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Monofunctionalized Gold Nanoparticles:
Fabrication and Applications
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Abstract: An overview of various approaches to synthesize gold nanoparticles (AuNPs) bearing one single chemi-
cally addressable unit and their diverse fields of application is presented. This comprehensive review not only de-
scribes the strategies pursued to obtain monofunctionalized AuNPs, but also reports their behavior as ‘massive’
molecules in wet chemical protocols and the scope of their applications. The latter reaches from site-specific la-
bels in biomolecules over mechanical barriers in superstructures to building blocks in hybrid nano-architectures.
The complementing physical properties of AuUNPs combined with precise chemical control of their attachment
makes these objects promising building blocks for numerous proof-of-concept experiments and applications.
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1. Introduction

Due to the reactivity of their surface, nucleating Au(0) clus-
ters need to be passivated by ligands in order to prevent aggrega-
tion. With the recognition of the potential of gold nanoparticles
(AuNPs) as functional subunits in nanoscale architectures and
molecular devices, the focus of research moved from the bare in-
vestigation of their physical properties to their integration in larg-
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er systems. Consequently, their ligand shell was no longer solely
stabilizing the AuNP, but became also of interest as the interface
with the chemical environment. Consequently, the decoration of
the AuNPs’ surface with functional groups enabling their integra-
tion as massive ‘artificial molecules’ by wet chemical protocols
moved into the focus of interest. Owing to their non-classical op-
tical(l-2l and physicalB! properties, in the past decades, consider-
able research efforts were geared towards functional ligand shells
for the implementation of AuNPs in sensing,[*’! catalysis,[6-8]
plasmonics,[®-121 labeling,[!3-17] molecular electronics,[!8-201 and
biomedical applications.!'21.221 For many of these applications,
control over the number and spatial arrangement of addressable
moieties, i.e. functional groups, exposed on the ligand shell of
the AuNPs is of primary interest since it allows the integration of
AuNPs with molecular precision.

In this comprehensive review, we provide an overview of vari-
ous strategies to synthesize monofunctionalized AuNPs as well as
the reported proof-of-concept experiments and applications. We
differentiate between two strategic approaches to obtain mono-
functionalized AuNPs, which are sketched in Fig. 1. In the first
part, strategies towards AuNPs stabilized by a single macromo-
lecular ligand exposing a single functional moiety (Type I) are
presented. In the second part, the approach consists of AuNPs
stabilized by multiple ligands — typically dozens or even hundreds
— whereof only one possesses the functionality of interest (Type
II). To keep the dimension of this review reasonable, exclusively
AuNPs possessing a single functional unit in their ligand shell
are considered. Also, we will only occasionally mention AuNPs
functionalized with antibodies, as this topic has been extensively
reviewed elsewhere.[523.24]

2. Single-ligand-coated Gold Nanoparticles (Type )

The most straightforward way to synthesize monofunctional-
ized AuNPs is to design ligands that are large enough to stabilize
an entire particle by steric crowding,[25-2 yet the introduction of a
single functional unit per ligand demands sophisticated synthetic
strategies.
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Fig. 1. lllustration of the two strategies geared towards monofunctiona-
lized AuNPs considered in this review. FG = functional group.

2.1 Oligomers and Polymers
2.1.1 Pre-polymerized Ligands

The first report of AuNPs that were monofunctionalized via
a single polymer ligand comprising only one functional unit was
published by Wilson.3% He reported the use of a dextran-based
ligand that was decorated with 15 thiol anchors for the stabiliza-
tion of AuNPs as well as a single 2,4-dinitrophenyl hapten as a
recognition site for antibodies. The latter was attached to the li-
gand by a short hydrophobic linker in order to pierce its aqueous
solvation shell. The 12 nm AuNPs were prepared by citrate reduc-
tion of HAuCl,. Subsequently, the citrate shell was conjugated
with various amounts of monofunctionalized dextran polymers.
Stability tests against phosphate-buffered saline (PBS)-induced
flocculation of the AuNPs revealed that a minimum of four li-
gands was needed to give AuNPs with satisfactory stability, yield-
ing AuNPs with a minimum of four functional units per particle.
Increasing the number of sulfur anchors on the ligand by an order
of magnitude gave sufficiently stable AuNPs that were passivated
by a single ligand.[3! In this further developed system, the single
hapten was replaced by 15 biotins for the detection of streptavidin.
Later reports included studies on the functionalization degree de-
pendence for bovine serum albumin detection in lateral flow im-
munoassays,32 single-stranded deoxyribonucleic acid (ssDNA)
detection33 and DNA labeling.[34

A variation of this approach was proposed by Yao et al.l3]
in which phosphine-stabilized AuNPs were subjected to ligand-
exchange with a poly-adenine chain long enough to enwrap an
entire AuNP, and functionalized with a polynucleotide chain.
The latter acted as a recognition motif for the detection of com-
plementary DNA strands or as an anchor for the formation of
more complex AuNP superstructures upon DNA hybridization
since the number of DNA strands per NP was precisely tuned
by the NP size.

An elegant approach to monofunctionalized AuNPs based
on tailor-made block co-polymers was reported recently. As
sketched in Fig. 2, a linear block co-polymer comprising a
block exposing numerous olefins and a terminal azide was ob-
tained by ring-opening metathesis polymerization (ROMP, Fig.
2a). Upon cross-linking with Grubb’s catalyst, the olefin-rich
block-copolymer formed a cage-like organic NP (ONP) scaf-
fold (Fig. 2b). By oxidizing the olefins of the block co-polymer,
a hydroxyl-rich water-soluble ONP was obtained, which still

exposed an azide group (Fig. 2¢). The latter was engaged in a
‘click’ protocol to attach a single DNA strand (Fig. 2d). This
structure was used to graft AuCl," to the hydroxyl groups of the
organic NP (Fig. 2e). Reduction by addition of ascorbic acid led
to AuNP nucleation inside the organic scaffold (Fig. 2f). The
preserved function of the single DNA strand was demonstrated
by titration with the complementary DNA strand comprising a
fluorescence quencher. The monofunctionalization was corrob-
orated by dimer formation with an AuNP functionalized with a
complementary DNA strand (Figs. 2g—h).[30] In continuation of
this work, the influence of the polymer size, degree of polymer
crosslinking, and monomer-to-polymerization initiator ratio on
the organic nanoparticle size were investigated in order to tune
the size of the formed metal NPs.[37] Monofunctionalized metal
NPs of diameters up to 40 nm were obtained by this strategy.

