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Molecularly or atomically precise nanostructures

".) Check for updates‘
for bio-applications: how far have we come?
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A huge variety of nanostructures are promising for biomedical applications, but only a few have been
practically applied. Among the various reasons, the limited structural preciseness is a critical one, as it
increases the difficulty in product quality control, accurate dosing, and ensuring the repeatability
of material performance. Constructing nanoparticles with molecule-like preciseness is becoming a new
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research field. In this review, we focus on the artificial nanomaterials that can currently be molecularly
or atomically precise, including DNA nanostructures, some metallic nanoclusters, dendrimer nano-
particles and carbon nanostructures, describing their syntheses, bio-applications and limitations, in view
of up-to-date studies. A perspective on their potential for clinical translation is also given. This review is
expected to provide a particular rationale for the future design of nanomedicines.
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Wider impact

Nanostructures with a molecular or atomic structural preciseness distinguish themselves from common nanomaterials. This feature will enable the
comparison of material performance across different labs and manufacturers, produce highly repeatable efficacies and predictable side effects, and thereby
help to realize the practical bio-application of nanomaterials. It is increasingly recognized that relatively poor structural preciseness is an important reason why
the clinical translation of nanomedicines has been outmatched by small molecules and biomacromolecules. Numerous efforts have been devoted to this field,
while a precise atomic/molecular arrangement is still difficult to achieve for a nanoparticle containing tens of thousands of atoms, due to the structural
complexity and probably the intrinsic limitations in synthesis and characterization techniques. Fortunately, a new dawn has appeared in recent years. Here we
summarize the recent advances in this research direction, with a particular emphasis on the advancement in synthesis techniques. Four kinds of
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nanostructures are at the forefront, each with its own limitations, and insights into the required optimizations for future clinical translation are given.

1. Introduction

Nanotechnology has been flourishing for decades and attract-
ing tremendous efforts to realize its bio-applications. Nano-
formulations have been demonstrated preclinically and clinically
to possess exceptional advantages over free molecules, including
reduced toxicity and improved therapeutic efficiency, but most
of the approved or clinically tested drugs are still small mole-
cules or biomarcomolecules. Nano-drugs approved by the
Food and Drug Administration (FDA) are mounting, while the
majority of them are based on liposomes or the conjugation of
polymers.! Liposomes are relatively special given the extremely
high biocompatibility and the versatile loading pattern for
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cargos;” the conjugation of polymers such as polyethylene
glycol (PEG) produces nano-sized formulations but is actually
a molecule-based chemical modification method.® Natural
nanostructures, such as proteins, cell membranes and virus,
have achieved great success in clinics and labs, such as the
FDA-approved albumin-bound paclitaxel,* the extensive explora-
tion of ferritin® and cell membrane-derived vesicles® as drug
carriers, and the use of viral vectors for vaccination, drug delivery
and bio-imaging.” Nevertheless, employing natural nanostruc-
tures may face some challenges including difficulty in large scale
production, limited modifiability and potential immunogenicity.
Researchers are devoting great efforts to push the clinical
translation of the various artificial nanoformulations in the
laboratory, which are in much greater variety than those used
in clinical settings.

The reasons why nanoformulations cannot match small
molecules in clinical translation include a failure to bring
improved efficacy or reduced side effects,® as well as toxicity-
related concerns.’ Nevertheless, another important reason is
being increasingly recognized, which is the lower structural
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preciseness of nanoformulations compared to small molecules
which have defined structures.'® Nanoformulations that con-
tain multiple ingredients in one particle have been constructed
in many studies, raising challenges in practical applications
despite the encouraging treatment outcomes; reducing the
number of ingredients is helpful, but the particle-to-particle
variety of each ingredient is a trickier issue to address.'®
Structure can be highly heterogeneous for a single-component
nanomaterial. High structural heterogeneity not only increases
batch-to-batch variety but also makes it difficult to study the
exact pharmacodynamics and the molecular pathways of drug-
body interactions. For example, multiple studies have demon-
strated that the drug-to-particle stoichiometry, inter-drug spacing
and surface ligand orientation, which are difficult to control for
traditional nanostructures, all have a great influence on thera-
peutic efficiency.'™'? It is also difficult to compare the efficacy of
nanostructures of “one-kind but from different labs”, thereby
leading to different or even contradictory conclusions. In compar-
ison, molecule-like structural preciseness will facilitate product
quality control, yield predictable side effects, enable robust diag-
nostic and therapeutic performances and realize accurate dosing
using a measured amount of product (Fig. 1). In this context,
atomically or molecularly precise nanostructures are attracting
great interest. Researchers are putting efforts toward fabricating
nanomaterials with a defined number and arrangement of atoms/
molecules within, by developing new synthesis routes, exploiting
the highly specific recognition between chemical (e.g., bonds for
click reactions)'® or biochemical (e.g., nucleic acids, biotin and
avidin)'* entities, etc.

DNA nanostructures, some metallic nanoclusters, dendri-
mer nanoparticles and carbon nanostructures are currently
typical nanostructures that can be molecularly or atomically
precise. Each has its own way to achieve the high preciseness,
and synthetic breakthroughs are the key to success. Therefore,
the synthesis routes are fully described in this review. The
advantages and limitations of each nanostructure are analyzed
with particular attention on the ease of controlling structural
preciseness, the facileness for synthesis and the biocompat-
ibility. A perspective on their potential clinical translation is
also given. Note that all the introduced are artificial nano-
structures, while the biomacromolecule- and cell membrane-
based ones are not included since they intrinsically have
relatively high structural preciseness and are biomedically
promising even regardless of the degree of preciseness.
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Fig. 1 Illustration of the importance of structural preciseness of nano-
materials for their biomedical applications.
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2. DNA nanostructures
2.1. Origin and basic principles

DNA nanotechnology has been explored extensively.'> As a
natural genetic material, DNA follows a strict A-T and G-C
pairing law to form Watson-Crick helical double strands that
are about 2 nm in diameter and 3.4 nm per helical turn. This
provides a highly predictable intermolecular interaction and
makes DNA strands natural building blocks for on-demand
assembly.’>'® Seeman et al. demonstrated in the early 1980s
that by breaking the sequence symmetry of Holliday junctions,
one could lock the mobile junction to obtain an immobile
structure.'”'® The immobile Holliday junctions could be consi-
dered as a crossover between two DNA duplexes, while stronger
junctions such as double crossover,'® triple crossover,*® and
six-helix bundles®® have been subsequently constructed by
connecting multiple duplexes. By repeatedly assembling these
junctions via the pairing of cohesive ends, DNA nanostructures
will be constructed (Fig. 2a). 3D nanostructures are readily
available because the duplexes in the immobile junctions can
occupy unparallel planes.”” This immobile junction-based
assembly forms the initial fundamental structure for the synthe-
sis of DNA nanostructures and has inspired various synthesis
techniques (Fig. 2). A large variety of DNA nanostructures have
emerged with precisely controlled size and structure. Favored by
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Fig. 2 Typical techniques for DNA nanostructure synthesis. (a) Oligo-
nucleotide tile-based assembly, (b) DNA origami technique, and (c) single-
stranded assembly.
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the specific recognition between A-T and C-G bases, the inter-
particle variation will be limited, probably at a level relevant to the
occurrence rate of gene mutation for the simple DNA nanostruc-
tures. Moreover, DNA itself can be functional (e.g;, therapeutic,
diagnostic or recognizable by enzymes) by virtue of a specific
nucleotide sequence,” which further makes DNA nanostructures
biomedically promising.

