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Possibilities and limitations of solution-state NMR
spectroscopy to analyze the ligand shell of
ultrasmall metal nanoparticles

Natalie Wolff,? Christine Beuck, & ° Torsten Schaller® and Matthias Epple & *2

Ultrasmall nanoparticles have a diameter between 1 and 3 nm at the border between nanoparticles and
large molecules. Usually, their core consists of a metal, and the shell of a capping ligand with sulfur or
phosphorus as binding atoms. While the core structure can be probed by electron microscopy, electron
and powder diffraction, and single-crystal structure analysis for atom-sharp clusters, it is more difficult to
analyze the ligand shell. In contrast to larger nanoparticles, ultrasmall nanoparticles cause only
a moderate distortion of the NMR signal, making NMR spectroscopy a qualitative as well as a quantitative
probe to assess the nature of the ligand shell. The application of isotope-labelled ligands and of two-
dimensional NMR techniques can give deeper insight into ligand-nanoparticle interactions. Applications
of one- and two-dimensional NMR spectroscopy to analyze ultrasmall nanoparticles are presented with
suitable examples, including a critical discussion of the limitations of NMR spectroscopy on nanoparticles.

Introduction

Inorganic nanoparticles, usually stabilized by organic ligands,
have attracted considerable interest due to their potential
applications in biomedicine'” and heterogeneous catalysis,*™**

“Inorganic Chemistry, Centre for Nanointegration Duisburg-Essen (CeNIDE), including electrocatalysis.’>® It is now well accepted that the
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ligand shell controls the interaction with the surrounding
solvent but also with other nanoparticles or biological mole-
cules, notably the formation of the so-called protein corona in

“Organic Chemistry, University of Duisburg-Essen, 45117 Essen, Germany biological media.'*"” To understand these interactions, the

From left to right: Matthias Epple, Natalie , , ,
Wolff (holding a model of an from supramolecular chemistry to material science, from structure

determination of small molecules to metal-organic complexes. Mat-
thias Epple holds the Chair of Inorganic Chemistry. His interests
comprise synthesis and biological application of inorganic nano-
particles, e.g. for drug and gene transfer and imaging, the synthesis of
biomaterials, and biomineralization, e.g. in bone and teeth.

ultrasmall nanoparticle, enlarged 1:10%),
Christine Beuck, and Torsten Schaller.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Natalie Wolff, Christine Beuck, Torsten Schaller, and Matthias Epple
are working together at the University of Duisburg-Essen on the in-
depth characterization of ultrasmall nanoparticles by NMR spec-
troscopy. Natalie Wolff studied Chemistry at the University of
Duisburg-Essen. Since 2021, she is a PhD student in the group of Prof.
Epple, focusing on synthesis, characterization, and biological effects
of bimetallic ultrasmall nanoparticles. Christine Beuck is an Assis-
tant Professor in the group for Structural and Medicinal Biochem-
istry, interested in using NMR spectroscopy to investigate the
structure, function and interactions of biomolecules, and their
interactions with custom-designed supramolecular ligands. Torsten
Schaller is a Research Associate with expertise in solid-state and
solution-state NMR spectroscopy applied in different fields ranging

Nanoscale Adv, 2024, 6, 3285-3298 | 3285


http://crossmark.crossref.org/dialog/?doi=10.1039/d4na00139g&domain=pdf&date_stamp=2024-06-22
http://orcid.org/0000-0001-7513-7384
http://orcid.org/0000-0002-1641-7068
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA006013

Open Access Article. Published on 31 May 2024. Downloaded on 4/19/2026 3:55:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

nature of the ligand shell as well as the surface structure of the
nanoparticles need to be elucidated. Here, NMR is one of the
major analytical tools. Unfortunately, NMR spectra of nano-
particles in dispersion often lack spectral resolution due to
extreme line broadening.'® The potential alternative, solid-state
NMR spectroscopy on dried particles, requires a considerable
amount of material and does not necessarily reflect the solvated
state of dispersed nanoparticles.

The situation changes when the nanoparticles become
ultrasmall with a diameter of 1-3 nm and below. Such particles
have emerged as promising agents in biomedicine™*'** as they
are able to penetrate biological barriers and are less prone to
form a protein corona.'®** They can also be covalently func-
tionalized with therapeutic agents or targeting moieties.'>*>*® In
the case of ultrasmall nanoparticles, solution-state NMR has
been shown to be applicable to elucidate nature and structure of
the ligands and, in favorable cases, to gain insight into the
surface structure of the nanoparticle core.””*® In 2015, Marbella
and Millstone gave a comprehensive overview on the state of the
art, demonstrating how solution-state NMR, solid-state NMR,
and metal NMR (e.g. '**Pt) can be applied to nanoparticles.'®

In this focused review, we concentrate on recent develop-
ments and the potential of NMR spectroscopy to analyze the
ligand shell of dispersed ultrasmall metal nanoparticles with
a size of a few nm. A special emphasis is put on organic ligands
which can interact with biomolecules. This is highlighted on
examples from our recent research in this area. We will further
demonstrate how the surface ligands can be detected and
quantified and how this can be used in supramolecular chem-
istry, e.g. to control nanoparticle-biomolecule interactions. We
will focus on metallic nanoparticles but also touch metalloid
clusters to keep the topic in focus.

Ultrasmall nanoparticles and atom-sharp metal clusters

The synthesis of ultrasmall nanoparticles and metalloid clus-
ters from solution was developed decades ago.**>** Ultrasmall
metal nanoparticles and atom-sharp metal clusters are basically
prepared in the same way, i.e. by reduction of the corresponding
metal salts either in water or in organic solvents, based on the
Brust-Schiffrin synthesis**** which has been modified and
refined over time.*® The presence of a capping ligand is crucial
to avoid particle growth and agglomeration. The most prom-
inent metals are noble metals like gold, silver, and platinum
due to their strongly positive reduction potential and their
stability towards oxidation, e.g. upon dispersion in water. The
high specific surface area of ultrasmall nanoparticles makes
them sensitive to oxidation.*” If they are ultrasmall (1-3 nm) in
diameter, they consist of several tens up to several hundreds of
metal atoms, with many of them located at the particle
surface.’®*® A stable conjugation with capping ligands usually
occurs via soft Lewis acid atoms in the ligands, i.e. sulfur or
phosphorus.*’ This makes thiols and phosphanes the preferred
ligands. Depending on the way of the synthesis, it is possible to
prepare ultrasmall metal nanoparticles (usually on a milligram
scale) or atom-sharp metalloid clusters (usually on a smaller
scale).'®*"*> While atom-sharp metalloid clusters have a defined
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stoichiometric composition together with a crystal structure
with a fixed ratio of metal atoms and ligands, ultrasmall
nanoparticles are more disperse in terms of size, shape, and
structure.

In general, the size of the capping ligands is of the same
order as the nanoparticle core diameter. The number of ligands
is typically 30-60% of the number of metal atoms due to the
high surface curvature and the high number of metal atoms on
the particle surface.” For instance, prominent atom-sharp
clusters are Au,5(SR);s (SR is a thiolated ligand),** Auz,(R3P);,-
Clg (R = Et, "Pr, "Bu)," Au,0,(pMBA),, (PMBA is para-mercapto
benzoic acid),* and Auy44(SR)e0.*® For ligand-coated ultrasmall
gold nanoparticles, typical stoichiometries of Au.,50GSH. 125
(GSH 1is glutathione),” Au.is4(cysteine).s7,"® and Au.,se(-
CGSGGGpTPA).. 150 (CGSGGGpTPA is a nonapeptide)* were
determined by NMR spectroscopy. A comprehensive assess-
ment by NMR spectroscopy together with elemental analysis
gave AU, ,50GSH. 150.%° Terrill et al. found Au.400(SR)~127 (SR is
dodecanethiol) by a combination of different methods.**

