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CONSPECTUS: In this Account, we describe our research into ultrasmall nanoparticles,
including their unique properties, and outline some of the new opportunities they offer. We
will summarize our perspective on the current state of the field and highlight what we see as
key questions that remain to be solved. First, there are several nanostructure size-scale regimes,
with qualitatively distinct functional biological attributes. Broadly generalized, larger particles
(e.g,, larger than 300 nm) tend to be more efficiently swept away by the first line of the
immune system (for example macrophages). In the “middle-sized” regime (20—300 nm),
nanoparticle surfaces and shapes can be recognized by energy-dependent cellular
reorganizations, then organized locally in a spatial and temporally coherent way. That energy
is gated and made available by specific cellular recognition processes. The relationship between
particle surface design, endogenously derived nonspecific biomolecular corona, and
architectural features recognized by the cell is complex and only purposefully and very
precisely designed nanoparticle architectures are able to navigate to specific targets. At
sufficiently small sizes (<10 nm including the ligand shell, associated with a core diameter of a few nm at most) we enter the “quasi-
molecular regime” in which the endogenous biomolecular environment exchanges so rapidly with the ultrasmall particle surface that
larger scale cellular and immune recognition events are often greatly simplified. As an example, ultrasmall particles can penetrate
cellular and biological barriers within tissue architectures via passive diffusion, in much the same way as small molecule drugs do. An
intriguing question arises: what happens at the interface of cellular recognition and ultrasmall quasi-molecular size regimes?
Succinctly put, ultrasmall conjugates can evade defense mechanisms driven by larger scale cellular nanoscale recognition, enabling
them to flexibly exploit molecular interaction motifs to interact with specific targets. Numerous advances in control of architecture
that take advantage of these phenomena have taken place or are underway. For instance, syntheses can now be sufficiently controlled
that it is possible to make nanoparticles of a few hundreds of atoms or metalloid clusters of several tens of atoms that can be
characterized by single crystal X-ray structure analysis. While the synthesis of atomically precise clusters in organic solvents presents
challenges, water-based syntheses of ultrasmall nanoparticles can be upscaled and lead to well-defined particle populations. The
surface of ultrasmall nanoparticles can be covalently modified with a wide variety of ligands to control the interactions of these
particles with biosystems, as well as drugs and fluorophores. And, in contrast to larger particles, many advanced molecular analytical
and separation tools can be applied to understand their structure. For example, NMR spectroscopy allows us to obtain a detailed
image of the particle surface and the attached ligands. These are considerable advantages that allow further elaboration of the level of
architectural control and characterization of the ultrasmall structures required to access novel functional regimes and outcomes. The
ultrasmall nanoparticle regime has a unique status and provides a potentially very interesting direction for development.
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simple approach was presented to study the biomolecular
interactions at the ultrasmall bionanointerface, allowing
systematic linkage between microscopic molecular principles
to predictions of in vivo biodistribution.

B INTRODUCTION

Ultrasmall nanoparticles have a size of 1—3 nm and usually a
spherical or globular shape.* They are smaller than many
colloidal objects usually considered as an aggregate or a
supramolecular assembly, e.g., micelles, liposomes, extracellular
vesicles, or polyplexes of cationic and anionic polymers. Even
dispersed polymers, plasmid DNA, antibodies, and proteins are
usually somewhat larger. Here, we restrict our discussion to
ultrasmall nanoparticles with a defined and purposefully made
solid inorganic core, although many of the issues we discuss are
relevant across all particles in this size regime. Chemically,
particles with a metal core or a saltlike (ionic) core (like II-VI
semiconductor quantum dots (QDs),” ultrasmall iron oxide
nanoparticles (uSPIONs),° and ultrasmall nanodiamonds
(USNDs) with a diameter below 3 nm fall into this category.”
Generally, such nanoparticles are stabilized by an outer shell of
ligands against agglomeration and Ostwald ripening, therefore
we consider here dispersed objects with a solid core of 1-3 nm
diameter and a hydrodynamic diameter of 4—10 nm due to the
stabilizing shell.

