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Abstract: Noble metals hold promises for a variety of biomedical
applications due to their unique physical and biochemical
properties. To unlock this potential, a significant amount of
research has been dedicated to the controlled synthesis of noble-
metal nanocrystals over the past two decades, with a particular
emphasis on the production of Au and Ag nanocrystals with diverse
and well-controlled shapes. The successful synthesis of noble-
metal nanocrystals with tunable sizes, shapes, and morphologies
allows researchers to explore their use in a range of biomedical
applications, including contrast enhancement for an array of
bioimaging modalities, facilitating stimuli-responsive drug
delivery, and functioning as antimicrobial or anticancer agents.
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1. Introduction

Noble metals refer to ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir), platinum
(Pt), and gold (Au). They are considered “noble” due to their resistance to corrosion and thus natural occurrence
in the elemental form. Sometimes, silver (Ag), copper (Cu), and mercury (Hg) are also included as noble metals,
albeit these elements typically occur in nature as sulfides. Noble metals have found widespread use in catalysis,
electronics, photonics, and plasmonics. The increasingly efficient synthesis of noble-metal nanocrystals also
renders new opportunities in a spectrum of biomedical applications [1], including sensing, imaging, diagnostics,
controlled release, targeted drug delivery, advanced therapy, and antimicrobial coating. As a major advantage over
other types of materials, the surface of noble-metal nanocrystals can be robustly modified with organic ligands to
increase their biocompatibility, alter their biodistribution in vivo, and/or entail additional functionalities, such as
targeting specific biomarkers overexpressed on the surface of malignant cells.

When used as nanocrystals, their properties and thus figures of merit in various applications can be tuned by
optimizing their size, shape, and morphology or by varying the composition in the case of an alloy [1]. For
nanocrystals based on Au, Ag, and Cu, they possess remarkable optical properties due to their ability to efficiently
absorb and scatter light in the visible and near-infrared (NIR) regions, enabling applications in the context of
localized surface plasmon resonance (LSPR) and surface-enhanced Raman spectroscopy (SERS). LSPR refers to
the collective oscillation of conductive-band electrons upon excitation by light, whereas SERS enhances the
sensitivity of Raman spectroscopy by leveraging the enhancement of local electric field to amplify the Raman
scattering cross-section of molecules near the surface of nanocrystals. Both LSPR and SERS have facilitated the
development of advanced biosensing techniques and imaging modalities, enhancing our ability to detect
biomarkers and resolve malignant tissues.

Noble-metal nanocrystals have also shown promise in theranostics, a research theme that aims to integrate
diagnosis with therapy. In theranostics, nanocrystals can serve as both imaging and therapeutic agents, making it
feasible to simultaneously visualize and eradicate malignant cells. One such imaging modality is photoacoustic
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tomography (PAT), which relies on optical absorption to generate ultrasound signals upon excitation by a pulsed
laser. The exceptional absorption capability of Au-based nanocrystals positions them as a class of superior contrast
agents for PAT [2]. In parallel, Au-based nanocrystals have been extensively explored as photothermal transducers
for localized hyperthermia treatment. In this case, the heat derived from photothermal conversion can be used to
destroy malignant cells and pathogens at the diseased site without affecting the surrounding healthy tissues.
Position emission tomography (PET) is a non-invasive modality that relies on the positrons emitted from a
radioactive isotope (e.g., **Cu) to produce gamma rays when they interact with tissues, allowing for the monitoring
of physiological activities and measurement of changes in metabolic processes. To this end, Au-Cu alloy
nanocrystals can be directly utilized as a radioactive tracer for PET when some of the **Cu atoms are substituted
with %Cu.

2. Colloidal Synthesis of Noble-Metal Nanocrystals

Solution-phase synthesis is the most versatile and robust route for producing noble-metal nanocrystals
(Figure 1a) [3]. The synthesis typically starts with the generation of metal atoms through the chemical reduction
or thermal decomposition of a salt precursor. The concentration of the atoms continues to increase until it reaches
the threshold for homogeneous nucleation. At this point, the atoms aggregate to generate small clusters, commonly
referred to as nuclei, followed by their growth and evolution into seeds with well-defined internal structures [3,4].
For noble metals, the seeds generally adopt one of the following four internal structures: single-crystal, singly-
twinned, multiply-twinned, and stacking-fault-lined [4]. The internal structure, in conjunction with kinetic and
thermodynamic factors during the subsequent growth step, ultimately determines the shape taken by the
nanocrystals. In general, one needs to optimize the precursor, reducing agent, capping agent, and stabilizer
(including both the type and concentration) to obtain nanocrystals uniform in terms of both shape and size. Over
the past decades, extensive research has been conducted to elucidate the mechanistic details involved in solution-
phase syntheses and the protocols for reproducibly producing nanocrystals with controlled shapes, with a focus on
those made of Au, Ag, Cu, Pd, Pt, and their alloys. Readers should consult the most recent literature to find the
updated protocols.

