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ABSTRACT: An effective and easy to implement ligand exchange strategy
is paramount to the design of stable and multifunctional gold and other
inorganic nanocolloids. This is also crucial for their use in biology and
medicine. In this contribution, we demonstrate that photomediated ligand
substitution of gold nanocrystals with a series of lipoic acid-modified
ligands yields several advantages, including rapid phase transfer and great
long-term colloidal stability. This strategy combines photochemical
reduction of the dithiolane group with energetically favorable in situ
ligand chemisorption, yielding rapid modification of the surfaces. It
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requires substantially smaller amounts of excess ligands compared to

conventional incubation starting with the oxidized form of the ligands. Complete substitution of the ligands is confirmed by using 'H
NMR and FT-IR spectroscopy. The colloidal properties of the resulting materials have been tested by using a combination of long-
term stability in ion-rich media, sodium cyanide digestion, and dithiothreitol competition tests. They show that photoligation
preserves the structure and photophysical properties of the various colloids. Mechanistic arguments have been discussed to explain
the effectiveness of this ligation strategy. These findings prove the practical benefits of this approach for designing biocompatible
gold colloids and bode well for using such materials in a variety of biological assays and photothermal therapy.

B INTRODUCTION

In recent years, gold nanocolloids such as nanoparticles
(AuNPs), nanorods (AuNRs), and nanostars (AuNSs) have
generated tremendous interest and much activity in areas
ranging from electronic devices to biomedical research.'®
These materials exhibit several unique properties ranging from
unique size- and shape-dependent optical properties to strong
near-field interactions with proximal dye emitters and Raman-
active molecules, which have found applications in sensor
design and biomedicine.** ™" For example, spherical AuNPs
(with a diameter of 4—S50 nm) exhibit a surface plasmon
resonance (SPR) band at ~520 nm, and they have been widely
utilized in colorimetric and energy-transfer-based assays.">~">
In comparison, anisotropic AuNRs and AuNSs show an
additional longitudinal strong SPR peak in the near-infrared
(NIR) region of the optical spectrum, with substantially larger
molar absorption coefficients than those measured for the
smaller spherical AuNPs.»'¢7'% The pronounced longitudinal
absorption, combined with the deep penetration of NIR
irradiation into tissues, makes these materials ideal candidates
for use in photothermal therapy to treat cancer.”' "' These
bioapplications require optimized interfacing between the gold
nanocolloids and biomolecules to enhance their performance
in biological settings. Broadly, surface functionalization
strategies for such materials can be grouped into encapsulation
and ligand exchange.é’zo_28 Encapsulation within amphiphilic
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polymers or micelles is easy to implement and does not require
removal of the native cap, which potentially preserves the
photophysical properties of the original materials; however, it
tends to yield colloids with large coatings and limited colloidal
stability.”” ™' Ligand exchange, in comparison, involves
substitution of the native cap with bifunctional ligands that
contain hydrophilic blocks to provide water solubility along
with metal-chelating groups for promoting coordination onto
the nanomaterial surfaces. It tends to yield strong binding and
offer more control over the coating structure. Among the
anchoring groups explored, soft Lewis bases, including
monothiol and bidentate thiols and phosphines, are known
to strongly coordinate onto gold surfaces (rich in soft Lewis
acid Au).”*>* A variety of thiol-modified molecules have been
designed and tested for coating Au surfaces with great
success.” 7%

Conventional cap exchange of Au colloids with lipoic acid-
appended compounds (LA-R ligands) has attracted much
attention due to their bidentate nature, but when used in their
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oxidized form, they require a long reaction/incubation time,
that is, several hours to a few days.”**>**~* The procedure
also consumes large amounts of ligands, since the ligand
substitution relies on mass action kinetics. Our group and
others have shown that overnight incubation with a multi-LA
polymer under mild heating conditions (at ~50 °C) promotes
cap exchangge with AuNPs and AuNRs with varying native
caps.””"7* To reduce the time required for promoting the
coordination of thiol-modified alkyls or biomolecules onto
gold surfaces, a few groups have used external stimuli to
accelerate the process. In one study, Liu and co-workers
reported that more dense thiol-appended DNA layers can be
attached onto AuNPs when the mixed materials are rapidly
immersed in dry ice for 2 min.*” In another study, Zharnikov
and co-workers have shown that irradiating a self-assembled
monolayer (SAM), immersed with a solution of disulfide
molecules with an electron beam, can promote the formation
of mixed monolayer coverage.** In a third study, Sahli and co-
workers observed the buildup of saturated SAMs of LA-
appended molecules on Au electrodes in less than 10 min
when a moderate cathodic potential was applied.”” Our group
has shown that UV-irradiation, using a band centered at 350
nm, of hydrophobic semiconducting nanocrystals (ZnS-
overcoated quantum dots, QDs), mixed with lipoic acid
ligands in their stable oxidized form, promotes in situ rapid
ligand exchange; additionally, reduced amounts of ligands are
required. We should note that lipoic acid in its oxidized form
cannot coordinate onto QDs.’””" Inspired by these results,
Velders and co-workers have recently reported that ligand
substitution and phase transfer of oleylamine—AuNPs (of
different sizes) to aqueous media using LA molecules can be
implemented using in situ UV-irradiation for 30—60 min.”

Here we demonstrate the effectiveness of the photoligation
strategy to cap a series of lipoic acid-based ligands onto several
gold nanocolloids with varying shape and size. We explore the
effects of varying a few key parameters (e.g., irradiation time
and ligand concentration) on the quality of the resulting
materials by comparing properties such as optical spectra,
hydrodynamic size, and colloidal stability. We find that
photoligation promotes substantially more rapid ligand
substitution and phase transfer than the conventional route
(without UV-irradiation): ~30 min vs ~14 h on average.
Additionally, this route requires about 1 order of magnitude
less ligands, while providing biocompatible nanoparticles with
high colloidal stability and preserved photophysical properties.
'"H NMR and FT-IR measurements provide evidence for a
complete substitution of the native cap with the LA-R ligands.
We combine our findings with literature data to provide
thermodynamic insights into how photochemical reduction of
the lipoic acid groups and in situ ligand substitution make
photoligation rapid and effective for coating a variety of Au
nanocolloids.

B RESULTS AND DISCUSSION

Testing the effectiveness of the photoligation strategy to
promote coating and stabilization of gold nanocolloids with
LA-R ligands was motivated by the desire to shorten the time
required for a full ligand exchange, reduce the amount of
ligands used, and ultimately provide high quality hydrophilic
materials. This was also inspired by two experimental
observations relating to the photophysics of the dithiolane
ring (in LA) and the remarkable effectiveness of the
photoligation strategy applied to luminescent QDs. (1)
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Given its structure, the five-membered dithiolane ring exhibits
a well-defined absorption band centered at 335 nm. Irradiating
a solution of LA or any LA-R with a UV signal within that
absorption band induces fission of the disulfide bond (LA —
LA*) and yields compounds that are highly reactive toward the
surfaces of certain metal-rich nanocolloids.’>® As such, we
have shown that photoligation of several LA-R ligands
(monomeric or polymeric in nature) onto ZnS-overcoated
QDs is rapid and yields stable and highly luminescent
hydrophilic materials.””*"**>> (2) We have found that LA-
R* compounds exhibit higher competitive binding onto
AuNPs, preassembled with polyhistidine—mCherry proteins,
with a dissociation constant, Kj, that is ~3-fold smaller than
the one measured for their oxidized LA-R counterparts.”® On
the basis of these observations, we reasoned that photoligation
of Au nanocolloids with LA-R ligands could provide tangible
benefits and yields high quality materials for use in
biomedicine and other applications.

