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We have prepared and characterized a new set of highly fluorescent gold nanoclusters (AuNCs) using one-step aqueous reduction of a gold precursor in the

presence of bidentate ligands made of lipoic acid anchoring groups, appended with either a poly(ethylene glycol) short chain or a zwitterion group. The

AuNGs fluoresce in the red to near-infrared region of the optical spectrum with emission centered at ~750 nm and a quantum yield of ~10—14%, and

they exhibit long fluorescence lifetimes (up to ~300 ns). Dispersions of these AuNCs exhibit great long-term colloidal stability, over a wide range of pHs

(2—13) and in the presence of high electrolyte concentrations, and a strong resistance to reducing agents such as glutathione. The growth strategy further

permitted the controlled, in situ functionalization of the NCs with reactive groups (e.g., carboxylic acid or amine), making these nanoclusters compatible

with common and simple-to-implement coupling strategies, such as carbodiimide chemistry. These properties combined make these fluorescent NCs

greatly promising for use in various imaging and sensing applications where NIR and long-lived excitations are desired.
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onfinement of electrons within a
Cmetallic nanostructure in a size re-

gime comparable to the Fermi wa-
velength of electrons (ca. 0.7 nm for gold
and silver) provides materials referred to
as metal clusters or nanoclusters (NCs).'?
They exhibit molecule-like properties, in-
cluding size- and composition-dependent
optical properties.' ™ Gold nanoclusters
(AuNGs), in particular, have generated a
tremendous interest because they offer a
challenging fundamental problem, namely,
understanding the growth and stability of
such structures and the effects of charge
carrier confinements on their optical and
spectroscopic properties.”**~ ' Due to
their ultrasmall size and photostability, Au

ALDEEK ET AL.

clusters can be used as fluorescent probes
and can potentially compete with quantum
dots and fluorescent proteins. Furthermore,
fluorescent AuNCs do not face the stigma of
potential cytotoxicity (not fully justified)
encountered by luminescent quantum dots
(QDs)."" " Growth of Au clusters with size-
tunable photoluminescence (PL) from the
near-infrared (NIR) to the ultraviolet (UV) has
been reported.’” Their applications range
from developing optical and electronic

devices'®" " to the sensing of small mol-
ecules, metal ions, proteins, and nucleic
acids.15'2°'21

Various methods have been developed
for the synthesis of AuNCs, which can be
broadly classified into four categories: (1)
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direct reduction of gold precursor(s), or a bottom-up
approach,??® (2) core etching of metallic nanoparti-
cles (NPs) into smaller size clusters, or a top-down
approach,?*~2° (3) size focusing of a group of clusters
with varying numbers of core atoms to a thermodyna-
mically most stable cluster,”” ~2° and (4) conversion of
an as-prepared cluster into a larger one by cap ex-
change with thiol-terminated ligands (e.g., Au;; to Auys
and Ass to Au,s5).2%*" Among those synthetic routes,
the bottom-up approach has been more commonly
used; here, the gold precursor is first treated with
suitable “protecting groups” known as ligands, fol-
lowed by reduction of the metal via a chemical,
photochemical, or sonochemical process.>?73> The
commonly used ligands include thiol-appended mole-
cules, >~ dendrimers,*' ~** peptides,?>** proteins,*>*°
DNA,* and polymers.2* The final NCs are composed of
metallic cores, each consisting of a finite number of
gold atoms, surface-capped with a layer of organic
molecules (ligands). Ligands that present vastly differ-
ent architectures and affinities to the metal have been
used in these growth schemes, which can affect the
final size and stability of the clusters along with their
photophysical properties.'® Among the various ligands
used for the stabilization of NCs, multithiol-based
ligands (with at least two coordinating groups) provide
enhanced colloidal stability to the NCs. For example,
Chang and co-workers reported the synthesis of water-
dispersible dihydrolipoic acid (DHLA)-capped AuNCs
using a strategy relying on core etching of nano-
particles.”® They first prepared hydrophobic AuNPs
(~5.5 nm) stabilized with didodecyldimethyl ammo-
nium bromide (DDAB) in toluene, followed by gold ion-
induced etching of the NP core in organic solvent and
ligand exchange with DHLA to obtain water-dispersible
luminescent NCs with an average core diameter of
~1.5 nm. These clusters emit in the red to near-infrared
region of the optical spectrum with a rather low quan-
tum yield (QY ~2%). They then used liposome com-
plexes to deliver these clusters to cells (human aortic
endothelial cells and endothelial progenitor cells) and
found that the intracellular fluorescence lasted for at
least 28 days.'?

Nienhaus and co-workers reported a one-pot synthe-
sis of water-soluble red fluorescent DHLA-capped
AuNCs by direct reduction of a gold precursor using
sodium borohydride; here too, a rather low QY (~0.6%)
was reported.>® Recently, Tan and co-workers reported
the use of a multidentate thioether (pentaerythritol tetrakis
3-mercaptopropionate-terminated poly(methacrylic acid),
PTMP-PMAA), combined with one-step reduction of
a gold precursor in aqueous solution, to grow red-
emitting AuNCs with a QY of ~5%. These clusters were
used in selective labeling of cancer K562 and normal
cord blood mononuclear cells.*® More recently, the
same group reported the use of thioether polymer
(PTMP)-terminated polyvinyl acetate ester (PVAc) to
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prepare blue-emitting AuNCs in organic solution (THF)
with high PL QY (~25%).>°

Despite the progress made in the past decade in
developing various routes to grow luminescent AUNCs,
their integration into biological systems was rather
slow due to several limitations, including (1) reduced
colloidal stability in the presence of excess salts and pH
changes, (2) reduced stability against thiol-containing
reducing agents, and (3) lack of control over the
number of reactive groups on the NCs, making further
controlled functionalization with desired biomolecules
nearly impossible. Thus, new synthetic routes to grow
luminescent AuNCs with high QY and enhanced col-
loidal stability over a broad range of conditions are still
needed.