2.2. Synthesis methods

Seeman’s method®® is a tile-based bottom-up synthesis.
Four-arm immobile junctions yield 2D structures, while 3D
DNA structures have been built by creating six-arm junctions.
For example, Mao et al. used a tile-based synthesis for simpli-
fied preparation of DNA polyhedra, by using many copies of
identical units for hierarchical self-assembly.”® The formed
three-point-star tiles served as vertices to enable the formation
of 3D structures; by controlling the flexibility and concentration
of the tiles, DNA tetrahedra, dodecahedra and buckyballs were
obtained. Tile-based synthesis was the major method during
the early years of DNA nanotechnology in virtue of its power-
fulness and simplicity.>>>°® Using a number of identical tiles,
nanostructures can be obtained after a one-pot annealing
treatment. The main drawbacks of this method include the
need for high-purity oligonucleotide strands for the formation of
tiles, as well as the difficulty in designing the strand sequence.
Nowadays multiple strategies are available, including origami
assembly, single-stranded assembly, nanomaterial-templated
preparation, etc. Origami assembly, which involves the folding
of a long single-stranded DNA with the help of short ‘staple
strands’ (Fig. 2b), is a powerful alternative to the tile-based
bottom-up synthesis.>® Its advantages include: (i) the design
and synthesis are convenient without the need for sequence
optimization and strand purification, and the DNA origami can
even be obtained with unpurified staple strands;"® (ii) the
feasibility to obtain uniform products with relatively large size,
generally about one order of magnitude larger in size than that
obtained from tile-based bottom-up synthesis. Origami assem-
bly readily produces 3D structures, as first demonstrated by
Shih et al.*>**' By building staple crossovers to bridge different
origami layers, 3D structures formed upon the stacking of the
bridged layers, and advanced hierarchical assembly consisting
of multiple stacked 3D structures were also obtained.?’ After
evolving for more than a decade, DNA origami can now produce
nanostructures of almost any topology, including the already
reported genie bottle,> Mébius strip,®* spherical or ellipsoidal
shells,*® polyhedral meshes,*” etc. Difficulty in the origami
assembly method mainly originates from the need for a large
number (generally more than one hundred) of staple strands
that will lower the cost-effectiveness, and the total size may be
restricted by the length of the long sing-stranded scaffold DNA.
Fortunately, computation-aided design and automated routing
methods have relieved the difficulty. For example, Hogberg
et al. demonstrated the feasibility of using a routing algorithm
and a relaxation simulation to facilitate the synthesis of
complex 3D DNA meshes.”” In the routing algorithm, for a
given 3D mesh, the odd-degree vertices were paired and the
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corresponding edges were assigned as double edges, and then
the scaffold was routed based on A-trails (a specific Eulerian
trail), followed by the routing of staple strands (Fig. 3a).
Computation-aided rotational relaxation and length modifica-
tion of the arris edges helped to reduce and evenly distribute
the strain (Fig. 3b). Very complex structures were designed and
successfully synthesized with the help of the routing algorithm
and relaxation simulation (Fig. 3c).””

A single-stranded assembly method (Fig. 2c), developed in
2012,%”"® greatly reduces the technological complexity for con-
structing DNA nanostructures. Yin et al. utilized 42-based DNA
strands, which were divided into four domains with each acting
as sticky ends to bind with four local neighbors, to successfully
construct complex 2D patterns.’” 3D structures were obtained
using 32-nucleotide ‘bricks’ which bind to four local neighbors
in a 3D space; each 8-base pair defines a voxel, resembling
a Lego-like building block.’®*° This technique can yield
large-sized structures without the limitation of the length of
single-stranded DNA in the origami method. Drawbacks of this
technique include the increasing number of ‘bricks’ when
preparing larger structures, leading to an increased cost in
sequence design; the product yield decreases sharply with the
increase of structure size.'> More recently, Han et al. integrated
the single-stranded assembly method with the DNA origami
technique.?® By creating a parallel inter-helical cohesion that
does not need the strands to cross the central plane (dashed
lines in Fig. 3d), knot-free structures were obtained with mini-
mal possibility to be kinetically trapped during the folding
process. Moreover, they designed a partially complemented
double-stranded DNA (dsDNA), with each paired domain
located between two adjacent unpaired domains. Locking
domains formed via the proximity of two adjacent parallel
crossovers after covering one folded layer with another sym-
metrical layer (Fig. 3e-f).

Since all these strategies applied the basic laws of base-
paring and immobile Holliday junction, researchers have inte-
grated different strategies to minimize the disadvantages of
each method. For example, Winfree et al.* and Seeman et al.*'
all combined the DNA origami method with tile-based assem-
bly to construct large DNA origami-arrays. All these progresses,
along with the wide exploitation of computer-aided sequence
design, make DNA nanostructures increasingly easy to prepare.

2.3. DNA nanostructure-based bio-applications

DNA nanostructures possess intrinsic structural preciseness
and high biocompatibility, and the on-demand fabricability
in sequence, topology and porosity further make them attractive
in drug delivery and bio-imaging. Fluorescence,*> computed
tomography (CT),*> PET*® and magnetic resonance imaging**
are all applicable with DNA nanostructures by virtue of the high
modifiability of nucleic acid, thereby providing diagnostic infor-
mation with potential therapeutic value. For drug uploading,
drugs can be covalently conjugated, nonspecifically adsorbed
(e.g., via electrostatic attraction), spatially confined by the porous
structure, and the DNA strand itself can be functional via
sequence design (Fig. 4a). Particularly, doxorubicin (Dox) can

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Typical synthesis strategies for DNA nanostructures. (a and b) DNA origami via a routing algorithm. (a) The algorithm process involves drawing a
3D mesh, paring the odd-degree vertices, introducing double edges, routing the scaffold according to A-trails, and then routing the staple strands.
(b) Scheme of rotational relaxation and length modification for reducing the strain in the 3D mesh. (c) The multiple complex DNA meshes have been
as-designed and prepared. Reproduced with permission.?” Copyright 2015, Springer Nature. (d—f) Single-stranded assembly. (d) Scheme of the (left)
antiparallel and (right) parallel crossover designs. Dashed lines indicate the plane containing all DNA helical axes. () Scheme illustrating the formation of a
locking domain. (f) Scheme of the formation of single-stranded origami by covering one folded layer with another symmetrical layer. Reproduced with

permission.® Copyright 2017, American Association for the Advancement of Science.

be stably intercalated into a DNA double helix and will be
released at acidic environments due to protonation and the
structural metamorphosis of the DNA double helix.*> For
porosity-enabled drug loading, many DNA polyhedra have been
used including tetrahedral,*®*” hexahedral,*® octahedral,*® and
icosahedral®® nanocages. Particle morphology is a powerful
parameter influencing the delivery efficiency.”>”* Tetrahedral
DNA nanostructures (TDNs) represent the simplest type and
are relatively easy and cost-effective to fabricate. They are highly
stable against deformable shear force due to the high stability
of triangles, and are also proved stable against enzymatic
degradation, for example, reported to remain intact in living
HEK cells for more than 48 hours.”® Moreover, TDNs enter cells

This journal is © The Royal Society of Chemistry 2023

easily, reported more easily than DNA double strands,> which
facilitates intracellular drug delivery.

Functionalizing the nucleotide sequence of DNA nano-
structures enables stimuli-responsive drug delivery. Gu et al.
constructed a telomerase-responsive DNA icosahedron by
incorporating telomerase primer and telomeric repeats into the
icosahedral structure.®® Platinum nanoparticles were encapsu-
lated as a model drug during the formation of icosahedra,
and in the presence of telomerase, the primers were extended,
leading to chain substitution and subsequence release of the
caged nanoparticles. Douglas et al. demonstrated the use of
DNA nanobarrels for logic-gated payload release.’” Each barrel
consisted of two domains that were covalently attached in the

Mater. Horiz., 2023,10, 3304-3324 | 3307
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Fig. 4 Bio-applications of DNA nanostructures. (a) Typical drug loading modes of DNA nanostructures. (b) Usage of DNA icosahedra for antigen
presentation. Antigen-to-icosahedron stoichiometry, antigen spacing and the dimensionality of carriers were effectively modulated. Reproduced with
permission.™* Copyright 2020, Springer Nature. (c) Scheme of the site-specific synthesis of silica nanostructures on a DNA origami template. Reproduced
with permission.* Copyright 2018, Wiley-VCH. (d) Scheme of the rotation of dsDNA relative to a surface-bound enzyme, which was amplified using a
dye-labelled DNA origami rotor and tracked via dye position trajectory. Scale bar: 100 nm. Reproduced with permission.*> Copyright 2019, Springer
Nature. (e) Scheme of the preferential accumulation of DNA origami in kidneys after intravenous injection, and the protection of kidney tubules by
scavenging ROS. Positron emission tomography (PET) imaging results of mice injected with either circular single-stranded DNA M13 or rectangular DNA

nanostructures, are displayed. Reproduced with permission.>®

rear and could be noncovalently fastened by staples modified
with DNA aptamer-based locks. The locks could be opened by
antigen keys via switching between an aptamer-complement
duplex and an aptamer-target complex. Incorporating two
different locks onto the barrel realized an ‘AND’ logic-gated
drug delivery, in which the drug was released only when the two
locks were both opened.®”

The molecular-level preciseness of DNA nanostructures
enables many applications that need fine spatiotemporal or
stoichiometric control. Bathe et al. studied the role of nano-
scale antigen organization in B cell activation, where antigens
were conjugated onto DNA nanostructures with well-controlled
stoichiometry, spacing and dimensionality (Fig. 4b)."" The
results showed that an inter-antigen spacing of ~25-30 nm
and the use of a rigid nanostructure were favorable for B cell
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triggering. Precise synthesis of silica nanostructures were realized
by using DNA nanostructures as templates.**>® Protruding dsDNA
has a stronger affinity to positively charged silica precursors than
the DNA origami surface, and therefore silica nanostructures
could be precisely prepared via the silicification on the designed
dsDNA patterns (Fig. 4c).>* This strategy may pave the way for
templated synthesis of a large variety of nanomaterials with DNA
nanostructure-like preciseness. Zhuang et al. realized the rotation
tracking of genome-processing enzymes using DNA origami
rotors.> dsDNA was attached onto a DNA origami rotor that
was labelled with fluorescent dyes, and rotation of the dsDNA
relative to a surface-bound DNA-processing enzyme was detected
via dye position trajectory (Fig. 4d).