Polycrystalline Au nanoparticles (AuNPs) with a quasi-spherical shape can be conventionally prepared by
reducing HAuCl, in a solution phase (Figure 1b) [2]. Two of the established protocols were originally developed
by Turkevich and Brust, respectively. In the Turkevich method, HAuCl, is reduced with sodium citrate in water
at an elevated temperature (e.g., 100 °C). The size of the resulting AuNPs is mainly determined by the molar ratio
between the reactants. A study by Peng and coworkers demonstrated that relatively uniform particles with sizes in
the range of 20—40 nm could be obtained using this simple method [5]. As for the Brust method, it entails
transferring the HAuCly precursor into an organic solvent such as toluene and controlling the growth of the AuNPs
with a thiol-based capping agent (e.g., 1-dodecanethiol) to obtain particles below 10 nm in size [2].

Unlike the quasi-spherical nanoparticles, Au nanospheres (AuNSs) can be made with a single-crystal
structure while assuming a spherical shape that gives a circular projection under transmission electron microscopy
(Figure 1c) [2]. To this end, our group developed a facile route for synthesizing AuNSs by utilizing Au clusters
capped with hexadecyltrimethylammonium bromide (CTAB) as the initial seeds for a repeated growth process [6,7].
In a typical protocol, the initial seeds are mixed with a precursor such as HAuCls, a capping agent based on
hexadecyltrimethylammonium chloride (CTAC), and a reductant such as ascorbic acid (AA) in water at room
temperature. Through meticulous control of the reaction conditions, uniform AuNSs with tunable diameters in the
range of 5—150 nm were consistently produced [6,7].

Another popular class of Au nanocrystals is nanorods (NRs), characterized by a distinctive anisotropic
structure (Figure 1d). Among the various methods developed for AuNR synthesis, seed-mediated growth stands
out due to its simplicity in procedure, readily tunable aspect ratio for the product, and high yield of NRs with a
narrow size distribution. While specific chemicals and protocols may differ among various methods of seed-
mediated growth, they typically involve two stages: the initial preparation of citrate-capped Au seeds by reducing
HAuCl, precursor with a strong reductant such as NaBH, in water, followed by their introduction into a growth
medium [8]. The growth medium usually consists of the precursor, a surface capping agent (e.g., CTAB) to
stabilize the colloid and initiate/guide the anisotropic growth, and a moderately strong reductant such as AA [8].
To increase the uniformity and purity of the products, it is critical to introduce AgNOs3 or an aromatic additive like
5-bromosalicylic acid or 2,6-dihydroxybenzoic acid [2].

Characterized by their well-defined sharp corners, Ag nanocubes (Figure le) have received increasing
attention in recent years for their applications in both LSPR and SERS [9]. Our group pioneered the one-pot polyol
synthesis of Ag nanocubes by employing ethylene glycol (EG) as both the solvent and reductant [10]. Subsequently,
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improved protocols were developed to yield large volumes of uniform Ag nanocubes with edge lengths up to 250
nm by switching the precursor from the commonly used AgNOs3 to CF3COOAg [11], introducing a trace amount
of Na,S or NaHS to manipulate initial nucleation [12], and/or selectively removing the twinned seeds through the
use of O,/Cl- (NaCl or KCI) to initiate oxidative etching [13].

As a more cost-effective alternative to Au and Ag nanocrystals due to the high abundance of Cu in Earth’s
crust [14], Cu nanocubes (Figure 1f) also exhibit tunable LSPR in the visible and NIR regions. The colloidal
synthesis of Cu nanocubes is comparatively more challenging than that of Au and Ag nanocrystals due to the lower
reduction potential of Cu and greater susceptibility to oxidation. In addition to one-pot methods, seed-mediated
growth has been developed as a viable route for producing Cu nanocubes with controllable sizes. In one study, for
example, 5-nm AuNSs were utilized as seeds to synthesize Au@Cu core-shell nanocubes with a uniform edge
length tunable from 20—30 nm. The presence of the Au seeds effectively lowered the activation energy barrier to
nucleation while increasing the conversion of the CuCl, precursor [15].

