Downloaded via UNIV OF WISCONSIN-MADISON on June 1, 2023 at 19:23:02 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCOUNTS

re.S.e.arch

pubs.acs.org/accounts

The Landscape of Gold Nanocrystal Surface Chemistry

Published as part of the Accounts of Chemical Research special issue “Ligand and Surface Chemistry of
Nanoparticles”.

Katherine M. G:reskovich,T Kelly M. Powderly,T Maegen M. Kincanon, Nathan B. Forney,
Catherine A. Jalomo, Anita Wo, and Catherine J. Murphy*

Cite This: https://doi.org/10.1021/acs.accounts.3c00109 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations

CONSPECTUS: Gold nanoparticles (AuNPs) exhibit unique size-
and shape-dependent properties not obtainable at the macroscale.
Gold nanorods (AuNRs), with their morphology-dependent
optical properties, ability to convert light to heat, and high
surface-to-volume ratios, are of great interest for biosensing,
medicine, and catalysis. While the gold core provides many
fascinating properties, this Account focuses on AuNP soft surface
coatings, which govern the interactions of nanoparticles with the
local environments. Postmodification of AuNP surface chemistry
can greatly alter NP colloidal stability, nano-bio interactions, and
functionality. Polyelectrolyte coatings provide controllable surface-coating thickness and charge, which impact the composition of
the acquired corona in biological settings. Covalent modification, in which covalently bound ligands replace the original capping
layer, is often performed with thiols and disulfides due to their ability to replace native coatings. N-heterocyclic carbenes and looped
peptides expand the possible functionalities of the ligand layer.

The characterization of surface ligands bound to AuNPs, in terms of ligand density and dynamics, remains a challenge. Nuclear
magnetic resonance (NMR) spectroscopy is a powerful tool for understanding molecular structures and dynamics. Our recent NMR
work on AuNPs demonstrated that NMR data were obtainable for ligands on NPs with diameters up to 25 nm for the first time. This
was facilitated by the strong proton NMR signals of the trimethylammonium headgroup, which are present in a distinct regime from
other ligand protons’ signals. Ligand density analyses showed that the smallest AuNPs (below 4 nm) had the largest ligand densities,
yet spin—spin T, measurements revealed that these smallest NPs also had the most mobile ligand headgroups. Molecular dynamics
simulations were able to reconcile these seemingly contradictory results.

While NMR spectroscopy provides ligand information averaged over many NPs, the ligand distribution on individual particles’
surfaces must also be probed to fully understand the surface coating. Taking advantage of improvements in electron energy loss
spectroscopy (EELS) detectors employed with scanning transmission electron microscopy (STEM), a single-layer graphene
substrate was used to calibrate the carbon K-edge EELS signal, allowing quantitative imaging of the carbon atom densities on AuNRs
with sub-nanometer spatial resolution. In collaboration with others, we revealed that the mean value for surfactant-bilayer-coated
AuNRs had 10—-30% reduced ligand density at the ends of the rods compared to the sides, confirming prior indirect evidence for
spatially distinct ligand densities.

Recent work has found that surface ligands on nanoparticles can, somewhat surprisingly, enhance the selectivity and efficiency of the
electrocatalytic reduction of CO, by controlling access to the active site, tuning its electronic and chemical environment, or denying
entry to impurities that poison the nanoparticle surface to facilitate reduction. Looking to the future, while NMR and EELS are
powerful and complementary techniques for investigating surface coatings on AuNPs, the frontier of this field includes the
development of methods to probe the surface ligands of individual NPs in a high-throughput manner, to monitor nano-bio
interactions within complex matrices, and to study structure—property relationships of AuNPs in biological systems.
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Figure 1. (a) Transmission electron micrographs of four sizes of AuNRs with an AR of 3.6. Scale bars = 100 nm. (b) Average temperature change
per rod (calculated from femtosecond-laser-pulsed photothermal experiments at a given input energy, pink) and the volume-normalized extinction
cross-section (gold) vs average volume of the rods. (c) Percent light absorption (left axis) determined from diffuse-reflectance spectroscopy (solid
black) and electromagnetic finite element simulations (dotted black) and photothermal efficiency (right axis, purple) vs volume. (d) AuNRs of four
different absolute sizes, based on their width: mini (~5—10 nm), small (~10—30 nm), medium (>35 nm), and large (>4S nm). Solid rods and
dotted outlines represent the current maximum and minimum ARs, respectively, for the synthetic details in refs 18—21. (e) A bilayer of CTAB
stabilizes AuNRs in aqueous solution. Reproduced in part from ref 14. Copyright 2021, American Chemical Society.

and Ligand Structure. J. Am. Chem. Soc. 2019, 141,
4316—4327." Quantitative NMR analysis of both
nanospheres and nanorods is utilized to characterize
ligands and determine ligand density with a comparative
assessment of the size dependence between nano-
particles.