In general, DNA nanostructures are promising in multiple
bio-applications. Favored by the strict pairing between

This journal is © The Royal Society of Chemistry 2023
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complementary nucleotides, the inter-particle variation is
quite limited. The number of carried ligands per particle can
also be controlled very precisely, which is not easy to achieve
using common nanoparticles. This enables precise drug delivery
as well as quantitative evaluation about the effect of the delivered
agents. Meanwhile, it was suggested by Cai et al. that DNA
nanostructures (e.g., 2D origamis of around 100 nm in length)
exhibited preferential renal uptake and excretion, and alleviated
acute kidney injury by scavenging reactive oxygen species (ROS)
(Fig. 4e),%° suggesting a particular application potential in kidney
disease treatment. Nevertheless, several shortcomings still exist.
First, as a genetic material, DNA is a natural cellular component
and has no direct or accurate toxicity, but the long-term biosafety
regarding the genetic stability is a potential issue to address.>
Secondly, large scale (e.g., milligram scale) fabrication of DNA
nanostructures is still costly using current techniques, which
is not very favorable for wide application. Thirdly, DNA nano-
structures may be damaged in nuclease-rich environments.
Although not all applications need a high nuclease resistance,
this capability will improve the applicability in most scenarios
including prolonged circulation in serum.®® Nevertheless, new
techniques are constantly emerging to bring solutions to these
issues. For example, the simplification of gene amplification
procedures and computer-aided sequence design®"®* will lower
the cost for producing desired nanostructures; strategies of
enhancing the nuclease resistance for DNA nanostructures are
available, such as using 1-DNA®>** and increasing the number of
DNA crossovers.®

3. Atomically precise inorganic
nanoclusters

Motivated by the small-size-related properties, synthesizing and
applying metallic nanocrystals has been a major research topic
in the last two decades. Size and composition are of great
significance for their performances in catalysis, bio-sensing
and biomedicine. Therefore, reliable preparation that enables
precise control over particle characteristics and inter-particle
variation is highly desirable. This has been extensively explored
at the beginning stage, as an important criterion for optimizing
the synthesis procedures. For example, for metal chalcogenide
quantum dots (QDs) which have size- and surface-dependent
fluorescence,®® considerable efforts have been devoted to pre-
paring products with highly uniform size/shape and narrow
emission width.®”°® For a nanoparticle of several nanometers
in size, it will contain hundreds to thousands of atoms in the
particle core and it is difficult to control the exact number of
atoms or ligands, although the measured size distribution may
be quite narrow. Therefore, as a further step, researchers have
been trying to prepare nanoparticles with a defined number
of atoms/ligands in the particle core/surface.®® The spatial
arrangement or crystallinity of the atoms is also in atomic
precision which finally leads to a well-defined molecule-like
chemical structure. This precision is indeed important since
the stability and physicochemical properties of nanocrystals are

This journal is © The Royal Society of Chemistry 2023
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largely a function of the spatial arrangements of atoms (the
crystalline phase). Meanwhile, different from common nano-
particles that rely on transmission electron microscopy (TEM)
imaging for size determination, these nanoclusters can be
characterized with techniques such as single crystal X-ray
crystallography (SCXC) and mass spectrometry.””"

3.1. Noble metal nanoclusters

An important type of material in this field is noble metal-based
nanoclusters. A pioneering work was reported by Jadzinsky
et al. who prepared p-mercaptobenzoic acid (p-MBA)-protected
gold (Au) nanoparticles comprised of 102 Au atoms and
44 p-MBAs.”> The central Au atoms were packed in a Marks
decahedron and were surrounded by additional layers of Au
atoms. SCXC and the electron density map defines an unam-
biguous particle structure, and it could be confirmed that Au
atoms up to 5.5 A from the particle center did not contact the
sulfur on p-MBA.”* Afterwards, dozens of Au,(SR), (SR = thiolate
ligand) nanoclusters were reported.”> The number of Au atoms
per particle varies from several to more than one hundred.
These materials typically lie in the size regime of smaller than
~ 3 nm, which enables the Au nanoclusters to exhibit interest-
ing properties different from the common Au nanoparticles
(~5-100 nm in size), such as the disappearance of surface
plasmon resonance effect and the appearance of the molecule-
like HOMO-LUMO electronic transition.”*”?

For synthesis methods, two main systematic methodologies
have been established: the size focusing method’® and the
ligand exchange-induced size/structure transformation (LEIST)
method.”® The size focusing strategy creates a solution environ-
ment that makes the Au,(SR), (x and y are exact numbers)
particularly stable compared with particles of any other com-
position. The stable particles are preserved, while the unstable
ones reconfigure to be stable; after a required duration (also
called aging), highly uniform Au,(SR), are obtained. Jin et al.
summarized this method as ‘survival of the robustest’, just like
the natural law ‘survival of the fittest’.”> The size focusing
process can actually be explained by the potential energy theory
which has been applied to guide nanomaterial synthesis,”” that
the given synthesis condition creates a low-energy stable
environment for the particles with a ‘magic’ atom-ligand num-
ber and arrangement (Fig. 5). The size focusing method has
yielded many Au,(SR),,”* as well as ‘common’ (without atomic
preciseness) nanoparticles with highly uniform size.”®”° A typical
synthesis process involves a preliminary reduction of Au(m)
into Au(1) by a thiol-containing ligand in a selected solvent, a
further reduction to Au(0) by a strong reductant (e.g., NaBH,) at
low temperature, and finally an aging process that allows the
size focusing transition to fully occur, during which the reac-
tion can be monitored using techniques such as matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF) mass
spectrometry.”®

The LEIST method, built on the basis of the size focusing
process, involves the transition from one stable size to another.
By replacing the original ligands of Au,(SR), via ligand
exchange, the solution condition becomes unfavorable for the
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Fig. 5 lllustration of the potential energy of the reaction solution during
the synthesis of M-SR NPs, the formation of atomically precise nanoclus-
ters M,(SR), via aging, and the formation of new M,/(SR’), nanoclusters by
using new ligands or varying other conditions.

stability of Au,(SR), but creates a new environment that
favors the formation of Au,(SR’),, where the SR’ is the new
surface ligand. For example, Wu et al. obtained a novel
AugSe(SCH,Ph)36 nanocluster via the LEIST of molecularly
pure Auszg(SC,H,Ph),,, where the original and the new ligands
only had a subtle difference in structure.®® Jin et al. further
showcased the effectiveness of LEIST. Using the isomeric para-,
meta- and ortho-methylbenzenethiol (MBT) as surface protecting
ligands, Aujz0(p-MBT)s0, Auyq(m-MBT)y; and Auye(o-MBT),,
were obtained, respectively.”! The molecular purity was con-
firmed by electrospray ionization mass spectrometry (ESI-MS)
and MALDI-TOF. Note that replacing original ligands does not
guarantee size transformation and only several selected new
ligands work for a given synthesis. It has also been confirmed
to be feasible to switch ligands of Au,(SR), while keeping the x
and y values constant.®'