We have previously reported the use of one-
phase aqueous growth of spherical gold nanoparticles
(AuNPs) with sizes ranging from 2 to 20 nm, using
modular ligands made of polyethylene glycol (PEG)
appended with lipoic acid (LA) anchoring groups.*®
Here, the NP size was controlled by varying the molar
ratio between the gold precursor and the ligands.
These AuNPs exhibited great colloidal stability over a
broad range of conditions, including high electrolyte
concentration (up to 2 M NadCl), pH changes from
strongly acidic to alkaline, and the presence of excess
dithiothreitol (DTT).*® More recently, a few groups re-
ported the design and synthesis of zwitterionic (ZW)
ligands appended with either lipoic acid or dopamine
ligands (e.g., sulfobetaine-terminated DHLA or dopamine)
and demonstrated their use for capping core—shell CdSe-
ZnS QDs and Fe,05 NPs.**~>3 These zwitterionic ligands
provided NPs with smaller hydrodynamic size.

Here, we build on those findings and report the use
of one-phase growth to prepare a series of fluorescent
AuNCs stabilized with PEG- or zwitterion-appended
lipoic acid ligands. The resulting NCs fluoresce in the
far red to near-infrared region of the spectrum (peak
centered at ~750 nm) with high quantum yield (up to
14%), have long excitation lifetimes, and exhibit re-
markable colloidal stability. In addition, the synthetic
scheme allowed the in situ insertion of controllable
numbers of reactive groups (namely, amine or carboxyl
groups) on the NC surfaces, which can permit further
covalent coupling of the clusters to a variety of target
biomolecules.

RESULTS AND DISCUSSION

The present approach was guided by the ability of
the one-phase growth route to provide LA-PEG-stabi-
lized AuNPs with discrete size control over the range
spanning 2—20 nm, as described in ref 48. We were also
motivated by the recent developments in the synthesis
of sulfobetaine-modified lipoic acid (LA-zwitterion,
LA-ZW) ligands reported by Lequeux and co-workers and
Kim and co-workers, have provided QDs with good
colloidal stability and reduced hydrodynamic size.>"?
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Figure 1. (A) Chemical structures of the ligands used for the synthesis and functionalization of AuNCs. (B) Schematic
representation of the AuNP versus AUNC growth using LA-ZW ligand. (C) Normalized UV—vis absorption spectra for several
AuNPs and NCs grown using various molar Au-to-LA-ZW ratios. Inset in C shows images collected under white light and UV
irradiation for a set of AUNP and NC dispersions in water. Change in the dispersion color reflects the effects of NP size on the
plasmonic absorption. Only the cluster dispersion is fluorescent when irradiated with a hand-held UV lamp (1., = 365 nm).

In a preliminary experiment we applied the one-phase
growth using LA-ZW ligands (instead of LA-PEG) to
prepare a set of AUNPs where size was controlled by
varying the Au:ligand molar ratios (Figure 1B).*® And
indeed, we found that LA-ZW-capped AuNPs, with
continuous progression in the absorption features,
similar to those reported using LA-PEG-OCHjs, can be
prepared (Figure 1C).*®

Here, we wanted to extend those findings to the
growth of a new set of ultrasmall Au nanocrystals (Au
nanoclusters) that are fluorescent, colloidally stable, and
readily functionalized with reactive groups (e.g, COOH,
NH,, or N3). In addition to commercially available lipoic
acid, four LA-PEG-based ligands, LA-PEG;5,-OCH3, LA-
PEGs550-OCH3, LA-PEGgo0-NH,, and LA-PEGgy-COOH, along
with LA-ZW, were used for the cluster growth;*'>*—>6
growth using LA provided control/reference samples.
The chemical structures of these ligands are shown in
Figure TA. The synthesis of AuNCs was carried out by
direct reduction of a gold precursor in the presence of
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the ligands using excess NaBH, at pH ~11 (see sche-
matics in Figure 1B).