a g

Figure 1. Colloidal synthesis of noble-metal nanocrystals. (a) Schematic showing the generation of nanocrystals
with diverse and controllable shapes. (b—g) TEM images of various types of noble-metal nanocrystals: (b) Au
nanoparticles; (¢) Au nanospheres; (d) Au nanorods; (e) Ag nanocubes; (f) Au@Cu core-shell nanocubes; and (g)
Au nanocages. (a) Reproduced with permission from [3]. Copyright 2023 Americal Chemical Society. (b)
Reproduced with permission from [5]. Copyright 2007 Americal Chemical Society. (¢) Reproduced with
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permission from [7]. Copyright 2013 Wiley-VCH. (d) Reproduced with permission from [16]. Copyright 2015
Americal Chemical Society. (e) Reproduced with permission from [9]. Copyright 2013 Americal Chemical Society.
(f) Reproduced with permission from [15]. Copyright 2019 Americal Chemical Society. (g) Reproduced with
permission from [17]. Copyright 2019 Wiley-VCH.

Gold nanocages (AuNCs) represent a class of hollow nanocrystals characterized by ultrathin and porous walls,
which are composed of either pure Au or Au-based alloys [18]. The pores in the walls can be engineered to create
an “open or close” gating mechanism, allowing for controlled, on-demand release of a payload. The primary
method for generating AuNCs involves the galvanic replacement reaction between Ag nanocubes and HAuCls in
water, a spontaneous reaction driven by the more positive standard reduction potential of AuCls/Au (1.00 V)
relative to that of Ag*/Ag (0.80 V). One can conveniently produce AuNCs by titrating aqueous HAuCl, into an
aqueous mixture containing Ag nanocubes and poly(vinyl pyrrolidone) (PVP). As Ag atoms are gradually oxidized
and dissolved, Au atoms are formed and deposited on the surface of the nanocubes to generate AuNCs. When Ag
nanocubes with sharp corners are used, the initial oxidation and dissolution of Ag occur on the side faces to
generate small pinholes, which then act as anodes for further oxidation and dissolution. Meanwhile, the resultant
Au atoms are conformally deposited on the side faces. As the reaction proceeds, the pinholes are closed due to
atomic diffusion and direct Au deposition, leading to the formation of Au—Ag alloy nanoboxes. Subsequent
removal of Ag from the walls through a dealloying process generates AuNCs with porous walls (Figure 1g). The
size, shape, and wall thickness of the AuNCs can all be tailored by changing the Ag templates, introducing a proper
surface capping agent (e.g., PVP), and varying the amount of HAuCly. As such, one can increase the diversity of
AuNCs and enhance their optical and photothermal properties. When applied to in vivo studies, the size and shape
of the AuNCs impact both their biodistribution and therapeutic efficiency.

3. Examples of Applications

Noble metals have been employed as therapeutic agents since ancient times. Recent studies of their distinctive
physical and biochemical attributes, in conjunction with advancements in controlling their colloidal synthesis (as
illustrated in Section 2), have reignited interest in employing their nanocrystals for a range of biomedical
applications. Notable examples include their use as antimicrobial agents and as active components in diagnostics
and cancer treatment.

Due to its wide accessibility and rapid responsiveness, point-of-care (POC) diagnosis holds increasing
significance in the modern healthcare industry. When conjugated with ligands targeting specific analytes, AuNPs
have found extensive use in POC diagnosis, spanning infectious virus detection, diabetes monitoring, pregnancy
tests, cardiovascular disease assessment, and cancer screening [19]. Enabled by their unique LSPR properties,
AuNPs can be detected using a variety of methods, including colorimetric, fluorescence, and SERS. For instance,
commercial pregnancy tests use AuNPs conjugated with antibodies of hCG, a hormone excreted during early
pregnancy [20], to create a red test line for the indication of a positive result (Figure 2a) [21]. Similarly, during the
COVID-19 pandemic, AuNP-based molecular diagnostic kits were developed to enable rapid and cost-effective
screening of infected individuals [22]. In this case, instead of antibodies, the AuNPs were functionalized with
antisense oligonucleotides (ASOs) to target the N-gene of SARS-CoV-2, the virus responsible for the pandemic.
The agglomeration of ASO-capped AuNPs in the presence of SARS-CoV-2 triggers a discernible color change
from purple to blue, which can be easily observed by the naked eye (Figure 2b).