The photoligation strategy was applied to coat several sets of
gold colloids with LA-based ligands, as schematically illustrated
in Figure 1. The gold nanocolloids include the following: (1)
Oleylamine-stabilized AuNPs (2R ~ 10 nm, from TEM),
grown by using the method originally developed by Osterloh
and co-workers.””*® (2) Two sets of citrate-stabilized spherical
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Figure 1. (A) Schematic representation of the in situ photoligation
procedure applied to cap exchange gold nanoparticles with lipoic acid
(LA)-based ligands. (B) Chemical structure of four representative
ligands used: LA, LA-ZW, LA-PEG, and LA-PIMA-PEG. (C—F)
White light images showing visual progression of the AuNP-plus-
ligand mixtures during ligand substitution. (C) Conventional
incubation: mixing oleylamine—AuNPs precipitate with lipoic acid
in DMF promotes slow dispersion and homogenization of the NPs
achieved after 36 h of incubation. (D) The same reaction as in panel
C shows that homogenization is reached within 30 min when using a
UV flux. (E) Photoirradiation of oleylamine—AuNPs dispersed in
hexane with a LA-ZW ligand in methanol (two-phase configuration)
for 30 min yields phase transfer of the NPs from hexane to methanol,
coupled with precipitation. A homogeneous water dispersion of the
LA-ZW-AuNPs following processing is also shown. Note that
incubation without UV-irradiation produces a turbid mixture of
aggregate materials that cannot be processed. (F) UV-irradiation of
PVP-AuNSs with LA-ZW in methanol produces macroscopic
aggregation of the nanocrystals, reflecting a complete ligand exchange
coupled with loss of LA-ZW-AuNS affinity to methanol.
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Figure 2. (A—C) Representative absorption spectra collected from AuNP, AuNR, and AuNS dispersion, as-grown (red profiles) and after
photoligation with either LA-PEG or LA-PIMA-PEG (blue profiles). (D—F) TEM images of the as-grown gold nanostructures, showing

oleylamine—AuNPs (2R ~ 9.5 nm) in (D), CTAB—AuNRs (L X D = 45 nm X 19 nm) in (E), and PVP—AuNSs (d.,.. X I,

ip ~ 25 nm X 12 nm) in

(F). TEM images of the corresponding photoligated gold nanocolloids are shown in panels G, H, and L. No changes in the dimensions of the

various materials were measured after ligand exchange.

AuNPs. One set was grown by using NaBH,, reduction (2R ~ 5
nm, from TEM)*°" and the other by using the high-
temperature aqueous growth conditions initially developed by
Turkevich (2R =~ 13 nm, from TEM).”"® (3) CTAB-
stabilized AuNRs with length L = 45 nm and cross-sectional
diameter D = 19 nm (from TEM), which were prepared
following the refined seed-mediated growth method intro-
duced by the groups of Murphy and Murray and stabilized
with hexadecyltrimethylammonium bromide (CTAB).*”%~%
(4) Polyvinylpyrrolidone (PVP)-coated AuNSs (d oeX Lips =
25 X 12 nm, from TEM), grown following the route
introduced by Liz-Marzan and co-workers.”” TEM character-
ization of the gold colloids is summarized in Figure 2. Three
sets of LA-modified ligands were used, including two molecular
scale compounds (i.e.,, LA-PEG;5-OCH; which will be termed
LA-PEG and LA-ZW), synthesized by following literature
protocols,”””” and a multicoordinating polymer (ie., LA-
PIMA-PEG); the latter was synthesized via nucleophilic ring-
opening reaction between a low-molecular-weight poly-
(isobutylene-alt-maleic anhydride), PIMA, copolymer and a
mixture of amine-LA and amine-PEG,s,-OCH; nucleo-
philes. 275473

Photomediated ligand exchange of the gold colloids was
performed (in situ) by using either one- or two-phase reaction,
depending on whether the starting materials were hydrophilic
or hydrophobic in nature and on the solubility of the ligand. A
few representative examples are described below. Photoligation

~
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of the as-grown oleylamine—AuNPs with LA-ZW or LA-PEG
ligands was performed by using a two-phase reaction (hexane
and methanol), which allows visual tracking of the phase
transfer combined with easy purification, as shown in Figure
1E. We should note that photoligation of the oleylamine—
AuNPs with LA-PIMA-PEG is easier and more efficiently
implemented using one-phase reaction in CHCl; or THE. We
would also like to stress that photoinduced ligand exchange
and phase transfer are particularly advantageous for LA-ZW
ligands, since the conventional incubation route does not
provide homogeneous aggregate-free dispersions.”” Photo-
ligation of water-dispersible citrate—AuNPs was performed
under one aqueous phase conditions for all the ligands.
Photoligation of CTAB-AuNRs with LA-PEG or LA-PIMA-
PEG was also performed by using one aqueous phase.
Nonetheless, photoligation of the AuNRs with LA-ZW
required a slightly modified protocol. It was performed in
two steps. First, the as-grown CTAB-AuNR dispersion was
mixed with poly(4-styrenesulfonic acid) sodium salt, PSS, for 1
h and then precipitated by centrifugation. The NR pellet was
redispersed in water, mixed with the ligand, and then UV-
irradiated. The PSS step circumvents aggregation problems,
which occur if the CTAB-NRs are directly mixed with LA-ZW.
Photoligation of PVP-AuNSs was performed by using the one-
phase reaction in methanol. In particular, we found that
irradiation of PVP-AuNSs mixed with LA-ZW in methanol
produces precipitates of the newly ligated AuNSs, allowing a

https://dx.doi.org/10.1021/acs.chemmater.0c02482
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Table 1. Effects of Varying the UV-Irradiation Time and Ligand Concentration on the UV—Vis Absorption Profile and
Hydrodynamic Size Measured for Dispersions of LA-PEG-Stabilized AuNPs, Prepared Starting with Oleylamine (OLA)-

Capped Nanocrystals®

20 min photoligation

30 min photoligation

40 min photoligation control (18 h, no UV)

excess of ligandb SPR Ry PDI SPR Ry
1200000 522 10.9 0.23 523 10.6
120000 521.5 11.9 0.20 S521.5 10.7
12000 523 12.6 0.18 522 10.1

2400 N N N N N

PDI SPR Ry PDI SPR Ry PDI
0.10 522 10.2 0.11 522 9.9 0.15
0.11 523 10.9 0.10 522 9.6 0.18
0.07 521.5 10.7 0.10 N N N
N N N N N N N