Limitations of NMR spectroscopy for larger nanoparticles

Solution NMR experiments on ligand-capped metal nano-
particles and clusters mainly focus on the ligand shell and in
favorable cases on the surface structure of these nanoparticles.
For this, the NMR-active nuclei of the ligands (usually '"H and
3¢, and in some cases '°F, >'P, and '°N) are used as probes. One
of the crucial parameters for the interpretation of the spectra is
the spectral resolution which is influenced (among many other
parameters) by the size of the metal particle. It has been found
that the 'H and ">C NMR linewidths increase with increasing
particle diameter®»* and, furthermore, that this line broad-
ening decreases with increasing distance of the corresponding
nucleus from the nanoparticle surface. In addition, resonances
of ligands are shifted to higher frequencies in case of a coordi-
nation on the particle surface.> One is tempted to attribute
both results to the fact that the electronic structure of metal
particles depends on their size.*®* For example, metallic
behavior has been observed for thiol-capped Pt nanoparticles
with a diameter of 2.8 nm, Ag particles of 3.0 nm and Pd
particles of 5.0 nm, while spheres smaller than 2 nm are usually
considered as non-metallic.”>*® Recent studies on atom-precise
nanoclusters®”*® gave a detailed look on this transition; others
show that the core electronics can be affected by the surface
chemistry and even the solvent.>**® However, calculations and
the lacking Korringa relationship of spin-lattice relaxation and
temperature indicate that the observed shifts of the ligand
signals cannot be attributed to a Knight-shift type mechanism
such as in metals.’**"%* Nevertheless, the increase of the para-
magnetic contribution to the chemical shift has been assigned
to the electronic properties of the metal particles.®***

The broadening of the resonance lines of nuclei close to the
surface and its particle size-dependence are commonly under-
stood as a result of the restricted mobility of the nanoparticle and
the increasing heterogeneity on the particle surface, ie. the
increasing number of binding sites and chemically different
environments. With longer distance from the surface, the mobility

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the molecules increases and structural inhomogeneities are
averaged out.”>**” In addition, transient magnetic fields causing
spin-spin relaxation (7, relaxation) must be taken into account as
another relaxation pathway resulting in larger "H and "°C line-
widths for molecules on metallic particles larger than 3 nm.*®
Therefore, the chances to get direct insight into the surface
structure are diminishing at larger particle sizes, but focusing on
ultrasmall nanoparticles potentially allows to reach this goal.

Solid-state NMR spectroscopy has been reported for nano-
particles, including heteroatom NMR spectroscopy,** but its
general applicability suffers from the fact that a considerable
amount of substance is required for this experiment. Further-
more, it the ligand dynamics are different in the solid state
compared to the solvated dispersed state.

One-dimensional NMR spectroscopy

"H NMR spectroscopy is the first and obvious choice for
studying the ligand shell: It offers high sensitivity and the
possibility of quantification, i.e. to determine the concentration
of ligand molecules in the sample. However, the ubiquitous line
broadening, the small spectral range and - especially for dilute
samples - the need to suppress the solvent signals makes it
difficult to get meaningful integration values. Nevertheless, this
information can be obtained by addition of an internal stan-
dard such as maleic acid*” or by applying the ERETIC tech-
nique.””* Both methods should only be used in standard 'H
experiments without suppression of the solvent signal because
these pulse methods are known to distort the signal intensi-
ties.”® In addition, the concentration of the external or internal
standard should be selected so that the signal intensities are
comparable to those of the analyzed sample (same order of
magnitude).

3C NMR spectroscopy faces the opposite problems: the
spectral range is favorable and usually the line broadening is
moderate. On the other hand, the sensitivity is very low, which
often leads to measurement times in the range of hours.
Usually, >C NMR spectra are recorded with 'H decoupling
during data acquisition, which leads to a signal enhancement
due to the nuclear Overhauser effect (NOE). The disadvantage of
this decoupling mode is that the '*C signals cannot be quanti-
fied. In contrast, “inverse gated decoupling” allows quantifica-
tion of the resulting spectra, but requires unacceptably long
measurement times.

The number of resonances and the chemical shift of the
signals can still give important information about the ligand
shell and in some cases about the core-shell-interaction. A less
frequently applied technique is 'F NMR spectroscopy on
fluoride-carrying ligands as shown for an Au,, cluster.””

A quick 'H 1D NMR experiment can often give valuable
information whether the ligand attachment to an ultrasmall
nanoparticle has been successful and whether the ligand is still
intact and not degraded. This information is not easy to obtain
for plasmonic nanoparticles, whose NMR spectra have insuffi-
cient resolution or do not show NMR signals at all (see below).*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Multidimensional NMR spectroscopy

Given the above mentioned limitations of "H and *C NMR, it is
advisable to use the advantages of both methods: The sensitivity
of the one and the spectral range of the other in two-
dimensional NMR experiments such as "H-"*C HSQC (Hetero-
nuclear Single Quantum Correlation), 'H-"*C HMQC (Hetero-
nuclear Multiple Quantum Correlation), both yielding “Jcu
correlations, and "H-">C HMBC (Heteronuclear Multiple Bond
Correlation over 2-3 bonds) which allow to improve the spectral
resolution by expansion into a second dimension and to
correlate "H and ">C resonances to each other and to the cor-
responding functional groups.**”®” In favorable cases, the
correlation peaks reveal signals which are difficult to identify in
the corresponding one-dimensional spectra.® This was also
shown for Pdss clusters, surrounded by dendrimers.*

Besides these heteronuclear NMR techniques, homonuclear
correlation spectroscopy has been applied in two ways. "H-"H
COSY (COrrelation SpectroscopY) as well as TOCSY (TOtal
Correlation SpectroscopY)*”** provide the connectivity of nuclei
within the ligand molecules via "J-couplings (n = 3,4, ...). For
uniformly labeled compounds, even *C-'*C bonds were
detected by the INADEQUATE technique (Incredible Natural
Abundance DoublE QUAntum Transfer Experiment) for “Jec
correlations.*® Furthermore, the "H-"H dipolar interaction has
been exploited to extract intermolecular distance information
using the nuclear Overhauser effect in NOESY and ROESY
experiments.***#> For small molecules with a short correlation
time 7., the NOE is positive, while it turns negative for large
molecules (long z.). Therefore, for a certain molecule size
(depending on the magnetic field), the NOE is zero and does not
yield signals in the NOESY spectrum, despite spins being close
in space. In this case the less sensitive ROESY experiment offers
a good alternative as the phase of the correlation peaks does not
change.®

The advantage of isotope-labeled ligands and sensitivity
enhancement techniques

The increased sensitivity of high-field spectrometers in combi-
nation with cryoprobes enables the investigation of diluted
nanoparticle solutions with significantly broadened NMR
resonance lines.****® While dynamic nuclear (hyper)polariza-
tion (DNP) is more often used in solid state NMR, it can be
applied to enhance sensitivity in solution as well.*>*¢ Broadband
'H decoupling is often used in 1D '*C spectra - not only to
collapse splitting due to "H-"C J-coupling, but also to increase
the sensitivity via a steady-state heteronuclear NOE.* Lee et al.
provided a good in-depth review of such sensitivity enhance-
ment methods.*®

The use of *C isotope-labeled ligands considerably improves
the signal-to-noise ratio in 1D “*C and 'H-"*C HSQC spectra.
For instance, single carbon labelling is available for the thiol-
carrying amino acid cysteine which avoids line splitting due
to *C-"3C couplings that occur for cysteine-**C; with all three
carbon atoms labeled.*® Ideally, the labeled *C atom is present
as close to the nanoparticle surface as possible, e.g. cysteine
3-"*C with '*C at the B-carbon atom that carries the thiol group,
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to obtain the most detailed information about the ligand-
nanoparticle interface. The *C-">C INADEQUATE experiment
requires unacceptably long experiment times when used on
natural abundance samples (1% *°C) because it relies on the J-
coupling between two *C atoms, i.e. on one out of 10 000 C-C
bonds. Uniform '*C-labeling (98-99%) greatly enhances the
signal and thus allows for shorter experiment time.

This *C-labeling approach allowed us to identify three
different attachment sites for cysteine on the nanoparticle
surface.*® Recently, a covalent Au-C bond of **C isotope labeled
ligands on Au nanoparticles was detected by solid-state NMR
spectroscopy,® highlighting its potential in special cases when
sufficient sample material is available. It also highlights the
potential of selective '*C labeling, in particular on positions that
are close to the metal surface.

For peptide ligands, *>N-labeling allows the observation of
the peptide N-H in a "H-">N HSQC spectrum, which has proven
useful to monitor protein binding to peptide-coated nano-
particles.” Label placement is recommended towards the C-
terminus because the N-terminal amino acid (with a free
NH;" group) and the next 2-4 residues quickly exchange the
amide H with solvent H,O and are thus invisible, despite
isotope labelling.