Janicek, B. E.; Hinman, J. G.; Hinman, J. J.; Bae, S. h,;
Wu, M,; Turner, J.; Chang, H.-H.; Park, E.; Lawless, R;;
Suslick, K. S.; Murphy, C. J,; Huang, P. Y. Quantitative
Imaging of Organic Ligand Density on Anisotropic
Inorganic Nanocrystals. Nano Lett. 2019, 19, 6308—
6314.” Utilization of STEM-EELS in the quantitative
mapping of AuNR ligand density shows a distinct
decrease in density at the ends of surfactant-capped
small AuNRs while thiol-capped mini AuNRs exhibits a
uniform ligand distribution.

Hinman, J. G.; Hinman, J. J.; Janicek, B. E.; Huang, P.
Y.; Suslick, K. S.; Murphy, C. J. Ultrasonic Nebulization
for TEM Sample Preparation on Single-Layer Graphene
Grids. Nano Lett. 2019, 19, 1938—1943.> Ultrasonic
nebulization of aqueous AuNR samples allows for their
deposition onto ultrathin support materials with minimal
drying artifacts.

Shang, H.; Wallentine, S. K;; Hofmann, D. M.; Zhu, Q;
Murphy, C. J; Baker, L. R. Effect of surface ligands on
gold nanocatalysts for CO, reduction. Chem. Sci. 2020,
11, 12298—12306." Electrocatalytic nanoparticles show
enhanced stability and selectivity to CO, reduction,
proposed to be due to dodecanethiol surface ligand
structures.

1. INTRODUCTION

Colloidal gold nanoparticles (AuNPs) have been intensely
studied for applications in biological sensing, medicine, and

catalysis due to their tunable optical properties, conversion of
light to heat, and high surface-to-volume ratios.> ™ It is well
known that sub-visible-wavelength AuNPs display plasmons,
collective coherent electron oscillations, upon appropriate
excitation, with wavelengths that are tunable with NP shape
and, to some extent, size. * Gold nanorods (AuNRs), having a
short and long axis, can exhibit two plasmon modes, one
corresponding to the short axis (transverse mode) and one
corresponding to the long axis (longitudinal mode). The
aspect ratio (AR), or length-to-width ratio, of a AuNR
determines the position of the longitudinal plasmon mode."!
This mode can thus be tuned from the visible to the near-IR
(NIR), allowing excitation with wavelengths in the “water
window” in which aqueous tissue absorbs little light
(approximately 700—1200 nm), facilitating AuNR use in
biological systems."

While a AuNR’s AR determines the resonant wavelength of
its longitudinal plasmon band, rod volume impacts the relative
absorption and scattering of resonant light, which, in concert
with ensemble effects, impacts the efficiency of photothermal
conversion in solution. This light-to-heat conversion is exciting
for the photothermal destruction of tumors, now in human
clinical trials."® Traditionally, smaller-volume rods have been
expected to exhibit higher photothermal efficiencies as the
absorption-to-scattering ratio at the resonant wavelength
decreases with increasing rod volume. However, a comparison
of AuNRs with identical aspect ratios but four different
absolute sizes revealed that ensemble effects, such as multiple
scattering of incident light, can further modify the observed
photothermal properties of colloidal AuNRs in solution. Rods
with widths of approximately 32 nm exhibited the largest per-
particle temperature increase, and rods with an average 48-nm
width hosted a higher-than-expected photothermal efficiency
(Figure la—c)."* Biological uptake and clearance are also
impacted by the absolute dimensions of AuNRs, requiring
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Figure 2. (a) Chemical structures of common PEs. (b) Comparison of hydrodynamic diameter for PE-wrapped AuNSs in water (orange) and in
cell media (blue). (c) Comparison of ZP values for PE-wrapped AuNSs in water (orange) and cell media (blue). PAA-AuNS and PAH-AuNP were
suspended in DMEM media containing FBS. PSS-AuNS and PDADMAC-AuNS were suspended in RPMI 1640 media containing FBS. Data for
(b) and (c) are compiled from refs 29—31. (d) Numbers of distinct proteins discovered after NP retrieval from a total protein extract after isolation
by centrifugation once or twice (C1 and C2), magnetic retrieval once or twice (M1 and M2), and that in the total protein extract (displayed as PE
here). Reproduced from (d) ref 32. Copyright 2022, American Chemical Society.