“Data from conventional ligand exchange are also shown. “N” indicates a failed reaction, where irreversible aggregation was observed. YEqual to
[c(LA-PEG)]/[c(OLA-AuNPs)]. Data from other combinations of gold colloids and LA-containing ligands are provided in Table SI.

convenient route to isolate the products, as illustrated in Figure
1F. This is attributed to the drastic change in the solubility of
free vs colloid-bound LA-ZW in methanol.”" Additional details
are provided in the Experimental Section and the Supporting
Information,”*~7¢

Initial experiments focused on identifying the optimal
conditions for providing colloidally stable AuNPs. Then,
dispersions of the various Au colloids were characterized by
using optical absorption, transmission electron microscopy
(TEM), and dynamic light scattering (DLS). In addition, FT-
IR, 1-D 'H NMR, and 2-D diffusion ordered spectroscopy
(DOSY) measurements were employed to verify whether or
not a complete removal of the native ligands is achieved by
using the photoligation strategy. Their stability was evaluated
under various conditions, including dispersions in growth
media (rich in excess ions), sodium cyanide digestion test, and
destabilization triggered by excess dithiothreitol (DTT).

Optimization of the Photoligation Conditions. The
optimal irradiation time and amount of excess ligands needed
for achieving complete ligand substitution were evaluated by
tracking the absorption spectra, with a focus on the SPR band,
and probing changes in the intensity vs hydrodynamic radius
histograms (acquired from DLS measurements). These profiles
are strongly affected by heterogeneity in the colloid dispersions
such as aggregate formation.

First, we varied the excess amount of LA-PEG with respect
to the concentration of the NPs from 1200000X to 2400X and
the irradiation time from 20 to 40 min.® We note that
1200000X molar excess of ligands corresponds to ~400X
compared to the concentration of surface Au atoms (for
oleylamine—AuNPs with 2R = 10 nm).** Further experimental
details are provided in the Supporting Information. The data
collected from DLS measurements (summarized in Table 1)
suggest that excess ligand of 12000X or larger combined with
irradiation time of 20—40 min yielded homogeneous
dispersions with SPR values that are essentially identical with
the starting materials (~522 nm) along with Ry; values of 10.5
+ 0.5 nm. Nonetheless, the DLS data show that the lowest PDI
values (0.07—0.11) are measured when the irradiation time is
30 or 40 min. Photoligation using 20 min UV-irradiation also
yields a single peak for the intensity vs Ry profile, albeit a PDI
of ~0.2—0.23, implying that shorter irradiation time is likely to
produce a slightly higher heterogeneity in the NP dispersion.
In comparison, materials prepared by using the conventional
incubation strategy (for ~18 h) require excess amount of
ligands of 120000X or larger to provide similar profiles, in
agreement with previous results from our group.”® We should
note that photoligation of citrate—AuNPs with LA-PEG also
yielded homogeneous dispersions under all conditions tested
(both time and excess ligands), albeit slightly higher PDI
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values were measured (see Table S1); this may be attributed to
the higher size dispersity of the native NPs. Plots of the
autocorrelation function, ln(g(l)) vs 7, along with the intensity
vs Ry profiles extracted from DLS measurements for
dispersions prepared starting from oleylamine- or citrate-
stabilized AuNPs are provided in the Supporting Information
(Figure S1).

Next, we determined the optimal irradiation time required
for ligand exchange of anisotropic gold nanostructures (e.g.,
nanorods and nanostars) using 1200000X excess LA-PEG; this
corresponds to molar excess with respect to surface Au atoms
of 40X, taking into account the larger surface area of NRs
compared to NPs (see Figure S2). Here, too, we found that
ligand exchange is complete within ~30 min of UV-irradiation.
Similarly, 30 min irradiation of PVP-AuNSs and LA-ZW
mixture in methanol, at similar molar excess, yielded complete
ligand substitution, which manifests in the macroscopic AuNS
aggregation shown in Figure 1F. These incubation times are
consistent with previous data, where a near-complete photo-
chemical transformation of LA derivatives dissolved in various
solvents can be achieved by using UV-irradiation for ~25-30
min, S1—53

Overall, the above data allow us to conclude that UV-
irradiation for ~30 min, using either one- or two-phase
configuration, achieves full ligand substitution of several Au
nanocolloids, regardless of their exact structure, the architec-
ture of the ligand, or solvent used. Additionally, the
photoligation strategy requires substantially fewer ligands
than the conventional route (performed without UV
exposure). Indeed, conventional ligand exchange of CTAB-
AuNRs using LA-PEG requires ~1 order of magnitude larger
excess ligands to provide colloidally stable materials (Table
S1). Consequently, photoligation drastically shortens the
incubation time required and reduces the excess ligands
needed to prepare biocompatible colloids with high photo-
physical and colloidal properties compared to the conventional
incubation route.

Characterization of the Photoligated Gold Nano-
colloids. UV—Vis Absorption, TEM Size and Shape Measure-
ments. These measurements were used to assess the effects of
photoligation on the integrity of the nanocrystals and
homogeneity of the corresponding dispersions. Gold colloids
exhibit a unique SPR band at ~520 nm, along with size- and
shape-dependent second feature that spans the red to NIR
region of the optical spectrum. Figure 2A—C shows that the
optical absorption profiles collected from these nanocrystals
before and after photoligation with the LA-based ligands are
essentially identical, implying that the photophysical integrity
of the gold nanocolloids is unaffected by the ligand exchange
process. TEM data corroborate this result. Indeed, the three

https://dx.doi.org/10.1021/acs.chemmater.0c02482
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Figure 3. '"H NMR spectra collected from (A) LA-ZW-AuNPs prepared via photoligation starting with oleylamine—AuNPs, (B) as-grown CTAB-
AuNRs, and (C) AuNRs photoligated with LA-PIMA-PEG ligands. D,0O was used for all samples. DOSY contour spectra acquired from (D) LA-
ZW ligand solution (D = 1.7 X 107" m*/s) and (E) LA-ZW-AuNP dispersion (D = 3.4 X 10™"" m?/s). The signal at 4.47 ppm is associated with D
~ 1.8 X 107° m*/s corresponds to H,O impurities in the medium. DOSY data were collected at room temperature (T = 298 K). (F) Representative
FT-IR spectra collected from pure PVP polymer (red) and LA-PIMA-PEG ligand (blue) along with two sets of LA-PIMA-PEG-AuNSs, one set
prepared by using a conventional incubation (gray curve) and the other prepared via photoligation (green curve). Additional spectroscopy data are

provided in Figures S4—S6.