We first optimized the growth of AuNCs prepared
with LA-PEG;5o-OCHs or LA-ZW by varying the relative
molar concentrations of the ligands, NaBH, and HAuCl,.
Overall, we found that growth of fluorescent AuUNCs
with homogeneous size can be achieved only in the
presence of excess ligands and sodium borohydride
(see Supporting Information, Figures S1, S2, and S3).
A broad red emission spanning the far red to NIR
region of the spectrum characterizes all samples.
Furthermore, even though the emission location was
essentially unaffected by the ligand molar excess, its
intensity strongly depended on the Au-to-ligand ratio,
with the brightest emission obtained for Au:ligand =
1:3 and the lowest intensity for Au:ligand = 1:1. We also
found that ~2 molar equivalent of NaBH, (with respect
to gold) was necessary to grow fluorescent AuNCs. This
value is similar to what has been reported by Nienhaus
and co-workers for NCs prepared using commercially
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Figure 2. (A) UV—vis absorption and (B) PL spectra of the AuNCs; shown are NCs grown using LA (black line), LA-PEG55,-OCH3
(blue line), LA-PEG;5,-OCH;3 (dark yellow line), and LA-ZW (crimson line). Inset image shows the corresponding (from left to
right) photographs of AuNCs prepared using the above four ligands under room and UV light exposure (using a hand-held UV
lamp, Aexc = 365 nm). The Au:NaBH,:ligand molar ratio used for the synthesis was 1:2:3. (C) Excitation spectrum of LA-ZW-
capped AuNCs. (D) Time-resolved fluorescence decay curves of LA-, LA-PEG55,-OCH;s-, LA-PEG;50-OCHj3-, and LA-ZW-capped
AuNCs and the corresponding fits using a three-exponential decay function (red line); additional details on the fit are provided
in the Supporting Information. (E) TEM images of LA-PEG;5,-OCHs- and (F) LA-ZW-capped AuNCs. Fluorescence spectra were

generated using A, = 550 nm.

available lipoic acid.® Finally, the absorption spectra
collected from samples prepared with LA-PEG ligands
showed a small peak at ~510 nm, although a spectrum
with less clearly defined features was measured for
the clusters prepared using lower ligand concentra-
tions (i.e., Auligand = 1:1, see Supporting Information,
Figure S1). Next we systematically investigated the influ-
ence of the nature of the ligands on the photophysical
properties and structure of the AuNCs, focusing on
clusters grown using Auiligand = 1:3. For this, PEG-free
lipoic acid and LA-ZW along with PEGylated LA (inert, LA-
PEGs550-OCH3 and LA-PEG;54-OCHj5), or mixtures of inert
and end-functionalized PEG ligands (e.g., NH, or COOH)
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were used. The absorption spectra of AuNCs pre-
pared with LA and LA-PEG, recorded immediately
after the synthesis, are largely similar with continuously
decaying curves (Figure 2A). They exhibit a weakly
defined band/peak whose position slightly varies with
the type of ligand; peak locations at 505, 508, and
512 nm are measured for clusters synthesized in the
presence of LA, LA-PEGs55,-OCHs, and LA-PEG;5,-OCHs,
respectively. In comparison, clusters prepared using
LA-ZW show a broader and slightly red-shifted absorption
peak at 573 nm; the peak is less defined than the one mea-
sured for NCs prepared using LA-PEGs. Figure 2B shows
that the corresponding photoluminescence spectra
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collected using excitation at 550 nm are overall similar,
with a broad emission spanning the red to the NIR
region of the optical spectrum. The PL maximum slightly
varies depending on the ligand, with peaks measured at
737,747, and 753 nm for LA-PEG;5¢-OCHj5 (and LA), LA-
PEGss0-OCHs, and LA-ZW, respectively. The spectra are
not affected by the excitation line, even though the
overall intensity increases when bluer excitation is used.
A representative excitation spectrum, shown in Figure 2C
for LA-ZW clusters, indicates that PL excitation tracks the
absorption spectrum shown in Figure 2A, with a weakly
defined peak at 570 nm. We should stress that the
excitation spectra measured for the AuNCs stabilized
with the other ligands are similar to the corresponding
absorption spectra shown in Figure 2A.

However, the fluorescence intensity is significantly
affected by the nature of the ligand used. For instance,
the PL quantum yields measured for the various clus-
ters are 3.5% for LA, 9.8% for LA-PEGs550-OCHs, 12.5%
for LA-PEG;50-OCHs, and 14% for LA-ZW; these PL
yields were calculated using rhodamine 6G as refer-
ence. Figure 2A also shows the corresponding photo-
graphs of the NC dispersions under white light and UV
illumination (using a hand-held UV lamp, with ey =
365 nm). Clearly, the LA-AuNCs dispersion shows
the weakest emission, while the sample with LA-ZW-
AuNCs exhibits the brightest PL. The time-resolved
fluorescence decay curves are fitted with a three-
exponential decay function for all the prepared
clusters.>” Rather long average lifetimes were mea-
sured, with values of 179, 276, 300, and 362 ns for LA,
LA-PEGss0-OCHs, LA-PEG-5,-OCH3, and LA-ZW, respec-
tively (Figure 2D).

Finally, the structure of the clusters was character-
ized using high-resolution transmission electron mi-
croscopy (HRTEM). The TEM images collected from
dispersions of clusters grown in the presence of
LA-PEG;50-OCH3 and LA-ZW ligands (Figure 2E, F) show
ultrasmall and homogeneous clusters with average
diameters of 1.2 &+ 0.4 and 1.3 £ 0.3 nm, respectively.

Remark. We have tried to characterize our clusters
using both electrospray ionization (ESI) and matrix-
assisted laser desorption ionization (MALDI) mass spec-
troscopy to gain insight into their atomic numbers/
orders. However, we only measured peaks correspond-
ing to the molecular distribution of the PEG ligand, as
we observed for silver nanoclusters (AgNCs) prepared
using similar rationales.>® We believe that this may be
due to the inadequacy of the commonly used matrices
and the complexity of the ligands used. Most reported
clusters were prepared using molecular ligands or
proteins where size dispersity is not an issue.

We tested the long-term stability of LA-PEG;sq-
OCH3- and LA-ZW-capped clusters dispersed in buffers
under three different conditions: (1) over a broad pH
range, (2) in the presence of large excess salt, and (3)
against competition from glutathione (GSH), a natural
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reducing agent. The data were compared to those
collected from LA-capped AuNCs (control).