consideration before implementing AuNRs in biological
systems.”'> A general question, as far as surface chemistry
goes, is to what extent the absolute size of the NPs matters for
their surface chemistry, especially for dynamic soft ligand
layers.

The development of shape- and size-control over colloidal
AuNPs during the past 30 years offers a platform for
understanding the impact of these characteristics on the ligand
layers and other soft coatings that keep NPs stable in solution.
The anisotropy of AuNRs is controlled by structure-directing
agents, including Ag®, Br™, and the surfactant surface ligand
cetyltrimethylammonium bromide (CTAB), which break the
symmetry of the growth from the isotropic gold seeds.'*™"*
Various sizes, which we have defined here by the short or
transverse axis as “mini,” “small,” “medium,” and “large”
(Figure 1d), are obtained by further modifying synthesis
parameters.'*~*' Along with size-controlled Au nanospheres
(AuNSs), these sizes of AuNRs may allow for a systematic
study of how size and curvature impact surface layers.

The as-synthesized AuNSs and AuNRs are often stabilized
with citrate”* and CTAB,** respectively. Postgrowth studies
of single-crystalline AuNRs support the presence of a CTAB
bilayer on the surface of the AuNRs with the hydrophilic
headgroups facing the particle and the aqueous solution and
the hydrophobic tails sequestered in the center (Figure
le).”»** These ligand shells can be wrapped in polymers,
partially or fully replaced by organic ligands that covalently
bind the Au surface, or displaced during the growth of
inorganic shells.” The modification of organic surface layers

allows for tunable surface chemistry, charge, and solubility;
however, characterizing the structure and composition of
ligand-based surface layers remains a challenge. Herein, we
describe the types of soft surface modifications, discuss
advances in ligand characterization on AuNPs, offer the
example of electrocatalysis as a specific application where
surface ligands are noninnocent, and look ahead to the frontier

of this expanding field.

2. CATEGORIES OF SOFT SURFACE COATINGS AND
LIGANDS

2.1. lonic Functionalization: Polyelectrolyte
Layer-by-Layer Wrapping

To apply AuNPs in chemical and biological systems, control
over the net surface charge and chemistry is vital. One way to
modify the NP surface chemistry is to wrap NPs with
oppositely charged polyelectrolytes (PEs; Figure 2) in a layer-
by-layer approach (LbL) at appropriate ionic strengths.”>™*’ In
general, lower-molecular-weight (MW) PEs provide more
colloidal stability for smaller NPs, while higher-MW PEs
provide better stability for larger NPs. More details on
synthetic considerations when applying PE coatings to NPs
can be found in our previous Account.” Characterization
methods typically utilized to monitor LbL PE coatings include
extinction spectroscopy, as the plasmon band of gold is
sensitive to the local refractive index out to a few nanometers;
dynamic light scattering (DLS) to obtain the average
hydrodynamic size in solution; and zeta potential (ZP)
measurements as an estimate of net charge (Figure 2b,c).
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Figure 3. UV—vis extinction spectra and transmission electron microscope (TEM) images of ligand-coated AuNRs before and after heating. MUA
= mercaptoundecanoic acid, MTAB = (16-mercaptohexadecayl) trimethylammonium bromide. (a) UV—vis extinction spectra of CTAB-coated
AuNRs (solid black), MUA-coated AuNRs (solid red), and MTAB-coated AuNRs (solid blue) at room temperature. After heating to 100 °C,
CTAB-coated AuNRs completely aggregated (dashed black), MTAB-coated rods also showed aggregation as judged by broadening and shifting of
the plasmon bands (dashed blue), but MUA-coated AuNRs did not aggregate at 100 °C (dashed red). MUA-coated rods devolved into spheres as
shown by the single LSPR at 150 °C (dotted red). (b) Representative TEM image of MUA-coated AuNRs after heating at 100 °C shows that MUA
rods did not significantly change after heating to 100 °C. (c) TEM image of MUA-coated AuNRs transformed into spheres after heating to 150 °C.