The advantage of these ultrasmall particles in nanoscale
diagnostics and therapeutics is clear, although the addition of
biological function to ultrasmall particles by grafting molecular
moieties is a somewhat more subtle issue. Certainly, the limited
degree and short lifetime of the nonspecific corona in biological
media potentially allows us to evade nanoscale cellular
recognition machinery.® And, if we can simultaneously decouple
ultrasmall cellular recognition from diffusive access and selective
binding to otherwise inaccessible targets, we can make very
flexible therapeutic and diagnostic constructs. Particle con-
jugates could then diffuse and selectively bind to targets within
cells and behind biological barriers, according to more
established molecular pharmacokinetic principles of absorption,
distribution, metabolism, and excretion (ADME). Here we will
summarize progress from our laboratories and highlight what
needs to be done with a deliberate focus on ultrasmall gold
nanoparticles.

How to Prepare Ultrasmall Nanoparticles

The synthesis of nanoparticles, ultrasmall and larger, has reached
a considerable degree of maturity, and many excellent reviews on
synthesis, purification, analysis, and applications are avail-
able.”™"* Nanoparticles can be inorganic, organic, polymeric,
and biological in nature, depending on the requirements of their
corresponding application. If we consider biological applica-
tions, nanoparticles find applications in nanomedicine, e.g, in
oncology or immunology including vaccination, where they act
as carriers for drugs, often in combination with a targeting
moiety on their surface. Notably, the RNA vaccines against
COVID-19 consist of lipid nanoparticles with incorporated
RNA."® Typical nanoparticles used in biomedicine have a size
between S and 100 nm.'*'®'” Ultrasmall nanoparticles,
however, have been explored to a much lesser degree.”
Ultrasmall nanoparticles contain only a few hundred atoms or
ions. We can distinguish ultrasmall inorganic nanoparticles of
three different types: metallic, saltlike (ionic), and nano-
diamonds. Metallic nanoparticles are mostly prepared bottom-
up by chemical reduction of the corresponding metal salts in the
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presence of suitable capping agents.”'”'® Tonic nanoparticles
like quantum dots (typical size 2 to 6 nm) are prepared in the
same way by mixing the salt components, i.e., cations and
anions.” Nanodiamonds are usually prepared top-down by
detonation syntheses and less frequently by bottom up-
synthesis, but a reproducible synthesis in the ultrasmall size
range (3 nm and below) is not yet available.” While ultrasmall
nanoparticles have some degree of diversity in terms of particle
size distribution and particle shape, atomically precise nano-
clusters have a well-defined stoichiometry and crystal structure
and are prepared in the same way as ultrasmall nanoparticles but
often in organic solvents.'”” Metallic nanoparticles consist of
noble metals that do not oxidize or dissolve in contact with water
or air. Consequently, the most prominent metals for this
purpose are silver, gold, and the platinum group metals. Due to
their high specific surface area, less noble metals like copper are
easily oxidized if present as nanoparticle in contact with water.”*
Because of established syntheses and its high chemical stability,
gold is by far the most commonly used metal used for ultrasmall
metallic nanoparticles, with platinum and silver coming next.
This also holds for atomically precise clusters where gold** and
silver™ enjoy a special prominence. As capping agents, organic
ligands with the soft Lewis base donor atoms sulfur and
phosphorus are generally preferred because they form a strong
bond to the soft Lewis-acidic noble metals, in contrast to weakly
binding oxygen-terminated ligands like citrate.”* Besides
monatomic clusters, bimetallic clusters'' and ultrasmall nano-
alloys*>*° have also been prepared. In the following, we will
concentrate on metallic nanoparticles, in particular gold
nanoparticles, although many conclusions will also apply to
particles of the same size but of a different chemical nature. We
will also refrain from discussing atom-sharp clusters as there are
many excellent reviews on this topic.'"/>%*»*#*7%

Ultrasmall nanoparticles are always spherical or globular.
There is currently no synthesis available that leads to uniform
and well-defined anisotropic shapes. The underlying reason is
probably that a nonspherical shape is thermodynamically
unfavorable given the already very high specific surface area of
ultrasmall nanoparticles. In contrast, anisotropic atom-sharp
clusters are known, but these are better defined in terms of
stoichiometry and crystal structure than ultrasmall nano-
particles.'” Single-crystalline and twinned nanoparticle shapes
have been theoretically derived and experimentally confirmed
for gold nanoclusters, including a discussion on kinetics and
thermodynamics.”” If we consider a spherical gold nanoparticle
of 2 nm diameter, it contains about 250 gold atoms. Thus, 1 g
contains 1.23 X 10" nanoparticles with a total specific surface
area of 155 m” g~". This is clearly a very high number that is
comparable to zeolites. In contrast, 1 g of plasmonic gold
nanoparticles (15 nm) has a specific surface area of “only” 21 m*
g~". This high specific surface area makes ultrasmall nano-
particles in a ligand-free, ie. “naked” state, particularly
interesting in heterogeneous catalysis,'*’ including electro-
chemistry, but also underscores their value as high-capacity drug
carriers.