The synthesis of Ag,(SR), follows similar procedures and
philosophies with that of Au,(SR),. Thiol-containing ligands are
usually used due to the ease of Ag-S bond formation.’*®? Jin
et al. reported a high yield, large scale preparation method for
water-soluble Ag,(DMSA), (DMSA is 2,3-dimercaptosuccinic
acid) nanoclusters.®® The purity was improved via post-
synthesis precipitation and recrystallization. Other nanoclus-
ters containing Ag atoms ranging from several to dozens have
been reported, as summarized in a recent review.®® It can be
noticed that the structure of Ag-based nanoclusters is relatively
small (fewer Ag atoms) compared with Au-based ones, making
them closer to small molecules. Bakr et al. reported a ‘golden’
Ag,5(SR);5 nanocluster which shares the identical atom/ligand
count, superatom electronic configuration, absorption and
emission features, and atomic arrangement, with Au,s(SR);5.%”
2,4-dimethylbenzenethiol was used as the SR. Notably, the
emission of the Ag,s(SR);g reached 850 nm, about 100 nm
longer than that of Au,5(SR);s, representing an advancement in
red-shifting fluorescence wavelength. Strategies for enhancing
the emission efficiency of Ag nanoclusters have been exten-
sively explored.®® Generally, Ag-based nanoclusters may have
lower biocompatibility compared with Au-based ones,®® but
they are much more cost-effective for large-scale preparation
and may achieve wider in vitro applications.
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3.2. Alloyed nanoclusters and others

Substituting one or more atoms with heteroatom(s) can tune
the optical and electronic properties of the original material,
forming a strong rationale for the exploration of alloyed
nanoclusters. Teo et al. pioneered the field by preparing a
number of bimetallic (Au-Ag) and trimetallic (e.g., Au-Ag-Pt)
nanoclusters.””®" Current techniques allow us to precisely
control the species, number and position of heteroatoms in
one particle, as well as the alloying extent (e.g., bimetallic or
trimetallic), therefore providing countless combinations of
particle composition (exemplified in Fig. 6). The similar phy-
siochemical properties of Au and Ag drove the emergence of
many Au-Ag bimetal nanoclusters. For example, Bakr et al.
prepared Ag,,Au(SR);g nanoclusters via a galvanic exchange
strategy, using pure Au,s(SR);s as the template (SR here is
2,4-dimethylbenzenethiol).”* The position of the introduced
Au was stationary (at the Ag,s center). The Galvanic exchange
method was proved necessary since the direct preparation of
Ag,,Au led to mixed products of Ag,s Au,(SR);g, x = 1-8. More
intense alloying, i.e., higher introduced/original atom ratio, can
be achieved. Li et al. prepared a biicosahedral [Au;zAg;,-
(PPh3);(Cig]SbFs nanocluster (PPh; = triphenylphosphine)
by simply reducing the mixture of Au and Ag precursor
solutions.”?

Other metals and metal chalcogenides can also be atom-
ically precise, such as Cu,5H,,(PPh3)q,,>* Niso(SC,H4Ph),, and
Ni,;(SC,H,Ph),5”® nanoclusters. Pradeep et al. reported a
Cuzg(PET),s (PET here is 2-phenylethanethiol) nanocluster;
interestingly, the product exhibited 615 nm photolumine-
scence which was not common for Cu-based nanoclusters.’®
Owen et al. reported multiple atomically precise CdSe QDs,
including Cdz5Se50X30L30, CdseSe€35X42L4z, and CdgsSeseXseLlse
(X = 0,CPh, L = H,N-C,Hy), whose structures were confirmed
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Fig. 6 Feasibility of preparing alloyed nanoclusters via doping. Taking
Au,s(SR)1g nanoclusters as an example, Ag-, Cu-, Pd-, Pt-, Cd, Hg- and
Ir-doped nanoclusters have been obtained with a controlled number and
position of the doping atoms. Redrawn with permission.®* Copyright 2020,
Royal Society of Chemistry.
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via single-crystal X-ray diffraction and atomic pair distribution
function analysis.”” Notably, the synthesis route enabled gram scale
synthesis and all the nanoclusters were photoluminescent.

3.3. Typical bio-applications

The atomically precise nanoclusters, especially the Au-based ones,
have high biocompatibility. Meanwhile, nanoclusters were mostly
prepared to be oil-soluble in the earlier studies, while now water-
soluble molecules, such as glutathione,” captopril®'® and
p-MBA, > have been increasingly used as capping ligands,
thereby paving the way for nanoclusters to be biomedically applied.

As radiocontrast and radiosensitizing agents. Due to the
efficient X-ray attenuation, atomically precise Au nanoclusters
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can be used as radiocontrast agents. Meanwhile, many studies
have found their radiosensitizing effect that is helpful for
enhancing radiotherapy efficacy. Xie et al. reported that ultra-
small Au;o 1,(SG)10-12 (SG = glutathione) nanoclusters exhibited
high tumor specificity after being intraperitoneally or intra-
venously injected, and therefore were a wuseful contrast
agent for CT tumor imaging; the radiotherapy efficacy against
U14 tumors in mice was also obviously improved by the
nanoclusters.”® Au,g 43(SG),73; nanoclusters showed similar
capabilities.'®® Jia et al reported that Au-levonorgestrel
nanoclusters, Aug(C,1H,,0,), could mediate burst ROS genera-
tion under X-ray irradiation (Fig. 7a),"”® which might be an
origin of the enhancement of radiotherapy. The suppression
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Fig. 7 Multi-roles of nanoclusters in biomedical applications. (a) Schematic illustration of the burst ROS generation of Aug(C,1H270,) under X-ray
irradiation. (b) Relative tumor volume curves of mice under the indicated treatment. Reproduced with permission.1% Copyright 2019, American Chemical
Society. (c) Aups(GSH)1g were nontoxic, while Au,s(Capt)ig induced cancer cell death by inhibiting ATP synthase, elevating intracellular ROS and disrupting
the mitochondrial membrane potential. Reproduced with permission.1°° Copyright 2022, American Chemical Society. (d) Fluorescent Au;(SG)14 served
as a lysotracker, while Au;g(SG)12(MTPB), was useful as a mitochondrion tracker. Reproduced with permission.'°> Copyright 2018, Royal Society of
Chemistry. (e) Structure of Au4,(PET)s,. Purple: core Au, green: surface Au, yellow: sulfur. (f) Mass spectrum of Aus(PET)s,. (g) Emission spectrum of
Auo(PET)s, and the corresponding peak fitting. Reproduced with permission.2°® Copyright 2022, American Chemical Society.
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efficiency against EC1 tumors in mice was greatly improved
when intraperitoneal Aug(C,1H,,0,) treatment was combined,
compared with radiotherapy alone at the same dose (Fig. 7b).

As therapeutic agents and drug carriers. Some nanoclusters
can mediate ROS generation under light irradiation and there-
fore are therapeutic agents per se. Jin et al. showed that
Au,s5(SR)15 (SR = phenylethanethiol or captopril) nanoclusters
produced singlet oxygen under light irradiation,"'** which made
them applicable in photodynamic cancer therapy by serving as
photosensitizers. Meanwhile, nanoclusters are promising drug
carriers, when surface-modified with drugs or the ligands
themselves are drugs. Compared with common nanoparticles,
atomically precise nanoclusters will enable higher drug-to-
carrier weight ratio and more precise dosing, due to the
ultrahigh specific surface area and the exact number of drugs
per particle, respectively; compared with free drugs, those
carried by nanoclusters can have lowered toxicity and better
efficacy in virtue of the improved pharmacokinetics. Blirgi et al.
showed that Au,s(GSH),3 nanoclusters were nontoxic to cells,
while Au,s(Capt);g nanoclusters induced cancer cell death by
inhibiting ATP synthase, elevating ROS levels and disrupting
the mitochondrial membrane potential (Fig. 7c).'% Therefore,
nanoclusters are potential drug carriers with much higher
delivery efficiency (25 Au atoms deliver 18 captopril in the case
above) and more accurate drug loading amount compared with
commonly used nanopatrticles (e.g:, gold or silica nanoparticles).