Scale bars are 200 nm.

Ultimately, the clearest picture of the success of an LbL-
wrapping procedure is provided by ZP measurements (Figure
2¢).

PE coatings on AuNRs can be used to confer a specific
surface charge and chemistry while effectively burying the
CTAB bilayer with its denaturing and cytotoxic™® effects. As
with any charged colloid, high salt concentrations will “salt
out” the colloid, rendering it mostly useless for applications.
To circumvent such issues for biological applications, the
preincubation of PE-modified NPs in a 20% fetal bovine serum
or other protein solution allows the immediate formation of a
stabilizing biomolecule “corona” (Figure 2b,c). " In a
biological environment, the corona can be complex, as
demonstrated by a recent proteomic analysis of the corona
present on gold-coated magnetic iron oxide NPs after
incubation in trout gill cell extracts.”* In this case, the original
protein extract contained about 2000 proteins, identifiable by
mass spectrometry (MS). When the particles were retrieved
through either centrifugation or magnetic separation, each
corona contained hundreds of distinct proteins, the identities
of which varied with the retrieval method (Figure 2d).** Thus,
this proteomic analysis describes the chemical history of each
nanoparticle.

Even as the NP corona spontaneously forms and covers pre-
established surface ligands, functionality can be engineered
into the corona layer. Stordy et al. recently showed through
DLS data that when incubating various NPs in a complex
human blood serum, an equilibrium between corona-bound
and solution proteins was established within minutes.”> They
next conjugated transferrin (Tf) to established corona proteins

through N-hydroxysuccinimide chemistry followed by copper-
free click chemistry. When these Tf-corona NPs were
incubated with Tf-receptor-expressing cells in a high-protein-
content medium, the corona-modified NPs were taken up by
the cells at the same rate as that observed in a PBS buffer,
demonstrating that the surface-bound Tf was biologically
active. In contrast, Tf-PEG-NPs (PEG = poly(ethylene
glycol)) exposed to the same high-protein content serum
showed up to a 55% decrease in cellular uptake.” This work
suggests that the established corona, with its modified
functionality, is not buried in the presence of additional
proteins and can serve as a biocompatible platform compared
to organic ligands such as PEG.

2.2. Covalent Functionalization

While the above approach layers PE ligands onto existing
AuNR coatings, direct attachment of ligands to the AuNP
surface is most commonly done with thiols.”* On flat gold
surfaces, thiols form the quintessential self-assembled mono-
layer (SAM).” Compared to more readily desorbable ligands,
thiols can impart improved colloidal stability to gold NPs. In
the case of as-made CTAB-coated AuNRs, heating a solution
rapidly leads to NP aggregation and precipitation, as the outer
leaflet of the CTAB presumably desorbs, uncovering the
underlying hydrophobic underlayer. With a thiol coating,
thermal stability is greatly increased (Figure 3).
Thiol-terminated methoxy poly(ethylene glycol) (mPEG-
SH) is a common polymeric thiol used to replace the initial
CTAB coating on AuNRs due to its water solubility and
biocompatibility. A typical exchange reaction involves the
incubation of 1.0—4.0 nM AuNRs and 0.5 mM mPEG-SH
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Figure 4. Analytical techniques for studying NP ligands either off-NP or on-NP. NMR and MS require the use of internal standards of known
concentrations. Examples of spectral data readouts included for Raman (top left),*® EELS (top center),’ UV—vis (top right),” MS (bottom left),>®
NMR (bottom center),* and DLS (bottom right).** Spectral images reproduced from refs 40, 4, 1, 65, and 32, respectively. Copyright 2019 (refs 4
and 1,), and 2015 (ref 65), and 2022 (ref 32), American Chemical Society. Copyright 2022 (ref 40), Royal Society of Chemistry.