These tests are highly relevant to the use of these
NCs as fluorescent platforms in biology. For example,
several biological transformations have been asso-
ciated with changes in pH. Also, pH can provide a
reliable indication for disease progression, including
cancer metastasis, chronic fatigue, and depression.>*°
Moreover, NPs and NCs stabilized with laterally charged
ligands (e.g., carboxy- or amine-terminated alkyl ligands)
often exhibit nonspecific interactions with the extracel-
lular matrices and serum proteins.®”? Similarly, electro-
lytes influence and control the physical behavior of
proteins and nucleic acids.®*"% Indeed, the average
concentration of NaCl in the nucleus of live cells (where
genomic DNA is present) varies from 0to ~150 mM.** In
addition, the nature of the interactions between these
electrolytes and the surface capping layer can affect the
NP/NC long-term intracellular stability.

The tripeptide glutathione is a natural, low molec-
ular weight, reducing agent often abundant in mam-
malian cells (~5 mM concentration). It is an important
antioxidant and plays a valuable role in metabolic
functions, including amino acid transport, detoxifica-
tion of cells, and neurotransmission.?® GSH exhibits
strong affinity to AUNPs/AuNCs, due to the presence of
thiolate and other reactive groups in its structure,®’
and excess GSH can displace weakly coordinating
native ligands, potentially altering the NP/NC colloidal
stability and photophysical properties.®®%° Thus, NC stabi-
lity in the presence of excess GSH can provide a direct
indication of the behavior of our AUNCs in the presence
of this and other thiol-containing compounds abun-
dantly present in biological media.

We checked the stability of the AuNCs dispersed in
phosphate buffers with pH ranging from 2 to 13 over a
period extending up to six months. Figure 3A, B show
the fluorescence images of AuNC dispersions capped
with LA-PEG;5y,-OCH3 and LA-ZW in phosphate buffers;
samples were irradiated at 365 nm using a hand-held
UV lamp. Figure 3C, D show representative PL spectra
of LA-PEG;5o-OCHs- and LA-ZW-capped NCs freshly
prepared, after one month and after three months of
storage at 4 °C. The dispersions remained aggregate-
free across the full pH range for 10 months of storage.
The fluorescence emission was unaffected for disper-
sions of AUNCs prepared using LA-PEG ligands over the
pH range 4—13, while that of dispersions prepared
using LA-ZW slightly decreased after 10 months of
storage. Nonetheless, at pH = 2 the fluorescence of the
clusters prepared using either ligand substantially
decreased after 10 months of storage to ca. half of
their initial values. In contrast, LA-capped AuNCs be-
came unstable shortly after transfer to the acidic
buffers (see Supporting Information, Figure S4).

Figure 3E, F show the PL spectra of LA-PEG;5o-
OCHs- and LA-ZW-AuNCs dispersed in pure PBS buffer
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Figure 3. (A) Fluorescence images of LA-PEG;5o-OCHs- and (B) LA-ZW-capped AuNCs in buffers at pH ranging from 2 to 13,
taken after three and six months of storage. (C) PL spectra of LA-PEG;5o-OCHjs- and (D) LA-ZW-capped AuNCs freshly prepared,
after 1 month and 3 months of storage. (E, F) PL spectra of AuNCs prepared using the above ligands in PBS buffer, PBS buffer
containing 0.25M GSH, and PBS buffer containing 2 M NaCl. Inset shows a photograph of the corresponding AuUNCs under
room and UV light exposure; image taken after 1 day of storage. (G, H) Images under room and UV light exposure: (1) pure
DMEM growth media, (2) AuNCs in DI water, and (3) AuNCs in DMEM growth media; images were taken after 1 day of storage.
The fluorescence spectra were generated using Ae, = 550 nm.

and in buffer containing either 2 M NaCl or 0.25 M
GSH collected after one day of storage. The PL of the
clusters under these conditions was unaffected for at
least three months of storage, with no measurable change
in the peak location or overall intensity. In comparison,
the data collected from LA-capped NCs indicate that
while exhibiting colloidal stability in the presence of
NaCl (2 M), the PL intensity increased by a factor of
2 along with a small red shift (from 737 to 750 nm,

ALDEEK ET AL.

see Supporting Information, Figure S4). LA-capped AuNCs
became unstable in the presence of GSH and aggre-
gated with time (see Supporting Information, Figure S4).

We also checked the colloidal stability of AuNCs in
Dulbecco's modified Eagle growth media (DMEM),
commonly used for eukaryotic cell cultures. Here too
the LA-PEG- or LA-ZW-capped AuNC dispersions re-
mained stable and aggregate-free after several months
of storage (Figure 3G, H). [We should note that the
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DMEM growth media itself exhibits a pronounced blue
emission (under UV irradiation), which is due to the
presence of amino acids bearing aromatic residues
such as phenylalanine and tryptophan. This additional
contribution alters the overall emission of the clusters
dispersed in the media from red to pinkish, as shown in
Figure 3G, H.]