For unlabeled ligands, the sensitivity of HSQC/HMQC
experiments can be increased by fast-acquisition methods like
SOFAST-HMQC® or BEST-HSQC.*° A selective excitation of the
ligand signals (but not the solvent signals) permits much
shorter experiments compared to traditional HSQC/HMQC
experiments, or, vice versa, the collection of 5 up to 20 times
more transients in the same time period. Transverse Relaxation
Optimized SpectroscopY (TROSY)* can improve sensitivity
for large systems by selecting the longest-lived coherences
and can be combined with fast pulsing methods, e.g. in
BEST-TROSY-HSQC.*”

NMR techniques to determine the nanoparticle size

The hydrodynamic radius ry of a spherical particle is related to
its translational diffusion coefficient D.** Diffusion Ordered
NMR SpectroscopY (DOSY)*** yields D from 'H or *C NMR
spectra, independent of the density of the particle.*"*> DOSY
experiments based on 2D "H-'*C HMQC® or -HSQC spectra'®
can be used for nanoparticles with '*C-labeled ligands like **C-
cysteine®® or higher concentrated particle dispersions with
unlabeled ligands at the natural abundance of the **C isotope.®

The signal attenuation I/I, is measured as a function of
a pulsed field gradient G where smaller molecules (with larger D)
experience a steeper decline of signal intensity. To avoid
systematic errors, it is important to calibrate the gradient pulses
with a sample of known diffusion coefficient (e.g. 1% H,O in
D,0) and to ensure stable temperature control. Optimization of
the gradient attenuation (gradient pulse length), such that the
signal is attenuated to about 10% of its original intensity at the
highest gradient strength, provides an optimum coverage of the
diffusional decay curve and thus the best reliability of the fitted
D. Large systems like nanoparticles require relatively long
gradient pulses (>2 ms) during which J-modulation occurs,
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which causes negative signals and skews the fitted value of D.
DOSY experiments incorporating pure shift techniques''*> or
the Oneshot45 experiment'® suppress these artifacts and yield
more accurate diffusion coefficients. Diffusion gradient probes
with high gradient powers allow to keep the gradient duration
shorter. Proper baseline correction of the spectra is important to
obtain correct signal intensities. Close to the solvent signal,
especially when suppressed, phase artifacts can occur, therefore
signals close to the solvent peak should be excluded. Chemical
exchange, e.g. exchange of labile protons (-OH, -NH, -SH) with
H,0, leads to an averaged diffusion coefficient, therefore, signals
undergoing exchange should be excluded from analysis as well.

The DOSY plot (D vs. chemical shift) allows to distinguish
whether different signals belong to molecules of different size.
For a reasonably homogeneous nanoparticle population, we
prefer the linearized Stejskal-Tanner diagram (In(I/I,) vs. G),
where a linear fit gives D from the slope.® If two or more particle
sizes and/or free ligand are present in solution, their NMR
signals mostly overlap. If the diffusion coefficients are similar,
the biphasic signal decay cannot be distinguished from
a monophasic one.'™ Therefore, for a given size distribution of
particles, an intermediate diffusion coefficient is obtained. For
larger differences in D, the Stejskal-Tanner plot shows a devia-
tion from linearity and adopts a curved shape. If the difference
in D is large enough (e.g. between nanoparticle and free ligand
contamination), one can observe and fit a linear part of the
curve at high gradient strengths. For these data points, the
signal intensity of the smaller component in the spectrum has
decayed below the noise level and only signal from the larger
component remains. Free ligand (or ligand disulfide) contami-
nation can often be spotted in the spectrum when sharp signals
from the small molecules are overlapped with the broadened
signals from particle-bound ligands. The use of an internal
standard'® yields ry from the ratio of the diffusion coefficients
and ry of the standard, which makes the method more robust
towards variations in measuring conditions. The internal
standard should ideally exhibit a similar diffusion coefficient as
the sample in question, so that the decay curves for both
molecules can be resolved in the same experiment with the
same gradient settings.

Gomez et al. developed a method to determine the nano-
particle core size based on a simple "H NMR experiment, using
dendrimer-encapsulated Pd nanoparticles as example:'*®
Ligand protons close to the particle core experience stronger
line broadening than protons in the periphery. The ratio of
outer to inner proton signal intensities shows a linear correla-
tion with the number of metal atoms in the core particle.
Because the intensity ratio from signals within the same ligand
are used, this method can be applied independently of the
number of ligands per particle. However, the correlation has to
be calibrated with several samples of nanoparticles with
different and well-defined metal core diameters.

Compared to other methods that probe the particle size, NMR
spectroscopy has the advantage that it is performed directly on
dispersed nanoparticles, and DOSY gives the hydrodynamic
diameter of the particle including the ligand shell. This distin-
guishes it from small-angle scattering (SAXS) of dispersions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where only the inorganic core is probed.'” It can be superior to
dynamic light scattering (DLS) which sometimes has difficulties
with very small particles.'® Furthermore, it avoids the intrinsic
error of differential centrifugal sedimentation (also known as
analytical disc centrifugation) where the hydrodynamic particle
diameter is systematically underestimated.’”® Electron micros-
copy only works on dried samples and cannot elucidate the
diameter of the ligand shell.'® However, if the ligands are suffi-
ciently large like proteins, they can be visualized and even
quantified by cryo-electron microscopy as Sheibani et al."** have
shown for the protein corona'! on polystyrene nanoparticles.

The nanoparticle core, the particle surface, and the number of
attached ligands

The core of a metallic nanoparticle or a metalloid cluster
consists of metal atoms. Depending on the nature of the
nanoparticle, this can be either a cut-out of the metal structure
(usually fce, hep, or bee) or a more covalent arrangement of the
metal atoms.'>'"? In solution, the core itself is not accessible by
NMR spectroscopy because most metal atoms (e.g. Au) are not
NMR susceptible. In the cases of '°Ag and '°>Pt NMR spectra,
even ultrasmall particles yield extremely broad resonances™
which severely limits structural interpretation. Transmission
electron microscopy (TEM), X-ray powder diffraction (XRD),
small-angle X-ray scattering (SAXS), and X-ray photoelectron
spectroscopy (XPS) are more suitable tools to characterize the
metal core and its internal structure, but they are not very

Analysis of the metal
core:
HR-TEM, XRD, XPS, ED

Quantitative elemental
analysis:
Combining of methods:
HR-TEM, NMR, ICP-MS, EA, EDX

\
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sensitive to the nature of the nanoparticle surface structure.
This is where NMR spectroscopy of ultrasmall nanoparticles
comes into play. By analyzing the structure and chemical shift
of the attached ligands, it is possible to elucidate the nature of
their interaction with the particle surface. It can even be used to
discriminate chiral nanoparticles by the identification of dia-
stereotopic protons of attached ligands."™

The quantification of the number of ligand molecules is also
possible via NMR spectroscopy. This requires the ligand
concentration, the nanoparticle concentration, and the nano-
particle diameter (on case of a sphere) and gives the molecular
footprint, i.e. the area covered (or needed) by each ligand on the
nanoparticle surface. The molecular footprint is often surpris-
ingly small with 0.1 nm” per ligand or less,*”*>*”** indicating
a high density of ligands on the particle surface facilitated by
the high surface curvature of the ultrasmall nanoparticles.> Wu
et al. have quantified the ligand shell consisting of (16-mer-
captohexadecyl)trimethylammonium bromide on gold nano-
particles from 1.2 to 25 nm by quantitative 'H NMR
spectroscopy both in dispersion and after reductive detachment
of the ligands. In general, the number of ligands was lower if
quantified after detachment compared to signal integration of
the very broad NMR peaks. They found molecular footprints of
about 0.2 nm? for gold particles smaller than 10 nm and about
0.3 nm? for gold particles of 25 nm.* Terrill et al. found 0.14
nm” for 127 dodecanethiol molecules on one 2.4 nm gold
nanoparticle.” This is obviously lower than the typical value for

Hydrodynamic
diameter:
DOSY, DLS, DCS, SAXS

Analysis of the ligand
shell:
H, 13C, COSY, HSQC, HMBC

Fig.1 Comprehensive analysis of an ultrasmall nanoparticle by a variety of analytical methods. HR-TEM: high-resolution transmission electron
microscopy; XRD: X-ray diffraction; XPS: X-ray photoelectron spectroscopy; ED: electron diffraction; DOSY: diffusion-ordered spectroscopy;
DLS: dynamic light scattering; DCS: differential centrifugal sedimentation; SAXS: small-angle X-ray scattering; ICP-MS: inductively coupled
plasma mass spectrometry; EA: elemental analysis; EDX: energy-dispersive X-ray spectroscopy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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thiols on flat gold (111) surfaces (0.22 nm?®) as reported metallic nanoparticles because it allows the attachment of
earlier."*>"¢ peptides and potentially proteins. We have conducted a thor-