2.1.2 On-Surface Polymerization

A different approach to the monofunctionalization of AuNPs
by polymers was proposed by the research group of Andreas
Greiner.[381 In contrast to the previously discussed approach,
the polymerization of thiol-derivatives of styrene-based ligand
monomers was performed after AuNP synthesis, i.e. on the par-
ticle surface. The functional group was introduced by a suitable
radical starter initiating the polymer formation. First, AuNPs
were synthesized according to the Brust—Schiffrin two-phase
synthesis in presence of 4-mercaptostyrene as a small passiv-
ating ligand.3¥) Subsequently, 4,4'-azobis(4-cyanopentanoic
acid) was used as a radical initiator to induce the free-radical
polymerization of the ligands’ vinyl moieties, giving AuNPs
stabilized by a single poly(4-mercaptostyrene) polymer cage.
The formed ligand shell had a single carboxyl — the residue of
the radical starter — accessible for further chemistry at the termi-
nus of the formed polymer shell (Fig. 3). Monofunctionalization
was demonstrated by amide condensation reaction with 1,7-di-
aminoheptane or with polyallylamine which resulted in either
AuNP dimers, or linear AuNP chains respectively.[38] Based
on these results, the scope of this monofunctionalization
method was enhanced by decorating the radical initiator with
a methylcoumarine dye.[*0 Free-radical polymerization of the
ligand shell gave AuNPs functionalized with a single remote
methylcoumarin, making these ‘artificial molecules’ appeal-
ing candidates for labeling applications. In a further study, the
particle-coating surface polymer was engaged in a second poly-
merization reaction. Therefore, the single exposed carboxylic
acid was forming an amide bond with 4-aminostyrene which
was engaged in the polymerization of methyl methacrylate to
give acrylate/ AuNP-styrene copolymers.l#!l Interestingly, these
poly(methyl methacrylate)-grafted polymer ligand shells were
acting as ‘fishing rods’ for size-selective capture of various met-
al nanoparticles once the ligand shells were liberated from the
encapsulated AuNPs templates by NaCN etching (Fig. 3).[4243

2.2 Dendrons, Dendrimers and Branched Oligomers
Dendrimers as ligands for AuNPs have found significant inter-
est in drug delivery and sensing, 44l catalysis, 45401 and biomedical
applications.[*”] The sheer number of end groups in dendrimers,
however, poses a major challenge in the monofunctionalization
of AuNPs since reliable methods for the modification of a single
dendrimer subunit have, to the best of our knowledge, not been
reported yet. In first-generation dendrimers with a low number
of branches, a single functional group can be statistically intro-
duced. This has been demonstrated by labeling of ssDNA with
Au clusters that were stabilized by a monofunctionalized ben-
zylic thioether-based dendrimer.l*8! Inspired by these studies
from Kiedrowski et al., we investigated the potential of benzylic
thioether-based oligomers and dendrimers for the stabilization of
AuNPs. Already first experiments resulted in AuNPs with nar-
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Fig. 3. On-surface polymerization of mercaptostyrene to give mono-
carboxy AuNP 2. Subsequent amide condensation with aminostyrene and
co-polymerization to methyl methacrylate yields acrylate/AuNP-styrene
co-polymers. Etching with NaCN demetalates the polymer cage chains
that can be used for size-selective ‘fishing’ of metal NPs. Reproduced
from ref. [43] according to the CC BY-NC-ND 4.0 license. Copyright (2015)
John Wiley and Sons.

row dispersity suggesting a discrete number of ligands coating
the particle.?”] Decorating the ligands with a single functional
group enabled to corroborate the presence of a pair of ligands
for meta-benzyl thioether based linear oligomers.[9-0 The AuNP
surface covered by the macromolecule was increased by introduc-

Ié\.-u_c

monovalent
DMA-AUNP

the ONP. f) Reduction of the Au
salt, yielding the monofunction-
alized AuNP. g) Hybridization to
parent DNA-functionalized AuNP
to form dimers. h) TEM pictures
of the dimers. All images adapt-
ed with permission from ref.
[36]. Copyright (2017) American
Chemical Society.

ing branching units and, indeed, the second-generation dendrimer
was not only catching AuNPs of 1.2 nm diameter during their
growth, but also stabilizing the entire particle.l!l Introduction of
an exposed alkyne group at the central dendrimer subunit pro-
vided dumbbell-type AuNP dimers upon oxidative acetylene cou-
pling52 and trimeric or tetrameric AuNP architectures upon expo-
sure to copper(1)-catalyzed alkyne-azide cycloaddition (CuAAC)
‘click’ reaction conditions with central linking units comprising
three or four benzylic azides respectively,3 all corroborating the
1:1 dendrimer:AuNP ratio. Enlarging the steric demand of the
coating benzyl thioether ligand by tetraphenylmethane subunits
even provided linear!?8! and threefold branched[?*] oligomers able
to coat entire AuNPs. The central tetraphenyl subunit of the lat-
ter was ideally suited to expose a single alkyne group enabling
again the formation of AuNP dimers or trimers by wet chemical
protocols based on oxidative acetylene homocoupling or CuAAC
respectively (Fig. 4).134

Dendrimers and dendrons were used as host structures for
AuNPs mainly as an instrument to profit from the particles’ cata-
Iytic activity. Parent thioester-based second-generation dendron
structures were attached to SiO, beads as support for AuNPs which
were used as a reusable catalyst for the oxidation of alcohols.[33]
Dendronized polymers!>®! were used for the AuNP-catalyzed re-
duction of 4-nitrophenol to 4-aminophenol in both aqueous!’ and
organicl®8! media. An alternate dendron motif based on CuAAC-
‘clicked’ triazols!*®! was proposed.[®l Upon functionalizing the
focal point of the dendron with a disulfide as anchor, it was shown
that the resulting AuNPs were indeed stabilized by a single li-
gand. The parent ligands, functionalized with free acetylene or
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N-hydroxysuccinimide yielded AuNPs stabilized with two den-
drons each under otherwise identical reaction conditions, pointing
at the importance of the anchoring group for the controlled nucle-
ation of AuNPs to yield a 1:1 ligand-to-particle ratio.