representative sets of images acquired for each type of colloid,
either as-prepared or after photoligation with the ligands,
indicate that the nanocrystals have fully preserved their size
and shape during ligand substitution (see Figure 2, panels D—F
and G-I). Similar data were collected from the gold
nanocolloids photoligated with the molecular scale ligands
(data not shown). These findings are complemented with DLS
measurements introduced above for spherical nanocolloids,
which are very sensitive to aggregate built up in the
dispersion.””  Semilogarithmic plots of the autocorrelation
profiles (In(g(l)) vs 7), together with the corresponding
intensity vs Ry histograms, extracted from g*)(z) by using
the Laplace transform, indicate that the dispersions are
homogeneous and free of any aggregates. Only a slight
increase in Ry and PDI values is measured after surface
coatings with the various new ligands. For instance, our
experiments yield Ry ~ 7.8 nm for oleylamine—AuNPs and Ry
~ 8.6, 10.5, and 13.3 nm after photoligation of the NPs with
LA-ZW, LA-PEG, and LA-PIMA-PEG, respectively (see Figure
S1 for scattering profiles). The larger hydrodynamic radii
measured after ligand substitution reflect the more complex
architecture of the new coatings; this manifests in more
pronounced effects of hydrodynamic interactions, as they
contribute to the measured mobility of the nanocolloids
compared to the starting materials. We should note that these
radii are consistent with our previous data collected for AuNPs
prepared by using the conventional incubation method.””
Characterization of the Surface-Bound Ligands. To verify
whether or not complete removal of the native cap has taken
place under the conditions used and identify the ligand
molecules in the final coating, we have performed solution-

phase 'H NMR, FT-IR, and fluorescence measurements for
select representative photoligated nanocolloids. We note that
the fluorescence measurements are limited to Au nanostars.

(i) The use of NMR spectroscopy techniques to probe the
surface coating of inorganic nanocolloids has recently
gained much interest and yielded valuable information
with respect to both ligand structure, stoichiometry, and
dynamics of ligand binding and desorption rates.”*™®'
Figure 3A—C shows representative solution phase 'H
NMR spectra collected from dispersions of AuNPs
photoligated with LA-ZW (starting with oleylamine—
NPs), AuNRs as-grown (CTAB-capped), and after
photoligation with LA-PIMA-PEG. The spectrum in
Figure 3A shows three broad resonances at 1.3—1.7
ppm, assigned to the lipoic acid protons, and a well-
defined peak at 3.1 ppm, ascribed to the methyl groups
in the sulfobetaine moieties. Importantly, the proton
signatures emanating from oleylamine protons (e.g,
—CH,—NH, at 2.5 ppm) are conspicuously absent from
the data acquired from the LA-ZW-AuNP dispersion.
The spectra collected from dispersions of CTAB-AuNRs
and LA-PIMA-PEG-AuNRs, shown in Figure 3B,C,
indicate that the well-defined signatures ascribed to the
CTAB molecules in the native NRs (at 1.2 and 3.0 ppm)
are absent from the spectrum collected from the
polymer-capped AuNRs. This confirms that the native
cap has been completely removed during photoligation
and purification steps. The above '"H NMR spectra are
supplemented with DOSY-NMR experiments. This
technique relies on differences in the Brownian diffusion
coeficients, corresponding to specific proton signatures
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Figure 4. Long-term colloidal stability tests, including pH changes in various PBS buffers, DI water, cell growth media (100% DMEM), and in ion-
rich dispersions (1 M NaCl), applied to representative dispersions of (A) LA-PEG-AuNPs (3 nM, 300 uL). (B) LA-PIMA-PEG-AuNPs (3 nM, 300
uL). (C) LA-PIMA-PEG-AuNRs (0.5 nM, 300 uL). (D) LA-PIMA-PEG-AuNSs (0.5 nM, 300 uL). Samples were prepared via photoligation and
stored at 4 °C. Oleylamine-AuNPs were used in (A,B). Tests on other samples are provided in the Supporting Information (Figure S7).

in a spectrum, to differentiate between the features
associated with either surface-coordinated or freely
moving ligands in the sample.”’ ™*’ Additionally, sur-
face-bound ligands exhibit weakening and broadening of
the NMR features compared to free molecules, and they
experience slower diffusion properties; free moving
ligands exhibit much faster translational diffusion, in
comparison.*”** Figure 3D,E shows two DOSY contour
plots collected from a solution of free LA-ZW and a
dispersion of LA-ZW-AuNPs both in D,0. These plots
show that only one diffusion coefficient is measured for
each sample. In addition, D; s yw.aunp Mmeasured from the
NP dispersion is ~5-fold smaller than the one measured
from LA-ZW solution (Dy,.w), which proves that only
surface-coordinated LA-ZW ligands contribute to the
NMR spectrum collected from photoligated and purified
NPs. We note that the spectra also show the presence of
a much faster diffusion coefficient associated with the
features at ~4.7 ppm, ascribed to H,O impurities in the
sample.
(ii) Figure 3F shows select representative FT-IR spectra
acquired from LA-PIMA-PEG-AuNSs, prepared either
via photoligation or the conventional incubation
method, side-by-side with spectra collected from the
pure PVP and LA-PIMA-PEG (as controls). The
spectrum collected from the LA-PIMA-PEG-AuNS
sample (green profile) shows a weak signature at 1655
cm™! and a strong peak at 1100 cm™!, which are
respectively ascribed to the stretching modes of the
amide C=O0 groups along the polymer chain and C—
O—C groups in the PEG blocks of the polymer coat.””
This spectrum is identical with the one collected from a
sample of polymer—AuNSs prepared by using conven-
tional ligation (compare green and gray profiles).
Additionally, the strong peak at 1655 cm™' measured
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for the pure PVP sample (red profile) and ascribed to
the C=0 stretching mode of the vinylpyrrolidone rings
has been replaced with a weaker one emanating from
ligands in the LA-PIMA-PEG-AuNS coating.

Complete substitution of the PVP coating on the
nanostars could also be determined from fluorescence
measurements. PVP was shown to interact with the gold
surfaces through either amine-N and/or carbonyl-O
electron donors.*> Because of the weak intrinsic
fluorescence properties of PVP polymers, the starting
PVP-AuNSs exhibit broad fluorescence with a maximum
at ~400 nm (see Figure $3).°° Negligible fluorescence
was measured for dispersions of photoligated LA-PEG-
AuNSs, in comparison.

(iii)

Cumulatively, these observations provide strong evidence
that the native cap (e.g, oleylamine, citrate, CTAB, and PVP
molecules) have been fully substituted with the various LA-
modified ligands using the photoligation strategy. Additional
data showing UV—vis absorption profiles and '"H NMR spectra
collected from CTAB-stabilized AuNRs (i.e., as-prepared) and
after ligation with molecular scale ligands (e.g, LA-ZW) are
provided in the Supporting Information (Figures S4—S6).