Notably, ultrasmall nanoparticles are more difficult to isolate,
purify, and characterize than conventional nanopar-
ticles.”'”'"**** Applicable methods are nanofiltration (spin
filtration), ultracentrifugation, precipitation, and dialysis. To our
experience, precipitation (if possible) and nanofiltration are the
easiest and most general methods. In ultracentrifugation, the
separation of precipitate and supernatant is often difficult.
Dialysis takes long and involves the handling of large solvent
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volumes. Nanofiltration does not require a sedimentation of the
nanoparticles because the whole dispersion is passed through a
filter. This is important if the nanoparticle core consists of a
metal of lower density like silver or of carbon in the case of
nanodiamonds. However, in terms of a defined surface
functionalization in several reaction steps, the possibility for
isolation of the nanoparticles via centrifugation is advantageous
as it avoids the often-tedious separation of organic molecules via
HPLC and similar techniques.

How to Analyze Ultrasmall Nanoparticles

Characterization of ultrasmall nanoparticles is challeng-
ing."'****° Common methods for characterization of nano-
particles can sometimes be impossible to apply. Scanning
electron microscopy (SEM), dynamic light scattering (DLS), or
nanoparticle tracking analysis (NTA) often fail because the
particles are too small. For size analysis of dispersed particles,
analytical ultracentrifugation (AUC) and differential centrifugal
sedimentation (also known as analytical disc centrifugation) are
both possible. However, as the density difference between a
particle together with its hydrated ligand shell and the solvent is
the dominant parameter, it is difficult to analyze particles that
consist of a small metallic core in combination with a large ligand
shell. For instance, a gold nanoparticle with a 2 nm core and a 2
nm thick shell around (with a density close to the solvent) has an
effective density of about 1.64 g cm™, i.e,, much less than the
original density of gold (19.3 g cm™). Small angle scattering
(usually of X-rays; SAXS) is a powerful method to study
individual and partially agglomerated nanoparticles on the
ultrasmall length scale.”’ The high density of noble metals helps
due to the high contrast between nanoparticles and solvents.
SAXS also gives information on the solid core, i.e., it ignores any
organic coating. For dried particles, transmission electron
microscopy is the method of choice to study particle shape,
size, and size distribution, generally performed in vacuum and
showing only the inorganic core. Mass spectrometry (e.g., ICP-
MS) on single particles can also give valuable insight.*”

The arrangement of atoms inside a nanoparticle can be
provided by the crystal structure. Contrary to what many people
believe, many nanoparticles are not small single cut-outs of a
bulk metal crystal, ie.,, out of a cubic or hexagonal close
packing.” This variation is also evident from a number of single-
crystal X-ray structure analyses of metalloid clusters that clearly
indicate that the structure is based on covalent bonds between
the metal atoms and not a close-packing of spheres.'"***® Even
if the nanoparticles are close-packed like the bulk metals, they
are often crystallographically twinned, i.e., they consist of several
single crystals.”” Notably, a pentagonal bipyramid (Marks’
decahedron) occurs often; according to theoretical predictions,
itis already imprinted at the nucleation stage, followed by crystal
growth.29 In general, the diverse nature of ultrasmall nano-
particles renders them much less defined in terms of atom
arrangement than atom-sharp metalloid clusters.

The internal structure of a nanoparticle can be addressed by
diffraction methods, usually X-ray diffraction and electron
diffraction. The small size of the particles makes recording and
interpretation of diffraction patterns challenging because the
diffraction peaks are very broad. Nevertheless, structure
determination by Rietveld refinement is possible,""’”‘i’4 and the
structural elucidation via pair-distribution functions (PDF) has
also given deep insight into the arrangement of atoms.”> X-ray
photoelectron spectroscopy (XPS) yields the oxidation state of
metals and ligands (e.g., the binding sulfur atoms).”** Solid-
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state NMR spectroscopy is usually not applicable to the
inorganic part (the core) of nanoparticles as many metals are
not susceptible to NMR.>* X-ray absorption spectroscopy
(EXAFS) gives element-specific pair distribution function
information on solid particles, mainly the solid core.”” It is
remarkable that apparently purely metallic ultrasmall nano-
particles were shown by both XRD and XPS to contain oxidized
metals and even metal oxides.”