Grafting poly(amido)amine (PAMAM) dendrimers via amide
condensation to solid polymer supports(®l]l has been reported as a
means for the facile monofunctionalization of dendrimers: first,
the dendrimers were grafted to cellulose nanocrystals, subse-
quently, the AuNPs were synthesized in presence of these super-
structures via sodium borohydride-mediated reduction of chloro-
auric acid, giving organic superstructures covered by AuNPs.[62]
These AuNP superclusters were used as catalysts in the reduction
of 4-nitrophenol to 4-aminophenol and were recyclable multiple
times. A similar approach was used to monitor laccase activity in
an electronic monitoring sensor for electron-transfer events upon
oxidation of catechin.[®3]

3. Multiple-ligand-coated Gold Nanoparticles (Type Il)
As an alternative to large molecules, AuNPs can be stabilized
by dozens or even hundreds of small ligands such as citrate,[%4
4-(dimethylamino)pyridine,[®] tetra-n-octylammonium bromide
(TOAB),I%61 cetyltrimethylammonium bromide (CTAB),%7 tri-
phenylphosphinel8.61 or alkyl thiols.[%] In order to obtain mono-
functionalized AuNPs from such multiple-ligand-coated AuNPs,
two approaches have found widespread application: (1) the syn-
thesis of AuNPs in a stoichiometric ligand mixture containing a
carefully chosen ratio of functional and non-functional ligands or
(2) exploiting the ligand place-exchange reaction that occurs in
presence of a ligand of similar or better affinity to gold than the
ligand coating the NPI70711 in order to introduce a single functional
ligand per NP via statistical ligand-exchange events. In this section,
methods documenting one of the two approaches are presented.

3.1 Stoichiometric Ligand Mixtures
3.1.1 Au,, Clusters

The first report of trace evidence of a gold cluster with mixed
ligands whereof only one exposed a single chemically addressable
functional group was published as early as 1980,[21 but it is not be-
fore 1984 that parentclusters were isolated.[>74/ In an elaborate pro-
tocol based on stoichiometric functionalization, one single amine
of tricyanoheptakis [4,4',4"-phosphinidynetris(benzenemethane-
amine)]undecagold ([(P(PhCH,NH,),),]1X Au, , where X = halo-
gen) was functionalized with succinimide or phthalimide respec-
tively.l”3! Alternatively, [(P(PhCH,NH,),).]X,Au,, was modified
with a stoichiometric mixture of phthalic anhydride and acetic
anhydride to give a mono-(N-phthalyl) undecagold cluster which
was further functionalized for tailored needs.*] These rather la-
borious methods were optimized by Safer ef al.[7>7¢1 who, to syn-
thesize monofunctionalized Au,, clusters, used a stoichiometric

Fig. 4. a) Threefold branched li-
gand structure coating the AuNP.
b) Sketch of its engagement like
a huge molecule in a CuAAC
‘click’ reaction after deprotection
. of the masked alkyne group. c)
Y TEM micrographs of the obtained
' AuNP trimers. Reproduced from
e ref. [54] according to the CC BY
4.0 license. Copyright (2020) John
Wiley and Sons.

mixture of two triphenylphosphine-based ligands, one bearing
a single free amine while the other was not functionalized. The
monofunctionalized clusters were readily separated in excellent
yields from their un- and overfunctionalized parent structures
by liquid chromatography. After adequate manipulation of the
single free amine per cluster, they were used as site-specific la-
beling agents for actin, myosin and propomyosin. Alternatively,
monofunctionalized Au,, clusters were obtained by stoichiomet-
ric ligand place-exchange with suitably functionalized phosphine
ligands!"?! and subsequent chromatography.l””! These facilitated
synthetic approaches allowed reliable labeling of a multitude of
biomolecules for TEM detection such as proteins,!13-78 antibod-
ies!™ and RNA,80-821 whereby, in the latter case, it was shown
that the undecagold label did not interfere with the translation
process in the ribosome due to its minuscule sizel83:841— in contrast
to its Au,, counterpart.[®5! Recently, N-heterocyclic carbine-mono-
functionalized undecagold was reported to have unprecedented
thermal stability and catalytic activity in the electroreduction of
CO,.18

3.1.2 Au,, Clusters

The stoichiometric ligand mixture approach was expanded
to the monofunctionalization of Au,, Schmid clustersi®! and was
commercialized in 1990 together with the Au,, parent clusters un-
der the name ‘Nanoprobes’.[17-87:881 These commercial gold clusters
were used for the synthesis of precisely organized Au, dimers and
trimers by substitution to ssDNA which could hybridize to com-
plementary Au_-labeled strands in pre-defined orientations. 8]
Owing to their minute size, they were further used for the labeling
of sterically challenging sites on antigens.[85] Their ease of han-
dling was further exploited in the fabrication of organic/inorganic
Aug-conjugated double-stranded DNA (dsDNA) and RNA struc-
tures.%1 In the same study it was demonstrated that streptavidin
covalently labeled with the Au,-DNA conjugates was still per-
forming its natural immunoglobulin G (IgG) recognition function.