The different behaviors exhibited by the clusters
prepared with lipoic acid can be attributed to the
nature of the ligand. Aggregation in acidic conditions
results from protonation of the lateral carboxylate
groups on the LA-capped AuNCs in acidic buffers, as
has been shown for DHLA-capped QDs; LA is made of a
short alkyl chain, and the protonated ligand is naturally
hydrophobic.”® Similarly, the enhanced colloidal stabil-
ity and increased PL in the presence of excess NaCl in
Dl water can be attributed to an increase in the packing
density of lipoic acid molecules on the NC surface, as
recently suggested by Volkert and co-workers for
LA-capped AuNPs.”! This issue is not relevant when
PEG- or ZW-appended ligands are used. The effects of
added GSH to LA-AuNC dispersions may also be attrib-
uted to the reducing nature of GSH (GSH is a proton
donor), which protonates the periphery of these NCs,
making them less stable. Indeed, the pH of the solution
measured after the addition of GSH was ~3.

Finally, we explored the possibility of phase trans-
ferring the as-prepared NCs from water to other organic
solvents.”® This is important, as it indicates one's ability to
process them in various solution conditions, which poten-
tially expands their utility outside biology. For this, AUNCs
initially grown in the presence of LA-PEG;5,-OCHs in water
were purified as described above, then divided into equal
aliquots and lyophilized. Following complete water re-
moval, T mL of water, ethyl acetate, chloroform, THF,
acetone, 2-propanol, and acetonitrile were added to
the dried clusters, producing homogeneous and fluo-
rescent dispersions of Au clusters with strong emission.
The collected image indicates that the PL of the NCs is
nearly identical for all solvents tested (Figure 4).

These findings combined clearly confirm that
our ligands made of zwitterion- and PEG-modified
lipoic (and dihydrolipoic) acid, as bidentate anchoring
groups, provide remarkable colloidal stability to the
AuNCs over a broad range of stringent conditions,
including a high concentration of electrolytes and
reducing agents, as well as over a broad pH range. This
is attributable to the strong coordination afforded by
the anchoring group onto the metal surface combined
with the inert nature of the PEG or ZW lateral functions.
This makes these materials very promising for use
as fluorescent platforms in biology as well as outside
biology since these materials can be dispersed and
manipulated in, and processed from, water as well as
an array of organic solvents.

One of the key features of our synthetic scheme is
that it allows the in situ introduction of controllable
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Figure 4. (Top) White light and (bottom) fluorescence
images of LA-PEG;5o,-OCHs-capped AuNCs redispersed in
different solvents. The fluorescence image was generated
using a hand-held UV lamp (e = 365 nm): (1) water,
(2) ethyl acetate, (3) chloroform, (4) THF, (5) acetone, (6)
2-propanol, (7) acetonitrile.

fractions of reactive groups on the cluster surfaces. This
is achieved by mixing controlled fractions of reactive
ligands (e.g., LA-PEGgoo-COOH or LA-PEGgo-NH,) with
the inert ligands (namely, LA-PEG;5,-OCH3 or LA-ZW)
during growth.*®*** Here we used inert-to-reactive
molar ratios of 1:0, 0.85:0.15, 0.7:0.3, 0.5:0.5, and 0:1
(additional data are provided in the Supporting Infor-
mation, Figures S5 and S6). The presence of amine and
carboxy groups on the surface of the AuNCs was
confirmed by gel electrophoresis. Figure 5A shows
that AuNCs prepared with 100% OCH; ligands do not
exhibit any mobility shift under applied voltage, while
AuNGCs functionalized with different percentages of
COOH or NH, migrate toward the anode and cathode,
respectively. The mobility shift depends on the fraction
of reactive groups used.* However, the functionaliza-
tion of the AuNCs with an azide-terminated ligand
could not be achieved during the initial growth, as
done for the amine- or carboxy-terminated ligands,
because the presence of NaBH, at high concentrations
alters the integrity of azide groups.”? To introduce
azide groups on the cluster surfaces, we instead relied
on the rationale used in our previous work, where the
reactive ligands were introduced after the growth was
arrested (i.e,, during the passivation step). For this, a
3-fold molar excess of PEG-azide (i.e., total LA-PEGggo-
Ns-to-Au molar ratio ~3) was added to the solution and
left stirring for 3 h. Side-by-side FT-IR spectra collected
for this sample and one for clusters, not subjected to
the passivation step (methoxy-terminated), are shown
in Figure 5B. A clearly defined band at 2100 cm™" is
measured for dispersions of the clusters subjected to
the extra passivation step, but not for the control
dispersion, which confirms the presence of the azide
groups on the cluster surfaces (Figure 5B).

We then checked the compatibility of the resulting
AuNCs with amine-to-NHS coupling chemistry. Two
dispersions of AuNCs capped with different percen-
tages of amine groups, 30% and 100%, were reacted
with 20 equivalents of sulfo-Cy3 NHS ester in PBS buffer
(pH = 8.4) for four hours. The resulting AuNC-Cy3 con-
jugates were then purified from excess free dye and
NHS byproduct by size exclusion filtration using a PD10
column. Figure 6A, B show the absorption spectra of
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the initial AuNCs (capped with 30% and 100% LA-
PEGg00-NH,, respectively) along with spectra of the
purified AuNC—dye conjugates. The absorption spec-
tra (raw and deconvoluted) show clear dye contribu-
tion observed only for the clusters prepared with
mixed ligands (Figure 6), confirming that the coupling
between the amines on the NCs and NHS—dye has
taken place. The absorption peak of the AUNC—dye
conjugates exhibits a small red shift compared to the
dye alone from 548 to 553 nm, a feature often observed