Counterbalancing the challenges, ultrasmall nanoparticles
offer several advantages in terms of analysis. First, NMR
spectroscopy can be used to characterize the ligand shell of
dispersed nanoparticles.'”***” NMR peaks are usually broad-
ened due to the vicinity of the metal core, slowed ligand motion,
and relaxation. Although this method is restricted to the nuclei
of the ligand ('H, *C), the extent of line-broadening is much
smaller than in experiments where the metal core (e.g., '**Pt) of
solid nanoparticles is probed by solid-state NMR spectrosco-
py."” The NMR spectra of the attached ligands can be
quantitatively analyzed to study the ligand shell, including the
number of ligand molecules attached to the surface of each
nanoparticle. Their number is remarkably high, with a molecular
footprint of about 0.1 nm? for small molecules like glutathione™
or cysteine.”” This means that a nanoparticle of 2 nm diameter
can easily carry 100 ligand molecules. This is not surprising as
the majority of the atoms of a 2 nm nanoparticle are on the
surface, and the radius of curvature is very small® NMR
spectroscopy can also be used to probe the surface structure of
metallic nanoparticles that have different crystallographic and
chemical environments for ligands (Figure 1).** Diffusion-
ordered spectroscopy (DOSY) is another valuable NMR tool to
determine the hydrodynamic diameter of dispersed nano-
particles.”®*

Plasmonic metal nanoparticles with a typical diameter of 5—
25 nm show a distinct UV/vis absorption.”> They efficiently
quench the fluorescence of attached ligands. In contrast to larger
nanoparticles, ultrasmall metallic nanoparticles show little or no
surface plasmon resonance, i.e., they do not have a prominent
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Figure 1. *C NMR spectra of ultrasmall gold nanoparticles (1.8 nm),
functionalized with '*C-1,2,3-labeled cysteine (top) and of dissolved
3C-1,2,3-labeled cysteine (bottom). Note the peak shift and the peak
broadening of cysteine after binding to the nanoparticles. The split of
the f-carbon peaks indicates at least three different magnetic
environments for cysteine on the gold surface. Adapted from ref 42.
Copyright 2019 American Chemical Society.
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UV—vis absorption on their own.*> Therefore, ultrasmall
nanoparticles with a diameter below 1.5 to 2 nm do not quench
fluorescence as strongly as larger particles.** Therefore, they can
be easily labeled with fluorophores, e.g., to trace them in cell
culture or tissues, something that is not possible with the larger-
labeled plasmonic nanoparticles. In addition, the number of
ligands on the nanoparticle surface can also be determined by
UV/vis spectroscopy if the ligand contains a UV/vis-active
chromophore, important to determine the dose of an attached
drug molecule. The characteristic UV absorption of attached
nucleic acids also permits their quantification on the particle
surface.’

Nanoparticles for Targeting and Interaction with
Biomolecules: Ligand Attachment

There are many reasons for attaching molecules to ultrasmall
core particles, ranging from an increased local concentration of
drugs on the particle surface, application in magnetic extraction,
or the more specific task of targeting cells and tissues. For some
of these applications adsorptive attachment may be sufficient,
while others require attachment via a covalent bond. For
applications in cell/tissue targeting, the obvious prerequisite is
that the grafted moiety has a sufficiently strong affinity and
specificity to the target and does not cross-interact off-target.
Also, where we wish to decouple cellular recognition and
defense mechanisms from specific molecular interactions
directed at the target, it is necessary to consider direct off-target
molecular interactions caused by the attachment chemistry as
well as the nonspecific biomolecular corona. Several physi-
ochemical methods have been developed to follow the transition
across regimes where the particle corona is relatively fixed (and
recognized by cells) to one where it fluctuates rapidly (and
thereby, not recognized).>*® A rational ultrasmall particle design
would require a time scale for fluctuations of the kinetically
evolving protein corona to be faster than typical receptor
recognition times for the particle-corona complex.”’ The
application of this approach is now potentially feasible in a
high-throughput mode in which many variants of the ultrasmall
particle core and grafting design can be evaluated in complex
miliey, and it is therefore useful to summarize the current status
of approaches to grafting and how these could be further evolved
to rational engineered ultrasmall particles. Figure 2 illustrates the
protein corona formation and dynamics on ultrasmall nano-
particles.