The LSPR properties of Au nanostructures have also been put to work for other biomedical applications.
Researchers have demonstrated that the LSPR peaks of Au nanostructures could be precisely tuned to cover the entire
visible and NIR regions by varying their sizes and morphologies, with the latter being particularly effective [18]. For
instance, a remarkable redshift of the LSPR peaks was observed for AuNRs as their aspect ratios were increased
while maintaining a constant width (Figure 3a) [23]. Similarly, AuNCs exhibited precisely tunable LSPR peaks
into the NIR region when the wall thickness was adjusted by controlling the degree of galvanic replacement
reaction (Figure 3b) [2]. Of particular importance for biomedical applications are Au nanostructures with LSPR
peaks in the window of 650—900 nm, where water, blood, and soft tissues exhibit optical transparency, facilitating
deep penetration for effective imaging and treatment [18].
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Figure 2. Use of Au nanoparticles as a colorant for point-of-care diagnosis. (a) Formation of red test lines in a
commercial pregnancy test kit through the accumulation of Au nanoparticles. (b) Color change in a solution
detectable by the naked eye due to the agglomeration of Au nanoparticles in the presence of SARS-CoV-2 RNA.
(a) Adapted from [21]. (b) Reproduced with permission from [22]. Copyright 2020 American Science Society.
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Figure 3. Tunable LSPR property of Au nanocrystals. The UV-vis-NIR spectra were recorded from aqueous
suspensions of (a) Au nanorods with different aspect ratios (ARs) and (b) Au nanocages prepared by titrating
different amounts of HAuCl4 (volume = 0—1.6 mL). (a) Reproduced with permission from [24]. Copyright 2006
the Royal Society of Chemistry. (b) Reproduced with permission from [25]. Copyright 2011 Wiley-VCH.

With their LSPRs tuned to the proper wavelength, the strong absorption of AuNCs has been harnessed for
diverse theranostic applications, including optical imaging, controlled release, and drug delivery. In one study,
AuNCs were used to actively target subcutaneous tumor tissue in mice, leading to pronounced enhancement in
PAT imaging [26]. Specifically, the surface of the nanocages was conjugated with poly(ethylene glycol) (PEG)
chains terminated in [Nle4, d-Phe7]-a-melanocyte-stimulating hormone ([Nle4, d-Phe7]-a-MSH)—a peptide
capable of binding to receptors on melanoma cells (Figure 4a). After intravenous injection of [Nle4, d-Phe7]-a-
MSH-AuNCs, PA images were recorded at 0, 3 and 6 h, respectively. The images in Figure 4b—d clearly indicate
the gradual accumulation of the AuNCs inside the tumor to greatly enhance the PA signal.
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Figure 4. Use of Au nanocage as a contrast agent for photoacoustic (PA) imaging. (a) Schematic of the [Nle4,d-
Phe7]-a-MSH-AuNCs. MSH: Melanocyte Stimulating Hormone. (b—d) PA images of the melanoma tissue
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recorded at different time points (0, 3, and 6 h) post injection of [Nle4,d-Phe7]-a-MSH-AuNCs, with yellow and
red corresponding to the melanoma and the surrounding vasculature. Reproduced with permission from [26].
Copyright 2010 Americal Science Society.

The strong NIR absorption of AuNCs also facilitates photothermal conversion for application in stimuli-
triggered release. To this end, control can be achieved through two methods: either attaching gating polymer
brushes to the surface of the AuNCs or filling the interior with a phase-change material (PCM), a substance that
undergoes solid-to-liquid phase transition upon melting. In one approach, our group employed poly(N-
isopropylacrylamide) (pNIPAAm)—a thermal-responsive polymer—to seal the pores on AuNCs [27]. As the local
temperature increases due to the photothermal heating enabled by AuNCs, the polymer chains contract to allow
the payloads to freely diffuse out through the pores. In another approach, our group loaded the cavity of the AuNCs
with a PCM based on lauric acid. For the treatment of hypoxic cancer, 2,2'-azobis[2-(2-imidazolin-2-yl)propane]
dihydrochloride (AIPH) was added into the PCM to generate AIPH-PCM—AuNCs (Figure 5a) [28]. Upon
exposure to an NIR laser, the AuNCs were heated up to melt the PCM, simultaneously triggering the release and
decomposition of AIPH. The free radicals derived from the decomposition of AIPH resulted in tumor cell apoptosis.
As shown in Figure 5b, the amount of AIPH released is positively correlated with the intensity and duration of the
laser. Furthermore, AIPH-induced reactive oxygen species (ROS) can be detected in A549 cancer cells through
2'7'-dichlorodihydrofluorescein diacetate (DCFHDA) staining even under tumor hypoxia conditions (Figure 5c¢).
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Figure 5. Use of Au nanocages for controlling the release of a therapeutic agent. (a) Schematic illustrating the
controlled release of AIPH from the PCM loaded in the interior of Au nanocages upon laser irradiation. (b) Release
profiles of AIPH upon laser irradiation at different irradiances. (¢) Detection of AIPH-induced ROS in A549 cells
by DCFHDA after laser irradiation for 30 min. (a) Reproduced with permission from [18]. Copyright 2020 the
Royal Society of Chemistry. (b—c) Reproduced with permission from [28]. Copyright 2017 Wiley-VCH.