Fig. 1 gives a schematic representation of a comprehensive ough NMR-spectroscopic characterization of water-dispersed
characterization of an ultrasmall nanoparticle by a variety of cysteine-coated gold nanoparticles to elucidate the arrange-
analytical methods. ment of the cysteine ligands on the gold surface.*® The "H NMR

In the following, we will illustrate the potential of NMR spectrum of gold-bound cysteine shows strong line broadening
spectroscopy with four examples of ultrasmall metal in addition to the paramagnetic shift due to the metal surface
nanoparticles. (Fig. 2), as it has been frequently reported for ligands bound to

Example 1: cysteine-coated gold nanoparticles. .-Cysteine is  ultrasmall nanoparticles.*¢7511%117118 The 'H COSY and 'H
the only naturally occurring amino acid with a thiol group. NOESY spectra revealed a complex coupling pattern and signal
Therefore, it is of special interest as ligand for ultrasmall overlap, rendering the 'H spectra alone insufficient to

A
Ha + H,
Hp
H
w M w9
Ho  Hg2 Hp1 HS OH
P AH
Cys ‘“L =
4.5 4.0 35 3.0 2.5 2.0
3("H) / ppm
Au-"3C;-Cys l 9
HS/*ﬁ/lkOH
Co NH
13CB -Cys impurities l -
50 45 40 35 30
8("*C)/ ppm
Ha+ Hy
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Fig.2 NMR spectra of cysteine-coated ultrasmall gold nanoparticles (Au-Cys). The chemical structure of cysteine is shown on the right, and **C-
labeled atoms are marked with an asterisk. (A) *H NMR spectrum of Au-Cys (top) and dissolved cysteine (bottom) in H,O (pH 12). The signals of
Au-bound cysteine are shifted downfield, broadened, and Hg signals are split and partially overlapping with the H,, signals. (B) 13C NMR spectra of
13CB—labeled Au-Cys (top) and dissolved 13CB—cysteine (bottom). The Cg signals are split into three distinct peaks, indicating three different
chemical environments on the nanoparticle surface. (C) The *H-"*C HSQC spectrum of fully **C-labeled Au—'*C-Cys shows three sets of Hg/Cp
cross-peaks while the Ha/Ca signals overlap. (D) The **C-3C INADEQUATE spectrum of Au-*C-Cys correlates each C atom to its neighbors,
linking each of the three Cg atoms to a different C, atom (C,, signals of the Cg atom at 42 ppm are not visible; dpq is the sum of chemical shifts of
the observed atom and its neighbors). This figure has been adapted from ref. 48 with permission from the American Chemical Society, copyright
2019.
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unambiguously assign all signals. Thus, C (both fully and
Cp-only) and "N isotope labelling became essential for the
interpretation of the ligand spectra.

Interestingly, three distinct signals of the cysteine Cg atom
(at 39 ppm, 40 ppm and 43 ppm) were observed in the *C NMR
spectrum. In the "H-"*C HSQC spectrum, these three Cg species
coupled with three distinct sets of diastereotopic Hg protons.
Similarly, the amino group showed three signals in the N
NMR spectrum. All these Cg and amino group signals experi-
enced a shift to higher frequencies compared to the Cg signal of
free cysteine, consistent with being bound to gold, and thus
indicating three different chemical environments for cysteine
on the gold surface. The C, atoms of these three cysteine species
only gave rise to one broad H,/C, signal in the 'H-"*C HSQC
spectrum but could be distinguished as three independent
signals in the C,/Cy coupling region of the *C-">C INADE-
QUATE spectrum. *C DOSY and 'H-"*C iDOSY-HSQC diffusion
experiments showed that all three cysteine species were stably
bound to particles of the same size. We attributed this to
cysteine ligands bound to three different crystal faces.'*?
Binding sites with different chemical environments, either due
to different crystal faces or chirality of the ligand arrangement
on the nanoparticle surface, have been reported for other
ligands like glutathione (GSH),**** up to the distinction of 22
different sites in Au;g(pMBA),, gold cluster with para-mer-
captobenzoic acid (pMBA) as ligand.*

Example 2: glutathione-stabilized nanoparticles of different
metals. The tripeptide glutathione (GSH) consisting of gluta-
mate, cysteine and glycine has been introduced in 1996 to
stabilize gold clusters Au,(GSH), of different sizes.**'* It has
now emerged as a kind of model ligand for metallic
nanoparticles.”***** It forms a stable shell around gold nano-
particles,*”””®**5 but also around silver and platinum nano-
particles®*®** as well as nanoparticles of platinum group metal
oxides.*” The stability of the M-S bond allows a further covalent
functionalization. For example, the conversion of amine groups
to azide groups opens a way to attach bioactive compounds or
dyes to the ligand shell by the well-established copper-catalyzed
azide-alkyne cycloaddition.”

The NMR spectrum of an ultrasmall nanoparticle depends
on its size as well as on the metal core. Fig. 3 shows a compar-
ison of different metal nanoparticles with 2 nm diameter and
a plasmonic gold nanoparticle (10 nm). Cores of gold and silver
give moderately broadened spectra whereas the presence of
platinum causes strong line broadening, also if present as an
alloy with silver (50 : 50 mol%).*° Notably, there are no signals of
the ligand for plasmonic gold nanoparticles with 10 nm diam-
eter as shown in the spectrum in Fig. 3, underscoring that larger
(plasmonic) nanoparticles completely evade NMR spectroscopy.
However, the complete cancellation of the NMR signal in the
vicinity of plasmonic nanoparticles can be used to compute the
concentration of adsorbed proteins in an indirect way as shown
by Xu et al.*** The integral of the NMR signal intensity repre-
sents the fraction of non-adsorbed (=free) protein. Thus, the
decrease in NMR signal intensity is proportional to the adsor-
bed fraction where the NMR intensity is canceled. In a similar

way, Gomez et al. have demonstrated how the size of
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a palladium core (55 to 250 Pd atoms) coated by a dendrimer
can be determined by comparing the "H-NMR intensity as
a function of the distance from the metal core (see above).'*

While many ligands establish an Au-S bond via their
terminal thiol group, GSH is anchored on the central amino
acid (cysteine). Although a detailed NMR investigation of the
interaction between GSH and even ultrasmall metal particles is
limited by the omnipresent line broadening of all 'H and **C
signals, the application of the full NMR toolbox allows deep
insights.

'"H NMR spectra of these water-dispersed nanoparticles
usually require the suppression of the solvent signal (trace
amounts of HOD in D,0O or H,0/D,0 mixtures), resulting in
a better observability of most of the signals except those close to
4.79 ppm such as the signal of H2 (Fig. 3). Nevertheless, in
comparison with the "H NMR spectrum of a GSH solution (at
the same pH value), the signals can be assigned. Of special
interest is the B-CH, group (C3 and H3) of the cysteine residue
in glutathione which is close to the metal surface. Most inter-
estingly, in some cases not only two signals of the diastereotopic
H3 protons are observed; instead, in the NMR spectrum of silver
nanoparticles, four well-resolved signals for H3 were detected.
Three H3 signals were observed for gold nanoparticles, while
a fourth signal overlaps with those of H1 and H6 (Fig. 3).
However, this only becomes clear when the corresponding
'H-"*C HSQC spectrum (Fig. 4) are carefully analyzed. "H-'H
COSY spectra generally suffer from low spectral resolution and
rarely provide additional information. The value of the '"H-'*C
HSQC experiment becomes even clearer when looking at the **C
NMR spectra, which can be extremely time-consuming to
record. Furthermore, the resonances of the C3 carbon atoms are
significantly broader than the other ones making these signals
hard to detect. In the two-dimensional experiment, however, the
existence of two distinct >C resonances was proven beyond
doubt. The HMBC experiment is significantly less sensitive than
the HSQC; therefore, correlations of H3 protons with neigh-
boring carbon atoms could not be detected. At least, the signals
of the carbonyl carbon atoms C9, C9, and C10 were unambig-
uously assigned due to their ] spin-spin interaction with the
protons H1, H4, and H6.

The detection of different "H and **C signals for the cysteine
B-CH, group of glutathione (C3/H3) indicates the presence of
two different crystallographic sites for GSH on the metal
surface, leading to different magnetic environments and
therefore different chemical shifts (as in the case of cysteine).

