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Abstract

Peroxidase mimics of nanoscale materials as alternatives to natural peroxidases have found
widespread uses in biomedicine. Among various types of peroxidase mimics, platinum-group
metal (PGM) nanocrystals have drawn considerable attention in recent years due to their superior
properties. Particularly, PGM nanocrystals display high catalytic efficiencies, allow for facile
surface modifications, and possess excellent stabilities. This feature article summarizes our recent
work on development of PGM nanocrystals as peroxidase mimics and exploration of their
applications in in vitro diagnostics. We begin with a brief introduction to controlled synthesis of
PGM nanocrystals in solution phase. We then elaborate on a variety of physicochemical parameters
that can be carefully tuned to optimize the peroxidase-like properties of PGM nanocrystals. Then,
we highlight the applications of PGM nanocrystals in different in vitro diagnostic platforms. We
conclude this article with personal perspectives on future research directions in this emerging field,

where challenges and opportunities are remarked.
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1. Introduction

Peroxidases (particularly horseradish peroxidase, HRP'**) have been widely used as a critical
component in in vitro diagnostics for decades.*® Notable examples of peroxidases-based
diagnostic ~ kits  include  enzyme-linked = immunosorbent  assay  (ELISA),%!°

H-13 and western blot.'*!* In a typical kit, peroxidases are conjugated to

immunohistochemistry,
bioreceptors (e.g., antibodies and nucleic acids) and specifically generate detection signal by
catalyzing peroxidase substrates.'®!” Since peroxidases are responsible for signal generation, they
largely determine the performance of a diagnostic kit, including detection sensitivity,
reproducibility, and stability. The inherit drawbacks of peroxidases greatly limit the upgrade and
advancement of in vitro diagnostics. For instance, like many other natural enzymes, peroxidases
are unstable under harsh conditions (e.g., acidic pH and high temperatures) because they are
essentially proteins and, thus, subject to denature and unfolding.'® The catalytic efficiencies of
peroxidases are relatively low as confined by the inherent molecular structures of peroxidases. In
addition, isolation and purification of peroxidases from organisms is time and material consuming
path.

To overcome the drawbacks of natural peroxidases, nanomaterials with peroxidase-like

activities (i.e., peroxidase mimics) were developed and used as alternatives in in vitro

diagnostics.'”° Over the past decade or so, a vast variety of peroxidase mimics that are made of
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inorganic nanomaterials ranging from carbon®'-** to metals,>*’ metal oxides,”*! and ceria
have been reported. Most peroxidase mimics are much more stable than natural peroxidases. As
such, in this field, great effort has been made to improve the catalytic efficiency of peroxidase
mimics, which is vital to ensure high detection sensitivity for diagnostics and thus their capabilities
of detecting serious diseases at early stages.'” It should be noted that it is challenging to achieve a
substantially improved catalytic efficiency relative to natural peroxidase. The catalytic constant
(Keat) measures the catalytic efficiency and is defined as the maximum number of products
generated per catalyst per second.’ The Kca of HRP is at the level of 10° s71.3° In contrast, Kca
values of most peroxidase mimics with sizes of 1-100 nm are only a few orders of magnitude
greater than that of HRP.?

During the past five years, our research group has been working on the design, development,
and synthesis of platinum-group metal (PGM) nanocrystals as peroxidase mimics and exploration

of their applications in in vitro diagnostics. It was determined to focus on PGM based peroxidase



mimics because of their unique features. First of all, PGM nanocrystals possess higher peroxidase-
like catalytic efficiency than most other types of peroxidase mimics. In particular, their catalytic
efficiencies can be optimized and enhanced by carefully controlling the physicochemical
parameters (which will be discussed later). Moreover, they can be conveniently conjugated with
bioreceptors through simple physical adsorption or metal-thiolate bonding.***° Furthermore, they
are ultra-stable owing to the inertness of noble metals.*'*** Lastly, they can be easily synthesized
in a common wet chemistry laboratory. With well-documented procedures and knowledge we learn
from previous studies, it is now feasible to precisely control their shape, size and composition at
the atomic levels during a synthesis.****> All these features of PGM nanocrystals make them
promising candidates of peroxidase mimics with great potential for biomedical applications.

This feature article highlights our recent studies on the development of PGM nanocrystals as
peroxidase mimics. We start with a brief introduction of solution-phase synthesis of PGM
nanocrystals. We then elaborate how to rationally design PGM based peroxidase mimics of interest
by detailing the effects of nanocrystal size, shape, elemental composition, strain, and surface
ligands one by one. Afterwards, applications of those PGM based peroxidase mimics in in vitro
diagnostics are highlighted. In the end, we provide outlook for future research, where challenges

and opportunities of PGM based peroxidase mimics are discussed.

2. Solution-phase synthesis of PGM nanocrystals

Solution-phase synthesis, among many synthetic methods, is a powerful means to produce
quality colloidal PGM nanocrystals.***® Significantly, the structures of PGM nanocrystals can be
finely controlled in the solution-phase synthesis by carefully manipulating the thermodynamic and
kinetic parameters. In the most basic solution-phase synthesis system, metal precursor is reduced
by a reductant in a solvent in the presence of a colloidal stabilizer. The synthesis can be more
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complicated when extra components, such as facet-specific capping agents, oxidative
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etchants’! and other additives, are involved. Since comprehensive reviews of solution-phase

synthesis can be found in the literature,>>

we limit our discussion to key points for design and
synthesis of PGM nanocrystals that are suitable to be used as peroxidase mimics for biomedicine.

In most biomedical applications of peroxidase mimics, the mimics are desired to be water
soluble.”” For this purpose, polar solvents are typically used in the synthesis of PGM
nanocrystals as peroxidase mimics. Commonly used polar solvents include water and polyols.