100 %

A %COOH  och,

% NH,

100 50 30 0 50 1

Transmittance

LA-PEG_ -OCH, capped-AuNCs
LA-PEG

oo N, capped-AuNCs

T
3000

T T T T T
4000 3500 2500 2000 1500 1000

Wavenumber (cm™)

Figure 5. (A) Gel electrophoresis fluorescence image of
LA-PEG;5o-OCH3-capped AuNCs before and after functiona-
lization with LA-PEGgoo-COOH and LA-PEGgoo-NH,, ligands;
the amine and carboxy fractions used are shown. (B) FT-IR
spectra of methoxy-functionalized (black line) and azide-
functionalized AuNCs (red line). The arrow (at ~2100 cm ")
indicates the azide band observed only for the clusters
subjected to extra passivation with LA-PEGggo-Ns.
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for dyes conjugated to other molecules.”® Further anal-
ysis of the spectra in Figure 6 shows that the deconvo-
luted dye absorption tracks the increase in the ex-
pected number of amine groups on the NCs when
the fraction of LA-PEGgno-NH, is increased. Indeed, the
molar concentration of Cy3 dye extracted from the
absorption data using the dye extinction coefficient
(162000 cm ™' M~ ") measured for AUNCs grown using
100% LA-PEGgqo-NH,-capped is 3 times larger than the
one measured for AUNCs prepared using a 70:30 mix-
ture of LA-PEG;5,-OCH3:LA-PEGgo0-NH,. This proves
that control over the fraction of functional ligands,
introduced during the AuNC growth, can permit even-
tual control over the amount of molecules (e.g., dyes
or proteins) coupled to the clusters. We should,
nonetheless, note that though the increase in the
amount of bound dyes to the cluster tracked the
increase in the fraction of amines introduced during
the growth, exact values for the number of dyes per
cluster could not be determined. This is primarily due
to the lack of an accurate estimate of NC extinction
coefficient.

To elucidate the growth mechanism of these NCs,
we monitored the time-dependent changes in the
UV—vis absorption and emission features under var-
ious conditions. We first investigated the interactions
between the ligand (here LA-PEG;5o-OCH3) and Au
precursor alone and after mixing (Figure 7A). The
spectra collected for the pure compounds show a
weakly defined absorption peak around 330 nm and
a more pronounced peak at 290 nm for the ligand and
aurate solutions, respectively. Following mixing of the
aurate with LA-PEG;50-OCHs the two peaks rapidly
disappeared and an absorption shoulder appeared at
340 nm. The new absorbance at 340 nm decreased
progressively with time before saturation was reached
within 5 min; this was accompanied by a color change
in the solution mixture from light yellow to colorless.
When NaBH, was added, the solution color gradually

0.15
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Figure 6. Absorption spectra of AuUNCs unconjugated (red line) and conjugated to sulfo-Cy3 (black line): clusters prepared
with 30% LA-PEGggo-NH; (A) and 100% LA-PEGggo-NH; (B). Inset in (A) shows a representative scheme of sulfo-Cy3 dye
conjugated to amine-functionalized AuNCs. Inset in (B) shows the deconvoluted absorption spectra of sulfo-Cy3 for different
percentages of LA-PEGgno-NH, used during the cluster growth: 30% (green line) and 100% (blue line).
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Figure 7. (A) Time-dependent UV—vis absorption spectra
for HAuCl, and LA-PEG;5o-OCH; ligand mixtures (Au:ligand =
1:3, concentrations of the ligand = 1.5 mM, and that of Au =
0.5 mM). Changes in the spectra show the formation of a
gold-to-ligand complex. Time-dependent UV—vis absorption
(B) and the corresponding fluorescence (C) spectra collected
during the cluster growth. The fluorescence spectra were
generated using Ae, = 550 nm.

turned light brown, and a featureless continuously
decaying absorption spectrum appeared after 2 min
(Figure 7B). Then, a broad and weakly defined absorp-
tion around 512 nm slowly developed within the first
two hours. The absorption peak continued to evolve
until saturation was reached after ~15 h (Figure 7B).*
This gradual transformation was associated with a pro-
gressive buildup in the luminescence, as a broad spectrum
with a maximum at 737 nm was measured (Figure 7A).
We attribute the weak absorption peak at 330 nm
to the disulfide group in the LA-PEG;5,-OCH5 ligand;
a similar peak is also measured for the lipoic acid
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alone.>>”* When the ligand is mixed with the gold
chloride, Au(l)-LA-PEG;5o-OCH; metal—ligand com-
plexes are formed due to the interaction of the Au(lll)
ions with the disulfide group, resulting in the disap-
pearance of the absorption features associated with
the ligand and Au precursor separately.*® At this time,
there are no NCs present in the solution, as confirmed
by the absence of any characterestic absorption and
emission features. After the addition of NaBH,, the solu-
tion turns light brown due to the reduction of Au(l)-LA-
PEG,5o-OCH; complexes into Au(0) core seeds.>*”> Dur-
ing this time a group of NCs may be formed, and as the
reaction progresses, a single most stable NC is formed
accompanied with the appearance of the indicative
characterestic absorption and emission features.