overnight followed by centrifugation and redispersion in water.
ZP measurements before and after the ligand exchange confirm
that the surface charge changes from positive (CTAB-coated
AuNRs) to nearly neutral (PEG-coated AuNRs). However,
some quantifications of PEG ligand density postexchange
suggest that PEG may not completely replace the CTAB
bilayer.*® The oxidation of high-MW mPEG-SH results in a
bulky disulfide, which somewhat unexpectedly binds with some
preference to the ends of AuNRs, as judged by subsequent
inorganic nanomaterial deposition solely on the sides of the
AuNRs.””*® This sterically controlled reaction can produce
anisotropic nanostructures that are of interest for catalysis or
sensing.‘w’40

Nonthiol-based ligands are also capable of binding to AuNPs
through Au—P, Au—N, and Au—C bonds.*' Electrochemical
reduction of diazonium ligands to an aryl or alkyl ligand allows
for Au—C bond formation.** This Au—C bond is strong, with a
binding energy (317.1 kJ/mol) that is more than twice that of
Au—S (1544 kJ/mol) and Au—NH (153.6 kJ/mol).” A

different class of carbene ligands, N-heterocyclic carbenes
(NHCs), is expanded upon in the next section.

2.3. Expanding Ligand Types on Gold Nanoparticles

2.3.1. Harnessing o-Donating, 7-Bonding, and van
der Waals Effects in N-Heterocyclic Carbenes. While
thiols are a popular choice to cap AuNDPs, these ligands are still
susceptible to desorption from gold when faced with extreme
temperatures, pH changes, light, electrochemical stimulation,
or competing exogenous thiols.”* NHCs, which are known to
strongly stabilize noble metals with simultaneous o-donating
and 7-accepting properties,”* have been shown within the last
15 years to form SAMs on both gold surfaces*® and NPs*® with
stronger binding energies and greater resistance to the above
stimuli compared to those of thiol ligands. Still under debate is
the lability of the Au—C bond and the NHC-bound Au atom
movement on NP surfaces, the degree of increased stability of
preformed Au-NHC complexes to NP surfaces as opposed to
free carbenes,”” and the optimization of gold-NHC bonding
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respectively, American Chemical Society.

and other stabilizing forces (e.g., van der Waals interactions) to
provide the most inert NP surfaces.*>*

2.3.2. From Protein Coronas to Peptide Display. While
the native protein corona that forms around an NP in a
biological fluid can be incredibly complex (Figure 2d),
engineering peptides with specific functions onto NP surfaces
offers another avenue to tune the chemistry and subsequent
function of NPs.*”*° Modifying the AuNP surface with
peptides often involves thiol chemistry, where a covalent
Au—S bond is formed through a single cysteine residue.”’

Recently, Yan et al. have developed artificial antibodies,
dubbed the “gold-body”, where looped peptides are covalently
attached to the AuNP surface through terminating cysteine
residues.”” The peptide design and attachment style can reduce
the degree of peptide flexibility, thereby restricting peptide
conformation. As a result, these looped peptides on AuNPs
may more closely resemble their conformations in their native
state. In the reported work, the peptide loop span was tuned by
adjusting the ligand density to achieve its biologically active
conformation. Contrasted with the same peptide sequence
attached to the AuNP surface via monothiol ligand attachment,

the looped peptide display on AuNPs demonstrated stronger
binding affinity and more specificity to their targeted protein.>*

In addition to UV—vis, DLS, and ZP measurements, the
physicochemical properties of the peptide-conjugated AuNPs
are commonly characterized with Fourier transform infrared
spectroscopy (FTIR). Peaks associated with amide I, I, and I1I
absorption on FTIR spectra are noted as proof of peptide
attachment to the AuNP surface.”’ Other surface and
elemental analysis, such as atomic force microscopy’* and X-
ray photoelectron spectroscopy,”” have also been used to
probe the surface environment on the AuNP. Mass
spectrometry and amino acid analysis can provide an average
estimate of the number of peptides per AuNP.>' Quantifying
unbound ligands remaining in the supernatant offers a mass
balance approach to obtaining a similar result.’***” In
combination, these analytical techniques can provide evidence
of successful peptide conjugation to the AuNP surface.
Nevertheless, robust data showing the density and packing of
peptides on the AuNP surface are lacking and perhaps can be
addressed with nuclear magnetic resonance (NMR) spectros-
copy and scanning-transmission electron microscopy—electron
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energy loss spectroscopy (STEM-EELS) characterization as
discussed below.