Water is the most accessible and economical solvent. In contrast, polyols are relatively expensive,
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but more versatile.®%> Polyol is a type of a dual-function reagent. It not only acts as a solvent but
also serves as a reductant upon heating.>** Remarkably, the reducing power of a polyol can be
controlled by reaction temperature, which provides an effective approach to manipulate the
reaction kinetics of a synthesis. Taking ethylene glycol (EG) as an example, heating it in air results
in its oxidation to glycolaldehyde, a reductant capable of reducing PGM ions.** Such oxidation is
temperature-dependent, which is the main reason why reducing power of EG is dependent on
temperature. Notably, the reducing power of polyol also has a strong dependence on the length of
hydrocarbon chain.® In general, a polyol with a longer hydrocarbon chain has weaker reducing
power. For instance, under the same temperature, the reducing power of EG, diethylene glycol
(DEG) and triethylene glycol (TEG) decreases in the order of EG > DEG > TEG.?*%” These
features ensure polyol an effective and versatile reagent in solution-phase synthesis of PGM
nanocrystals. To prepare water-soluble PGM nanocrystals, in addition to polar solvents,
hydrophilic colloidal stabilizers are typically used in a synthesis. In general, the stabilizers will

bind strongly to the surfaces of PGM nanocrystals through chemisorption after synthesis.’®”!
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Examples of hydrophilic stabilizers include polyvinylpyrrolidone (PVP citrate,
cetyltrimethylammonium bromide (CTAB),”®*? and cetyltrimethylammonium chloride (CTAC).®!-
83 The stabilizers bound to the surface of PGM nanocrystals (also known as "surface ligands") have
significant impact on their peroxidase-like efficiencies, which will be discussed later. Moreover,
the type of surface ligands also plays a key role in functionalization of PGM nanocrystals with
bioreceptors. -84

In solution-phase synthesis of PGM nanocrystals, there are two complementary strategies: one-
pot synthesis (Figure 1a) and seeded growth (Figure 1b). The production of a nanocrystal from
one-pot synthesis experiences several key stages, including generation of atoms, nucleation,
transformation from nuclei to seeds, and growth from seeds to nanocrystals.> The stages of
nucleation and seed formation play important roles in determining the structure of final nanocrystal.
Nucleation represents the very first stage of crystallization process, where clusters of very few
metal atoms and/or ions are formed. When a cluster has pasted a critical size at which structural
fluctuations become thermodynamically less favorable, it evolves to a seed. Seeds that may take a
single crystal, singly twinned, multiply twinned, or a stacking-fault structure hold a decisive role

in guiding the growth of nanocrystals.®¢%’ Nevertheless, it is challenging to understand and control

the formation of nuclei and seeds.”?>%! The challenge is imposed by the fact that the processes at



early stages are determined by various thermodynamic (e.g., surface capping) and kinetic (e.g.,
concentration and temperature) parameters that are intricately entangled to each other. Moreover,
current analytical tools are not capable of directly capturing and monitoring clusters of limited
atoms and/or ions in real space. Despite of the lack of clear mechanistic understanding, thanks to
the experiences and procedures reported by many research groups, it is practically feasible to
obtain a variety of PGM nanocrystals with good uniformities and large quantities.’>°

In seeded growth (Figure 1b), preformed seeds are added to the synthetic solution. During the
synthesis, newly formed atoms resulting from the reduction of metal precursors are deposited on
the surface of growing seeds.***’*° The seeds are sizable and can be observed and analyzed by
electron microscopes, making it convenient to track and monitor the growth process. Compared to
one-pot synthesis, the growth pathway and thus the structure of final nanocrystals in seeded growth
are more controllable. In addition, seeded growth is more convenient for synthesis of multimetallic
nanocrystals, especially core-shell nanostructures,'?*! by introducing precursors of different
metals. By carefully monitoring the growth process, different roles of thermodynamic and kinetic
factors can be understood. As a result, the structure of PGM nanocrystals in seeded growth can be
achieved by thermodynamic or kinetic control.

In a thermodynamic control, a powerful and effective approach is to use facet-specific capping
agent. Binding of capping agents to a specific facet will lower the surface free energy of that
facet.*6%:104105 Ag quch, the growth towards the facet is slowed down. Taking the growth of Pd
cuboctahedral seed that are encased by both {100} and {111} facets as an example, the presence
of Br ion as a Pd{100}-specific capping agent will force the growth of a seed toward the <111>
directions since {100} facets are passivated by Br™ ions. Eventually, Pd nanocube with six {100}
side facets is obtained as the final product.'®® A similar strategy has been applied to shape-
controlled synthesis of many other PGM nanocrystals.'”"!% In recent years, with continuous
mechanistic understanding, kinetic control has become a versatile and convenient method for
controlled synthesis of PGM nanocrystals. In kinetic control, the key is to manipulate the rates of
atom deposition and surface diffusion. Upon the deposition of atoms on specific sites of a growing
seed, the adatoms will have chance to migrate to a different site through surface diffusion.**!%411
The growth pathway of seed and, thus, the structure taken by final products are primarily
determined by the relative rates of atom deposition and surface diffusion.!!! Figure 1c¢ shows two

typical growth modes. Specifically, if the rate of surface diffusion is greater than that of atom



deposition, adatoms will spread across the entire surface through surface diffusion. As a result, the
growth will proceed by the layer-by-layer mode that features conformal coating of newly added
atoms.'!'>!"> On the contrary, if the rate of atom deposition dominates, the growth will follow the
island mode, which gives rise to small particles on seed surfaces. Importantly, both atom deposition
and surface diffusion are kinetic parameters that can be manipulated by altering the experimental
conditions. Practically, to control the growth pathway of a seed, one needs to first identify the sites
of atom deposition. In general, such sites are thermodynamically less stable surfaces that have
higher surface free energy. Afterwards, the growth can be straightforwardly controlled by
manipulating the rates of atom deposition and surface diffusion.** Over the past several years, we
have applied kinetic control to the synthesis of a variety of PGM nanocrystals. Detailed

mechanistic understanding and synthetic protocols can be found in our previous publications.'!!:114-
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3. Rational design of PGM based peroxidase mimics

The peroxidase-like activities of PGM nanocrystals have strong dependence on their
physicochemical parameters, including shape, size, elemental composition, strain, and surface
ligand. To design and synthesize a desired PGM based peroxidase mimic, one needs to carefully
optimize these parameters. In the following discussion, the roles played by each parameter in
determining the peroxidase-like properties of PGM nanocrystals will be specified. Emphasis will
be placed on the impact of each parameter on catalytic efficiency in terms of catalytic constant
(Keat). All the catalytic efficiencies were determined from apparent steady-state kinetic assays,
where the oxidation of 3,3',5,5'-tetramethylbenzidine (TMB, a commonly used peroxidase
substrate!''*12%) by H>O: that generates blue colored products (i.e., oxidized TMB with Amax at 653
nm*) was used as a model catalytic reaction.