As fluorescent agents. Many nanoclusters are photolumines-
cent, thereby having potential in bio-imaging and bio-sensing
when the emission efficiency is high enough.'®” Zhu et al.
summarized the PL tuning methods as engineering of the
peripheral ligands, and alloying the pristine metallic structure,'*®
just like the philosophy of fluorescent QDs (e.g., CdSe, Pbs).®®%®
The capping of surface ligands may be the most influential
parameter. For example, Li et al realized the transition of
Ag,o nanoclusters from non-luminescent to luminescent, via
ligand replacement.’® The weakly coordinated NO®~ in non-
luminescent Ag,o(S‘Bu);o(NOs)s (SBu = tert-butly thiolate)
nanoclusters were substituted by carboxylic ligands, leading to
strong green emission. Regarding the alloying strategy, Dolg
et al. fabricated Ag,o and Ag,o.,Au, (x = 1-5) nanoclusters and
found that doping with Au atoms significantly enhanced the PL
intensity of nanoclusters, especially for the heavily doped ones
(x > 2)."'° Given these strategies, the PL of nanoclusters has
been extensively exploited for bio-imaging. Zhu et al. reported a
fluorescent nanocluster with a switchable organelle-targeting
capability when the surface ligands were switched, so that the
Au,5(SG), targeted lysosomes while the Au;g(SG)i4(MTPB),
(MTPB = (4-mercaptobutyl)triphenyl-phosphonium bromide) tar-
geted mitochondria (Fig. 7d)."® Li et al. prepared streptavidin-
and biotin-modified Au nanoclusters that could assemble on cell
membranes via antigen-antibody recognition, thereby providing
amplified fluorescence signals to lighten cell membranes.'"
Very recently, Luo et al. synthesized Au,,(PET);, nanoclusters
with dual near-infrared (NIR) emissions (Fig. 7e-g).'°° The
875 nm and 1040 nm emission was identified as fluorescence
and phosphorescence, respectively. NIR emission has a better
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tissue-penetration capability than visible light, making these
nanoclusters (overall emission quantum yield reached 11.9%)
highly promising for in vivo bio-imaging.

4. Dendrimer nanoparticles

Dendrimers are nano-sized radially symmetric molecules with
well-defined tree-like branches.''® They are single-polymer
nanoparticles, or particulate polymers, that generally have a
spherical shape. A dendrimer commonly consists of (i) an
initiator core at the center, (ii) multiple branched arms made
up of monomers, and (iii) surface functional groups at the end
of arms."" Each cycle of the radial polymerization is called one
generation, and the number of generations is commonly used
for describing the size of a dendrimer. The high density in
dens, charge or conjugation site makes them promising as
drug carriers."">"** Here we define dendrimer nanoparticles as
either single-molecule dendrimers, supramolecular dendri-
mers that are assembled from amphiphilic molecules, or
nanoparticle-cored dendrimers.

4.1. Dendrimers

Like polymers, the synthesis of dendrimers involves the repe-
titive conjugation of monomers except that the conjugation
occurred radially on the outer surface with self-limited cycles,
therefore the structural preciseness of dendrimers should be at
the same level as common polymers.'* The molecule structure
cannot expand illimitably, because the number of conjugated
monomers will increase exponentially with the increase of
generation, while the overall size of the dendrimer does not
increase proportionately and cannot provide enough space for
further conjugation.'™® As a result, structural defects (missing
arms and intramolecular loops) will inevitably occur after a
certain number of generations due to the increased steric
hindrance. Fortunately, advances in synthetic techniques have
helped to effectively overcome or suppress these limitations.
Dendrimer nanoparticles can be synthesized via two main
routes: divergent synthesis and convergent synthesis. The for-
mer is a radial generation-by-generation growth route from the
initiator core to outer layers, while the latter needs to prepare
multi-generation arms (dendrons) first, followed by coupling
the dendrons with the core."*? The divergent synthesis can yield
up to 10 generations or more, however, incomplete reactions
occur increasingly. Moreover, the defective impurities pro-
duced in divergent synthesis are difficult to separate due to
the high structural similarity. Holl et al. analyzed 5-generation
(G5) poly(amido amine) (PAMAM) dendrimers via high perfor-
mance liquid chromatography (HPLC), mass spectrometry,
potentiometric titration, etc."'” Impurities including the gen-
erational defects (e.g., those lower than G5) and dimers of G5
could be effectively separated via HPLC, and an average of
93 arms could be identified, but the intramolecular branching
defects were difficult to directly detect. In the convergent
method, dendrons are built separately before the conjugation
with the dendrimer core, which provides better control over
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defects. Moreover, the impurities generated in convergent
synthesis are relatively more different with the desired dendri-
mers in comparison with those in the divergent synthesis, and
thus can be separated more easily.'*® Disadvantages of the
convergent method include the reduced reactivity of dendrons
with the core due to the increased steric hindrance. Notably,
the divergent and convergent methods are not mutually exclu-
sive, since a number of studies have combined the two strate-
gies to achieve better quality control. This combined strategy
involves the synthesis of a low-generation dendrimer as the
supercore and low-generation dendrons as arms, which are
then coupled to produce the final dendrimer."*® Higher gene-
rations can be realized via this approach.

Structural purity will be guaranteed when every reaction step
proceeds with high yield. “Click” chemistry has been used
to prepare dendrimers due to their high reaction specificity
and yield."*® For example, Wong et al. reported an efficient
approach to prepare glycerol dendrimers via thiol-yne click
chemistry.'*" Via a simple divergent route, G3 dendrimers were
obtained without transition metal catalysis or heating, and the
structural purity was suggested by nuclear magnetic resonance
(NMR) results, mass spectrometry as well as gel permeation
chromatography.

4.2. Supramolecular dendrimers

To obtain higher generation dendrimers or simplify the syn-
thesis procedures, researchers developed dendrimer-mimics
consisting of amphiphilic dendrons, which usually bear a
hydrophobic tail and multiple hydrophilic arms.'**'** The
amphiphilic dendrons would self-assemble into supramole-
cules in an aqueous environment via noncovalent interactions.
This strategy is a simplified convergent method that has
removed the difficulty in conjugating the large dendrons onto
the core, and makes the supramolecule resemble micelle or
liposome which has achieved wide clinical applications.>
Therefore, the structural preciseness of these supramolecular
dendrimers should be comparable to liposomes, with reduced
structural defects compared with the same-generation single-
molecule dendrimers. Peng et al. fabricated supramolecular
dendrimers via the self-assembly of low-generation PAMAM
dendrons, and the products exhibited a highly narrow size
distribution.’®® Using click chemistry to prepare the amphi-
philic dendrons will further improve structural preciseness.'**

4.3. Nanoparticle-cored dendrimers

Nanoparticle-cored dendrimers are another category of dendri-
mer nanoparticles that use nanoparticles as cores for the
conjugation of dendrons.'®® Researchers have fabricated these
dendrimers to deliver the core nanoparticle, make the dendri-
mers multifunctional, or to create a large number of anchoring
sites for the ease of conjugation by dendrons. The high hydro-
philicity of the chosen dendrons can also water-solubilize the
hydrophobic nanoparticles. Nanoparticle-cored dendrimers
can be prepared via replacement of original ligands by den-
drons, post-synthesis conjugation of dendrons onto nano-
particles, or directly using dendrons as protecting ligands

This journal is © The Royal Society of Chemistry 2023
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during nanoparticle synthesis.">” Obviously, the structural pre-
ciseness of nanoparticle-cored dendrimers largely depends on
the used nanoparticles; using materials/molecules with well-
defined structures as the core will improve the preciseness. For
example, Zhou et al. fabricated molecularly precise cyanine
nanodots, by using cyanine dyes as cores to prepare polylysine
dendrimers (Fig. 8a-b)."*® MALDI-TOF, gel permeation chro-
matography and HPLC demonstrated the product purity, and
the nanodots were shown to be applicable for in vitro and
in vivo bio-imaging (Fig. 8c).

4.4. Preclinical applications

Advances in synthetic techniques led to the emergence of
various dendrimers including PAMAM,"'® poly(arylether),'*®
polylysine,"*® triazine'** and phosphorus dendrimer."*" The
polycationic nature of PAMAM, polylysine and phosphorus
dendrimers makes them suitable for gene delivery.">> Shi
et al. used phosphorus dendrimers as a nonviral vector to
deliver plasmid DNA.'®* Interestingly, it was found that G1
dendrimers displayed a higher delivery efficiency to HeLa cells
compared with G2 and G3 counterparts, suggesting a critical
role of the particle size. Self-assembled supramolecular den-
drimers were also widely used. Peng et al. reported a dual-
targeting dendrimer-mediated siRNA delivery system for cancer
therapy.>* Amphiphilic PAMAM dendrimers self-assembled
into micelle-like structures and efficiently adsorbed siRNA,
while a RGDK peptide (which could bind integrin and
neuropilin-1 receptor on cancer cells) was further decorated
onto the micelle surface to achieve tumor-specific siRNA delivery.
The system was further demonstrated to be useful for tumor PET
imaging when modified with °°Ga (Fig. 8d-f)."** Compared with
["*FIFDG (*®F labelled 2-fluorodeoxyglucose, the clinical gold
reference for PET imaging), the dendrimer-based agent showed
a better detection capability for multiple cancers including color-
ectal cancer and pancreatic cancer (Fig. 8g), possibly due to the
higher intratumoral accumulation of nanoparticles compared
with small molecules.