Example 3: peptide-functionalized gold nanoparticles to
target the surface of proteins. The recognition of protein
surfaces with the aim to modulate protein function is currently
a highly investigated area of supramolecular chemistry. Ultra-
small nanoparticles presenting ligands that recognize specific
protein epitopes have shown high potential in this respect. We
investigated peptide-coated nanoparticles** carrying the
phosphothreonine-proline (pTP)'* recognition motif for the
WW domain of the human protein Pinl as a proof-of-concept.
Pin1 is a peptidyl-prolyl cis/trans isomerase that regulates cell
proliferation and survival.

Nanoscale Adv., 2024, 6, 3285-3298 | 3291
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Fig.3 Comparison of the *H NMR spectra of different metal nanoparticles (2 nm) and a plasmonic gold nanoparticle (10 nm), all stabilized with
glutathione (GSH).>° Note the strong line broadening in the presence of platinum and the complete absence of all NMR signals for the larger gold
nanoparticles (10 nm). The solvent water was suppressed (see the small signal at 4.79 ppm). The image on the top shows a 2 nm gold nanoparticle
with glutathione ligands drawn to scale. This figure has been adapted from ref. 50 with permission from the American Chemical Society,

copyright 2023.

Gold nanoparticles were coated with two peptides, i.e. either
CGGpTPA or CGSGGGpTPA, containing the pTP motif at
different distances to their N-terminal cysteine residue which
served as attachment point to the gold surface. Nanoparticle-
bound peptides lacked the characteristic cysteine Hg or H,/Hg
correlation in the 'H and 'H TOCSY NMR spectra, probably
because they were broadened beyond detection (Fig. 5).

3292 | Nanoscale Adv.,, 2024, 6, 3285-3298

However, we cannot exclude the possibility that the cysteine H,,
and Hg signals were shifted downfield such that they now
overlapped with the H, resonances of the other amino acids,
which experience less broadening due to their larger distance
from the gold core and increased internal flexibility. DOSY-NMR
confirmed that the peptides were bound to the nanoparticles,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 'H-3C HSQC NMR spectra of ultrasmall GSH-stabilized
nanoparticles (99.9% D,O; pH 8.5). For gold nanoparticles, a clear
assignment of H3a/C3a and H3b/C3b peaks was possible, indicating
two different positions of glutathione on the nanoparticle surface. For
silver nanoparticles, the resolution was significantly lower, but
a second C resonance was detected earlier.2* The colors indicate the
different types of carbon atoms as determined by the phase: blue:
CH,; red: CH, CHs. This figure has been adapted from ref. 50 with
permission from the American Chemical Society, copyright 2023.

yielding a hydrodynamic diameter of 4.4 to 5.4 nm, depending
on the peptide length.*

For quantitative protein binding experiments, it is impera-
tive to know the overall concentration of peptides in the sample,
and thus the number of peptides per nanoparticle. Peptide
concentrations were determined by quantitative "H NMR spec-
troscopy, using the methyl group signals of alanine and phos-
phothreonine with maleic acid as external standard. Together
with the gold concentration determined by atomic absorption
spectroscopy (AAS) and the average particle core diameter of
2 nm by electron microscopy, about 150 peptide molecules per
nanoparticle were calculated, in good agreement with the
number determined from UV-Vis spectra of particles coated
with the corresponding fluorophore-labeled peptide. Binding
constants between the protein and the nanoparticles in
comparison to the free peptides were determined by NMR

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 NMR spectroscopic analysis of Au-CGGpTPA peptide-coated
ultrasmall gold nanoparticles. (A) '"H NMR spectra of Au-CGGpTPA
(top, red) and dissolved peptide CGGpTPA (bottom, blue). (B) *H,*H
TOCSY spectra of Au-CGGpTPA (red) and dissolved peptide CGGpTPA
(blue). Cysteine H,, and Hg signals are not visible for peptides bound to
the nanoparticle. (C) A peptide-coated gold nanoparticle and an
hPin1-WW protein drawn to scale. This figure has been adapted
from ref. 49 with permission from the American Chemical Society,
copyright 2021.

titrations with '°N-labeled protein and by isothermal titration
calorimetry (ITC). Protein binding to the nanoparticles showed
an apparently decreased affinity if a 1:1 stoichiometry was
assumed. However, given the size of the particles and the
protein, it is obvious for steric reasons that not each peptide can
bind to a protein. Geometrically, we estimated that about 20
proteins fit around one Au-CGGpTPA particle. Taking this into
account by introducing a stoichiometric factor into the fit, both

Nanoscale Adv., 2024, 6, 3285-3298 | 3293


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 31 May 2024. Downloaded on 4/19/2026 3:55:26 PM.

(cc)

Nanoscale Advances

View Article Online

Minireview

17,18,
24,25
9 10
HN"0
8
7///
1,
14,15, 29 12
27,28 ;g, 7 .
22, 8
21,23
20 19 “b 13 ‘ 10
L B 1 LI‘LAJKJ

9.0 8.5 8.0 75 7.0 6.5 6.0 5.5

4.5 4.0 3.5 3.0 2.5 2.0 15 1.0 0.5

5/ ppm

OH
o
1
HN
o
3 (>
so NH .
4 HN" 0
5 7
(WA
N-N
o on 17,18,
24,25
7 14, 15, 1
‘22,27,28 ;:, 1,6 5,4,9 L
| 20 19,21, 23 813 | 29 3 JJM
\L_MM = . JWML«.J L,JLL
90 85 80 75 70 65 60 55 _45 40 35 30 25 20 15 10 05
5/ ppm

Fig. 6 H NMR spectra of the dissolved (free) alkyne-terminated dye sulfo-Cy5 (top) and the dye clicked to glutathione-azide-terminated silver
nanoparticles (bottom). The spectrum of sulfo-Cy5 (blue) on the nanoparticles is rather crowded due to inherent peak broadening and the
presence of the primary ligand glutathione (black). Thus, the peak assignments are uncertain in most cases. However, the alkyne proton of the

dissolved dye (H7 at 2.93 ppm) and the triazole proton of the clicked

dye (H7 at 8.44 ppm) are clearly visible, confirming the successful click

reaction. The spectra were recorded at 600 MHz in 90% H,0/10% D,O at pH 8.0. The water suppression signal was cut out (4.79 ppm). In the

bottom spectrum, a large solvent peak at 1.90 ppm was cut out.

ITC and NMR yielded about 18 proteins binding to each
nanoparticle, in good agreement with the geometric
estimation.*

Example 4: at the resolution limit: silver-glutathione nano-
particles, functionalized with a fluorescent dye. It is possible to
attach organic fluorescent dyes to the surface of azide-terminated
metal nanoparticles via click chemistry. For this, the amine
groups of glutathione ligands on the metal surface are converted
into azide groups. Then, an alkyne-terminated dye is attached.”
The NMR signals of the dye can be clearly seen in the NMR

3294 | Nanoscale Adv., 2024, 6, 3285-3298

spectrum. Notably, the NMR signals of nuclei which are farther
away from the metal surface are less broadened than those in
closer vicinity (e.g. the aromatic and olefine protons of sulfo-Cy5-
alkyne). However, the inherent peak shift and peak broadening
make the assignment of the NMR signals difficult. Fig. 6 gives an
illustrative example where the dye sulfo-Cy5-alkyne was clicked to
glutathione-azide-terminated silver nanoparticles. The assign-
ment of the "H NMR peaks is difficult and not always possible
with sufficient confidence. The overlap of the peaks makes their
integration and quantification difficult. Furthermore, the signals

© 2024 The Author(s). Published by the Royal Society of Chemistry
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of the primary ligand glutathione show up as well. In general, it is
easier to quantify complex ligands by UV spectroscopy than by
NMR spectroscopy if they have a reasonably strong peak in the UV
spectrum which is the case for all fluorescent dyes. UV spectros-
copy also works for nucleic acids that have a characteristic UV
absorption.””® This illustrates the limit of NMR spectroscopy if
very complex ligands are attached.

Conclusions

As shown, NMR spectroscopy has a strong potential to elucidate
the nature of ultrasmall nanoparticles and atom-sharp clusters.
The value of this technique is obvious although there are limi-
tations to be aware of. In the following, we sum up what can and
what cannot be accomplished by NMR spectroscopy on
nanoparticles.

(1) The spectral resolution depends on the particle size and
the core metal. Larger nanoparticles give rise to broad reso-
nances in the NMR spectrum approaching the detection limit.
Thus, they may be easily overlooked. Consequently, NMR
spectroscopy cannot be used to prove the absence of larger
particles or agglomerates. In contrast, free dissolved ligands can
be easily distinguished from bound ligands due to the differ-
ence in their linewidths and chemical shifts. It is therefore
recommended to record well-resolved NMR spectra of the dis-
solved ligands and to record all NMR spectra at the same pH (if
water is used as solvent).