Effect of shape. The shape of PGM nanocrystals plays a significant role in determining their
peroxidase-like activities. The shape effect can be understood from two aspects. First, shape
correlates to the arrangement of surface atoms that directly influences the interaction of reaction
species with metal surface and, thus, the catalytic efficiency.!?!"'** For example, when PGM
nanocrystals with a face-centered-cubic (fcc) structure take cubic and octahedral shapes,
respectively, they expose loosely-packed (100) and closely-packed (111) surfaces.'? In a previous

l‘,125

work by Fang et a peroxidase-like catalytic efficiencies of {100}-covered Pd cubes and {111}-

covered Pd octahedra were compared under the same conditions. The results indicated Pd cubes
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were more catalytically efficient than Pd octahedra, because the homolytic dissociation of H202
species as the rate-determining step of oxidation of TMB was easier on (100) surface than on (111)
surface. In a work by Gao et al.,'*® Pt concave nanocubes encased by high-index {730} facets
were demonstrated to be ~4 times more efficient than Pt nanospheres that were primarily encased
by a mixture of {100} and {111} facets.

Second, shape effectively alters the total surface area of a nanocrystal, which has a direct
impact on its catalytic efficiency. In general, nanocrystals with open structures (e.g., hollow
interiors and branched structures) tend to expose larger surface areas and, thus, possess enhanced
catalytic efficiency. In our previous work,'?” we reported Ru nanoframes (Figure 2a,b) that were
prepared by selectively depositing Ru atoms on the edges and corners of Pd octahedral seeds,
followed by removing Pd through chemical etching. The Ru nanoframes had a small size and
ultrathin frames with average edge length and thickness of 6.2 nm and 1.8 nm, respectively. The
open structure and fully accessible surfaces ensured a high peroxidase-like efficiency for the
nanoframes. The catalytic efficiency in terms of Kcat of the nanoframes were determined to be 1.26
x 10* s, which is three times greater than Kcat of HRP (4.0 x 10% s™! ™), In a more recent work,'?
we demonstrated Pd-Ru core-shell nanostructures with highly porous structure on the surface
(Figure 2c¢,d) that were synthesized by growing Ru on Pd nanocubes as seeds. The key to achieve
a porous structure was to ensure that the rate of Ru atom deposition on corner sites of Pd cubic
seeds was sufficiently higher than the rate of adatom surface diffusion. The Pd-Ru porous
nanocrystals with enlarged surface areas exhibited an outstanding peroxidase-like activity with
Keat as high as 4.8 x 10° s, Similar idea of surface area enlargement through shape control was
reported in the cases of Pt nanoparticles with rough surfaces'?’ and Pt hollow nanoparticles with
both inner and outer surfaces.'*°

Effect of size. It is well-documented that particle size plays a critical role in determining the
catalytic activities of nanocatalysts in traditional reactions, such as oxygen reduction reaction and
hydrogenation reactions.'*!"'** With the change of particle size (especially in the range of 1-10 nm),
the ratio of atoms on particle surfaces including faces, edges and corners to interior bulk atoms
varies dramatically.'?*!13>13¢ Such variations can substantially change the catalytic activities of
nanocatalysts. Despite of the demonstrations in traditional catalytic reactions, comprehensive
studies on size effect in the niche field of peroxidase mimic research have not been extensively

reported. The major difficulty in investigating the size effect might be the challenge to craft



peroxidase mimics having different sizes, but the same morphologies and surface properties.

In the very recent work,'>” we systematically investigated the size effect by using Pd-Ir core-
shell nanoparticles (NPs) of different sizes as models. The Pd-Ir NPs were prepared by coating a
conformal layer of Ir on the surface of Pd truncated octahedra as seeds, where the thickness of Ir
layer was fixed to ~0.55 nm (2-3 atomic layers). The sizes of Pd-Ir NPs were conveniently
controlled by using Pd seeds of different sizes.'*® Figure 3a-d shows transmission electron
microscopy (TEM) images of Pd-Ir NPs with average sizes of 3.3, 5.9, 9.8 and 13.0 nm. The Pd-
Ir NPs of each size had steady uniformities. It should be noted that all the Pd-Ir NPs were primarily
covered by Ir{111} facets because Ir was deposited on Pd octahedral seeds following a layer-by-
layer mode. Moreover, all the Pd-Ir NPs were covered by the same surface ligand —
poly(vinylpyrrolidone) (PVP) — on the surface as evidenced by the X-ray photoelectron
spectroscopy (XPS) data. Taken together, these Pd-Ir NPs had different sizes, but the same shape,
Ir coating and surface properties, could serve as an ideal system to study the size effect in
peroxidase mimic mediated catalysis. As summarized by Figure 3e, as the sizes of Pd-Ir NPs
increased from 3.3 nm to 13.0 nm, their catalytic efficiencies in Kcat continuously increased from
9.4 x 10* to 1.2 x 10° s To better understand the size effect, we compared their area-specific
catalytic efficiencies (Kcat-specific, Wwhich was derived by normalizing the value of Kcat against the
total surface area of an individual catalyst'!®). As shown by Figure 3f, Kcat-specific values were similar
for Pd-Ir NPs with sizes of 3.3-9.8 nm. The Kcat-specific value slightly decreased when particle size
had increased to 13.0 nm. These results suggested the increased Kcat for Pd-Ir NPs of larger sizes
(Figure 3e) is primarily because of the enlarged catalytic surface areas that can interact with more
substrates during catalysis.