Along these lines, ligands can be attached to nanoparticles by
covalent bonds based on the strong sulfur-metal bond that is
characteristic for all noble metals and can be considered as
covalent*® although ligand exchange may occur with dispersed
nanoparticles.Ar9 Of course, this creates a better defined and
more stable attachment of a ligand than a purely adsorptive
bond. The covalent conjugation can be done during the
synthesis, ie., during the reduction of the metal ions to the
metal. However, not all (bio)organic ligands survive the harsh
conditions during reduction, i.e,, the presence of oxidizing and
potentially coordinating ions like Ag* or Au** and of strongly
reducing agents like NaBH,. Nevertheless, peptides can be easily
attached via cysteine to serve as capping agent and targeting
molecule at the same time.””

For more sensitive ligands and for a better control over
stoichiometry, it is preferable to attach the ligand after the
particle has been prepared and stabilized. Ligand-exchange
reactions*” and versatile conjugation methods, e.g. click
chemistry, can be used for decorating particles. The copper-
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Figure 2. When particles (gold sphere) become ultrasmall, their
interactions with ambient biomolecules become sufficiently short-lived
and limited in variety (gold sphere with proteins in the environment) so
that the particles can interact directly with cells and cellular machinery.
Since they do not exist as long-lived complexes between particles and
biomolecules from the environment, they are not recognized in a
biological sense by the various receptors (red) and other components
that trigger complex biological defenses of living organisms. In
principle, this can allow ultrasmall particles to cross membranes,
biological barriers, and evade immune responses, in much the same
ways as some small molecule drugs with appropriate physicochemical
properties. Adapted from ref 47. Copyright 2020 American Chemical
Society.

catalyzed azide-alkyne cycloaddition (CuAAC) is especially
suitable due to its versatility. A robust method to convert the
amino groups of primarily attached glutathione molecules into
azide groups has been developed that permits the subsequent
attachment of alkyne-carrying ligands to the nanoparticle surface
(Figure 3).*' NMR spectroscopy (1D and 2D) enables kind and
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Figure 3. Schematic reaction pathway for the conversion of amino
groups of glutathione on the gold nanoparticle surface to azide groups.
A covalent coupling of alkyne-terminated ligands (represented by a blue
ball) to the gold nanoparticle surface is possible via copper-catalyzed
azide-alkyne cycloaddition (CuAAC). Adapted with permission from
ref 45. Copyright 2022 Royal Society of Chemistry.
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Figure 4. (a) Surfactant-like ligands bind and denature ChT. (b) TEG disrupts protein binding. (c) Appending a carboxylate to the outside of the TEG
layer provides ChT binding without denaturation. (d) Gold nanoparticles (2 nm core) with anionic amino acid termini. Quantification of (e)
nanoparticle—protein and (f) protein—protein interactions by ITC. Overlap of entropy—enthalpy compensation plots shown in the inset. Adapted

from ref 59. Copyright 2007 American Chemical Society.

number of ligands to be determined on the intact nanoparticles
(i.e., without detachment of the ligand shell), although the
spectra can become crowded and difficult to interpret."**
Functionalization is also possible via 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) conjugation of the
carboxy group of a tiopronin ligand attached to gold and the
amino group of a functional ligand, e.g, doxorubicin or
cadaverine.”” Another option are thiolated and functionalized

macromolecules that efficiently cover the nanoparticle sur-
face.>"?

Regulating the Interactions of Ultrasmall Nanoparticles
with Biosystems

The ability to decorate nanoparticle surfaces enables us to
dictate how they interact with the outside world.>* Precisely
engineered molecular ligands can be employed to control
nanoparticle surface properties and chemical architectures.>
The almost infinite design space of organic ligands yields a
toolkit for controlling how nanoparticles interact with
biosystems at multiple scales, with broad implications in the
field of nanomedicine.’® Ultrasmall nanoparticles feature sizes
commensurate with proteins, making them useful as scaffolds
that can avoid nonspecific protein recognition. Interfacing
ultrasmall nanoparticles with proteins requires engineering of
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the particle surface. For instance, simple alkanethiol ligands with
anionic termini on ultrasmall nanoparticles were used to bind
the positively charged pocket on the surface of chymotrypsin
(ChT) (Figure 4a). These surfactant-like ligands bound
proteins with nanomolar affinity; however, they rapidly
denatured adsorbed ChT.”” The challenge of denaturation
was addressed by appending a short tetra(ethylene glycol)
(TEG) layer to these nanoparticles to provide a noninteracting
“tabula rasa” particle that behaved like high-molecular weight
ethylene glycol (Figure 4b). Attachment of an anionic
carboxylate to the terminus of these ligands allowed bindin%
of these particles to ChT without denaturation (Figure 4c).’