Au,-labeled DNA was further used to study the DNA de- and
re-hybridization as a function of magnetic field-induced tempera-
ture increase: a 38-nucleotide DNA hairpin with self-complemen-
tary ends over 7 bases was labeled with a Au,, cluster (Fig. 5a).191.921
The de- and re-hybridization of the 7-base sequence upon ra-
diation with a radio-frequency magnetic field was monitored by
measuring the optical absorbance at 260 nm which reflects the
hybridization state of the loop (Fig. 5b). The temperature calibra-
tion of the experiment was obtained by profiting from an immo-
bilized DNA strand which was conjugated with a complementary
DNA strand decorated with a Aug cluster and a fluorophore at
opposed ends (Fig. 5¢). De-hybridization was triggered by either
heat or the radio-frequency magnetic field with the extent of de-
hybridization monitored by the fluorophore concentration in the
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Fig. 5. a) DNA hairpin loop labeled with Au,,. b) Change in absorbance at 260 nm upon switching of the radio-frequency magnetic field, reflecting the
de- and re-hybridization of the DNA duplex. c) Set-up of paired DNA strands used for temperature calibration in the experiment. Sketched from ref.

[91] and ref [92].

supernatant. Equal fluorophore concentrations in the supernatant
point at comparable effective temperatures experienced by the
paired DNA strands in the set-up.

Willner and co-workers covalently attached Au,, to a DNA
intercalator and profited from a dsDNA as a template to obtain
wire-like arrays of AuNPs.[] In the same article, the exposed
amino groups of polylysine were functionalized with mono-N-
hydroxysuccinimido-Au,, from ‘Nanoprobes’ as alternative ap-
proach to AuNP wires.[%3! The same group profited from Au,, as
functional unit in a biology-inspired electrochemical experiment
monitoring the apo-glucose oxidase activity in real-time.[° By
wet chemical control, a single Au,, was coupled to flavin adenine
dinucleotide (FAD). The AuNPs were further place-exchanged to
a gold wire electrode via thiolated bridge molecules. Upon oxidiz-
ing glucose, an electron was transferred from FAD to the attached
AuNP, giving a detectable signal on the electrode. The natural
enzyme relying on electron transfer from FAD to oxygen was
outperformed by a factor of seven.4

Pons et al. investigated the fluorescence quenching of CdSe—
ZnS quantum dots (QDs) by AuNPs by controlling the spacing
between both particles with a beta-sheet-forming repeating se-
quence.®! By variation of the length of the beta-sheet rod, the
distance-dependence of the quenching was studied and, indeed,
quenching occurred even beyond separation distances of 200 A,
suggesting nonradiative energy dissipation and dipole-to-metal
nanoparticle energy transfer to be a better model for quantum
dot photoluminescence quenching than Forster resonance energy
transfer.

3.1.3 Ligand-exchange with Stoichiometric Ligand
Mixtures

In order to stabilize larger gold colloids with stoichiometric
ligand mixtures, Brust’s group proposed to exchange the entire
ligand shell of 13 nm and 40 nm citrate-stabilized AuNPs with
a carefully tuned mixture comprising an unfunctionalized, cys-
teine-containing pentapeptide and its DNA-functionalized par-
ent peptide, allowing the controlled supramolecular assembly of
AuNP nanoarchitectures via DNA hybridization.[¢! The scope of
the method was enlarged by replacing the DNA-conjugated func-
tional peptide by a biotin-labeled pentadecapeptide containing a
His-tag which can chelate to transition metals.”” In the latter
case, isolation of the monofunctionalized AuNPs was achieved by
metal ion affinity chromatography. In order to prove the versatil-
ity of the approach, different functional peptide chains were used,
enabling the AuNPs to bind to proteins.[8] The approach was

later generalized by using an alkyl-poly(ethyleneglycol) ligand
as the non-functionalized ligand.[*®! Peptide-monofunctionalized
AuNPs were used to label various proteins,[99-102] target lipid rafts
of cell membranes, 193] and to study the effect of NP surface func-
tionalization density on the supramolecular assembly behavior of
bis(sulfosuccinimideyl)suberate (BS3) with peptide chains on the
AuNP surface.['%4 Interestingly, the experimental data suggest
that thus-synthesized AuNP labels do not interfere with the func-
tion of their target protein.!00]

Using a comparable statistical ligand-exchange protocol, Jun
et al. reported a study monitoring the cleavage of peptide-linked
AuNP superstructures by caspase-3: AuNPs monofunctionalized
with a biotinylated peptide bearing the caspase-3 cleavage site
were attached to NeutrAvidin-coated AuNPs attached to a solid
support. Monitoring the plasmon resonance wavelength as well as
the scattering intensity allowed the recording of single caspase-3
cleaving events by a blue-shift of the plasmon band and a drop
in intensity for each cleaving (Fig. 6).[195] In the same report, this
method was implemented into in vivo systems in order to monitor
caspase-3 activity in apoptosis processes.

Similar studies used mixtures of unfunctionalized hydro-
phobic ligands and linear oligo(phenylene-ethynylene)(OPE) di-
thiols to create AuNP dimers or star-shaped OPE trithiols to create
AuNP trimers respectively.[100] While the existence of both AuNP
dimers and trimers was corroborated by transmission electron
microscopy (TEM), the AuNP superstructures were not isolated.
Mechanically interlinked structures with an AuNP as intrinsic
subunit of the catenated macrocycle were also reported.[197] Both
phenantroline ligands of a copper complex were terminally deco-
rated with short ethyleneglycol chains exposing a terminal thiol,
allowing to close the macrocycle by immobilizing both ends of
each ligand to an AuNP. The concentration ratios between copper
complex and AuNP were optimized for catenated dimer forma-
tion.