This work represents the first attempt for systematical investigation of size effect in peroxidase
mimics. Size effect of other peroxidase mimics deserves thorough exploration in the future, given
that the conclusions drawn from Pd-Ir NPs may not be applicable to other types of peroxidsae
mimics. Such research is not only fundamentally important, but also practically useful. For
example, we have demonstrated that size matters for the application of those 3.3-13.0 nm Pd-Ir
NPs (Figure 3a-d) in the enzyme-linked immunosorbent assay (ELISA) platform, where smaller
nanoparticles were found to offer higher detection sensitivities. In another example, the
performance of Pt nanoparticles as peroxides mimics in lateral flow assay (LFA) platform was

demonstrated to have a strong dependence on particle size, where the optimal size was found to be



~150 nm.'**

Effect of elemental composition. Both experimental data and theoretical simulations have
demonstrated that the peroxidase-like activity of PGM nanocrystals has strong dependence on the
elemental compositions, especially compositions on the surfaces (1-5 atomic layers).

In our previous study,!!®

we demonstrated that the catalytic efficiency of Pd nanocube could
be dramatically enhanced by coating an ultrathin Ir skin of a few atomic layers on the surface. The
resultant Pd-Ir core-shell cubes (Figure 4a,b) display outstanding catalytic efficiency with a Kecat
value as high as 1.9 x 10° s”!. In contrast, the initial Pd nanocubes only had a Kcat in the regime of
10* s7!. Significantly, we found Ir content on Pd surface played a critical role in determining the
catalytic efficiency of Pd-Ir cubes. As shown by Figure 4c, a volcano-shaped relationship was
observed between Kcat values and Ir contents. The maximum point was found at the Ir/Pd ratio of
0.062, which corresponds to roughly a single atomic layer of Ir on Pd cube surface. We also
performed density functional theory (DFT) simulations to understand the observed composition-
dependent catalytic efficiency. Four model surfaces — pure Pd(100), single Ir overlayer on Pd(100),
three Ir overlayers on Pd(100), and pure Ir(100) surfaces — were constructed. Adsorption energies
of key species in the catalytic reaction on these four type of surfaces were calculated. The
calculation results suggested that adsorption energies were most exothermic on the single Ir
overlayer on Pd(100) surface, indicating that it was the most reactive surface among the four. This
result was consistent with the experimental observation shown in Figure 4c.

In another study,'!’

we demonstrated that Au nanoparticles (AuNPs) could be endowed with
strong peroxidase-like activity by coating thin layers of Pt (1-10 atomic layers) on their surfaces.
Note that pristine AuNPs possess outstanding plasmonic activities but weak peroxidase-like
activities. By forcing the growth of Pt on AuNPs to follow a layer-by-layer mode, Au-Pt.L core-
shell NPs (nL: n atomic layers of Pt) as products were synthesized. The thickness of Pt shell could
be conveniently and precisely controlled at 1-10 atomic layers (n = 1-10) by adjusting the amount
of Pt precursor. As an example, Figure 4d,e show the morphology and compositions of Au-PtaL
NPs. As summarized in Figure 4f, the catalytic efficiency of Au-Pt.. NPs has a strong dependence
on the number of Pt atomic layers (). The initial AuNPs (rz = 0) had a very low Kcat at the level of
10° s7!. Keat values of Au-Pt.. NPs increased dramatically as n increased from 1-3, reaching the

regime of 10° s™!. Thereafter (n = 4), the Kcat value become saturated. To understand the Pt layer-

dependent catalytic efficiency, we derived the d-band center positions of Au-Pt.L surfaces, which

10



are good measurements for binding affinities toward adsorbates and thus the catalytic efficiencies.
The d-band center of Au(111) surface was narrower and had a much lower density near the Fermi
level relative to those of Au-Pt.(111) surfaces, suggesting Au(111) was less catalytically active
than Au-Pt,(111) surfaces. For Au-Pt.(111) surfaces with n = 1-10, substantial change of d-band
center positions was only observed when » increased from 1 to 3. This result suggested that a
significant change of catalytic activity of Au-Pt.(111) should be expected in the range of n = 1-3.
These simulation data were consistent with the experimental results shown in Figure 4f.

These examples demonstrate that a subtle alternation in elemental composition on the surface
can appreciably change the catalytic efficiency. This observation gives scientists a clue that
precisely controlled synthesis of PGM nanocrystals is critical in optimizing their peroxidase-like
activities. Fortunately, with increased mechanistic understanding on nanocrystal synthesis and
rapid advancement of characterization tools, it is now feasible to design and engineer PGM
nanocrystals at the atomic precision.**

Effect of strain. Surface strain is oftentimes involved in PGM nanocrystals, which is generally
caused by intrinsic twin structures or lattice mismatch between different components of a
nanocrystal. Surface strain can modify the surface electronic structure, and thus alter the
interaction between catalytic reaction intermediates and surface, which in turn affects the catalytic
activity of a catalyst.'**!*" In conventional heterogeneous catalysis, engineering surface strain has
been proven to be an effective strategy to enhance the activity of a catalyst. Notable examples
include CO> reduction,'*! oxygen reduction'*? and formic acid oxidation.'*> Nevertheless, in the
field of peroxidase mimic research, study of strain effect has not been reported until our recent
work.

Specifically, we constructed an ideal system based on Pd octahedra (Figure 5a) and Pd
icosahedra (Figure 5b) to investigate the strain effect on the peroxidase-like catalytic efficiency.!**
These two types of Pd nanostructures were designed to have the same Pd{111} facet exposure and
capping agent on the surface, similar sizes, surface areas and ligand coverage densities but different
surface strains. High-resolution TEM and X-ray diffraction (XRD) analyses indicated the
coexistence of apparent tensile and compressive strains on icosahedral facets. In comparison, the
strain on octahedral facets is not significant. The strains on both nanostructures were also mapped
using geometric phase analysis (GPA'#>!%6) as shown in Figure 5c,d. Compared to octahedron,

icosahedron amplified the surface strain field with half of the surface exhibiting the compressive
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strain and the other half exhibiting tensile strain. Representative linear strain scans for the
octahedron and icosahedron were shown in Figure 5e and f, respectively. The area-specific
catalytic efficiency (Keatspecific) value of Pd icosahedra was determined to be 3.0 x 10% s nm?,
twice higher than that of Pd octahedra (Figure 5g). Obviously, the enhanced catalytic efficiency of
Pd icosahedra can be ascribed to the amplification of surface strain fields. To understand the
correlation between the enhanced catalytic efficiency and strained Pd icosahedron surface, we
performed DFT simulations to investigate the mechanism of H202 decomposition and formation
of OH radical (a key intermediate for the catalysis). The outcome of our simulation is summarized
in Figure 5h, where tensile strain was found to be more beneficial to OH radial generation than
compressive strain. Combining the results of GPA analysis (Figure 5c-f) and simulation (Figure
5h), the icosahedron was expected to be 2.5 times more active in generating OH radicals than the
octahedron. This calculation agreed well with the experimental measurements (2 times).