3. ADVANCED CHARACTERIZATION METHODS FOR
LIGAND DENSITY AND LIGAND DYNAMICS ON
NANOPARTICLES

To better understand the true surface landscape of NPs,
characterization of the quantity and distribution of ligands on
the NP surface is needed. Due to their low average atomic
weight, organic ligands are incredibly difficult to image with
electron microscopy unless stained with a contrast agent. The
number of analytical techniques used to characterize surface
coatings on NPs is continuously advancing (Figure 4). Most
notably, our laboratory has recently utilized nuclear magnetic
resonance (NMR) spectroscopy for bulk characterization of
the average ligand density and electron energy loss spectros-
copy (EELS) for single-particle analysis of the heterogeneity of
surface ligand density.

3.1. NMR for the Characterization of Nanoparticle Surface
Functionalization

Traditionally, AuNP surface ligands are quantified through MS
methods that require detaching the ligand from the NP. This
method is utilized by Jiang et al. for the quantification of the
number of ligands after etching with I, to dissolve gold58 and
by Smith et al, who quantified ligands via NMR and
inductively coupled plasma—MS analysis following ligand
exchange.”” While these procedures provide powerful tools
for quantifying the amount of ligand, they cannot probe on-
particle ligand dynamics, ligand—ligand interactions, or ligand
orientations. These on-NP properties may be probed by NMR,
which provides a nondestructive method for measuring the
ligand structure, orientation, and density through chemical
shift, intensity, peak width, and 2D signal correlations.

Quantitative '"H NMR can measure the packing density of
ligands on NPs through the use of a nonoverlapping internal
standard as long as NP concentrations are at approximately
micromolar concentrations, so that ligand concentrations
approach millimolar concentrations without aggregation. Our
group was the first to successfully demonstrate this on NPs
larger than 8 nm, analyzing the ligand density of gold
nanospheres (AuNSs) with diameters of between 1.2 and 2§
nm and mini-AuNRs with ARs from 1.4 to 3.9. A (16-
mercaptohexadecyl)trimethylammonium bromide (MTAB)
ligand was utilized due to the trimethylammonium headgroup’s
unique chemical shift and the headgroup’s location relatively
far from the NP surface. Knowing the concentration and
dimension of the NPs, average per-particle ligand densities
were calculated with accuracy comparable to that of
thermogravimetric analysis or MS methods. Values of 5—7
MTAB ligands/ nm? were obtained for the smallest NPs, while
values of ~2 MTAB ligands/ nm? were obtained for the larger
NPs and the minirods (Figure 5a,b).* Moreover, the chemical
shift of the headgroups trended downfield with increasing NP
size, suggesting that larger NPs had more crowded ligand
headgroups.”

A major value of NMR is its ability to perform pump—probe
experiments to obtain dynamic information. In the case of
MTAB on AuNSs and NRs, both spheres and rods, T, spin—
spin relaxation measurements showed, surprisingly, that the
smallest NPs had the most mobile headgroups while larger
NPs and the minirods all had smaller T, values and therefore
headgroups with reduced mobility (Figure 5c)." By pairing

NMR with molecular dynamics simulations, new insights
emerged: for the smallest NPs, the high curvature allowed for
more ligands to bind per area, but the van der Waals interchain
contacts were weak, not extending all the way to the
headgroups, leading to ligand headgroup floppiness. For larger
NPs, van der Waals interchain contacts were able to be
accessed through the full length of the alkyl chain, leading to a
much more rigid surface and, beyond a 10 nm NS diameter,
very similar ligand densities due to jamming headgroups
(Figure 5d).*

In the absence of unique NMR signals, it is possible to
determine the molecular orientation on NPs if isotopic analogs
are used. One exam6ple is the protein a-synuclein, labeled with
13C and "N atoms.”” 2D NMR experiments showed the loss of
certain amino acid signals when bound to AuNPs of one
anionic surface chemistry; this was interpreted as those signals
being lost due to extreme broadening from residues close to
the NP surface. Thus, a crude measure of protein orientation
on NPs could be gained.60 Changing the surface charge from
negative to positive inverted the protein orientation,
demonstrating that control of the initial NP surface chemistry
can control protein orientation. These NMR results were
confirmed by molecular dynamics simulations, where in this
case the N-terminus of the protein was buried at the anionic
NP surface and the C-terminus was buried at the cationic NP
surface (Figure 5e).*