Colloidal Stability Tests. The tests have been performed
to assess the ability of the photoligation route to provide
nanocolloids that can perform well under conditions of great
relevance to biology (namely, pH changes, excess NaCl, and in
the presence of cell growth media). The tests also probe how
architecture, coordination affinity and nature of the hydrophilic
motifs in the ligand used would affect the ability of the coating
to protect the inorganic cores against chemical digestion by
sodium cyanide, known to exhibit high reactivity toward metals
including gold, and competition from DTT, a redox small
molecule with high affinity for gold surfaces.””” The data were
compared to colloids prepared by using conventional
incubation (under UV-free conditions).
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Figure 5. NaCN digestion tests. Shown are (A) time progression of the absorption profiles collected from photoligated LA-PIMA-PEG-AuNP
dispersions (12.5 nM, 600 uL along with SO mM NaCN). (B) Time-dependent progression of the normalized optical density at ~520 nm,
extracted from data in (A). The red squares correspond to a conventional sample, while the blue circles are data from a photoligated sample, t, ~
80 min for both cases. (C) Time progression of the absorption profiles collected from photoligated LA-PIMA-PEG-AuNS dispersions (0.35 nM,
600 uL along with SO mM NaCN). (D) Time-dependent progression of the normalized optical density at ~715 nm, extracted from data in (C);
conventional ligation (red squares) and photoligation (blue circles), t, ~ 60 min. The yellow triangles are data from PVP—AuNS dispersion, wth t,
~ 7.3 min. Results from other samples and test conditions are summarized in Table 2.

Effects of pH, Excess lons, and Cell Growth Media. For
this, two sets of LA-PEG-AuNDPs were prepared: one set using
photoligation of oleylamine-AuNPs and the other using citrate-
AuNPs. Dispersions of LA-PEG-AuNPs obtained via the
conventional incubation route were stable under all tested
conditions for at least 6 months of storage (data not
shown).””*® Figure 4A shows white light images of LA-PEG-
AuNP dispersions in PBS at pH ranging from 3 to 13,
dispersions containing 1 M NaCl, and in 100% DMEM,
tracked over a period of 6 months of storage. The dispersions
exhibited excellent colloidal stability under all those conditions,
with no degradation or aggregation buildup; only the
dispersion in DMEM showed a slight color change after 6
months. Essentially identical stability data were collected for
AuNPs photoligated with LA-PIMA-PEG (Figure 4B) or LA-
ZW ligands, starting with the same oleylamine-coated materials
(see Figure S7). Additional data from the same test using LA-
PEG-AuNPs prepared via photoligation starting with citrate-
stabilized nanocrystals show similar behavior; this contrasts
with immediate aggregation of the starting citrate-AuNPs
observed in the presence of 1 M NaCl (see Figure S7).
However, when these tests were applied to AuNRs and AuNSs
photoligated with LA-ZW, LA-PEG, or LA-PIMA-PEG, only
the polymers promoted long-term stability across all explored
conditions (see Figure 4C,D). Rather limited stability was
measured for these high-order nanostructures ligated with
molecular scale ligands (LA-ZW or LA-PEG) (see Figure S7).
These findings are consistent with data collected from Au
nanoparticles, nanorods, and nanoshells coated with the LA-
based ligands by using overnight incubation, albeit with higher
molar excess of the oxidized form.”” This indeed confirms that
the photoligation strategy, in particular by using the high
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coordination polymers, yields high quality colloids across a
wide range of conditions.

NaCN Digestion Tests. We have tested the ability of the
surface coatings to protect the gold nanostructures against
cyanide (CN™) digestion and compared the rates of digestion
measured for photo- and conventionally ligated samples, side
by side. Given their small size and strong ionic nature, CN~
ions can diffuse through the ligand barriers and form gold
complexes with surface atoms, progressively etching away the
nanocrystals.””***” However, the rate of digestion depends on
the binding affinity and lateral extension of the ligand coating
used. For the various Au nanocolloids, we used nanocrystal
concentration corresponding to an optical density at the SPR
value of ~0.35 and fixed the NaCN concentration at 50 mM;
these conditions have been reported to achieve complete
digestion within 2 h for similar size NPs.””*"

Representative time-dependent progression of the absorp-
tion spectra collected from photoligated LA-PIMA-PEG-AuNP
and LA-PIMA-PEG-AuNS dispersions are shown in Figure
SA,C. We then assessed the digestion time by fitting the
profiles for the decrease in the SPR intensity (at ~520 nm for
AuNPs and at 715 nm for AuNSs) vs time to a single-
exponential decay function:**

A=A (1)
where A, is the initial absorbance value and t;, is the digestion
time. Figure SA,B shows that LA-PIMA-PEG-AuNPs prepared
by using either photoligation or the conventional long
incubation route exhibit nearly identical digestion profiles,
with t, ~ 80 min. Similarly, AuNS dispersions prepared by
using either photoligation for 30 min or overnight incubation
with LA-PIMA-PEG also show indistinguishable digestion
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Table 2. Values for the Digestion Time, t;,, Extracted from the NaCN Digestion Tests Applied to the Various LA-Based Cap
Used to Stabilize the Gold Colloids; Estimates of Several Other Relevant Parameters Including Molar Absorption Coefficients,

Concentration, and Number of Surface Atoms

dimensions of € optical density [Au colloids]
NP (nm) (M em™)  Ng_,.“* (0.5 cm) (aM)®
AuNP: 99 5.6 X 107 ~3000 0.35 12.5
AuNR: 42X 19 28 X 10°  ~31646 035 0.25
AuNS: 25 X 12 2.0 x 10° ~33127 0.35 0.35

tp’ (min)© (conventional

t (min) (photoligation) reaction)
LA- LA-
[NaCN]  [CN-]/  LA- LA- PIMA- LA- LA~  PIMA-
(mM)  Ng_, raio ZW PEG PEG  ZW PEG  PEG
50 ~1333 14.6 39.7 80.6 158.5 42.7 75.7
50 ~6320 182 33.0 62.3 9.1 27.5 64.5
S0 ~4312 23.3 71.5 57.8 29.0 80.0 59.0

“Estimated number of surface gold atoms per NP (Ng_ )t YA smaller concentration of Au nanocolloids is used to compensate for the larger
number of surface and total gold atoms per NP. “t,(CTAB-AuNRs) is ~3.3 min; t,(PVP-AuNSs) is ~7.3 min. dPrepared starting from oleylamine-

AuNPs.

profiles with tp ~ 60 min (see Figure SC,D). A summary of the
conditions used for the various combinations of nanocolloids
and ligands used along with the extracted values for ty is
provided in Table 2. The data show that the trends as well as
the values for tp,, obtained for the various nanocrystal-ligand
combinations, prepared either via photoligation or conven-
tional incubation are comparable. Additionally, the data
acquired from the AuNPs and AuNRs, prepared by using the
conventional route, are comparable to those previously
reported by our group.””*”** Figure 5D also shows that the
digestion times measured for newly coated nanostars (e.g., tp,
~ 23-71 min depending on the ligand structure) are
significantly larger than the one extracted for the native PVP-
AuNS dispersions (t;, ~ 7.3 min).