(2) NMR spectroscopy has an inherently low sensitivity that
becomes critical in the case of nanoparticles. However, state-of-
the-art hardware, like high-field spectrometers with cryoprobes,
in combination with sensitivity-enhancing and fast-acquisition
pulse sequences push the sensitivity limit. In addition, isotope
enrichment is particularly valuable for "*C NMR spectra. It
selectively or uniformly enhances the signal intensity and
makes it possible to distinguish between individual carbon
atoms. This is important when the colloidal stability of
a dispersion of nanoparticles is insufficient to achieve the
concentration required for NMR spectroscopy.

(3) NMR signals are strongly broadened in the vicinity of
a metal particle. Furthermore, the line widths within an NMR
spectrum often vary greatly even for one ligand which makes
their separation difficult. This can lead to very complex spectra
where a qualitative analysis may range from difficult to fully
impossible. Here, two-dimensional NMR spectroscopy often
helps to solve this problem. By a combination of homo- and
heteronuclear techniques, NMR peaks can be assigned and
sometimes even quantified.

(4) The number of ligands on one nanoparticle can be
determined by quantitative "H NMR spectroscopy. This is ach-
ieved either with an external standard or by the ERETIC
method. In both cases, a reliable integration of isolated signals
is a prerequisite. Furthermore, the concentration of nano-
particles in the dispersion must be known.

That being said, we conclude that NMR spectroscopy on
dispersed ultrasmall nanoparticles can also help to elucidate
subsequent chemical reaction steps on the particle surface as it
is sensitive to type and number of attached ligands.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, it permits to study the interaction between
nanoparticles and other molecules, e.g. proteins. Quantitative
interaction parameters like Ky values can be derived. This
opens a new area in supramolecular chemistry, e.g. to study
ligand-protein interactions, which provides more specific
information than less structure-specific techniques like
isothermal titration calorimetry or small-angle X-ray scattering.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

M. E. is grateful to the Deutsche Forschungsgemeinschaft (DFG)
for generous funding in the project EP 22/62-1.

References

1 Y. G. Srinivasulu, Q. F. Yao, N. Goswami and J. P. Xie, Mater.
Horiz., 2020, 7, 2596-2618.

2 M. Fan, Y. Han, S. T. Gao, H. Y. Yan, L. Z. Cao, Z. H. Li,
X. J. Liang and ]J. C. Zhang, Theranostics, 2020, 10, 4944-
4957.

3 W. Tang, W. Fan, J. Lau, L. Deng, Z. Shen and X. Chen,
Chem. Soc. Rev., 2019, 48, 2967-3014.

4 V. Sokolova and M. Epple, Chem.-Eur. J., 2021, 27, 7471~
7488.

5 B. Pelaz, C. Alexiou, R. A. Alvarez-Puebla, F. Alves,
A. M. Andrews, S. Ashraf, L. P. Balogh, L. Ballerini,
A. Bestetti, C. Brendel, S. Bosi, M. Carril, W. C. W. Chan,
C. Chen, X. Chen, X. Chen, Z. Cheng, D. Cui, J. Du,
C. Dullin, A. Escudero, N. Feliu, M. Gao, M. George,
Y. Gogotsi, A. Griinweller, Z. Gu, N. J. Halas, N. Hampp,
R. K. Hartmann, M. C. Hersam, P. Hunziker, ]J. Jian,
X. Jiang, P. Jungebluth, P. Kadhiresan, K. Kataoka,
A. Khademhosseini, J. Kopecek, N. A. Kotov, H. F. Krug,
D. S. Lee, C. M. Lehr, K. W. Leong, X. J. Liang, M. Ling
Lim, L. M. Liz-Marzan, X. Ma, P. Macchiarini, H. Meng,
H. Mohwald, P. Mulvaney, A. E. Nel, S. Nie, P. Nordlander,
T. Okano, J. Oliveira, T. H. Park, R. M. Penner, M. Prato,
V. Puntes, V. M. Rotello, A. Samarakoon, R. E. Schaak,
Y. Shen, S. Sjoqvist, A. G. Skirtach, M. G. Soliman,
M. M. Stevens, H. W. Sung, B. Z. Tang, R. Tietze,
B. N. Udugama, J. S. Van Epps, T. Weil, P. S. Weiss,
I. Willner, Y. Wu, L. Yang, Z. Yue, Q. Zhang, Q. Zhang,
X. E. Zhang, Y. Zhao, X. Zhou and W. J. Parak, ACS Nano,
2017, 11, 2313-2381.

6 T.]. Zhang, A. G. Walsh, ]J. H. Yu and P. Zhang, Chem. Soc.
Rev., 2021, 50, 569-588.

7 Z. H. Liu, Z. N. Wu, Q. F. Yao, Y. T. Cao, O. J. H. Chai and
J. P. Xie, Nano Today, 2021, 36, 101053.

8 C. B. Gao, F. L. Lyu and Y. D. Yin, Chem. Rev., 2021, 121,
834-881.

9 C. L. Xie, Z. Q. Niu, D. Kim, M. F. Li and P. D. Yang, Chem.
Rev., 2020, 120, 1184-1249.

Nanoscale Adv., 2024, 6, 3285-3298 | 3295


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g

Open Access Article. Published on 31 May 2024. Downloaded on 4/19/2026 3:55:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

10 X. Kang, Y. W. Li, M. Z. Zhu and R. C. Jin, Chem. Soc. Rev.,
2020, 49, 6443-6514.

11 Y. Du, H. Sheng, D. Astruc and M. Zhu, Chem. Rev., 2020,
120, 526-622.

12 Q. Shao, P. T. Wang and X. Q. Huang, Adv. Funct. Mater.,
2019, 29, 1806419.

13 K. Kwak and D. Lee, Acc. Chem. Res., 2019, 52, 12-22.

14 A. Papaderakis, 1. Mintsouli, ]. Georgieva
S. Sotiropoulos, Catalysts, 2017, 7, 34.

15 H. Mistry, A. S. Varela, S. Kuhl, P. Strasser and B. R. Cuenya,
Nat. Rev. Mater., 2016, 1, 16009.

16 Y. F. Wang, Y. Zhou, J. Sun, X. Wang, Y. Jia, K. Ge, Y. Yan,
K. A. Dawson, S. Guo, J. Zhang and X. ]J. Liang, Nano Res.,
2023, 16, 715-734.

17 M. Kopp, S. Kollenda and M. Epple, Acc. Chem. Res., 2017,
50, 1383-1390.

18 L. E. Marbella and J. E. Millstone, Chem. Mater., 2015, 27,
2721-2739.

19 M. Epple, V. M. Rotello and K. Dawson, Acc. Chem. Res.,
2023, 56, 3369-3378.

20 K. Zarschler, L. Rocks, N. Licciardello, L. Boselli, E. Polo,
K. P. Garcia, L. De Cola, H. Stephan and K. A. Dawson,
Nanomedicine, 2016, 12, 1663-1701.

21 A. A. Sousa, P. Schuck and S. A. Hassan, Nanoscale Adv.,
2021, 3, 2995-3027.

22 K. Y. Zheng and J. P. Xie, Trends Chem., 2020, 2, 665-679.

23 J. Tang, H. H. Shi, G. Y. Ma, L. P. Luo and Z. H. Tang, Front.
Bioeng. Biotechnol., 2020, 8, 1019.

24 A.Fleming, L. Cursi, J. A. Behan, Y. Yan, Z. Xie, L. Adumeau
and K. A. Dawson, Bioconjugate Chem., 2022, 33, 429-443.

25 R. Huang, D. C. Luther, X. Zhang, A. Gupta, S. A. Tufts and
V. M. Rotello, Nanomaterials, 2021, 11, 1001.

26 A. Gupta, S. Mumtaz, C. H. Li, I. Hussain and V. M. Rotello,
Chem. Soc. Rev., 2019, 48, 415-427.

27 G. Salassa and T. Burgi, Nanoscale Horiz., 2018, 3, 457-463.

28 M. Mahmoudi, I. Lynch, M. R. Ejtehadi, M. P. Monopoli,
F. B. Bombelli and S. Laurent, Chem. Rev., 2011, 111,
5610-5637.

29 G. Schmid, Chem. Rev., 1992, 92, 1709-1727.

30 G. Schmid, R. Pfeil, R. Boese, F. Bandermann, S. Meyer,
G. H. M. Calis and J. W. A. van der Velden, Chem. Ber.,
1981, 114, 3634-3642.