In conclusion, we demonstrated that Pd icosahedra are more active than Pd octahedra in
catalysing peroxidase substrates and the reason is that icosahedra amplify the surface stain field.
To the best of our knowledge, this is the first report of strain effect in nanoscale artificial enzyme
development. It is worth investigating strain effect in other enzyme mimic systems. We hope this
study can inspire future research directions in this field.

Effect of surface ligand. As discussed in Section 3, PGM nanocrystals obtained from a
solution-phase synthesis often have stabilizers or capping agents on the surface (i.e., surface
ligands). In general, the ligands bind strongly to nanocrystal surfaces through chemisorption and
cannot be easily washed away in solutions.'*”"'*” Therefore, it is important to consider the effect
of surface ligand on peroxidase-like activities of PGM nanocrystals.

In a recent work,'>® we investigated the role of surface ligand by focusing on Pt nanocubes that
are primarily covered by {100} facets (Figure 6a). We demonstrated that the peroxidase-like
activity of Pt nanocubes is influenced by both the type and coverage density of surface ligands.
Firstly, we found that CTAB-capped Pt cubes displayed a much lower catalytic efficiency
compared to PVPss (MW = 55,000)-capped Pt cubes. The Kcatspecific values for the CTAB- and
PVPss-capped Pt cubes were determined to be 1.0 x 10* s nm? and 2.5 x 10 s nm, respectively.
The difference in catalytic efficiency can be explained by the molecular conformation of surface
ligands. Specifically, CTAB tends to form a compact bilayer on Pt surface.'>!:!>? Therefore, the

binding of CTAB somehow blocked Pt surface, making it less accessible to peroxidase substrates.
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In comparison, PVP is loosely packed on Pt surface,* resulting in the exposure of more active
surfaces for the catalysis. Secondly, we found the catalytic efficiency was also influenced by the
packing density of surface ligands. Specifically, we compared the catalytic efficiencies of PVPss-,
PVPio (MW = 10,000)-, and PVP360 (MW = 360,000)-capped Pt cubes. As summarized in Figure
6b, Keat-specific values for these three types of cubes increased in the order of: PVPio-capped cubes
< PVPss-capped cubes < PVPsco-capped cubes. This observed trend can be explained by the
packing density of PVP molecules on Pt surface.!*!>* Based on thermal gravimetric analysis,'
packing densities for PVP1o, PVPss, and PVP3s0 were estimated to be 1.30, 1.19, and 0.87 nm™,
respectively. As the PVP packing density decreased, the accessibility of substrates to Pt surface
was expected to increase, resulting in the increase of catalytic efficiency.

It should be mentioned that surface ligand can also influence the surface functionalization of
peroxidase mimics in addition to catalytic efficiency. Particularly, in biomedical applications of
peroxidase mimics, one should consider the impact of surface ligand on conjugation of
bioreceptors. For instance, citrate-capped PGM nanocrystals can be easily functionalized with

) 156,157
b

antibodies through non-covalent interactions (e.g., ionic and hydrophobic attractions while

covalent methods are needed for conjugation of PVP-capped nanocrystals with antibodies. 15138
In our previous study, we have demonstrated that the type of surface ligand has a significant impact

on the efficiency of PEGylation on metal nanoparticles.*

4. Application of PGM based peroxidase mimics in in vitro diagnostics

The outstanding peroxidase-like efficiencies and excellent stabilities of PGM nanocrystals
make them suitable as labels for in vitro diagnostic applications. In the past five years, we have
been actively exploring the application of PGM nanocrystals in various diagnostic platforms. In
the following discussion, we will focus on their applications in enzyme-linked immunosorbent
assay (ELISA) and lateral flow assay (LFA) as two representative platforms. For consistency, we
will highlight those examples with the detection of the same target analyte — human prostate
specific antigen (PSA, a prostate cancer biomarker'>*!%%). In the end of this section, we will
showcase some signal amplification techniques that can further enhance the detection sensitivity.

Application in ELISA. ELISA has been widely used in research labs and for clinical
diagnostics for decades.'®'"1% In a typical ELISA, analyte is quantified through the detectable color
signal generated from peroxidase-catalytzed reactions, where enzymes (in most cases, HRP) are

conjugated to antibodies specific to the analyte (see Figure 7a).!®* Despite the broad applications
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of ELISA, their limit of detection has not been significantly improved over the years. Since
peroxidases are the driving force for detection signal generation, they largely determine the
sensitivity of ELISA. An effective approach to enhance the sensitivity of ELISA is to substitute
peroxidases with peroxidase mimics.