3.2 Single Ligand-exchange Events

For AuNPs stabilized by multiple ligands beyond the 1.4 nm-
Au,, cluster, often more elaborate procedures have to be used
in order to obtain reliable monofunctionalization. Single ligand
place-exchange events were reported in liquid phase as well as
on solid support. In the first case, between various assembly and
purification strategies has to be differentiated, namely exploiting
the negative charge of e.g. (but not limited to) DNA in gel elec-
trophoresis, using single polymerase chain reaction (PCR) cycles,
place-exchange at the liquid-liquid interface of biphasic mixtures,
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Fig. 6. a) Monofunctionalized AuNPs attached to stationary AuNP via a peptide chain bearing the caspase recognition motif (DEVD) and caspase-

mediated degrading of the superstructure. b) Sketch of the avidin-biotin immobilization chemistry and the caspase-sensitive DEVD peptide sequence

(Asp-Glu-Val-Asp). c) Gradual plasmon band blue-shift and decreasing of signal-to-noise ratio with increasing number of cleaving events. The solid red

line is the absorption of the intact structure, the increasing fuzziness of the curves reflects the decrease of signal-to-noise ratio when AuNPs are cleaved

off the central AuNP. d) Scattering intensity as a function of time, showing a distinct decrease for each cleaving event. Reproduced from ref. [105].

or separation by centrifugation. Solid-support place-exchange
reactions require pre-functionalized stationary chromatography
phases that will be discussed in the second part of this chapter.

3.2.1 Liquid-phase Place-exchange
3.2.1.1 DNA-monofunctionalized Gold Nanoparticles by
Electrophoresis

In order to circumvent the challenges faced by embedding a
single functional group into the ligand shell, Alivisatos and co-
workers exploited the negative charge of DNA and its influence
on separation behavior: they place-exchanged phosphine-,[108-110]
tannic acid-,[!11] or citrate-stabilized!(!10.1111 AuNPs with stoichio-
metric amounts of thiolated ssDNA and separated the obtained
products by number of attached DNA strands via electrophore-
sis,[108.110.111] or anion-exchange HPLC.[1091 The ability for reliable
control over the degree of functionalization allowed, via DNA
strand hybridization, the fabrication of precisely organized AuNP
dimers and trimers,108.112.113] structurally switchable di-,[114 tri-
and tetramers,[!15] extendable hairpin DNA-AuNP tetramers,!!16]
chains,!117] chiral and achiral AuNP tetrahedrons,[!18] AuNP trans-
port machineries(!19 as well as highly organized 2-dimensional
AuNP arrays,[120.1211 or DNA origami slabs!!22! on surfaces (Fig. 7).

This method further allowed to probe the NP-NP dis-
tance-dependence of the surface plasmon resonance of AuNP
dimers.[123.124] Both studies found that a significant redshift can
be observed if the AuNPs are moved closer together. Temperature-
dependent UV—vis monitoring of the plasmon absorption signal
in dsDNA-linked AuNP dimers showed a drastic redshift of the
plasmon band upon heating.!'251 Further, the size-dependence of
the individual AuNPs in dsDNA-linked heterodimer structures
was investigated.!'24] Forster resonance energy transfer amplifica-
tion for fluorescent donor—acceptor pairs located at the center be-
tween AuNP dimers with well-defined interparticle distance was
reported.[126] Trimer assemblies with interparticle gaps in the sub-
nanometer regime were shown to act as plasmon nanolenses.[27]

The method was used to fabricate rotaxanes consisting of a
partially double-stranded DNA axle with AuNPs acting as stop-
pers on each end. The macrocycle consisted of a circular ssDNA
which was hybridized with a single-stranded domain of the axle
as well as a third ssDNA-functionalized AuNP or a fluorophore
(Fig. 8a).[128] The thus-functionalized macrocycle was able to
shuttle between the stoppers upon addition of suitable DNA
fuel strands (Fig. 8b). With these structures, geometry-depen-
dent plasmon resonance behavior of AuNP assemblies as well
as distance-dependent fluorescence quenching and amplifying
was investigated, being in close agreement with theoretically pre-
dicted surface plasmon-enhanced luminescence in noble metal
nanoparticles.[129130] Tn a closely related work, both plasmonics
and fluorescence quenching and amplifying behavior of precisely

organized AuNP assemblies were further investigated with the
help of complex catenated AuNP-macrocyclic DNA structures
which were able to change morphology by exchange of DNA fuel
strands.[131] Further, mono-DNA AuNPs served as probes for the
measurement of rotary and shuttling motions of DNA origami ro-
taxanes.!32!

The distance-dependent plasmon properties of AuNP dimers
were exploited to fabricate a ‘plasmon ruler’ where AuNPs
functionalized with a single biotinylated ssDNA were anchored
to surface-immobilized, streptavidin-coated AuNPs. With high-
er NaCl concentration in the buffer, the DNA strand curled up,
bringing the AuNPs closer together and thus resulting in a plas-
mon redshift, while, with lower NaCl concentration, stretching
of the DNA strand resulted in a plasmon blueshift.!l!33] This type
of ‘plasmon ruler’ was used to monitor endonuclease activity
with high time-resolution as single Au-DNA-Au cutting events
resulted in a drastic drop of scattering intensity upon release of
AuNPs into the buffer solution.[34]

DNA hybridization was exploited for the attachment of sin-
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Fig. 7. a) Examples of superstructure assemblies from DNA-mono-
functionalized AuNPs. a) Chiral and achiral AuNP tetrahedrons. Reprinted
with permission from ref. [118]. Copyright (2009) American Chemical
Society. b) Controlled NP exchange in a trimer structure by a ‘write/erase’

procedure. Adapted with permission from ref. [115]. Copyright (2007)
American Chemical Society.
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gle inactive thiolated hairpin DNA strands to AuNPs: an asym-
metric DNA hairpin bearing a thiol at its sterically crowded
hybridized end while the overhang is not functionalized cannot
bind to a gold surface. In order to attach the inactive hairpin,
phosphine-stabilized AuNPs were subjected to single place-
exchange reaction with thiolated helper DNA strands. Those
acted as competitive strands, allowing the loop to open upon
hybridization and to expose the unreachable thiol. With this
approach, the attached DNA lost its loop structure, but left an
overhang for further functionalization of the AuNPs (Fig. 9a).
Alternatively, a helper DNA with a hybridizable sequence and
an overhang was first hybridized with the overhang of the loop
DNA, thus freeing the inactive thiol while leaving the loop
intact and finally, enabling the attaching to the AuNP surface
(Fig. 9b). Using this procedure left the loop able to hybridize
with further ssDNA as well as a hybridizable overhang from
the helper DNA for individually accessible functionalizations
of the AuNPs. These two methods allowed the controlled fab-
rication of AuNP superstructures such as di-, tri- and tetramers
upon hybridization with either the intact loop, the helper DNA
overhang or the stretched loop overhang (Fig. 9¢).[135] In con-
tinuation of this work, controlled strand displacement events
on the helper strands were used to create AuNP-based ‘AND’,
‘OR’ and ‘YES’ logic circuit functions.!136]