31 R. Sardar, A. M. Funston, P. Mulvaney and R. W. Murray,
Langmuir, 2009, 25, 13840-13851.

32 G. Schmid and B. Corain, Eur. J. Inorg. Chem., 2003, 3081-
3098, DOI: 10.1002/ejic.200300187.

33 M. Brust, J. Fink, D. Bethell, D. J. Schiffrin and C. Kiely,
Chem. Commun., 1995, 1655-1656, DOI: 10.1039/
C39950001655.

34 M. Brust, M. Walker, D. Bethell, D. J. Schiffrin and
R. Whyman, Chem. Commun., 1994, 801-802.

35 R. L. Whetten, J. T. Khoury, M. M. Alvarez, W. D. Luedtke
and U. Landman, Adv. Mater., 1996, 5, 428.

36 L. M. Liz-Marzan, Chem. Commun., 2013, 49, 16-18.

37 0. Wetzel, O. Prymak, K. Loza, N. Gumbiowski, M. Heggen,
P. Bayer, C. Beuck, C. Weidenthaler and M. Epple, Inorg.
Chem., 2022, 61, 5133-5147.

and

3296 | Nanoscale Adv, 2024, 6, 3285-3298

View Article Online

Minireview

38 R. Antoine, M. Broyer and P. Dugourd, Sci. Technol. Adv.
Mater., 2023, 24, 2222546,

39 H. Qian, M. Zhu, Z. Wu and R. Jin, Acc. Chem. Res., 2012, 45,
1470-1479.

40 H. Hikkinen, Nat. Chem., 2012, 4, 443-455.

41 C.]. Zeng, Pure Appl. Chem., 2018, 90, 1409-1427.

42 R.Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116,
10346-10413.

43 X. Kang, H. Chong and M. Zhu, Nanoscale, 2018, 10, 10758-
10834.

44 S. Kenzler, F. Fetzer, C. Schrenk, N. Pollard, A. R. Frojd,
A. Z. Clayborne and A. Schnepf, Angew Chem. Int. Ed.
Engl., 2019, 58, 5902-5905.

45 P. D. Jadzinsky, G. Calero, C. J. Ackerson, D. A. Bushnell and
R. D. Kornberg, Science, 2007, 318, 430-433.

46 T. Dainese, M. Agrachev, S. Antonello, D. Badocco,
D. M. Black, A. Fortunelli, J. A. Gascon, M. Stener,
A. Venzo and R. L. Whetten, Chem. Sci., 2018, 9, 8796-8805.

47 K. Klein, K. Loza, M. Heggen and M. Epple, ChemNanoMat,
2021, 7, 1330-1339.

48 T. Ruks, C. Beuck, T. Schaller, F. Niemeyer, M. Zihres,
K. Loza, M. Heggen, U. Hagemann, C. Mayer, P. Bayer
and M. Epple, Langmuir, 2019, 35, 767-778.

49 T. Ruks, K. Loza, M. Heggen, O. Prymak, A. L. Sehnem,
C. L. P. Oliveira, P. Bayer, C. Beuck and M. Epple, ACS
Appl. Bio Mater., 2021, 4, 945-965.

50 N. Wolff, K. Loza, M. Heggen, T. Schaller, F. Niemeyer,
P. Bayer, C. Beuck, C. L. P. Oliveira, O. Prymak,
C. Weidenthaler and M. Epple, Inorg. Chem., 2023, 62,
17470-17485.

51 R. H. Terrill, T. A. Postlethwaite, C. H. Chen, C. D. Poon,
A. Terzis, A. Chen, J. E. Hutchison, M. R. Clark and
G. Wignall, J. Am. Chem. Soc., 1995, 117, 12537-12548.

52 M. ]J. Hostetler, J. E. Wingate, C. J. Zhong, J. E. Harris,
R. W. Vachet, M. R. Clark, J. D. Londono, S. ]J. Green,
J. J. Stokes, G. D. Wignall, G. L. Glish, M. D. Porter,
N. D. Evans and R. W. Murray, Langmuir, 1998, 14, 17-30.

53 M. Wu, A. M. Vartanian, G. Chong, A. K. Pandiakumar,
R. J. Hamers, R. Hernandez and C. J. Murphy, J. Am.
Chem. Soc., 2019, 141, 4316-4327.

54 K. Salorinne, S. Malola, O. A. Wong, C. D. Rithner, X. Chen,
C. J. Ackerson and H. Hikkinen, Nat. Commun., 2016, 7,
10401.

55 C.N.R. Rao, G. U. Kulkarni, P. J. Thomas and P. P. Edwards,
Chem. Soc. Rev., 2000, 29, 27-35.

56 T. Fujii, K. Iwamoto, Y. Nakai, T. Shiratsu, H. Yao, K. Ueda
and T. Mito, Phys. Rev. B, 2022, 105, L121401.

57 R. Jin and T. Higaki, Commun. Chem., 2021, 4, 28.

58 M. Zhou, X. Du, H. Wang and R. Jin, ACS Nano, 2021, 15,
13980-13992.

59 J. W. Fagan and B. J. Lear, J. Phys. Chem. C, 2020, 124,
24435-24440.

60 N. P. Litak, L. M. Mawby and B. J. Lear, ACS Nano, 2022, 16,
4479-4486.

61 C. P. Slichter, Annu. Rev. Phys. Chem., 1986, 37, 25-51.

62 W. D. Knight, Phys. Rev., 1949, 76, 1259.

© 2024 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1002/ejic.200300187
https://doi.org/10.1039/C39950001655
https://doi.org/10.1039/C39950001655
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g

Open Access Article. Published on 31 May 2024. Downloaded on 4/19/2026 3:55:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Minireview

63 B. S. Zelakiewicz, G. C. Lica, M. L. Deacon and Y. Y. Tong, J.
Am. Chem. Soc., 2004, 126, 10053-10058.

64 B. S. Zelakiewicz, A. C. de Dios and Y. Y. Tong, J. Am. Chem.
Soc., 2003, 125, 18-19.

65 A. Badia, W. Gao, S. Singh, L. Demers, L. Cuccia and
L. Reven, Langmuir, 1996, 12, 1262-1269.

66 Y. Song, A. S. Harper and R. W. Murray, Langmuir, 2005, 21,
5492-5500.

67 L. S. Wagner, O. Prymak, T. Schaller, C. Beuck, K. Loza,
F. Niemeyer, N. Gumbiowski, K. Kostka, P. Bayer,
M. Heggen, C. L. P. Oliveira and M. Epple, J. Phys. Chem.
B, 2024, 128(17), 4266-4281.

68 R. Huang, S. Fedeli, C. M. Hirschbiegel, X. Zhang and
V. M. Rotello, ACS Nanosci. Au, 2024, 4, 62-68.

69 H. Li, G. Kopiec, F. Miller, F. Nyfien, K. Shimizu,
M. Ceccato, K. Daasbjerg and N. Plumeré, J. Am. Chem.
Soc. Au, 2021, 1, 362-368.

70 G.]. Rees, S. T. Orr, L. O. Barrett, J. M. Fisher, J. Houghton,
G. H. Spikes, B. R. C. Theobald, D. Thompsett, M. E. Smith
and J. V. Hanna, Phys. Chem. Chem. Phys., 2013, 15, 17195-
17207.

71 A. Abraham, E. Mihaliuk, B. Kumar, J. Legleiter and
T. Gullion, J. Phys. Chem. C, 2010, 114, 18109-18114.

72 T. Isobe, S. Nakamura, R. Nemoto and M. Senna, J. Phys.
Chem. B, 2002, 106, 5169-5176.

73 A.Badia, L. Demers, L. Dickinson, F. G. Morin, R. B. Lennox
and L. Reven, J. Am. Chem. Soc., 1997, 119, 11104-11105.

74 V. Silvestre, S. Goupry, M. Trierweiler, R. Robins and
S. Akoka, Anal. Chem., 2001, 73, 1862-1868.

75 S. Akoka, L. Barantin and M. Trierweiler, Anal. Chem., 1999,
71, 2554-2557.

76 P. Giraudeau, V. Silvestre and S. Akoka, Metabolomics, 2015,
11, 1041-1055.

77 H. Shen, X. Tang, Q. Wu, Y. Zhang, C. Ma, Z. Xu, B. K. Teo
and N. F. Zheng, ACS Nanosci. Au, 2022, 2, 520-526.

78 C. Guo and J. L. Yarger, Magn. Reson. Chem., 2018, 56, 1074~
1082.

79 O. Kohlmann, W. E. Steinmetz, X. Mao, W. P. Wuelfing,
A. C. Templeton, R. W. Murray and C. S. Johnson, J. Phys.
Chem. B, 2001, 105, 8801.