There are major challenges with NMR experiments on
colloidal NPs. Probing NPs via NMR is limited by substantial
line broadening, which can hinder the ability to detect surface
ligands if they are too short and close to the NP surface, and
low signal sensitivity, which requires approximately 100X
more-concentrated samples than typical colloidal solutions,
risking the aggregation of NPs. However, the favorable
attributes of NMR far outweigh the practical challenges,
spurring further work in this area.

3.2. EELS for the Characterization of the Surface Ligand
Density Distribution

In the years leading up to 2019, end-selective adsorption of
PEG-disulfide,®* preferential linking of AuNRs,*® and
molecular dynamics simulations®® offered indirect evidence
for the hypothesis that the CTAB bilayer was less dense at the
ends of AuNRs. In 2019, the first quantitative evidence of
anisotropic ligand density on CTAB-coated AuNRs was
presented through STEM-EELS mapping, which allowed the
direct visualization and quantification of organic ligand density
at the soft—hard interface of AuNRs.'

For quantitative measurements, a single-layer graphene
substrate was used as an internal standard and low-background
substrate.”>*® These single-atomic-layer grids are very fragile
and rupture under drop-cast sample preparation techniques.
To mitigate this problem, ultrasonic nebulization was used to
deposit the samples onto the graphene substrate in micro-
meter-scale droplets.” Once sample preparation was com-
pleted, EELS spectral imaging was performed to produce 2D
maps of select elements surrounding the AuNR. By
investigating the carbon K-edge at every point around the
AuNR, we were able to map the binding density as a function
of position on the surface by overlaying the ligand distribution
on a simple geometric model of a AuNR."

EELS mapping was performed on MTAB-capped mini (31
+ 5nm X 11 + 1 nm) AuNRs and CTAB-capped small (45 +
S nm X 15 + 2 nm) AuNRs. The mean binding density for
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Figure 6. EELS mapping data of CTAB and MTAB AuNRs. (a) EELS carbon composition map of a CTAB-capped small AuNR. (b) Normalized
histogram of the CTAB-capped small AuNR ligand binding density. The mean value at the ends is 10% lower than at the sides. (c) Plot of the
CTAB-capped small AuNR relative binding density as a function of position. The anisotropy with the CTAB coating is shown by the decrease in
density at the ends of the NRs. (d) EELS carbon composition map of an MTAB-capped miniature AuNR. (e) Normalized histogram of the MTAB-
capped miniature AuNR binding density. The mean value for the ends and the sides are the same within error. (f) Plot of the MTAB-capped
miniature AuNRs’ relative binding density as a function of position. The MTAB coating shows a slight increase in density at the ends of the NR.

Reproduced from ref 1. Copyright 2019, American Chemical Society.

MTAB-capped mini AuNRs and CTAB-capped small AuNRs
was 3.6 = 1 and 0.9 + 0.2 molecules/nm?, respectively, in
agreement with previous studies.”®” In addition, the nature of
the EELS maps allowed a separate analysis of the binding
density of the ligands at the ends and sides of the NR. The
normalized population-averaged ligand density measurements
are visualized in Figure 6. EELS maps of CTAB-capped AuNRs
showed an average 10% (maximum 30%) decrease in ligand
density at the ends when compared to that on the sides (Figure
6a—c). Meanwhile, the mean value for the MTAB-capped
AuNRs’ relative binding density was the same within error
(Figure 6d—f)." These data provide direct evidence to support
the anisotropic distribution of CTAB on the surface of AuNRs,
demonstrating the potential of quantitative EELS for
investigating the heterogeneity of surface ligand layers on NPs.