Silver is a common element used in biomedical applications. The antimicrobial activity of AgNPs has been
extensively investigated. It is well-established that the nanoparticles could serve as effective growth inhibitors for
various microorganisms, rendering them suitable for a range of medical devices and antimicrobial control systems.
One study investigated AgNPs ranging from 5-25 nm in size while being supported on graphene oxide sheets, as
confirmed by X-ray diffraction and electron microscopy [29]. The AgNPs effectively combat Gram-negative
bacteria, with their effectiveness linked to their size and shape, showing promise for use in antimicrobial
applications. As a relatively new modality, SERS imaging has benefited from AgNPs in biomedical applications
such as the detection of specific biomarkers on cell surfaces for cancer diagnosis or tracking drug delivery [30].
Upon irradiation of AgNPs with a laser, enhanced electromagnetic fields are created in the vicinity of the
nanoparticles to increase the Raman scattering cross-sections of molecules adsorbed on or near the nanoparticles,
enabling highly sensitive detection through the fingerprinting of vibrational modes.
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Among the radionuclides used for nanoparticle-based positron emission tomography (PET), ®*Cu occupies a
unique position as it can be directly incorporated into Au nanocrystals through co-deposition, enabling precise
control of radioactivity [31]. In one study, **Cu-doped AuNCs have been developed to enable image-guided
therapy by combining the long half-life of %Cu for PET and the strong absorption of Au nanostructures in the NIR
region for photothermal therapy. In a cancer mice model, both tumor targeting and PET imaging contrast
enhancement were demonstrated, highlighting the potential of this unique class of Au-Cu alloy nanostructures for
preclinical and translational applications (Figure 6) [32].
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Figure 6. Use of **Cu-doped Au nanocages for PET. (a) Schematic illustrating the synthesis of **Cu-doped Au
nanocages through co-deposition of Au, Cu, and *Cu atoms onto the walls of Au nanocages. (b) Transverse
PET/CT images of the PEGylated, %*Cu-doped Au nanocages in mice 4T1 and PDX tumor models recorded 24 h
after injection. (¢) Quantification of tumor uptake in both models, demonstrating effective accumulation of the
nanocrystals at the tumor site. * p < 0.0005, #p < 0.005. Reproduced with permission from [32]. Copyright 2016
Wiley-VCH.

Due to the large atomic number, Ir nanocrystals have found use as a contrast agent for X-ray-based imaging
and as an enhancer for radiotherapy. Small Ir nanoparticles (IrNPs) can be prepared using an aqueous method by
reducing IrC13 with NaBH4 without involving any surfactant or capping agent [33]. The as-obtained nanoparticles
have promising potential for medical applications involving X-ray radiation. In vitro tests using Alamar Blue assay
with liver and immune cells suggested that the IrNPs could be used safely in living organisms at concentrations of
up to 100 pM.

In a set of studies, Pt-nanocluster assemblies (PtNAs) comprising a pH-sensitive polymer (octadecylamine-
p(API-Asp)io) and a liver cancer cell-targeting peptide have been demonstrated to successfully combat drug
resistance and stem-like properties in liver cancer [34]. Significant death of liver cancer cells and the overcoming
of chemotherapy medication resistance were achieved by PtNAs via the induction of DNA damage. The
mechanism of these effects at the molecular level has also been investigated, suggesting that PtNAs hold promise
for clinical treatment through the downregulation of highly expressed genes in liver cancer patients.

4. Conclusions and Outlook

The past two decades have witnessed remarkable advancement in the controlled synthesis of noble-metal
nanocrystals, particularly Au and Ag, enabling precise manipulation of their sizes and morphologies. With their
unique physiochemical properties and tunable architecture, engineered noble-metal nanostructures now serve as
versatile tools in biomedical applications, supporting advanced bioimaging, stimuli-responsive drug delivery, and
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antimicrobial or anticancer therapies. Despite this progress, challenges remain in improving synthesis scalability
and investigating their long-term biocompatibility for successful clinical translation. By addressing the current
limitations and exploring new research avenues, we can fully realize the immense promises noble-metal
nanocrystals hold for improving diagnostics and therapies.
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