A closer examination of the data also shows that the
digestion kinetics for Au nanostars are substantially slower in
the presence of the LA-PEG cap than those measured for LA-
PIMA-PEG and LA-ZW coatings (see Table 2). This contrasts
with the data collected for spherical NPs and anisotropic NRs.
The less protective polymer coatings for the AuNS materials
may be attributed to their uneven surface morphology
combined with the natural swelling of the polymer chains.”
Indeed, swelling of the individual chains affects how these
ligands “adhere” onto the complex surface morphology of these
colloids, reducing the polymer coordination affinity, compared
to mono-LA-PEG ligands. Conversely, given the dual cationic/
anionic nature of the zwitterion motif, LA-ZW coating does
not provide strong shielding but rather facilitates CN™ ion
penetration near the colloid surfaces. Difference in the
digestion kinetics between PEG and zwitterion coatings have
also been measured for AuNPs.”’

DTT Competition Tests. This test is particularly suitable for
probing the strength of the ligand coordination to metal
colloid surfaces and its ability to impart long term colloidal
stability under strong reducing conditions. Given their small
size, these dithiol molecules can easily diffuse through the
coating layer and directly interact with the surface of the
nanocrystals. At high concentration and in the presence of
excess NaCl, DTT molecules can competitively displace
coordinated ligands. However, because they do not present
solubilizing motifs, they tend to destabilize the nanocolloid
dispersion, thus causing progressive aggregation. The rate of
aggregation is accelerated when the affinity of native cap to the
nanocrystal is low, and vice versa.”””® The destabilization
process manifests in a progressive loss of the plasmon features
of the nanocolloid dispersions due to the close proximity
between nanocolloid surfaces within aggregates.
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For this DTT test, we focus on the stability of gold nanorods
as a representative system because they have large surface
areas, and stabilization of the platforms is strongly dependent
on the coordination affinity and nature of the ligands used. We
also probed dispersions of AuNRs stabilized via photoligation
with polymer or monomer ligands and compared the data to
control samples prepared via overnight incubation (ie., no
UV). Figure 6A shows the time progression of the absorption
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Figure 6. DTT competition tests. Time progression of the absorption
spectra collected from various dispersions of LA-R-AuNRs prepared
via photoligation (0.25 nM, 600 yL) in the presence of 1 M DTT and
400 mM NaCl. (A) LA-PIMA-PEG-AuNRs. (B) LA-PEG-AuNRs.
(C) LA-ZW-AuNRs. (D) Profiles for AF vs time extracted from the
data shown in (A—C). No aggregation was observed for the polymer-
capped AuNRs. The profiles acquired for NRs ligated with
monomeric LA-PEG or LA-ZW reflect rapid aggregation buildup.
The rise in AF values is more pronounced for zwitterion capping,
nonetheless. Note that the data from the sample of LA-PIMA-PEG-
AuNR dispersion prepared via conventional incubation (control) also
show no sign of aggregation buildup (see Figure S8).

spectra collected from dispersions of AuNRs ligated with LA-
PIMA-PEG, which contain 1 M DTT and 400 mM NaCl. The
spectra collected from dispersions of AuNRs photoligated with
either LA-ZW or LA-PEG (molecular scale ligands) for 30 min
under the same conditions are shown in Figure 6B,C. The
changes in the absorption profile, namely, the decay of the
longitudinal SPR peak with time, can be used to draw
conclusion about resistance of the capping to DTT
competition by using an aggregation factor, AF, defined by

https://dx.doi.org/10.1021/acs.chemmater.0c02482
Chem. Mater. 2020, 32, 7469—7483


https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig6&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.0c02482/suppl_file/cm0c02482_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig6&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02482?ref=pdf

Chemistry of Materials

pubs.acs.org/cm

A
5
ﬁ%h o & r)l.r’ Physisorption fe

G .

B \ qw pg”“

S Chemlsorptlon/
rf’J Bond breaklng

”c\

Wy gj
Chemlsorptlon E’h 5 Anneallng ’J Eﬂql

C D NoTEMPO Plus TEMPO
R
ﬁ/ m/ NaBH, oy .
D/lh/zllud/c:l Dithiolane Dithiol E _ 1 min
l—s | loz lAu Jeron e = U
R R
= R~ Ll
SH HS SH HS
Jo ¢ __N SR
Polysulfide Thioketone Sulfoxide Thiolates Dithiol Dithiol .
o 30 min
R R .
O (\( (\r (Y N e
S—Sx, SH S .
I 8 KLU
3CO OH o
Sulfone Thiolates Thioester Sulfenic acid g 60 min
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the ratio between the absorbance at 800 nm to that at the
longitudinal SPR:*’

_ Absggo

Ab5635 (2)

Figure 6D shows that the measured AF for the photoligated
LA-PIMA-PEG-AuNRs stays near zero over the test period.
Essentially identical data were acquired by using NR
dispersions prepared via conventional ligand exchange (see
Figure S8 and ref 27). In contrast, when the AuNRs are
photoligated with the monomeric LA-ZW and LA-PEG, which
have lower coordination affinity, the test shows faster changes
in the absorption profiles, combined with an increasing AF
with time, albeit slightly more pronounced for the zwitterion
ligand coating. Comparing the kinetic of the DTT destabiliza-
tion data extracted for the three coatings indicates that the
higher coordination affinity afforded by the polymer ligands
imparts better resistance to DTT competition than ligands
with lower coordination such as LA-ZW and LA-PEG. We
should note that although LA-ZW and LA-PEG have the same
coordinating motif, they exhibit distinct profiles for AF vs time.
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This difference can be attributed to the different nature and
size of the water solubilizing moieties. The larger size PEG
block which presents ethylene oxide units presents a stronger
physical barrier against DTT penetration compared to the
substantially smaller and more hydrophilic sulfobetaine
groups.”””” Similar trends were measured for the DTT
stability test using polymer and monomer-capped AuNP and
AuNS dispersions (data not shown).

Mechanistic Considerations. Photoligation provides
clear benefits for ligating gold nanocolloids with LA-R ligands
compared to conventional incubation methods. We hereby
discuss a few mechanistic concepts to explain our findings. It is
widely accepted that coordination of thiols onto gold surfaces
involves thiolate—Au complexation, the mechanism of which
involves the interaction between (RS™) and Au(I), due to
electron transfer from the gold, followed by electrostatic
binding.”’~"* More recently, studies by Reimers and co-
workers have proposed that a better picture involves a
transformation of thiol into thiyl (RS-), which interacts via
electron transfer to Au(0), yielding the Au—S—R bond.””*"*
They further proposed based on DFT calculations that for
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nanoparticles binding via thiyl-Au(0) formation is energeti-
cally more favorable than that involving thiolate—Au(I). This
implies that in our case reduction of the dithiolane ring
yielding thiol-containing products (e.g., dithiol) is required to
promote ligand coordination on the gold nanocolloids. We
thus stipulate that in the conventional incubation route ligand
exchange with LA—R or disulfide—R molecules involves two
steps, as proposed for SAM structures: physisorption of the
disulfide molecules onto the gold surface, via attractive van der
Waals forces, followed by chemisorption where homolytic
cleavage of the S—S takes place.”®”””>”*~'°! In this scenario,
schematically illustrated in Figure 7A, ligand substitution is
slow. Experimentally, physisorption and bond-breaking events
are inferred from studies showing that SAMs formed from
either monothiol (HS—R) or disulfide (R—S—S—R’) mole-
cules are indistinguishable.*>”%”7101=103