3.2.1.2 Alternate Functional Groups Using Electrophoresis
for Purification

Several groups have shown that the versatility of electrophore-
sis as ameans of isolating AuNPs bearing a single functional group

a)

gactive» thiol-group a«helpers A

a-B-5

Fig. 8. a) AuNP-DNA-rotaxane
with a third AuNP attached to
the macrocycle. Domains | and
Il (red): ssDNA part of the axle.
Domain Il (green): dsDNA part of
the axle. Domain IV (yellow): rec-
ognition site for the ssDNA-func-
tionalized AuNP. The AuNP can
shuttle between domains | and
Il. b) ssDNA macrocycle labeled
with fluorescence marker for fluo-
rescence quenching experiments
Adapted with permission from ref.
[128]. Copyright (2017) American
Chemical Society.

FuZaFul Cy3
.J ¥3 (6)
L
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is not limited to DNA functionalization. A similar procedure based
on electrophoretic separation was implemented for the mono-
functionalization of AuNPs by monoamino poly(ethyleneglycol)
chains.l'37] This modified method allowed to trace the accumula-
tion of AuNPs in living animals from both intravenous injection
and intratracheal instillation.[!38] In another approach, AuNPs were
stabilized by 11-mercaptoundecanoic acid. Ligand-exchange with
stoichiometric amounts of 1,6-hexanedithiol gave interconnected
AuNP structures which could be separated by gel electrophoresis
owing to the anionic charge on the structure’s surface. With this
method, precisely ordered di- and trimers were isolated.!l39 The
potential of electrophoresis for AuNPs was demonstrated with the
self-assembly of protein cage—AuNP hybrid nanoarchitectures
obtained by surface engineering.['*0] The AuNP exposed a single
Ni?* complex which was introduced by place-exchanging citrate
with a thiolated molecule exposing a nitrilotriacetic acid subunit
coordinating Ni** ions. This Ni-complex at the AuNP surface
interacts with the polyhistidine tag exposed by a protein cage.
Depending on the concentrations of the surface-engineered nano-
objects, a variety of discrete AuNP—protein hybrid architectures
were obtained (Fig. 10).

Recently, p-mercaptobenzoic acid-coated Au,, and Au,
clusters were subjected to stoichiometric place-exchange reac-
tion with biphenyl-4,4'-dithol. After separation of the dimers
from the unreacted monomers and oligomers, it was found that
the dimers were formed by disulfide formation of the exposed
thiol. These well-defined structures of moderate size made them
excellent model compounds for connecting ab initio theoretical
studies and experimental quantum plasmonics. These dimers not

p-B-s

Fig. 9. a) Opening the hairpin DNA loop via hybridization allows access to the sterically crowded thiol, leaving the loop overhang exposed; b) Helper
DNA hybridizes to DNA loop overhang, exposing the thiol. The helper DNA overhang is accessible for hybridization; c) AUNP tetramer structure demon-
strating the presence of the corresponding DNA architectures at the AuNP surface. Small, ssDNA-monofunctionalized AuNPs hybridize to the specific
target functional units on the large AuNP. Adapted with permission from ref. [135]. Copyright (2013) American Chemical Society.
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only showed large red-shift in their plasmon resonance, but also
a second plasmon resonance mode most likely stemming from
tunneling charge transfer phenomena.l!4!l In a later study, a se-
ries of alternate dithiol linkers was investigated in order to gain
insight into the influence of the linker structure on the AuNP
superstructure polymerization behavior.[42] This approach was
further used as a proof-of-principle method for the imaging of
individual disulfide bonds via electron energy-loss spectroscopy
in scanning transmission electron microscopy experiments on
AuNP dimers.[143]

3.2.1.3 Polymerase Chain Reaction for the
Monofunctionalization of Gold Nanoparticles

In order to functionalize AuNPs with single DNA strands,
PCR was used on AuNPs coated with DNA primers.[144 It was
demonstrated that, for single PCR cycles, monofunctionalization
is achieved while multiple cycles give AuNPs functionalized with
two or more DNA strands, making this method a powerful can-
didate for automated AuNP superstructure assembly. The scope
of this approach was shown by DNA pairing-driven assembly of
chiral core-satellite and dendriform structures!!43] as well as two-
sized AuNP heterodimers!!4¢! and chiral pyramids that show optical
activity in circular dichroism spectroscopy measurements.[144.147]
Further, alternating heterochains of different-sized AuNPs fabri-
cated by PCR have been shown to exhibit a direct dependence
of structure chain length with plasmon absorption intensity and
strength of surface-enhanced Raman scattering.!148]

3.2.1.4 Two-phase Mixtures

An alternative approach to functionalize AuNPs with a single
DNA strand was proposed by Jhaveri et al. They used methyl
triethylenegylcol thiol for the stabilization of AuNPs. After place-
exchanging the ligand with sub-stoichiometric amounts of thio-
lated ssDNA in a two-phase mixture (water and ethanol/dichlo-
romethane), unreacted AuNPs preferred migrating to the organic
phase while DNA-functionalized AuNPs preferably stayed in the
aqueous phase. Salting out the free DNA was found to be a fac-
ile purification method. Proof of purity of monofunctionalized
AuNPs was shown by gel electrophoresis.!49]

Fig. 10. a) Sketch of the concep-
tual approach assembling discrete
hybrid nanoarchitectures con-
trolled by the protein-cage/AuNP
ratio. b) TEM images of discrete
hybrid nano objects isolated by
electrophoresis. Adapted with per-
mission from ref. [140]. Copyright
(2015) American Chemical Society.