This ligand motif was highly tunable, as shown through
interactions of different amino acid-based anionic gold nano-
particles with cationic proteins (ChT, cytochrome C, and
histone) quantified using isothermal titration calorimetry (ITC)
(Figure 4d—f).>” These studies showed that ultrasmall nano-
particle—protein interaction affinity can be tuned. Notably,
entropy-enthalpy analysis of these interactions was quite similar
to that of protein—protein interactions (Figure 4f, inset).

The covalent bond between the metal core and the ligand
shell (e.g., Au-S)*® is stable in dispersion and under cell culture
conditions. Thus, the functionalized nanoparticles can be used
to target proteins, cells, and tissues. Thiolated ligands can be
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Figure S. (a) Protein complexation is observed by DLS with AuNP_TTMA but not with AuNP_TZwit. (b) Large aggregates are observed in serum
(5%) with AuNP_TTMA but no larger-sized assemblies were observed with AuNP_TZwit. (c) Dilution after incubation in 55% human serum showed
no irreversible corona formation with either AuNP_TZwit or AuNP_TTMA, where size increase corresponds to a simple monolayer of protein around
the particle. Adapted from ref 2. Copyright 2014 American Chemical Society.

exchanged by other thiolated ligands, i.e., there is a dynamic
equilibrium.”” This exchange has been observed both in vitro
and in vivo, driven by intracellular thiols including cysteine and
glutathione.”

The surface of ultrasmall nanoparticles can be engineered to
evade interactions with proteins as well as foster them. A diverse
body of research using >10 nm nanomaterials suggested that
protein corona formation was inevitable.”” This understanding
was countered using zwitterionic 2 nm particles with the
sulfobetaine motif with varying hydrophobicity.” Charged
AuNP_TTMA increased in size (signaling corona formation)
when mixed with serum, while the hydrodynamic size of
AuNP_TZwit and other analogous particles zwitterionic
particles was constant. Significantly, neither AuNP_TTMA
nor AuNP_TZwit formed an irreversible corona even at
physiological serum concentrations (Figure 5).

Ultrasmall gold nanoparticles have been functionalized with
peptides’®" and organic receptor molecules’ to target amino
acids on the surface of proteins (Figure 6). Suitable methods to
demonstrate and quantify this interaction are NMR spectros-
copy (of the proteins and the targeting ligands), isothermal
titration calorimetry (ITC), and fluorescence polarization (FP)
if the protein is fluorescently labeled.>*"’

The surface of ultrasmall nanoparticles can also be decorated
by a wide range of functional molecules. As antibodies are much
larger (about 12 nm) than ultrasmall nanoparticles, it does not
make sense to attach them as targeting moiety to their surface.
However, the much smaller nanobodies (about 4 nm)®" were
successfully attached to ultrasmall gold nanoparticles (2 nm;
carrying about 4 nanobodies each) and showed highly efficient
targeting against the protein Survivin.®”

The ability to “dial in” nanoparticle-biosystem interactions
fully extends to cells. HeLa cells were incubated with gold
nanoparticles with 2, 4, and 6 nm cores and cationic, anionic, and
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Figure 6. (Top) Schematic view of the modified sequence of the
protein CRaf, conjugated to a gold nanoparticle (1.55 nm) by a central
cysteine, drawn to scale. (Bottom) Schematic view of CRaf on a gold
nanoparticle interacting with the homodimeric protein 14-3-36. Only
the amino acids that interact with the protein-binding region are shown;
the other part of the chain is shown as a dashed line. Adapted with
permission from ref S1. Copyright 2021 Wiley-VCH.

zwitterionic ligands (Figure 7a), and the uptake was quantified
by inductively coupled mass spectrometry (ICP-MS) (Figure
7b).>° On the basis of the anionic membrane surface of
mammalian cells, it is not surprising that cationic AuNP_TTMA
nanoparticles were taken up more efficiently than the
corresponding anionic and zwitterionic gold nanoparticles.
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Figure 7. Uptake of 2, 4, and 6 nm core gold nanoparticles by HeLa
cells. (a) Nanoparticle monolayers. (b) HeLa cell uptake of gold
nanoparticles as quantified by ICP-MS. (c) Observed uptake pathways
for gold nanoparticles. Adapted from ref 30. Copyright 2015 American
Chemical Society.