Photoligation has been successfully exploited to coat QDs
and Au nanocrystals, and a few existing qualitative models have
attempted to identify the rationale that make this route faster
than incubation alone.*”*?7>¥%19%19% This strategy does not
necessarily require initial physisorption, as viewed above,
because UV-irradiation of free LA molecules has been shown
to promote rapid photochemical transformation of the
dithiolane rings to dithiyl, followed by several possible reaction
pathways producing several thiol products including dihy-
drolipoic acid, polysulfide, sulfenic acid, and sulfoxide (Figure
7B,C).> 3105719 Thys, coordination of the LA—R ligands
occurs via two reaction steps: (i) a rapid photoinduced
homolytic cleavage of S—S bond, which eliminates the
requirement for initial adsorption and circumvents the
activation energy required for S—S bond breaking in a typical
binding reaction, and (ii) thiol—Au complexation, as schemati-
cally represented in Figure 7B. This scenario is energetically
favorable based on reaction enthalpy considerations. More
precisely, conventional coordination involves one endothermic
S—S bond breaking, with AH ~ +30 kcal/mol in a ring
structure,'®® and formation of two thiol-to-Au bonds, an
exothermic event with AH ~ —40 kcal/mol per bond.””'**
This would yield a net enthalpy of binding reaction,
AH,. /reaction ~ —350 kcal/mol. In comparison, the bond
breaking term can be neglected in a photoligation process,
and the total enthalpy required is AHppo, ~ —80 kecal/mol.
This would imply that even though both binding reactions are
spontaneous, photoligation is thermodynamically more favor-
able. These considerations would also imply that in a
conventional coordination involving LA—R, binding would
require accessing two adjacent sites on the gold nanosurfaces,
while a single coordination site would be sufficient for
chemisorption of LA*, since each sulfur in the dithiyl radical
(or thiol in the dithiol group) can form one S—Au
complex.*””>'%% As a result, the competitive coordination of
oxidized LAs onto Au nanocolloids is a slow process, whereas
the abundance of dithiyl species under UV-irradiation leads to
much faster ligand binding.

We further tested the validity of these mechanistic rationales
by comparing the use of photoligation vs conventional
incubation to coat oleylamine-coated AuNPs with LA or LA-
ZW ligands in polar methanol or DMF (antisolvents for the
native NPs). In this case, we found that conventional
incubation of oleylamine—AuNPs (as aggregates) with these
LA ligands is extremely slow, often yielding poor quality
materials. This can be attributed to a reduced ligand
adsorption/chemisorption rate per AuNP due to shielding of
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NP surfaces in the close-packed aggregates.*” In comparison,
the higher reactivity of LA* species enables rapid chem-
isorption, first by complexing with accessible NPs followed by
further complexation with those deeply buried within the
pellet. Given the spontaneity of these interactions, rapid
“dissolution” of the pellet takes place under these conditions
leading to the formation of homogeneous dispersions of NPs.
Such a conclusion is supported by the data shown in Figure
1D, where UV-irradiation promotes rapid dispersion of the
AuNP pellets (within 10 min), followed by homogenization of
the dispersion.**”

Prior results indicate that though fission of the dithiolane
rings is key, effectiveness of the photoligation strategy applied
to QDs is better when the procedure is performed in situ.”’ We
tested the validity of this assumption by carrying out two
control reactions under ex situ conditions using prereduced LA
ligands. In the first, oleylamine—AuNPs (dispersed in hexane)
were reacted, in a two-phase configuration, with either DHLA-
PEG (NaBH,-reduced) or preirradiated LA-PEG* ligands in
MeOH; excess ligand with respect to NPs was <120000.
These conditions produced rapid macroscopic phase transfer
from hexane to MeOH, but the resulting NPs were prone to
aggregation during standard processing (see Table $2).** In
the second, 30 min incubation of a two-phase solution made of
oleylamine—AuNPs in hexane and either DHLA (chemically
reduced) or LA* in methanol also yielded irreversible
aggregation. However, this reaction is successful when
performed by using in situ UV-irradiation starting with oxidized
LAs (see above). This can be attributed to the ability of the
thiyl groups to rapidly sample the Au colloid surfaces and
promote complexation yielding Au—S bonded ligands.””*

Finally, we tested whether or not the short-lived thiyl
radicals, generated during photoligation, play any role in the
photoligation by speeding up the li%and substitution and
homogenization of the samples.”>'% For this, two
dispersions containing AuNPs mixed with lipoic acid in
DME: one was supplemented with 2,2,6,6-tetramethyl-1-
piperidinyloxy (TEMPO, a stable radical scavenger), and the
other was not. A molar ratio of TEMPO:LA ~ 8 was used. The
samples were UV-irradiated and periodically inspected and
imaged for up to 60 min. Figure 7D shows two sets of white
light images acquired for the samples during the in situ
irradiation. Data show that in the sample of the AuNP-plus-
ligand mixture without TEMPO the NP aggregates experi-
enced a fast homogenization within ~8 min (see left set). In
comparison, the right set shows the evolution of the same
reaction in the presence of TEMPO, where ligand homoge-
nization was slower, requiring up to ~1 h. We also found that
adding larger excess TEMPO could not completely quench the
ligand exchange process, as homogenization eventually
occurred after longer irradiation time. We attribute this result
to the short lifetime of the radicals (r ~ 75 ns at room
temperature),'*>'%® where a fraction of those initially
generated can rapidly convert to sulthydryl by abstracting
protons from protic molecules in the solution.” We conclude
based on this result that in situ photoligation could facilitate
the capture of dithiyl radicals (before they are transformed to
other species) by gold surface atoms via a process that is
energetically more favorable and does not necessarily involve
thiolate—Au(I) formation, as suggested by Reimers and co-
workers.””** This model results in coordination interactions
that are rapid and with increased effectiveness. These in situ
interactions enhance the efficiency of ligand substitution
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process while requiring smaller excess of ligands compared to
conventional incubation.®"%!0%10? Finally, the rationales
discussed above regarding the fast chemisorption and energeti-
cally more favorable ligand—Au complexation achieved by
using photoligation can also explain our recent observation,
where LA—R* ligands were shown to competitively displace
AuNP-bound mCherry—His fluorescent proteins at lower
ligandS6 concentration compared to their oxidized counter-
parts.”