In our previous work,'!® we have applied Pd-Ir cubes (sample in Figure 4a) to ELISA of PSA.
As shown by Figure 7a, the detection principle of the Pd-Ir cubes based ELISA (Pd-Ir ELISA) is
essentially the same as conventional HRP ELISA except for the substitution of HRP with Pd-Ir
cubes. Herein, goat anti-mouse IgG was conjugated to Pd-Ir cubes using a covalent method, where
HS-PEGs3400-COOH was used as the linker. By using the same set of antibodies and materials, we
compared the performance of Pd-Ir and HRP ELISAs by detecting PSA standards. Figure 7b shows
the photograph of the detection results in a 96-well microtiter plate, where the yellow-colored
products (i.e., diamine, Amax = 450 nm''®) were yielded by quenching the catalytic oxidation of
TMB by H2S04.'% Clearly, Pd-Ir ELISA provided stronger detection signal. After quantification
of the colored solutions using a plate reader, calibration curves were generated for both ELISAs.
As shown by Figure 7c, the Pd-Ir ELISA displayed a sigmoid curve regression between the
logarithms of PSA concentrations and absorbance, with a broad and quality linear relationship in
the range of 2-1,200 pg/mL PSA. A good reproducibility was observed with coefficients of
variation (CVs) < 11.8% across the entire concentration range. The limit of detection, as defined
by the 3SD method,'*® was determined to be 0.67 pg/mL. In comparison, the limit of detection of
the HRP ELISA was determined to be 75 pg/mL, ~110-fold higher than that of Pd-Ir ELISA. The
substantially enhanced detection sensitivity for the Pd-Ir ELISA was due to the significantly higher
catalytic efficiency of Pd-Ir cubes relative to HRP since both ELISAs were performed under the
same conditions.

This study demonstrated the effectiveness of PGM nanocrystals as peroxidase mimics in
ELISA application. The nanocrystals-based ELISA is a promising candidate for ultrasensitive
detection of disease biomarkers, of which sensitivity rivals the limits of fluorescent methods.
Significantly, it is straightforward to apply the nanocrystals to ELISA, where they are used in a
similar way as enzymes. The existing materials, instrument and procedures for conventional
ELISA are all adopted in the nanocrystals based ELISAs, making it practically feasible to upgrade
the ELISA technology. Using the similar detection principle shown in Figure 7a, we have also

demonstrated the application of other PGM nanocrystals in ELISA, including Pd-Ir octahedra and
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Pd octahedra and icosahedra.'**

Application in LFA. LFA is one of a handful of diagnostic technologies that can be used
outside the laboratory, performed by an untrained person, and determined with the naked eyes
without the use of any instrument.!¢”-1%° The most familiar example of LFA might be the home
pregnancy test that became available in the market in the 1980s. Most commercial LFAs use Au
nanoparticles (AuNPs) of ~40 nm as colorimetric labels because the AuNPs can offer intense red
color signal due to a phenomenon known as localized surface plasmon resonance (LSPR).'7%-173
As shown by Figure 8a, a typical LFA test strip is assembled by pasting a set of wettable materials
on a plastic backing card, where capture antibodies and AuNP-detection antibody conjugates are
pre-loaded on the strip. In the presence of analyte, AuNPs will be captured and immobilized on
the test line. The accumulation of AuNPs in the test line region will collectively display a red color,
of which intensity is correlated to the concentration of analyte in a sample. Note, a control line is
designed to indicate if the test is valid.

The bottleneck of LFA technology has been its relatively low sensitivity, which inhibits many
critical applications such as early detection of severe infectious diseases. Since the detection signal
of AuNPs based LFA (AuNP LFA) originates from the plasmonics of AuNPs, the detection
sensitivity is essentially confined by the inherent plasmonic activity of AuNPs. In our recent work,
we reported a new approach to circumvent the confinement of AuNP plasmonics and thus
substantially enhance the sensitivity of LFA. Specifically, in this approach, we coated conventional
AuNPs with a conformal, thin shell of Pt to form Au-Pt core-shell NPs. So long as the Pt shell is
ultrathin (<10 atomic layers), the intrinsic plasmonic activity of AuNPs will be retained. On the
other hand, Pt shell on the surface will endow the Au-Pt NPs with strong peroxidase-like activity,
allowing them to generate secondary (relative to the inherent red color from Au plasmonics) blue
color signal by catalyzing the oxidation of TMB by H20:. Significantly, the blue color from
catalysis is several orders of magnitude stronger than the red color from plasmonics. The dual
functionalities — catalysis and plasmonics — make Au-Pt NPs extremely suitable for LFA. Using
Au-Pta. NPs (4L: 4 atomic layers of Pt; i.e., sample in Figure 4d) as an example, they can offer
two different detection alternatives for LFA (see Figure 8a): a low-sensitivity mode with red color
produced from AuNP plasmonics and a high-sensitivity mode with blue color generated from Pt
shell-mediated catalysis, achieving a “on-demand” tuning of the detection. The low-sensitivity

mode is faster and more convenient, while the high-sensitivity mode is more sensitive but involves
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an additional 5-minute TMB substrate treatment process.

Using PSA as a model disease biomarker, the performance of conventional AuNP LFA and Au-
Ptar. NP LFA were compared. As shown by Figure 8b, a similar detection limit by the naked eyes
(~2,000 pg/mL) was observed for AuNP LFA and Au-Pta. NP LFA at low-sensitivity mode. In
contrast, under high-sensitivity mode, the naked eye detection limit of Au-Ptar. NP LFA achieved
a level as low as 20 pg/mL. Figure 8c compares the calibration curves of the LFAs that were
generated by quantifying the color signal intensities. An ultralow limit of detection (3.1 pg/mL)
was determined for Au-Pta.. NP LFA at high-sensitive mode, along with a quality linear range at
10-200 pg/mL. In comparison, the limits of detection of AuNP LFA and Au-Ptar. NP LFA at low-
sensitive mode were determined to be 272 and 322 pg/mL, respectively.

These results demonstrated that the Au-Ptsr NPs with peroxidase-like activities could enhance
the detection sensitivity of conventional LFA by approximately 100 times, enabling it to rival the
sensitivities of instrument-based technologies (e.g., ELISA). Such a substantial enhancement is
only paid by a simple, 5-minute substrate treatment process at room temperature. A similar idea of
using PGM nanocrystals as peroxidase mimics for LFA has been demonstrated by other research
groups. 2174

Signal amplification techniques. To further enhance the detection sensitivity of PGM
nanocrystals-based assays, one effective strategy is to amplify the color signal produced from
catalytic reactions.