Unlike metallic nanoparticles, clusters possess dis-
crete energy levels due to confinement effects when
the nanocrystal size becomes ultrasmall; their optical
properties are then derived from the electronic transi-
tions between the molecular orbitals (MOs) as pre-
dicted by time-dependent density functional theory
(TDDFT) calculations of the electronic structures and
optical transition of the NCs.'® The MOs of gold NCs
have contributions from the atomic orbitals Au (6sp)
and Au (5d) of the metal core and S (3p) of the ligands.
MOs formed from sp orbitals make up the sp band,
whereas those formed from d orbitals constitute the d
band. The absorption features arise due to the transi-
tion of electrons between these MOs. These transitions
are of one-electron in nature. NIR emission of the NCs
may arise from the radiative intraband transition within
the sp band across the HOMO—LUMO gap. Both the
core and the nature of ligands play a crucial role in
determining the absorption and emission properties of
the AuNCGs, because the number of ligands and metal
atoms per individual cluster are comparable.?>7%7”
This may be the reason for the observation of dissimilar
absorption features and QY values obtained with
different ligands during the NC growth. The core Au
metal, with its quantization effect, and the ligand at the
surface, with its charge transfer to the metal core, are
both responsible for the exciton relaxation involving sp
and d interbands.'® The ligand plays an important role
in the fluorescence generation, especially when the
ligand possesses electron-rich atoms.'® According to
this, our ligand contribution may play a larger role here,
since the photoluminescence of AuNCs is dependent
on the nature of the LA-based ligands used in the
synthesis.

CONCLUSION

We have developed a one-phase growth strategy to
prepare a set of small-size nanocrystals made of gold
cores (Au nanoclusters) of 1.2 nm diameter, stabilized
with multifunctional ligands made of lipoic acid an-
choring groups appended with either poly(ethylene
glycol) or zwitterion hydrophilic modules.
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The NCs exhibit emission in the far red region of the
optical spectrum, with high quantum yield, long fluo-
rescence lifetimes, and a remarkable colloidal and
photophysical stability over a wide range of conditions.
This synthesis route also permits the insertion of a
controllable number of functional groups on the clus-
ter surfaces, simply by introducing the desired molar
fraction of the reactive ligand before the metal reduc-
tion. This allowed further coupling of these nanoclus-
ters to functional dyes and opens the possibility to
conjugate the AuNCs to a variety of biomolecules using
common and simple to implement coupling strategies,

EXPERIMENTAL SECTION

Reagents. Gold(lll) chloride trihydrate (HAuCl,-3H,0) (99.9%),
+-a-lipoic acid, poly(ethylene glycol) (M,, ~ 600), poly(ethylene
glycol) methyl ether (M,, =~ 750 and 550), methanesulfonyl chloride
(99.7%), triphenylphosphine (99%), 4-(N,N-dimethylamino)pyridine
(99%), triethylamine (EtsN), sodium borohydride (NaBH,), N,N-
dicylohexylcarbodiimide, succinic anyhydride, 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride, N-hydroxy-
succinimide (98%) (NHS), NaOH, KOH, NaHCOs, organic solvents
(THF, CHCl3, etc.), salts (such as NaCl, Na,SO,4, Mg,SO,), and
rhodamine 6G were purchased from Sigma Chemicals (St. Louis,
MO, USA). Sodium azide (99%), N,N-dimethyl-1,3-propanedia-
mine (99%), and 1,3-propanesultone (99%) were purchased
from Alfa Aesar (Ward Hill, MA, USA). Sulfo-Cy3 NHS ester was
purchased from Lumiprobe (Hallandale Beach, FL, USA). Deut-
erated solvents were purchased from Cambridge Isotope La-
boratories (Andover, MA, USA). The chemicals and solvents
were used as purchased unless otherwise specified. Column
purification chromatography was performed using silica gel (60 A,
230—400 mesh, from Bodman Industries, Aston, PA, USA). PD10
columns were purchased from GE Healthcare (Piscataway, NJ,
USA).

Instrumentation. '"H NMR spectra of all compounds were
recorded using a Bruker SpectroSpin 600 MHz spectrometer.
The optical absorption measurements were carried out using
a Shimadzu UV—vis absorption spectrophotometer (UV 2450
model from Shimadzu). The emission and excitation spectra
were collected on a Fluorolog-3 spectrometer (HORIBA Jobin
Yvon Inc.,, Edison, NJ, USA) equipped with CCD and PMT
detectors; emission spectra were collected using the CCD
detector, while excitation scans were collected using the PMT
detector. The time-resolved fluorescence decay data were col-
lected using a TCSPC (time correlation single photon counting)
system integrated into the same Fluorolog-3. We used a pulsed
excitation signal at 440 nm with a repetition rate of 1 MHz,
provided by NanoLED-440LH (100 ps, fwhm), while detection
was collected on the same PMT detector above. The fluores-
cence decay traces of the AuNCs emission (limited to a narrow
window centered at the peak of the PL spectrum) were analyzed
using the above TCSPC system and fitted to a three-exponential
function as detailed in ref 57. Samples for transmission electron
microscopy (TEM) were prepared by drop casting the AuNC
dispersions onto a holey carbon film on a fine-mesh Cu grid
(400 mesh) and letting it dry; images were collected using a
JEOI-2010 200 kV instrument. For the gel electrophoresis ex-
periments the NC dispersions were first diluted in a 10% glycerol
1x TBE tris borate EDTA (100 mM Tris, 83 mM boric acid, T mM
EDTA, pH 8.3) loading buffer. Then the aliquots of these disper-
sions were loaded into 1% agarose gel, and experiments were
conducted using a voltage of 7—8 V/cm for 15 min. A Bio-Rad
Chemidoc gel imaging system was used to image the gels. FT-IR
spectra of the purified AuNCs were collected using a 100 FT-IR
spectrometer (PerkinElmer, Waltham, MA, USA). The QY values
were determined using the equation QYsample = (Fsample/Fref)-
(Aref/Asample)(nsamplez/nrefZ)QYref where Fr Ar and n are the
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including carbodiimide, cysteine-maleimide, and click
chemistry using target molecules presenting groups
such as amine, carboxy, and cyclooctyne. These prop-
erties combined make these clusters greatly promising
for probing a variety of biological problems, such as
protein diffusion in confined cellular compartments,
where small size and/or long lifetime excitation are
desired (e.g., fluorescence lifetime imaging micro-
scopy, FLIM). These clusters can also provide additional
advantages for in vivo (deep-tissue) imaging using
fluorescence techniques, where far red to IR emission
is desired.