In another study, citrate-stabilized AuNPs in aqueous phase
were brought into contact with an organic phase containing stoi-
chiometric amounts of 11-mercaptoundecyl methacrylate which
place-exchanged with the ligands at the liquid-liquid interface.
In presence of styrene and a radical initiator, styrene—acrylate-
copolymer chains carrying AuNPs were synthesized. Since the
backbone of the polymer was hydrophobic and the AuNPs had
a hydrophilic ligand shell, AuNP chains were formed in organic
media while the structures aggregated to micelles in water.!130]
This method proved to be an attractive pathway for the formation
of AuNP vesicles and core-shell-corona structures!!5!l as well as
vesicles containing Fe,O, NPs embedded in the wall.[152! In later
reports, this strategy was used to fabricate cross-linked one- and
multi-component hollow capsules which acted as nanocontain-
ers for organic solvents in aqueous media via radical polymeriza-
tion!!33] or anthracene photodimerization.[!54]

In an inverted variant of this protocol, AuNPs stabilized by
a hydrophobic ligand shell were dispersed in toluene and place-
exchanged with a stoichiometric aqueous solution of tiopronin,
giving AuNPs carrying a single carboxylic acid function as dem-
onstrated by synthesis of AuNP dimers via amide condensation
with ethylenediamine for the assembly of plasmonic superstruc-
tures.[133]

3.2.1.5 Centrifugation

Since place-exchange reactions are not limited to intrinsically
charged ligands, the obvious limitations of gel electrophoresis re-
garding the nature of the ligand shell and mere sample size have
pushed researchers to find alternate means for the isolation of
discrete AuNP structures. In order to isolate precise AuNP as-
semblies by degree of functionalization, centrifugation has been
used, yielding AuNP dimers connected by a single dithiol for the
measurement of conductance through a single molecule!!5! or to
exploit the Raman scattering properties of Au NP dimers in cancer
detection.!157]

A more elaborate protocol for the assembly of AuNP core—
satellite structures was proposed by the group of Chad Mirkin:
to ssDNA-functionalized SiO, NPs, 27-mer DNA strands were
hybridized on 7 base-pairs to give a 20-base ssDNA overhang
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to which complementary ssDNA-functionalized AuNPs can hy-
bridize over 12 base-pairs. An excess of AuNPs guarantees full
passivation of the SiO,-bound DNA. In order to passivate the free
DNA strands attached to the AuNPs, complementary strands were
incubated with the superstructures. Because of the difference in
hybridization lengths on the respective part of the bridging DNA
between the Au and SiO, NPs (7 base-pairs vs 12 base-pairs),
the DNA was selectively de-hybridized via careful temperature
tuning to give AuNPs with one single 15-base overhang. These
structures were used to form planet—satellite-type structures with
larger, ssDNA-saturated AuNPs, which can be effectively purified
by centrifugation (Fig. 11).0158]

More recently, isolation by centrifugation was used to stopper
a thiol-derivatized cucurbit[7]uril ferrocene pseudorotaxane with
AuNPs to study the electrochemical electron transfer kinetics of
the ferrocene in the rotaxane axle.[15%]

3.2.2 Solid-phase Place-exchange

In solid-phase place-exchange strategies, the extent of the
ligand-exchange reaction shall be limited to the small interaction
surface between the AuNP and the solid substrate. The first pro-
tocol profiting from such an approach for the monofunctionaliza-
tion of AuNPs was reported by Worden et al. in 200411601 and
optimized soon thereafter.[161] In their approach, Worden et al.
loaded n-butanethiolate-stabilized AuNPs onto a polystyrene
Wang resin which was functionalized by 6-mercaptohexanoic
acid via an ester bond on the carboxyl moiety. In contact with the
resin’s free thiols, a single place-exchange reaction occurred on
the AuNPs due to the limited interaction surface between NP and
solid support. In a subsequent step, the ester bond was cleaved
upon addition of trifluoroacteic acid (TFA), thus releasing the
AuNPs exposing a single carboxyl group. Proof of concept was
brought by amide condensation reaction with 1,7-diaminoheptane
to give AuNP dimers.[160.161] This procedure opened the doors to
the formation of larger, highly ordered AuNP structures such as
trimers,[162] necklace-type macrocycles via amide condensation
to polylysine and subsequent cyclization to AuNP necklace struc-
turest®3 and amide condensation to oligo-AuNP PAMAM den-
drimers.[1%4l The necklace structures served as a template for the
investigation of the optical, plasmonic and electromagnetic cou-
pling behavior of AuNPs located in close proximity to each other.
The studies favored a dipole—dipole interaction model for the de-

Fig. 11. a) Strategy for the forma-
tion of planet-satellite AUNP struc-
tures. ssDNA-coated silica bead
(1) is hybridized with DNA strand
2, leaving a single-stranded over-
hang (3). ssDNA-functionalized
AuNPs (4) hybridize to the free
DNA overhang to give superstruc-
ture 5. DNA strand 6 passivates all
non-hybridized DNA strands on the
AuNPs (7). Careful heating releases
AuNPs with a single DNA overhang
strand (8) which can be hybridized
to ssDNA-saturated AuNP 9 to
give planet-satellite structure 10.
b) DNA pairing sequences of vari-
ous lengths between the SiO,NP
and the AuNP. ¢) TEM image of a
planet-satellite AuNP structures.

scription of optical AuNP—AuNP interaction!!65] and suggested
inefficient electron surface scattering as the limiting phenomena
in the optical experiment.[166]