As an example, we have developed an efficient signal amplification system that provided
substantial improvement in detection sensitivity for ELISA.'”> As diagramed in Figure 9a, the
amplification system is based on the release of a plenty of sub-10 nm Pd-Ir NPs as peroxidase
mimics that were pre-loaded in the hollow interiors of gold vesicles (GVs, Figure 9b). Specifically,
Pd-Ir NPs encapsulated GVs (referred to as "Pd-Ir NPs@GVs") are used as alternatives to HRP in
ELISA. The GVs were prepared by assembling AuNPs with temperature-responsive polymers.
Upon heating (> 70 °C), the GVs will be broken up, liberating a large amount of individual Pd-Ir
NPs (see Figure 9¢) that can generate intense color signal by catalyzing peroxidase substrates. This
amplification system is highly efficient due to its unique features: i) Pd-Ir NPs as peroxidase
mimics are approximately 28-fold more efficient than HRP in generating colored products,
providing enhanced color signal; i7) the loading capacity of Pd-Ir NPs is maximized by taking the

large interior 3D space of the GVs as carriers. In contrast, in most existing amplification systems,
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enzymes or mimics are loaded on the 2D surfaces of a carrier; iif) the loading of free Pd-Ir NPs in
the pocket of GVs avoids the loss of catalytic activity caused by surface
modifications/conjugations; iv) Pd-Ir NPs are water-soluble and can disperse in catalytic reaction
solution upon release, making them much more active than catalysts immobilized on solid surfaces,
which is the case for conventional ELISA designs. Taken together, the Pd-Ir NPs@GVs are
expected to be able to serve as highly efficient labels for sensitive ELISA. As shown by Figure 9d,
using PSA as a model analyte, the Pd-Ir NPs@GVs based ELISA achieved an outstanding
performance with an ultralow detection limit. A broad linear range was observed at 0.2-200 pg/mL
PSA. Relatively low coefficients of variation across the entire concentration range (<12.2%)
suggested a good reproducibility of the assay. The limit of detection was determined to be 31 fg/mL.
For comparison, we also determined the limit of detection for conventional HRP based ELISA that
was assembled by using the same set of antibodies and procedures except for the omission of heat
treatment process. The limit of detection of HRP ELISA was calculated to be 48 pg/mL, which
was ~1,500 times higher than the Pd-Ir NPs@GVs based ELISA. Notably, the Pd-Ir NPs@GVs
based ELISA is also much more sensitive than the Pd-Ir cubes based ELISA (Figure 7).

176 we developed a signal amplification technique based on a different

In another example,
mechanism. The amplification technique is called "non-enzyme cascade amplification (NECA)",
as shown in Figure 10a. The NECA lies in a cascade amplification system: i) Hundreds of
thousands of Ag atoms in a single Ag nanoparticle (~20 nm, in this case) can be converted to Ag+
ions through etching by H20: and released to aqueous solution; i) As demonstrated in our previous
study,'”” Ag” ions could efficiently and specifically inhibit the peroxidase-like catalytic activity of
Pt nanocubes. A single Ag” ion could inhibit the generation of ~10* colored molecule (i.e., oxidized
TMB) within several minutes. Combined, the detection signal, which refers to the diminished color
signal relative to a control, could be amplified by orders of magnitude in the NECA system. By
functionalizing Ag nanoparticles with antibodies, the NECA can be conveniently used for
detection of disease biomarkers in a similar fashion as conventional ELISA (see Figure 10a). As
shown by Figure 10b, the NECA assay achieved a low limit of detection of 0.165 pg/mL of PSA,
along with a quality linear range at 2-64 pg/mL of PSA and coefficients of variation <10%. In
comparison, the limit of detection for HRP ELISA that used the same set of antibodies was

determined to be 16 pg/mL. These results suggested that the NECA system could enhance the

detection sensitivity by two orders of magnitude as compared to conventional HRP ELISA. It is
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worth noting that the sensitivity of NECA assay could be further enhanced by coupling with silver
enhancement technique that was able to amplify the size of Ag nanoparticles attached to antibodies.
The limit of detection for the silver enhancement coupled NECA assay was as low as 0.031 pg/mL
of PSA.

These examples demonstrated that the detection sensitivity of peroxidase mimics-based assays
could be enhanced by integrating signal amplification techniques. More effective and robust ways
to amplify the signal deserve further exploration in the future. An ideal signal amplification
technique is expected to enable ultrasensitive detection without involving additional instrument

and complicated assay procedures.

5. Conclusions and Outlook

In this feature article, PGM nanocrystals as a type of highly efficient and versatile peroxidase
mimics and their applications in in vitro diagnostics were discussed. Their peroxidase-like
activities can be tuned and optimized by carefully controlling the physiochemical parameters,
including particle shape, size, elemental composition, strain and chemical ligands on the surface.
The outstanding catalytic activities, along with excellent stabilities and facile surface modification,
make PGM nanocrystals particularly suitable as colorimetric labels for applications in in vitro
diagnostics. Compared to natural peroxidases-based assays, PGM nanocrystals-based assays offer
substantially improved detection sensitivities. Their sensitivity could be further enhanced by
integrating signal amplification techniques. Importantly, the PGM nanocrystals based diagnostic
platforms are compatible with the instrument and procedures of existing natural enzymes-based
technologies, making it straightforward to apply them to practical uses.

Despite great progresses on the development of PGM based peroxidase mimics have been
made in recent years, there are quite a few challenges and opportunities in this emerging field: 7)
Mechanistic understanding. Although the catalytic activities of PGM nanocrystals were found to
have strong dependence on the physicochemical parameters, the explicit catalytic mechanisms on
nanocrystal surfaces are not clearly understood. Future theoretical simulations along with
advanced analytical tools that are capable of monitoring and analyzing the catalytic reaction in situ
may offer more insights into the structure-property relationships; ii) Catalytic activity versus
stability. While the catalytic activity of PGM nanocrystals is enhanced, the stability of active sites
need to be considered. For instance, sharp corners,!”® twin boundaries,'”® and thin shells'®’ of a

nanocrystal are beneficial to their catalytic activity. The stability of these elegant sites deserves
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careful investigation;'®! jii) Specificity. Compared to natural peroxidases, PGM nanocrystals as