Toxicity is a critical issue determining the application
potential. It has been summarized that the cytotoxicity of
dendrimers mainly depends on the generation, as well as the
number and nature (anionic, neutral or cationic) of the term-
inal moieties,'*® and therefore precise control of the particle
structure is needed to improve in vivo biocompatibility. High-
generation cationic dendrimers are relatively cytotoxic com-
pared with the low-generation ones. Wang et al reported
generation-, concentration- and time-dependent hemolysis of
PAMAM dendrimers when incubated with red blood cells."*®
The hemolysis effect followed G6-NH, > G5-NH, > G4-NH, >
G3-NH,, and the surface modified PAMAM-COOH and PAMAM-
OH dendrimers induced much less hemolysis. Mukherjee et al.
found previously that the short-term and long-term cytotoxicity
of PAMAM dendrimers to both HaCaT and SW480 cells fol-
lowed G6 > G5 > G4."*7 A mechanism study revealed that
dendrimers would be located in the mitochondria and lead to
ROS production, apoptosis and DNA damage."*® Surface modi-
fication with negatively charged or neutral groups decreased
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Fig. 8 Biomedical applications of dendrimer nanoparticles. (a) Representation and some merits of cyanine-cored dendrimers. (b) Chemical structure
of the cyanine-cored dendrimers. (c) Usage of cyanine-cored dendrimers for in vivo mice imaging. Reproduced with permission.’?®> Copyright 2022,
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pancreatic tumors on mice injected with [*®FIFDG or ®°Ga-labelled supramolecular dendrimers. Reproduced with permission.}?®* Copyright 2018,

National Academy of Science.

cytotoxicity.'*® Siegwart et al. used an alternative method to
reduce toxicity by fabricating degradable dendrimers."*® Ester
linkage was used to link the dendrimer core with the arms, and
hepatotoxicity assays as well as liver cancer treatment outcomes
suggested a balanced low toxicity and high treatment potency.

4.5. Clinical trials

There are multiple ongoing clinical trials involving the use of
dendrimers, as summarized in Table 1. A majority of the
ongoing trials, including several completed ones (not listed in
Table 1), were launched by the Ashvattha Therapeutics, Inc.,
which focuses on the development of a new class of precision
medicines using hydroxyl dendrimers. The hydroxyl dendri-
mers are used as drug carriers to minimize toxicity and
maximize drug uptake in the disease tissue.'*' About four

3314 | Mater. Horiz., 2023,10, 3304-3324

dendrimer-based formulations have been developed by the
company and tested in clinical trials, but it is difficult to
identify their exact structures. After injection or oral dosing,
the dendrimers distribute rapidly throughout the body, and
the water-like surface makes them behave comparably to
water without binding proteins. Enabled by their unique sur-
face chemistry and small size, the developed dendrimers can
travel across the blood-brain barrier. Moreover, they can be
taken up selectively by disease cells including inflammatory
cells, and as a carrier are excretable through the kidney
without causing systemic toxicity. The completed trials (e.g.,
NCT04321980 and NCT03500627) have suggested the safety
and high tolerability of the hydroxyl dendrimers. Surface
conjugation with '®F makes the dendrimers a potential
contrast agent.
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Table 1 Ongoing dendrimer-involved clinical trials
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Start Identifier and
Dendrimer Indication Trial purpose date phase
8F hydroxyl Amyotrophic lat- Study the PK, safety and distribution of the den- July NCT05395624;
dendrimer eral sclerosis drimer as an imaging agent 20224 Phase 1
NAC-conjugated G4 Severe COVID-19 Study the efficacy and effect in reducing pro- August NCT04458298;
PAMAM'*® inflammatory cytokines in severe COVID-19 2020 Phase 2
Hydroxyl NVAMD; DME Study its safety, tolerability and PK in patients August NCT05387837;
dendrimer with NVAMD or DME 2022 Phase 2
Hydroxyl NVAMD; DME Study its safety, tolerability and pharmacokinetics January NCT05105607;
dendrimer in healthy volunteers 2022 Phase 1
88Re ligand-loaded Primary or meta- Study its efficacy and safety in treating non- March NCT03255343;
G5 poly-i-lysine**? static liver cancer responding and inoperable liver cancers 2017 unknown
PEGylated poly-L- Non-Hodgkin Study the safety, tolerability, PK and preliminary July NCT05205161;
lysine dendrimer lymphoma efficacy of the dendrimer in patients with NHL 2022 Phase 1 and 2

PK: pharmacokinetics; NAC: N-acetyl-cysteine; NVAMD: neovascular age-related macular degeneration; DME: diabetic macular edema. “ Estimated

start date.

8%Re reagent ('**Re-nitro-imidazole-methyl-1,2,3-triazol-

methyl-di-(2-pycolyl)amine)-loaded G5 poly-L-lysine dendrimer,
also known as ‘['®*ReJrhenium-ImDendrim” (Fig. 9), co-
developed by French and Chinese researchers, is being tested
as a potential radiopharmaceutical. Its anti-tumor activity has
been confirmed in a liver cancer model in nude mice.'*?
Positive outcomes after intrahepatic injection to a human
patient with adenocarcinoma and liver metastases have also
been reported.'*®> More recently, [***Re]Jrhenium-ImDendrim
has been trailed to treat patients with local primary and
secondary lung malignancies via brachytherapy (NCT03255343)."**

Generally, we noticed that all the trialed dendrimers were
single-molecule dendrimers rather than self-assembled dendri-
mer supramolecules or nanoparticle-cored dendrimers. This
may be due to three main reasons: (i) The development of
dendrimer-based nanomedicines is still at the early stage, as
all the relevant trials were launched in the last five years.
(if) Single-molecule dendrimers are more suitable for some
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scenarios. For example, they are generally smaller than anti-
bodies or antibody fragments, which is important for urinary
excretion and crossing tissue barriers,'*> while supramolecular
dendrimers will be too large to achieve the same. (iii) Inter-
particle structural variation of supramolecular and nano-
particle-cored dendrimers may challenge the quality-control
and the precise evaluation of pharmacokinetics and therapeu-
tic efficacy. Nevertheless, supramolecular dendrimers possess
their own advantages for bio-applications, such as higher drug
loading capacity. Wider applications of dendrimers can be
expected under constant efforts to improve synthetic techni-
ques. Meanwhile, all the trialed formulations are administrated
via intravenous injection, while localized delivery is also a
powerful route worthy of exploration.'*”

5. Carbon nanostructures

Carbon nanostructures, including fullerene, carbon nanotubes,
graphene nanosheets and nanoribbons, have been widely stu-
died due to their high biocompatibility, eco-friendliness,
unique optical and electronic properties and high stability."*®
They can be regarded as an intermediate between small mole-
cules and nanomaterials, and between inorganic and organic
materials. Fullerene is a structurally precise molecule, while for
other carbon nanostructures the synthesis techniques have
been extensively evolved to enable the preparation of structu-
rally highly uniform products.'*

5.1. Graphene nanosheets and nanoribbons

Graphene is a single-layered graphite material with zero band-
gap, and when its lateral size decreases to the nanoscale, it
becomes a graphene nanosheet (GNS) with a size-dependent
bandgap. GNSs have exceptional properties such as the large
edge effect and ultra-high specific surface area, and one parti-
cular merit of GNSs compared with other carbon nanostruc-
tures is the ease of exhibiting photoluminescence. A quantum
yield of greater than 50% has been reported;"*° for tuning PL
emission wavelength, several strategies were demonstrated to
be effective, such as enlarging the sp”> domain by conjugating
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GNSs with extra aromatic rings, and introducing an intermedi-
ate n-orbital between m and m* orbitals via conjugation with
electron-donating groups.***"**> Meanwhile, GNSs are consider-
ably biocompatible, and have been reported to be less toxic
compared with microscale graphene.'*

GNSs can be prepared using the techniques commonly used
for nanomaterial synthesis, including the top-down route by
cutting, exfoliating or grinding bulk materials, and the bottom-
up route by building nanostructures from atoms and molecules
via hydrothermal/solvothermal treatment, microwave treatment,
or traditional organic chemistry.">*™>” The bottom-up route is
more effective in quality control and property modulation.">® For
example, incorporating heteroatoms into the basal plane of
GNSs is easier through bottom-up routes compared with the
top-down routes. It is currently hard to achieve high control over
product quality through a simple and large-scale synthesis route
(e.g., one-step hydrothermal treatment) without a separation
procedure. Song et al. achieved space-confined formation of
GNSs by hydrothermally treating citrate which was intercalated
into the interlayer galleries of layered double hydroxides.'*® The
obtained GNSs had a highly narrow size distribution and was
basically all single-layered due to the strict space-confinement.
An aromatic C,;H;,N,0;5 molecular structure was revealed by
3C NMR, "H NMR, gel permeation chromatography and tandem
mass spectrometry.’>® This method produced much more uni-
form GNSs compared with the common one-step hydrothermal
syntheses, but still failed in providing atomic preciseness.