Variations of the Worden procedure were reported using bo-
ronic ester-functionalized polymer resins which had a free thiolate
that place-exchanged with non-functional ligands on AuNPs. The
boronic ester was cleaved by transesterification, giving AuNP func-
tionalized with a single diol ligand.!!671 A further publication re-
ported AuNPs functionalized with carboxylic acids that underwent
amide condensation on Fmoc-protected lysine-decorated polysty-
rene and poly(ethylene glycol)acrylamide beads. Passivation of the
free carboxyl groups on the AuNP and subsequent cleavage of the
ester gave mono-carboxyl-terminated AuNPs as proven by dimer-
ization reaction with ethylenediamine.!!%8! Another closely similar
approach used magnetic beads covered with crown ether acting as
hosts for ammonium guests comprising a disulfide anchor, form-
ing a pseudorotaxane with a dithiol axle. Place-exchange reaction
with non-functional ligands on AuNPs and subsequent deprot-
onation of the ammonium caused pseudorotaxane de-threading,
releasing monofunctional AuNPs. These readily formed pseudor-
otaxane-based supramolecular assemblies with suitable guests.!169]
In a later publication, the single amine moiety of the pseudo-
rotaxane axle was further functionalized with maleimide which
was then ‘clicked’ to thiolated single-stranded bacterial DNA se-
quences. This system showed promising potential in sensing and
medical applications via hybridization to target DNA strands.[170]
Alternatively, silica beads or a Rink resin were functionalized with
free amines that bound to the carboxylate of 11-mercaptoundeca-
noic acid ionically. Upon ligand place-exchange with unfunction-
alized AuNPs and subsequent treatment with acetic acid, mono-
carboxyl AuNPs were generated as proven by dimer formation
via amide condensation with ethylenediamine.[!7!.172] The usage
of cellulose as the solid support was reported in a further variation
of the method in order to create mono- and divalent AuNPs for the
formation of AuNP chains and rings.[!73]

An interesting solid-phase mono-functionalization approach
was reported by Dewi et al., providing AuNPs exposing a terpy-
ridine subunit as coordination site. Silica nanoparticles function-
alized with a terminal carboxylic acid were subjected to amide
condensation with an amine-functionalized terpyridine derivate
first. Upon complexation with an iron ion and another equiva-
lent of the amine-functionalized terpyridine derivate, the silicon

Adapted from ref. [158].
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nanoparticle was decorated by iron terpyridine complexes expos-
ing an amine, which were engaged in an amide formation with
carboxy-functionalized AuNPs. Subsequent extraction of the iron
ion gave AuNPs functionalized with a single terpyridine subunit.
The monofunctionality of the AuNPs was corroborated by form-
ing dumbbell-type dimers resulting from the addition of iron ions
forming the homoleptic iron complex.[174]

3.2.2.1 Janus Nanoparticles

‘Janus’ particles are micro- and nanoparticles with two dif-
ferent surface compositions, named after the two-faced ancient
Roman god.l731 Although efforts of asymmetrical functionaliza-
tion of AuNPs with few functional groups by partial surface-mask-
ing approaches have been reported,['76-1781 only very few publica-
tions on reliable monofunctionalization exist in this field. Li et al.
proposed the fabrication of monfunctionalized AuNPs by a com-
bination of Janus-type surface modification and exploiting the
challenging sterics of bulky ligands.!17°! In their approach, AuNPs
were stabilized with phosphine ligands, giving the AuNPs a net
negative charge which allowed them to bind to positively charged
silica beads. Ligand place-exchange with glutathione passivated
the exposed surface while the silica-bound surface was still ac-
cessible for further ligand-exchange with clover-shaped thiolated
DNA after HF-mediated release. Due to its bulkiness, the clover
DNA strand hindered further functionalization of the AuNPs as
proven by hybridization with larger, DNA-functionalized AuNPs,
giving core—satellite structures.

In a similar approach, citrate-stabilized AuNPs were ligand-
exchanged to a glass slide functionalized with 3-mercaptopro-
pyl-trimethoxy-silane. The exposed surface of the AuNPs was
ligand-exchanged with cysteamine which was then attached to
Cytochrome C, yielding AuNPs functionalized with a single pro-
tein. The absorption spectrum of these structures showed distinct
dips next to the typical plasmon band in comparison with their
unfunctionalized counterparts. This sharpening of the plasmon
absorption was attributed to plasmon resonance energy transfer
and identified as a promising property towards activity monitor-
ing of biomarker proteins or in vivo electron transfer events.[!80]

3.3 Ligand-exchange in Living Systems

Based on the pioneering accounts on the immunological re-
sponse of biological systems on colloids by Steabben in the early
twentieth century,'8!1 Huang and co-workers proposed in vivo
ligand-exchange to obtain AuNPs carrying one single immuno-
globulin G for the measurement of the flexibility of immunoglob-
ulin via TEM images!!82] or the construction of a piezoelectric
sensor chip.[1831n a later report, they fabricated a transistor where
the source-drain contact was established by an immunoglobulin
G to which AuNPs were attached at each end, giving a molecular
transistor which was not only gate-voltage dependent, but also
modulated by the wavelength of the incident light.[184

4. Conclusion

In the present review, the variety of methods yielding AuNPs
exposing a single functional group are summarized. The so-ob-
tained AuNPs become addressable by wet chemical protocols
and behave like massive molecules. The reported AuNPs can be
coarsely categorized in two types: Type | AuNPs that are stabilized
by a single ligand comprising only one functional moiety and Type
IT AuNPs that are stabilized by multiple ligands, whereof only one
bears the additional functionality of interest. The examples show
that, despite their size and mass, monofunctionalized AuNPs in
solution behave molecule-like with respect to their chemical func-
tion, exhibiting plasmonic and electrochemical behavior and are
powerful tags in TEM experiments. With the methods presented
here, large, highly ordered plasmonic AuNP assemblies can be
fabricated with good control at the single-particle level. The re-

ported AuNP assemblies act as model systems giving access to
a variety of physical features such as plasmon quenching, fluo-
rescence amplification, plasmon lensing, heat transfer via induc-
tive coupling, as well as Forster- and plasmon resonance energy
transfer processes. Alternatively, AuNPs, with a properly tuned
functionality, act as effective, site-selective labels for a plethora of
biomolecules and as physical barriers in mechanically interlinked
superstructures. While the diversity of applications and the level
of control achieved are impressive, the challenging aspect of most
approaches is the limited sample size. While this is not an issue
for biological systems where the handled sample size is usually
equally tiny, it limits more the application potential of the methods
in material science. There is plenty of room for improvements as
far as the strategies towards larger batches of monofunctionalized
AuNPs are concerned.
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