peroxidase mimics have relatively poor specificities. For example, most PGM nanocrystals possess
both peroxidase- and oxidase-like properties, and many other catalytic activities.'*>!8!8 One
needs to consider and avoid non-specific signal in certain applications; iv) Nanocrystal uniformity.
Good uniformity, in terms of all types of physicochemical parameters, is the basis of the
reproducibility and reliability of PGM nanocrystals-based applications. It is challenging and
important to produce PGM nanocrystals with excellent uniformities, especially for nanocrystals
obtained from different batches of synthesis; v) Scale-up synthesis. Synthesis of PGM nanocrystals
with large scales and high qualities has been a challenge. Recent work on droplet reactors may
open an avenue to scale-up synthesis of PGM nanocrystals, enabling extensive use of them in

various applications;'341%°

vi) Potential toxicity. Comprehensive studies on potential toxicities of
PGM nanocrystals as peroxides mimics have been rarely reported. This research subject is
significant to ensure safe and sustainable use of PGM nanocrystals in certain applications. We hope

this article can serve as a useful resource to inspire valuable basic and applied research in this field.
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Figure 1. Schematics showing (a) one-pot synthesis and (b) seeded growth of PGM nanocrystals.

(c) Atomic models showing two possible modes of deposition of metal atoms on a growing seed.
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Figure 2. (a) High-resolution TEM (HRTEM) image and (b) high-angle annular dark-field
scanning TEM (HAADF-STEM) image of Ru nanoframes. Reprinted with permission from ref
127. Copyright Springer Nature Switzerland AG. (¢c) HAADF-STEM image and (d) energy-
dispersive X-ray (EDX) mapping images of Pd-Ru nanocrystals with a porous structure. Reprinted
with permission from ref 128. Copyright 2018 Wiley-VCH.
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Figure 3. Pd-Ir NPs of different sizes and their peroxidase-like catalytic efficiencies. (a-d): TEM
images of (a) 3.3 nm, (b) 5.9 nm, (c) 9.8 nm, and (d) 13.0 nm Pd-Ir NPs. (e, f): histograms
comparing (€) Kcat and (f) Kecat-specific values of Pd-Ir NPs of different sizes. Error bars indicate
standard deviations of three independent measurements. Adapted with permission from ref 137.

Copyright 2020 Wiley-VCH.
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Figure 4. (a-c) Pd-Ir cubes and their peroxidase-like catalytic efficiencies: (a) HAADF-STEM
image of an individual Pd-Ir cube; (b) Line-scan EDX spectra of elemental Pd and Ir recorded
from an individual Pd-Ir cube (inset) along the direction as indicated by the black arrow; (c) A
histogram comparing the Kcat values of Pd-Ir cubes with different molar ratios of Ir to Pd. Adapted
with permission from ref 115. Copyright 2015 American Chemical Society. (d-f) Au-Pt.L core-
shell NPs (nL: n atomic layers of Pt) and their peroxidase-like catalytic efficiencies: (d) HAADF-
STEM image of Au-Pta. NPs; (e) Line-scan EDX spectra of elemental Au and Pt recorded from
an individual Au-PtsL NP (inset) along the direction as indicated by the black arrow; (f) A plot
comparing the Kcat values of different Au-Pt.. NPs. Adapted with permission from ref 117.
Copyright 2017 American Chemical Society.
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Figure 5. Peroxidase-like catalytic efficiencies of Pd octahedra and Pd icosahedra. (a,b): TEM
images of (a) Pd octahedra and (b) Pd icosahedra. (c, d): Surface strain mapping for (c) Pd
octahedron and (d) Pd icosahedron through geometric phase analysis. (e, f): Strain distribution
along the white arrows shown in (c,d) for (¢) Pd octahedron and (f) Pd icosahedron. (g) A histogram
comparing the Kcat-specific values of Pd octahedra and Pd icosahedra. (h) Simulated rates of OH
radical formation and H2O:2 consumption on Pd(111) as a function of surface strain from a
microkinetic model based on self-consistent GGA-RPBE energies. Adapted with permission from

ref 144. Copyright 2020 American Chemical Society.
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Figure 7. Comparison of Pd-Ir cubes based ELISA (Pd-Ir ELISA) and HRP based ELISA (HRP
ELISA) in detecting PSA. (a) Schematics showing the principles of Pd-Ir and HRP ELISAs. (b)
Representative photographs of the detection results of PSA standards with Pd-Ir and HRP ELISAs.
(c) Calibration curves of the detection results in (b). Error bars indicate standard deviations of six
independent measurements. Inset is the linear range region of the Pd-Ir ELISA. Reprinted with

permission from ref 115. Copyright 2015 American Chemical Society.
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Figure 8. Comparison of AuNPs based LFA (AuNP LFA) and Au-Ptar. NPs based LFA (Au-PtsL
NP LFA) in detecting PSA. (a) Schematics showing the principles of AuNP and Au-Pta. NP LFAs.
(b) Representative photographs of the detection results of PSA standards with AuNP and Au-PtaL
NP LFAs. Asterisks (*) indicate detection limits by the naked eyes. (c) Calibration curves of the
detection results in (b). Error bars indicate standard deviations of six independent measurements.
Inset is the linear range region of the Au-Pta. NP LFA at high sensitivity mode. Reprinted with
permission from ref 117. Copyright 2017 American Chemical Society.
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Figure 9. Pd-Ir NPs encapsulated GVs (Pd-Ir NPs@GVs) based ELISA. (a) Schematics showing
the principle of Pd-Ir NPs@GVs based ELISA. (b, c) Representative TEM images of Pd-Ir
NPs@GVs treated at different temperatures for 1 h: (b) 22 °C and (c¢) 70 °C. (d) Calibration curve
of Pd-Ir NPs@GVs based ELISA of PSA standards. Inset shows the linear range region of the
calibration curve. Reprinted with permission from ref 175. Copyright 2017 American Chemical

Society.
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Figure 10. (a) Schematics showing the NECA assay of disease biomarker. (b) Calibration curves
of NECA assay and HRP ELISA of PSA standards. Error bars indicate the standard deviations of
six independent measurements. Adapted with permission from ref 176. Copyright 2017 Royal
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