B CONCLUSION

We have shown that photoligation of various gold colloids with
several lipoic acid-based ligands provides a simple and highly
effective strategy for promoting in situ rapid ligand exchange,
allowing the dispersion and manipulation of such materials
under varying conditions. This strategy relies on the incubation
of gold nanostructures with the oxidized form of the ligands,
under UV-irradiation, and takes advantage of the photo-
sensitive nature the ligands to a flux that overlaps with its
absorption band centered at 335 nm. Such irradiation
promotes the photochemical transformation of the dithiolane
rings and yields highly reactive compounds (presenting dithyl
radicals and thiol-modified products) that rapidly displace the
native coating and chemisorb on the gold surfaces. It can be
completed within ~30 min, while consuming ~10-fold less
ligands compared to conventional incubation (without of
photoirradiation). The resulting materials were characterized
by using several analytical techniques, including optical
absorption, TEM, DLS, FT-IR, and solution phase '"H NMR
spectroscopy, all of which proved that complete substitution of
the native ligands (e.g., oleylamine, CTAB, PVP, and citrate)
with LA-R ligands has taken place. This strategy provides
homogeneous and aggregate-free gold nanocolloid dispersions
that exhibit long-term colloidal stability over a broad range of
biologically relevant conditions, while preserving the structural
and photophysical properties of the nanocolloids intact.

The strategy can be applied to any LA-containing ligand
regardless of its structure (monomers, polymers, or mixed
coordination) and whether or not it presents reactive groups
(e.g, —COOH, —NH,, —N;, and —CHO). This makes the
ligand exchange method suitable for preparing plasmonic gold
platforms that exhibit controllable and specific reactivity,
readily adapted for easy interfacing with biology. The
photoligation route is potentially applicable to other metallic
single or mixed metal core nanocolloids (Ag and Ag-containing
nanostructures), making it potentially very promising for
designing multifunctional nanoscale platforms with application
in sensor design, Raman scattering, and energy transfer
interactions.

B EXPERIMENTAL SECTION

Growth of PVP-Coated Gold Nanostars, PVP-AuNSs. PVP-
AuNSs (d X | = 25 nm X 12 nm, TEM data) were synthesized
following the protocol originally reported Liz-Marzan and co-workers,
with a slight few modifications.”® The starting spherical gold seeds
were prepared via NaBH, reduction of HAuCl, in the presence of
polyvinylpyrrolidone (PVP, M,, 10000 Da). Briefly, in a 100 mL one-
neck round-bottom flask equipped with a stir bar, 0.017 g of PVP was
dissolved in a mixture of DMF (45 mL) and DI water (2.5 mL). A 22
uL aliquot of 0.1136 M gold solution was then added under vigorous
stirring. Next, 2.5 mL of 10 mM freshly prepared NaBH, solution was
rapidly injected into the flask, and the reaction mixture was further
stirred for another 2 h and then aged for 24 h, before use in the
growth of nanostars. Growth solution was prepared as follows: in a
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100 mL one-neck round-bottom flask, 108 uL of 0.1136 M gold
precursor solution was added to 45 mL of 10 mM PVP solution in
DMF under vigorous stirring. After 6 min, 102 uL of performed-seed
dispersion (ratio of [HAuCl,]/[seed] 2424) was added. The
mixture changed color from faint yellow, to colorless, to slightly blue
within 10 min, and eventually to dark blue after 40 min. We note that
sedimentation of the colloids tends to build up after extended storage
(~2—3 weeks). However, applying sonication for few minutes or
simple stirring would homogenize the sample. Protocols used for
growing the other gold colloids (namely, Au nanorods and Au
nanoparticles) are provided in the Supporting Information.

Ligand Exchange Promoted by UV-Irradiation (Photo-
ligation). Photoligation of the various Au colloids with LA-based
ligands was implemented using either one-phase reaction (one
solvent) or two-phase reaction (using two immiscible solvents).
However, there are few instances where the two-phase route is
required, in particular when the starting materials and ligands cannot
be dispersed in the same solvent (e.g,, oleylamine-AuNPs and LA-
ZW). We briefly describe the protocols for both routes. Additional
details are provided in the Supporting Information.

One-Phase Reaction. We will refer to this reaction condition as
“homogeneous photoligation”. It has been applied to cap exchange
citrate-AuNPs and CTAB-AuNRs with LA-based ligands in basic
aqueous conditions (e.g., phosphate buffer, pH 7.6); photoligation of
PVP-AuNSs with LA-R ligands in methanol; and photoligation of
oleylamine—AuNPs with LA-PIMA-PEG in CHCIl;. We describe the
procedure applied to ligate PVP-AuNSs with LA-ZW. Briefly, 3 mL of
a PVP-AuNSs stock dispersion (0.51 nM) was centrifuged at 10000
rpm for 10 min. The supernatant was discarded, and the pellet was
redispersed in 200 pL of MeOH, followed by transfer into a
scintillation vial equipped with a stir bar. Separately, a ligand solution
was prepared by dissolving 0.8 mg of LA-ZW in 400 yL of MeOH and
heating it at 60 °C for 2—3 h (using a water bath). The ligand solution
was mixed with the AuNS dispersion and then placed inside the UV
reactor and irradiated for 30 min while stirring; the used conditions
provide a molar ratio of LA-ZW to AuNSs 1200000. The
macroscopic aggregates of gold colloids formed during irradiation
were isolated from the yellowish supernatant by centrifugation at
3500 rpm for 2 min. The precipitate was dried under air flow then
dispersed in 4 mL of DI water. The dispersion was passed through a
syringe filter (0.45 um, PTFE) and further purified from excess
ligands and other solubilized precursors/impurities by applying 3—4
rounds of concentration/dilution using a membrane filtration device
(Millipore, M,, cutoff = 100000 Da). The dispersion was transferred
to a clean scintillation vial and stored at 4 °C until further use. The
protocols for photoligating PVP-AuNSs with other LA-based ligands,
CTAB-AuNRs, and citrate-AuNPs with LA-based ligands are provided
in the Supporting Information.

Two-Phase Reaction. We refer to this reaction condition as
“heterogeneous photoligation”, as the ligand exchange is accompanied
by phase transfer. We summarize the photoligation of oleylamine—
AuNPs with LA-ZW. A 50 pL aliquot of oleylamine—AuNPs in
hexane (from a stock dispersion, 0.37 uM) was diluted with 400 L of
hexane by using a scintillation vial equipped with a stir bar. Separately,
0.92 mg of LA-ZW was dissolved in 300 yL of MeOH containing ~1
mg of TMAH and slightly heated at 60 °C by using a water bath (for
2—-3 h). The ligand solution was slowly added to the colloid
dispersion, followed by few drops (~30—50 uL) of CHCl,. The vial
was placed in the UV reactor and irradiated for 30 min. This yields
AuNP precipitates, which is an early indication of ligand substitution.
The precipitates were centrifuged at 3500 rpm for 2 min, and then the
supernatant was discarded by using a pipet, followed by hexane wash
(500 pL) and drying under nitrogen flow. DI water (~1—2 mL) was
added to the dried pellet of LA-ZW-AuNPs, yielding a reddish
dispersion, which was passed through a syringe filter (0.45 um,
PTFE) and further purified by applying 2—3 rounds of concentration/
dilution with DI water using a membrane filtration device (Millipore,
M,, cutoff = 100000 Da), as above, and then stored at 4 °C. The two-
phase photoligation of oleylamine—AuNP with LA-PEG or LA ligands
is provided in the Supporting Information.
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