The uptake increased with increasing AuNP_TTMA size,
presumably due to the increased surface area for interaction with
the cell membrane. Uptake efficiency diminished with increasing
anionic and zwitterionic particle size, owing presumably to
unfavorable particle-membrane interactions (Figure 7b). A
rather surprising array of uptake pathways were observed with
these particles, with interplay between particle size and surface
coverage regulating particle uptake (Figure 7c). Clearly, the
ultrasmall nanog)articles can use different endocytosis pathways
to enter a cell.**

In principle, many ultrasmall metallic nanoparticles show
autofluorescence.’> However, this autofluorescence is less
efficient than that of organic fluorophores.”* Fluorescent dye-
labeled ultrasmall nanoparticles can be easily traced into and
inside cells.” Cell penetration of ultrasmall nanoparticles is
efficient, in line with results obtained for larger nanoparticles. As
with larger nanoparticles, endocytosis is the predominant uptake
mechanism.*

Ultrasmall nanoparticles can enter the cell nucleus (Figure 8),
something larger nanoparticles usually do not do."®” They can
also cross the blood-brain barrier in 3D cell culture models, i.e.,
brain organoids.”® Consequently, they can act as transporters of
drug cargo in the body. In general, ultrasmall nanoparticles are
rather mobile in the body and rapidly excreted via the renal
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Figure 8. Confocal laser scanning microscopic images (z-stacks across
the cells) to demonstrate the uptake of FAM-labeled fluorescing
ultrasmall gold nanoparticles (2 nm) by HeLa cells (24 h). The particles
easily entered the cell and the cell nucleus. 1 X 10* cells were plated per
well, and 2.09 X 10" ultrasmall gold nanoparticles were present in each
well. Scale bar: 20 yzm. Red, actin staining of the cell cytoskeleton; blue,
nuclear staining by Hoechst33342; and green, FAM-labeled gold
nanoparticles. Adapted from ref 70. Copyright 2019 American
Chemical Society.

pathway.” They are also small enough to enter bacteria, as
demonstrated by super-resolution microscopy (SIM and
STORM).”

Finally, the attachment of small-interference RNA (siRNA) to
the nanoparticle surface leads to efficient gene silencing inside
eukaryotic cells, also of virus proteins.*” This is in line with the
concept of spherical nucleic acids,”" i.e., siRNA conjugated to
plasmonic gold nanoparticles. However, the mass-specific
loading to ultrasmall nanoparticles is much higher due to the
higher specific surface area. Eight siRNA molecules were
attached to one 2 nm gold nanoparticle, corresponding to
about 1.9 siRNA molecules per nm®.*> For 13 nm plasmonic
gold nanoparticles with 40 attached siRNA molecules, the
corresponding number is 0.035 siRNA molecules per nm>.”!
This underscores the utility of the high specific surface area of
ultrasmall nanoparticles.

B CONCLUSIONS

With a size smaller than most proteins, antibodies, and plasmid
DNA, ultrasmall nanoparticles (1—3 nm) can address biological
targets more specifically, and without familiar off-target effects,
than conventional (larger) nanoparticles (10—15 nm). Their
specific surface functionalization permits a precise control over
the interaction with biomolecules and cells. Due to their small
size, they can easily penetrate cells, tissues, and biological
barriers like the blood-brain barrier. Ultrasmall nanoparticles
have a very high cargo-loading efficiency and do not quench
fluorescence, therefore they can be easily fluorescently labeled
and followed in cells and tissues. As they are small enough to
evade the formation of a stable protein corona, their interaction
with cells and tissues can be tuned more easily than in the case of
larger nanoparticles. As ultrasmall nanoparticles work their way
toward the clinic, key issues of biocompatibility and absorption,
distribution, metabolism, and excretion (ADME) need to be
addressed. As we learn the roadmap for the interaction of these
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particles with biosystems, their real-world utility will dramati-
cally increase.
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