shell nanocube. Inset is a 

magnified image highlighting the three atomic layers of Au on the Ag core. (B) SERS spectra taken 

from aqueous suspensions of 1,4-benzenedithiol functionalized Ag@Au nanocubes (sample in (A)) 

and Ag nanocubes. Adapted with permission from ref 206. Copyright 2014 American Chemical 

Society. (C) STEM and EDX mapping images of Ag/Au alloyed NPs (Ag/Au = 5). (D) UV-vis 

spectra recorded from pure Ag NPs and Ag/Au alloyed NPs that were suspended in a mixed solvent 

of H2O2 and ammonia. Reprinted with permission from ref 207. Copyright 2014 American 

Chemical Society. 
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Figure 12. (A) Electron microscope images together with 3D models showing four representative 

types of fcc metal nanostructures with different crystallinities (from left to right): single-crystal 

cuboctahedron, singly twinned right bipyramid, multiply twinned decahedron, and stacking fault-

contained triangular nanoplate. Red lines in the models denote twin boundaries or stacking faults. 

Adapted with permissions from refs 107, 148, 208 and 209. Copyright 2017 Wiley-VCH, 2013, 

2012, and 2015 American Chemical Society, respectively. (B) Schematics illustrating the 

morphological and compositional changes during the galvanic replacement between a cubic 

template of metal M and ions of metal N. The red dots on template denote capping agents. 
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Figure 13. (A) Plasmonic properties of Au/Ag nanoboxes (NBs). HAADF-STEM image of a 

single Au/Ag NB (top left), selected area EEL spectra of the areas marked in the HAADF-STEM 

image (bottom), and abundance map obtained by vertex component analysis (VCA) processing 

(top right). (B) The shifts of major LSPR peaks (∆max) for Au/Ag NB and AuNP suspensions after 

they had been conjugated with BSA and then anti-BSA antibody (BSA-Ab). (C) Au nanobridged 

nanogap particles (Au-NNPs) that were prepared using dye-DNA modified AuNPs as the seeds. 

TEM image of a single Au-NNP (top left), calculated near-field electromagnetic field distribution 

of a Au-NNP (top right), and a chart comparing the Raman intensities of Cy3 dyes modified AuNPs 

and AuNNPs in solution. (A) and (B) were adapted with permission from ref 240. Copyright 2016 

American Chemical Society. (C) was adapted with permission from ref 242. Copyright 2011 

Nature Publishing Group. 
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Figure 14. (A) Au@Ag nanodumbbells. Schematics (top left), TEM image (top right), and SERS 

spectra recorded from Cy3 dyes modified individual Au@Ag monomer and Au@Ag 

nanodumbbell (bottom). Adapted with permission from ref 247. Copyright 2010 Nature Publishing 

Group. (B) SERS encoded AgNP pyramids for multiplexed detection. Schematics showing the 

principle of detection (top right), TEM image of a single AgNP pyramid (top right), and results for 

multiplexed detection of PSA, mucin-1, and thrombin. Reprinted with permission from ref 248. 

Copyright 2015 Wiley-VCH. (C) Dimer of AuNP and AgNP for chiroplasmonic detection. 

Schematics showing the assembly of dimer and the detection principle (top left), TEM image of a 

dimer (top right), and detection results for PSA at different concentrations (bottom). Adapted with 

permission from ref 249. Copyright 2013 American Chemical Society. 
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Figure 15. (A) Controlled growth of AuNPs for bioanalysis. The enzyme linked with analytes 

governs the growth pathway of AuNPs by controlling the concentration of H2O2 as reductant for 

Au3+. AuNPs with different morphologies display diverse colors as detection signal for bioanalysis. 

Adapted with permission from ref 251. Copyright 2012 Nature Publishing Group. (B) Controlled 

growth of Ag on Au nanobipyramids as seeds for bioanalysis. The enzyme linked with analytes 

generates 4-aminophenol as reductant for Ag+ ions. Au nanobipyramids coated with various 

amount of Ag show different colors. Adapted with permission from ref 252. Copyright 2016 

American Chemical Society. (C) Controlled etching of Ag nanoplates for bioanalysis. The enzyme 

linked with analytes produces H2O2 that can etch Ag nanoplates. The size reduction and shape 

change of Ag nanoplates during etching result in sensitive SPR shift. Adapted with permission 

from ref 254. Copyright 2014 American Chemical Society. 

 

 