Given the well-defined structure of hexagonal carbon
arrangement,'®”'®" GNSs hold the possibility to be precisely
prepared via the traditional organic synthesis route. Organic
synthesis can guarantee the high structural preciseness via
stepwise monitoring and purification, and has been demon-
strated to be feasible for GNS synthesis.'*® For example, Yan
et al. reported the synthesis of colloidal GNSs through the
oxidative condensation of polyphenylene dendritic precursors,
yielding graphene moieties of up to 170 carbon atoms.'®® The
graphene was stabilized by multiple 2',4’,6'-triakyl phenyl
groups that were covalently attached to graphene edges.
Nitrogen-doping and addition of functional groups were shown
to be feasible to tune the bandgap and optical property of
the resulting GNSs.'®'%* These products represent the most
uniform kind of GNSs despite the tedious synthesis procedure
and the failure in providing detectable photoluminescence and
being water-solubilized.

Graphene nanoribbons (GNRs) are a member of the gra-
phene family but different from common graphene nano-
sheets. They have a narrow width (typically several nanometers)
and large aspect ratio, resemble a linear polymer and therefore
have reduced dimensionality compared with graphene sheets."®”
Their remarkable mechanical, thermal, electrical and optical
properties offer many opportunities in bio-applications.'®® The
structural variation for a GNR mainly comes from the varied
length and edge structure. Top-down routes, for example cutting
graphene via lithography, generate products with relatively
low uniformity,'®® while some established bottom-up routes
have produced atomically precise GNRs. Ruffieux et al
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prepared atomically precise GNRs via surface-catalyzed cou-
pling of molecular precursors into linear polyphenylenes and
subsequent cyclodehydrogenation.’’® By using different mono-
mers, the topology, width and edge periphery were effectively
modulated. Raman spectroscopy and scanning tunneling
microscopy demonstrated the atomic preciseness of straight,
chevron-type and threefold junction GNRs. Crommie et al.
further prepared atomically precise GNR heterojunctions.
Fluorenone GNRs were first synthesized by annealing a mole-
cule precursor on the Au(111) surface, and chevron GNRs were
then obtained following post-growth excitation (Fig. 10a). For-
mation of fluorenone/pristine chevron heterojunctions was
confirmed via multiple techniques including bond-resolved
scanning tunneling microscopy (Fig. 10b).

An important issue restricting the bio-applications of these
atomically precise GNRs is the limited water-solubility. Graphene
oxide nanoribbons, in which the carbon atoms are partially sp’-
hybridized by bearing oxygen-containing functional groups, may
be more applicable due to their higher water-solubility and ease of
functionalization."”" Nevertheless, the introduction of oxygen-
containing groups inevitably decreases the structural preciseness
since the extent and position of oxidation are difficult to control.

5.2. Carbon nanotubes

Carbon nanotubes (CNTs) are cylindrical molecules that are
composed of rolled-up single-layer carbon atoms (graphene).
Since the first discovery in the early 1990s,"”> numerous studies
have explored their synthesis, property and application. The
diameter of CNTs is typically measured in nanometers, while
the length can reach millimeters. CNTs are mostly prepared via
chemical vapor deposition, which involves the splitting of a
carbon-containing precursor gas (e.g., CO, methane) to deposit
carbon atoms on catalyst nanoparticles (e.g., Fe, Co) to generate
CNTs."”? Visually uniform products have been produced in
good controllability and scalability, but atomic preciseness is
barely achieved. The floating catalyst chemical vapor deposi-
tion, featured by the in situ formation of catalyst nanoparticles,
is to some extent helpful to improve structural preciseness,'”®
but it raises another problem, i.e., the collected CNTs will be
attached with a large number of catalyst nanoparticles."””
Generally, the diameter of CTNs prepared via this route is
relevant with the size of the catalyst nanoparticles which are
heterogeneous, while CTNs with close diameters are hard to
separate. Meanwhile, multiple-walled CTNs may be simulta-
neously generated, and structural defects on the wall plane may
emerge.'”® Other synthesis methods including arc discharge
and laser ablation are also bothered by these limitations.
Fortunately, integrating organic synthesis with the surface-
catalyzed carbon atom deposition method is applicable to
greatly improve the structural preciseness.

By vertically ‘stacking’ carbon atoms on some already-
existing carbon nanorings (e.g., cycloparaphenylenes, cycla-
cene), we can obtain open-ended CTNs with a tuned structure:
the CTN diameter could be tuned by selecting differently sized
carbon nanorings, while the use of chiral carbon nanorings
led to chiral CTNs.'”® For example, Itami et al. prepared

This journal is © The Royal Society of Chemistry 2023
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Fig. 10 Atomically precise carbon nanostructures. (a) Synthesis route of an atomically precise GNR and the corresponding heterojunction. (b) Bond-
resolved scanning tunneling microscopy image of the fluorenone/pristine chevron heterojunction. Reproduced with permission.1®° Copyright 2017,
Springer Nature. (c) Synthesis route of singly-capped CNTs using a cap-molecule (precursor CogHs,). Illustration of the conversion of (d) cap-molecule to
(e) the ultrashort singly capped CNT seed via thermal induced surface catalyzed cyclodehydrogenation. The corresponding scanning tunneling
microscopy images of (f) cap-molecules and (g) CNT seeds on the Pt(111) surface. Reproduced with permission.’®® Copyright 2014, Springer Nature.

structurally uniform CTNs by simply heating cycloparapheny-
lenes (as templates) with ethanol (as the carbon source),
realizing a ‘growth-from-template’ route.’®® Cycloparapheny-
lenes with the number of phenylenes from 9 to 16 were used
to effectively tune the CTN diameter. The same group also
prepared a chiral carbon nanoring, cyclo[13]paraphenylene-2,6-
naphthylene, which represented a novel chiral template.'®"
Using cycloparaphenylenes as templates leads to ‘armchair’
edges, while using cyclacene will yield ‘zigzag’ edges, although
the synthesis of cyclacene has virtually not been realized."*’
Meanwhile, besides open-ended CTNs, capped CTNs can be
prepared by selecting some capping molecules as templates.
Fasel et al. achieved controlled synthesis of singly-capped CTNs
by first synthesizing an elaborately designed cap-molecule and
then converting the cap-molecule into an ultrashort singly
capped nanotube seed, followed by nanotube growth via
epitaxial elongation (Fig. 10c-g).'°® The cap-molecule was
deposited onto a Pt(111) surface and then annealed to induce
cyclodehydrogenation reaction to form the singly caped seed,
and epitaxial elongation was achieved by incorporating carbon
atoms decomposed from ethylene or ethanol.

Generally, organic synthesis of template molecules greatly
improves the structural preciseness of CTNs, especially in
the control of the diameter, chirality and edge structure.

This journal is © The Royal Society of Chemistry 2023

Nevertheless, it is technically difficult to realize full synthesis
using organic chemistry, and surface-catalyzed carbon deposi-
tion at a high temperature is needed to construct the main body
of CTNs. Consequently, strict atomic preciseness is difficult to
achieve. What might relieve this limitation is that in bio-
applications such as drug delivery, a relatively short length is
needed for CTNs, which will decrease the reaction duration of
surface catalyzed carbon deposition and therefore decrease the
structural variation. Moreover, using large carbon nanorings
(e.g., cycloparaphenylene and cyclacene) as templates will make
it easier to yield a large diameter, which is desirable for the
uploading of biomacromolecules.