4. UNEXPECTED BENEFITS OF LIGANDS ON
ELECTROCATALYTICALLY ACTIVE
NANOPARTICLES

The surface ligand identity, density, and possible anisotropic
characteristics may impact the electrocatalytic properties of
AuNPs in solution, an area studied by our group in
collaboration with Baker and co-workers. Ultrasmall (<3 nm
diameter) AuNPs, bound to oxide surfaces and stripped of
ligands, show catalytic activity, most famously for CO
oxidation®® but also now for CO, reduction.”~"" Tradition-
ally, electrocatalytic NPs were attached to a surface and heated
to remove ligands, which were generally considered to block
access to the metal active site. However, an increasing number
of reports show that the surface ligands on an immobilized

colloidal NP can improve its catalytic activity. The current
understanding of possible mechanisms is described in detail in
a recent Perspective.72

One example of this catalytic enhancement is our study of 2-
nm AuNPs capped with dodecanethiol (DDT) and immobi-
lized on a glassy carbon electrode, which yielded a catalyst for
CO, electroreduction that was superior to the same sample in
which the DDT ligands had been removed.” One proposed
explanation is that the DDT ligand layer selectively allows CO,
to pass through to the NP surface while preventing the
deposition of metal ions that poison active sites. In a different
/% and Yu et al.”*

“NOLIL” or “nanoparticle/ordered ligand interlayer,” for

system, Kim et al have coined the term
systems where the surface ligands may serve a similar role as
the pocket of an enzyme, controlling access to the active site
and modifying the geometry and chemical environment of the
reactant. Careful modifications of the surface ligand layer may
yield additional improvements in catalytic efliciency and
selectivity on NPs.

5. CONCLUSIONS AND FUTURE DIRECTIONS

In this Account, we have discussed various organic AuNP
ligand types and efforts made to characterize those ligands in
the bulk and individually, as AuNP ligands impact the NPs’
biological and catalytic activity. To push the field of NP surface
characterization forward, we suggest the following lines of
future work.
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5.1. High-Throughput Single-NP Analysis

NMR and EELS characterization methods offer insight into the
average and individual ligand densities on AuNDPs, respectively,
but each suffers from practical challenges. We believe that the
development of a high-throughput method to analyze the
ligands on many NPs in quick succession will fill many gaps in
knowledge about NP ligand shells. Ideally, such a technique
would indicate the ligand density and orientation at many
points on individual NPs, allowing for a holistic snapshot of the
inhomogeneities possible in the NP surface ligand layer.
Advances in tomographic reconstruction in cryo-EM may be
instructive for NP ligand experiments. Single-particle ICP—MS
at present can provide information about the metallic cores but
not organic shells; development of work in this area would be
welcome.

5.2. Monitoring NP Ligand Composition and Dynamics in
Complex Matrixes

While some groups have investigated NP ligand dynamics in
solution, few groups have investigated AuNP changes spatially
and temporally within a complex matrix such as a biological
system. Because the plasmons of gold interfere with typical
fluorescence measurements, we see great promise in the
continued advancement of super-resolution techniques that
surpass the diffraction limit to answer these questions,”
particularly super-resolution Raman scattering. For example,
because plasmonic AuNPs lead to the SERS effect when struck
by incident light, de Albuquerque and Schultz’® tracked
peptide-functionalized AuNP movement through colon cells
with a wide-field super-resolution Raman spectrometer.
Continued research in this area might include monitoring
the change in Raman peak signals for a given suspected
particle, suggesting dynamic ligand changes on the NP itself in
a spatial and temporal manner.

5.3. Utilizing Combinatorial NP Libraries to Determine
Structure—Function Relationships in Biological Settings

The combinatorial library is widely used to determine
structure—function relationships in bioactive small-molecule
research but is less commonly used to draw conclusions among
different NP factors, such as core material, size, and surface
chemistry and their (bio)environment. In 2018, Xu et al.
studied in vitro and in vivo biological effects with a library of 21
AuNP types while systematically varying 3 NP parameters,”’
and recently, Boehnke et al. screened a library of 35 organic
NPs with 488 cancer cell lines simultaneously and used
multiomic data to identify genes associated with NP—cell
interactions.”® We believe that combining biological NP
studies with library-type systems and omics data analysis will
allow for increased clarity of the biological fate of NPs.

5.4. Final Thoughts

Overall, the enormous application space of AuNPs, from
catalysis to the photothermal destruction of tumors, would
greatly benefit from an increased understanding of the dynamic
surface chemistry of the soft, stabilizing layers on NP surfaces,
how the surface evolves over time, and how best the surface
can be engineered at the front end for maximum beneficial
impact.
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