80 M. V. Gomez, J. Guerra, A. H. Velders and R. M. Crooks, J.
Am. Chem. Soc., 2009, 131, 341-350.

81 X. Liu, M. Yu, H. Kim, M. Mameli and F. Stellacci, Nat.
Commun., 2012, 3, 1182.

82 Q. Ong, Z. Luo and F. Stellacci, Acc. Chem. Res., 2017, 50,
1911-1919.

83 D. Neuhaus and M. P. Williamson, The Nuclear Overhauser
Effect in Structural and Conformational Analysis, Wiley-
VCH, 2000.

84 O. Wetzel, S. Hosseini, K. Loza, M. Heggen, O. Prymak,
P. Bayer, C. Beuck, T. Schaller, F. Niemeyer,
C. Weidenthaler and M. Epple, J. Phys. Chem. B, 2021,
125, 5645-5659.

85 J.van Bentum, B. van Meerten, M. Sharma and A. Kentgens,
J. Magn. Reson., 2016, 264, 59-67.

86 U. L. Gunther, Top. Curr. Chem., 2013, 335, 23-69.

87 1. Solomon, Phys. Rev., 1955, 99, 559-565.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

88 J. H. Lee, Y. Okuno and S. Cavagnero, J. Magn. Reson., 2014,
241, 18-31.

89 P. Schanda, E. Kupce and B. Brutscher, J. Biomol. NMR,
2005, 33, 199-211.

90 E. Lescop, P. Schanda and B. Brutscher, J. Magn. Reson.,
2007, 187, 163-169.

91 K. Pervushin, R. Riek, G. Wider and K. Wiithrich, Proc. Natl.
Acad. Sci. U. S. A., 1997, 94, 12366-12371.

92 Z. Solyom, M. Schwarten, L. Geist, R. Konrat, D. Willbold
and B. Brutscher, J. Biomol. NMR, 2013, 55, 311-321.

93 A. Einstein, Ann. Phys., 1905, 322, 549-560.

94 E. O. Stejskal and J. E. Tanner, J. Chem. Phys., 1965, 42, 288.

95 G. A. Morris, in Encyclopedia of Magnetic Resonance, Wiley,
2009.

96 A. S. Altieri, D. P. Hinton and R. A. Byrd, J. Am. Chem. Soc.,
1995, 117, 7566-7567.

97 R. Evans, Prog. Nucl. Magn. Reson. Spectrosc., 2020, 117, 33—
69.

98 G. Pages, V. Gilard, R. Martino and M. Malet-Martino,
Analyst, 2017, 142, 3771-3796.

99 H. Barjat, G. A. Morris and A. G. Swanson, J. Magn. Reson.,
1998, 131, 131-138.

100 B. Vitorge and D. Jeanneat, Anal. Chem., 2006, 78, 5601-
5606.

101 M. Foroozandeh, L. Castanar, L. G. Martins, D. Sinnaeve,
G. D. Poggetto, C. F. Tormena, R. W. Adams, G. A. Morris
and M. Nilsson, Angew Chem. Int. Ed. Engl., 2016, 55,
15579-15582.

102 M. Nilsson and G. A. Morris, Chem. Commun., 2007, 933—
935.

103 A. Botana, J. A. Aguilar, M. Nilsson and G. A. Mortris, J.
Magn. Reson., 2011, 208, 270-278.

104 M. Nilsson, M. A. Connell, A. L. Davis and G. A. Motris,
Anal. Chem., 2006, 78, 3040-3045.

105 G. Canzi, A. A. Mrse and C. P. Kubiak, J. Phys. Chem. C,
2011, 115, 7972-7978.

106 M. V. Gomez, J. Guerra, V. S. Myers, R. M. Crooks and
A. H. Velders, J. Am. Chem. Soc., 2009, 131, 14634-14635.

107 P. R. A. F. Garcia, O. Prymak, V. Grasmik, K. Pappert,
W. Wlysses, L. Otubo, M. Epple and C. L. P. Oliveira,
Nanoscale Adv., 2019, 2, 225-238.

108 H. Fissan, S. Ristig, H. Kaminski, C. Asbach and M. Epple,
Anal. Methods, 2014, 6, 7324-7334.

109 M. Azubel, J. Koivisto, S. Malola, D. Bushnell, G. L. Hura,
A. L. Koh, H. Tsunoyama, T. Tsukuda, M. Pettersson,
H. Hakkinen and R. D. Kornberg, Science, 2014, 345, 909-
912.

110 S. Sheibani, K. Basu, A. Farnudi, A. Ashkarran, M. Ichikawa,
J. F. Presley, K. H. Bui, M. R. Ejtehadi, H. Vali and
M. Mahmoudi, Nat. Commun., 2021, 12, 573.

111 M. P. Monopoli, C. Aberg, A. Salvati and K. A. Dawson, Nat.
Nanotechnol., 2012, 7, 779-786.

112 A. S. Barnard, Acc. Chem. Res., 2012, 45, 1688-1697.

113 H. Qian, M. Zhu, C. Gayathri, R. R. Gil and R. Jin, ACS Nano,
2011, 5, 8935-8942.

114 S. B. van der Meer, T. Seiler, C. Buchmann, G. Partalidou,
S. Boden, K. Loza, M. Heggen, ]J. Linders, O. Prymak,

Nanoscale Adv., 2024, 6, 3285-3298 | 3297


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g

Open Access Article. Published on 31 May 2024. Downloaded on 4/19/2026 3:55:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

C. L. P. Oliveira, L. Hartmann and M. Epple, Chem.-Eur. J.,
2021, 27, 1451-1464.

115 P. E. Laibinis, G. M. Whitesides, D. L. Allara, Y. T. Tao,
A. N. Parikh and R. G. Nuzzo, J. Am. Chem. Soc., 1991,
113, 7152-7167.

116 L. H. Dubois, B. R. Zegarski and R. G. Nuzzo, J. Chem. Phys.,
1993, 98, 678-688.

117 J. F. Parker, J. P. Choi, W. Wang and R. W. Murray, J. Phys.
Chem. C, 2008, 112, 13976-13981.

118 S. Aryal, B. K. C. Remant, N. Dharmaraj, N. Bhattarai,
C. H. Kim and H. Y. Kim, Spectrochim. Acta, Part A, 2006,
63, 160-163.

119 Z. Wu, C. Gayathri, R. R. Gil and R. Jin, J. Am. Chem. Soc.,
2009, 131, 6535-6542.

120 T. G. Schaaff, G. Knight, M. N. Shafigullin, R. F. Borkman
and R. L. Whetten, J. Phys. Chem. B, 1998, 102, 10643—
10646.

3298 | Nanoscale Adv,, 2024, 6, 3285-3298

View Article Online

Minireview

121 L. L. Knittel, H. Zhao, A. Nguyen, A. Miranda, P. Schuck and
A. A. Sousa, J. Phys. Chem. B, 2020, 124, 3892-3902.

122 A. A. Sousa, S. A. Hassan, L. L. Knittel, A. Balbo,
M. A. Aronova, P. H. Brown, P. Schuck and
R. D. Leapman, Nanoscale, 2016, 8, 6577-6588.

123 L. Polavarapu, M. Manna and Q. H. Xu, Nanoscale, 2011, 3,
429-434.

124 C. T. Chen, W. J. Chen, C. Z. Liu, L. Y. Chang and
Y. C. Chen, Chem. Commun., 2009, 7515-7517.

125 S. Hosseini, O. Wetzel, K. Kostka, M. Heggen, K. Loza and
M. Epple, Molecules, 2021, 26, 5069.

126 J. X. Xu, M. S. Alom and N. C. Fitzkee, Anal. Chem., 2021, 93,
11982-11990.

127 P.].Lu, X. Z. Zhou, M. Shen and K. P. Lu, Science, 1999, 283,
1325-1328.

128 N. Wolff, S. Kollenda, K. Klein, K. Loza, M. Heggen,
L. Brochhagen, O. Witzke, A. Krawczyk, 1. Hilger and
M. Epple, Nanoscale Adv., 2022, 4, 4502-4516.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4na00139g

	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles

	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles
	Possibilities and limitations of solution-state NMR spectroscopy to analyze the ligand shell of ultrasmall metal nanoparticles