5.3. Carbon quantum dots

Carbon quantum dots (CQDs) are zero-dimensional quasi-
spherical carbon nanomaterials. Synthesis of CQDs is facile,
usually via solvothermal treatment of small molecules or bio-
masses. The precursors in the high temperature and high
pressure environment will undergo some ‘miraculous’ reactions
that are not be easy to realize via common organic synthesis,
leading to the formation of crystalline structures that are often
fluorescent.'®* It is currently very difficult to prepare atom-
ically precise CQDs, despite the fine control of synth-
esis procedures and the use of simple molecular precursors.
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Given the ultra-small size, researchers are binding synthesis
optimization with purification techniques such as liquid
chromatography to improve the product uniformity. Emission
width has been widely employed to assess the size uniformity
of CQDs."®® Yang et al. prepared triangular CQDs with unpre-
cedented narrow emission bandwidth."”* Using phlorogluci-
nol as the precursor, highly luminescent CQDs were obtained
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|

Ethanol, 200 °C "
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after solvothermal treatment in ethanol at 200 °C, and the
products was further purified via silica column chromato-
graphy. The high color purity made the CQDs comparable
with traditional dyes in providing non-overlapping multicolor
fluorescence signals (Fig. 11a-d)."”* Generally, the structural
preciseness of CQDs may be at a similar level as other common
nanomaterials such as CdSe QDs and gold nanoparticles.
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Fig. 11 Structurally uniform CQDs. (a) Synthesis route of triangular CQDs via solvothermal treatment of phloroglucinol, and the dark-field scanning
transmission electron microscopy images of differently sized triangular CQDs. Scale bar, 2 nm. (b) Photographs of the solutions of blue-, green-, yellow-
and red-emissive CQDs under daylight and UV light. (c) Normalized absorption spectra and (d) normalized PL spectra of the corresponding CQDs.
Reproduced with permission.’”* Copyright 2018, Springer Nature. (e) Synthesis route and growth mechanism of the 53% efficient red emissive CQDs.
Reproduced with permission.”®> Copyright 2017, Wiley-VCH.
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Emission efficiency of CQDs has been improved to a level
comparable to organic dyes, such as those prepared by solvother-
mally treating 1,3-dihydroxynaphthalene and KIO, (Fig. 11e).'”
The CDs had a quantum yield of 53% at a red emission
wavelength, thereby showing great potential in in vivo bio-
imaging. Still, column chromatography was needed to improve
the product purity.

6. Perspective remarks and conclusion

Molecule-like structural preciseness is a large challenge for
nanomaterials on the way towards practical bio-applications,
as it ensures product quality control and repeatable interaction
with the human body. The efforts devoted to synthesis method
exploration have yielded great uniformity in size, composition
and surface chemistry, as often confirmed by microscopic
observation, hydrodynamic diameter measurement, or the con-
sistency and uniformity in properties. Nevertheless, greater
preciseness is expected for bio-applications and the typical
characterization methods for nanomaterials may not guarantee
a molecule-level preciseness (Fig. 12). For example, for crystal-
line nanostructures that are characterized to be highly uniform,
the particle size and shape may be variable; the number,
position and species of lattice defects will greatly differ among
particles; the location and conformation (protruding or
prostrating) of surface ligands are difficult to identify under
common characterizations. Particle size, shape and lattice
defects determine the electronic and optical performances,
while the density and orientation of ligands have a great impact
on in vivo particle behaviors such as the affinity toward the cell
surface and circulation time in blood.

Therefore, molecule-like structural preciseness may be diffi-
cult to realize via regular synthesis-characterization-optimization
cycles. Sharp evolvement in synthesis strategies will be needed.
DNA nanostructures, atomically precise nanoclusters, dendrimer
nanoparticles and carbon nanostructures are currently represen-
tative materials that can reach molecule-like preciseness, and
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each has its own way to ensure a highly precise structure, and
each has its own potential in specific bio-applications. For
example, dendrimer nanoparticles are promising in both drug
delivery and bio-imaging after the required modification, as
evidenced by multiple clinical trials; the potential of Au-based
nanoclusters in fluorescence imaging may be less pronounced
due to the relatively low emission efficiency, but a particular
promise is held in CT imaging due to the low toxicity and
high X-ray attenuation efficiency of Au. Nevertheless, practical
bio-applications are currently rarely realized, suggesting the
need for further progress in synthesis methods and property
optimization.

(i) DNA nanostructures are composed of molecularly precise
nucleic acids that are organized by the strict pairing law
between complementary bases, and therefore can achieve
high structural preciseness despite the relatively sophisticated
structure. Synthesis methods have evolved to be increasingly
facile and robust, including the computation-aided sequence
design® and the non-necessity of staple strands in the newly-
developed single-stranded assembly method.>® Nevertheless,
for advanced 3D structures it is still hard for the structural
uniformity to reach a similar level as that for simple structures
such as DNA tetrahedra and small 2D structures. Meanwhile,
two other limitations are restricting the wide application of
DNA nanostructures, which are the high cost for large scale
production, and the long-term biosafety regarding generic
stability.

(i) The atomically precise M,(SR), nanoclusters are prepared
via reduction of metal precursors in the presence of surface
ligands, followed by an aging process during which the particle
size focuses. Pure MS spectra and the feasibility for SCXC
measurement suggest the high structural preciseness. The
nanoclusters are promising as imaging contrast agents. Mean-
while, the SR-to-M ratio is defined for a species, meaning that
the drug (SR) content is constant for a specific weight of
particles, which is essential for accurate dosing. The SR-to-M
ratio in nanoclusters is also much higher compared with that in
nanoparticles of larger size, since the particle volume increases
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Fig. 12 Limitations of characterization methods for nanostructures. For a batch of crystalline nanostructures that are characterized uniformly by
common methods such as TEM imaging, hydrodynamic analysis, photospectrometry test and X-ray diffraction analysis (a), the (b) particle size and shape,
(c) species and location of lattice defects, and (d) the density, location and conformation of surface ligands may differ greatly.
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more rapidly than surface area with increasing diameter. There-
fore, the drug loading efficiency (the drug-to-carrier weight ratio)
is greatly improved. Important concerns regarding the use of
nanoclusters include the toxicity and the versatility for uploading
drugs, since only a small range of molecules can serve as the
nanocluster ligands without covalent conjugation.

(iii) Dendrimer nanoparticles may be the closest to clinical
applications, as suggested by the number of relevant clinical
trials. Dendrimers can be viewed as a special type of polymers
but are particulate. The structural defects of dendrimers mainly
come from the inter-branch linkage and the failed elongation
of some branches due to increased steric hindrance. Like linear
polymers that are clinically applicable despite the difficulty in
precisely controlling the polymer length, dendrimers may
achieve practical applications despite the presence of certain
structural defects, because minor defects will influence their
property but probably to a less degree than that for crystalline
materials whose property heavily depends on particle size and
composition.®®*®* For the supramolecular dendrimer nano-
particles, the structural uniformity should be close to that of
liposomes (self-assembled from amphiphilic phospholipids)
that have achieved clinical applications. The toxicity of dendri-
mers varies greatly with chemical structure and some cationic
ones may cause inflammation;'®® on the other hand, some
cationic dendrimers themselves are useful as immuno-
stimulators.'®® The completed and ongoing clinical trials have
demonstrated the low toxicity of the tested dendrimers.

(iv) Structural preciseness of carbon nanotubes largely
depends on synthesis strategy. Bottom-up routes produce rela-
tively uniform materials compared with the top-down routes,
while high structural preciseness is still difficult to achieve
using common bottom-up routes, such as solvothermal treat-
ment and chemical vapor deposition. The use of traditional
organic synthesis will guarantee a high preciseness. Small-sized
GNSs and GNRs can be fully prepared via organic synthesis,
while for CNTs this is currently impracticable. The use of
carbon nanorings as templates directs the growth of CTNs with
uniform diameters, although the subsequent epitaxial elonga-
tion may increase the structural heterogeneity. Conjugation
of hydrophilic groups or oxidation of nanostructures (e.g:,
producing graphene oxide) is often involved to improve
water-solubility but will attenuate the structural preciseness.
Therefore, carbon nanostructures may need further develop-
ment to meet the criterion for bio-applications.

In summary, although other properties, including toxicity
and the robustness of performances, are also critical aspects
determining whether a material could realize clinical applica-
tions, high structural preciseness is considered as a prerequi-
site. This will help us to understand the material property on a
single-particle level, instead of the average property of particles
with widely varying structures. Tremendous progress has been
made in improving the structural preciseness of nanomaterials
in virtue of breakthroughs in synthetic techniques. Currently
the above-discussed four types of nanomaterials currently can
be molecularly or atomically precise and dendrimer nano-
particles have reached multiple clinical trials, probably due to
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the high biocompatibility and ease of production. It can be
envisioned that with constant progress in the synthesis
method, more materials will be prepared precisely and more
applications will be realized.
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