measured fluorescence (area under the emission peak), the
absorbance at the excitation wavelength, and the refractive
index of the solvent, respectively. The PL quantum yields were
determined relative to rhodamine 6G in ethanol (QY = 94%).”®

Synthesis of LA-PEG and LA-Zwitterion Ligands. Five PEGylated
ligands consisting of a lipoic acid anchoring group at one end
and an inert (OCHs3) or reactive functional group (COOH, NH,
or N3) at the other end have been synthesized, purified,
and characterized following the protocols detailed in our pre-
vious reports.>4~367° They are LA-PEG750-OCH3 (PEG M,, =
750), LA-PEGsso-OCHs (PEG M,, = 550), LA-PEGg0-COOH (PEG
M,, = 600), LA-PEGgoo-NH, (PEG M,, = 600), and LA-PEGgo-N3
(PEG M,, = 600). The LA-zwitterion ligand was synthesized using
the scheme described by Kim and co-workers with a slight
modification.”"*® Here, we used two reaction steps: (1) coupling
of lipoic acid to N,N-dimethyl-1,3-propanediamine using 1,1-
carbonyldiimidazole to form a tertiary amine linked to LA and
(2) reaction with 1,3-propanesultone; we have used N,N-di-
methyl-1,3-propanediamine instead of N,N-dimethylethylene
diamine as described in ref 51.

Growth of Gold Nanodlusters. The growth scheme relied on the
reduction of Au(lll) using sodium borohydride in the presence of
pure lipoic acid, LA-PEG550-OCHs, LA-PEG;5o-OCHs, or LA-ZW
ligands, following previously reported rationales.*®*® In a typical
reaction, 30 umol of ligand was dissolved in 20 mL of deionized
water containing 50 uL of 2 M NaOH, followed by the addition of
200 uL of 50 mM HAuCl,-3H,0 (ratio of Auligand = 1:3). The
mixture was stirred for 5 min; then 400 uL of 50 mM NaBH, was
added dropwise. The reaction mixture was stirred for 15 h at
room temperature and then purified from free ligands by
applying three cycles of centrifugation/filtration using a mem-
brane filtration device (Millipore) with a molecular weight cutoff
of 10 kDa; the resulting dispersions were stored at 4 °C until
further use. Growth of Au nanoparticles using LA-ZW ligands
following the protocol from ref 48, is described in the Support-
ing Information.

In Situ Functionalization of AuNCs. The functionalization of
AuNCs with carboxy- or amine-terminated ligands was achieved
by introducing a small fraction of reactive ligands (LA-PEGggo-
COOH or LA-PEGggp-NH,) along with LA-PEG;5,-OCHs or LA-ZW
(inert ligand) at the desired molar ratios prior to the reduction
step; the ligand concentrations were adjusted to satisfy a final Au:
NaBH,:ligand ratio of 1:2:3. Because the use of NaBH, is proven to
alter the integrity of azide groups,”? introduction of LA-PEG-azide
on the cluster surface was carried out postgrowth using a process
referred to as extra passivation, as done in ref 48. Briefly, following
growth and purification of the AuNCs capped with LA-PEGy5q-
OCHj; prepared in 20 mL (stock reaction/solution) using a Au:
ligand ratio of 1:3, the dispersion was further diluted in 5 mL of
water, followed by the addition of 24 mL of 123 mM stock
solution of LA-PEGgoo-N3 (3 x 107> mol of ligands); this cor-
responds to a 3-to-1 excess of ligands compared to gold pre-
cursor. The mixture was stirred for 3 h at room temperature and
then purified from free ligands by applying three cycles of
centrifugation/filtration as described above. The purified sample
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was then lyophilized and characterized by FT-IR to verify the
introduction of azide groups on the cluster surface.

Covalent Conjugation of Sulfo-Cy3 to Aminated AuNGs. In a typical
reaction, clusters prepared with a ligand mixture containing
30% or 100% LA-PEGgoo-NH; (200 uL, 10 uM) were dispersed in
800 uL of PBS buffer (pH = 8.4). Then, sulfo-Cy3 NHS ester (4.7 uL,
8.4 mM in DMSO) was added, and the mixture was stirred for
four hours (the final AuNC:dye ratio used was 1:20). The AuNC-
sulfo-Cy3 conjugates were purified by size exclusion using a
PD10 column (GE Healthcare), then characterized using UV—vis
absorption spectroscopy. The concentration of AuNCs was calcu-
lated using the extinction coefficient reported for commercially
available 1.4 nm size AuNPs (¢ at 420 nm = 112000 cm ' M~ 1),
which is only an approximation value &
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