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ABSTRACT:An e ective and easy to implement ligand exchange strategy} uv 5 Photo-mediated
is paramount to the design of stable and multifunctional gold and gter~ S ) Phase Transfer
inorganic nanocolloids. This is also crucial for their use in biologyzand 2 . \ﬁ// —

medicine. In this contribution, we demonstrate that photomediated Q ?c/
substitution of gold nanocrystals with a series of lipoic acigdano Ve

ligands yields se_:veral ad\_/f_;mtages_, including rapid p_hase transfer and grga%
long-term colloidal stability. This strategy combines photoch Iaﬁg '\~‘ ' s _
5 8
_ , _ > % ==
requires substantially smaller amounts of excess ligands compared to

reduction of the dithiolane group with energetically favamabltu %e ' -
it «
conventional incubation starting with the oxidized form of the ligands. Complete substitution of the liganels is/asingH

—
' -

ligand chemisorption, yielding rapid nuation of the surfaces.

NMR and FT-IR spectroscopy. The colloidal properties of the resulting materials have been tested by using a combination of lon
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 ex

the e ectiveness of this ligation strategy. Thetieags prove the practical basef this approach for designing biocompatible
gold colloids and bode well for using such materials in a variety of biological assays and photothermal therapy.

INTRODUCTION polymers or micelles is easy to implement and does not require
In recent years, gold nanocolloids such as nanoparticlr oval of the native cap, which potentially preserves the

(AuNPs), nanorods (AuNRs), and nanostars (AuNSs) havg otophysical properties of the original materials; however, it
generated tremendous interest and much activity in aregggﬁig}zg ield inI;)r:gS ‘év)'(t?hlgrr]geeCoi";t"l%sman;ils'rgr']tedirf\?éll(\)/'gsl
ranging from electronic devices to biomedical reSéarch. tit t f'?h y 9 ,'th bif ? | I" ds that
These materials exhibit several unique properties ranging frEHPS ltution of the nalive cap with bifunctional figands tha
unique size- and shape-dependent optical properties to str tain hydroph|I.|c blocks to provide water solqb|I|'Fy along
near-eld interactions with proximal dye emitters and Raman; metal-che_latlng groups for promoting coordma.tlor_l onto
active molecules, which have found applications in sen Bp nanomaterial surfaces. It tend§ to yield strong binding and
design and biomédici?‘ls’e.13 For example, spherical AUNPs 0 er more control over the coating structure. Amqng th_e
(with a diameter of 40 nm) exhibit a, surface plasmon anchoring groups explored, soft Lewis bases, including
resonance (SPR) band &20 nm, and they have been widely monothiol and bidentate thiols and phosphines, are known
utilized in colorimetric and ene,rgy-transfer-basedlas?ays. to stron ’|§/23%oord|n'ate onto gold surfaces (rich in soft Lewis
In comparison, anisotropic AuNRs and AuNSs show a%cm! Au)(.j 3\\/tan::-t)(/jo;thlol-mtqded;\nolecuies have_?ﬁen ¢
additional longitudinal strong SPR peak in the near-infraredoeSlgne and tested for coaling Au surfaces with grea

s%7,34 38
(NIR) region of the optical spectrum, with substantially Iarge?ucce - . e .
molar absorption coeients than those measured for the Conventional cap exchange of Au colloids with lipoic acid-

smaller spherical AuNPS. 8 The pronounced longitudinal appended compounds (LA-R ligands) has attracted much

absorption, combined with the deep penetration of N”:?ttent'on due to their bidentate nature, but when used in their

irradiation into tissues, makes these materials ideal candidatcs

for use in photothermal therapy to treat cdrncét.These ~ Received: June 14, 2020
bioapplications require optimized interfacing between the gofgvised: July 28, 2020
nanocolloids and biomolecules to enhance their performan@gblished: July 29, 2020
in biological settings. Broadlsurface functionalization

strategies for such materials can be grouped into encapsulation

and ligand exchanf€. “® Encapsulation within amphiphilic
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oxidized form, they require a long reaction/incubation timeGiven its structure, th@e-membered dithiolane ring exhibits
that is, several hours to a few 8 %2 The procedure  a well-dened absorption band centered at 335 nm. Irradiating
also consumes large amounts of ligands, since the ligan@olution of LA or any LA-R with a UV signal within that
substitution relies on mass action kinetics. Our group angbsorption band inducession of the disude bond (LA

others have shown that overnight incubation with a multi-LAA*) and yields compounds that are highly reactive toward the
polymer under mild heating conditions (@0 °C) promotes  surfaces of certain metal-rich nanocofibid#s such, we

cap exchange with AuNPs and AuNRs with varying nati¥gyve shown that photoligation of several LA-R ligands
caps.** “° To reduce the time required for promoting the (monomeric or polymeric in nature) onto ZnS-overcoated
coordination of thiol-modid alkyls or biomolecules onto ops is rapid and yields stable and highly luminescent
gold surfaces, a few groups have used external stimuliy rophilic material€>*>%5 (2) We have found that LA-

accelerate the process. In one study, Liu and co-work compounds exhibit higher competitive binding onto

reported that more dense thiol-appended DNA layers can &INPs. preassembled with polvhistidir@herry proteins
attached onto AuNPs when the mixed materials are rapi ih a aigsociation constaKy, F,:h;f[ is 3-fold sr>1/1arl)ler thaﬁ

immersed in dry ice for 2 nfihln another study, Zharnikov one measured for their oxidized LA-R countetp@rts.

and co-warkers have shown that iradiating a self-assemb{l%ﬁj basis of these observations, we reasoned that photoligation
monolayer (SAM), immersed with a solution of disul ! P 9

molecules with an electron beam, can promote the formati Au nanocolloids with LA-R ligands could provide tangible

of mixed monolayer coverdymn a third study, Sahli and co- Penets and yields high quality materials for use in

workers observed the buildup of saturated SAMs of LANomedicine and other applications.
appended molecules on Au electrodes in less than 10 min! e photoligation strategy was applied to coat several sets of

when a moderate cathodic potential was afpiiad. group gold_ colloids with LA-based Iiggnds_, as schematically illustrated
has shown that UV-irradiation, using a band centered at 3§bFigure 1The gold nanocolloids include the following: (1)
nm, of hydrophobic semiconducting nanocrystals (znSPleylamine-stabilized AUNP<R(2 10 nm, from TEM),
overcoated quantum dots, QDs), mixed with lipoic aci@rown by using the method originally developed by Osterloh
ligands in their stable oxidized form, promiatesturapid and co-workerd®® (2) Two sets of citrate-stabilized spherical
ligand exchange; additionally, reduced amounts of ligands are
required. We should note that lipoic acid in its oxidized forrA

cannot coordinate onto QBS! Inspired by these results, UV\
Velders and co-workers have recently reported that liga Lipoic Acid-
substitution and phase transfer of oleylarAingPs (of based Ligands
di erent sizes) to aqueous media using LA molecules can
implemented usirig situUV-irradiation for 3060 min>? Ol

Here we demonstrate thesetiveness of the photoligation
strategy to cap a series of lipoic acid-based ligands onto sev . )
gold nanocolloids with varying shape and size. We explore ® 1a oo ¢ omn 8h e e
e ects of varying a few key parameters (e.g., irradiation tir PSS e O I
and ligand concentration) on the quality of the resulting "% &7 F TR e tomin 20min 30min
materials by comparing properties such as optical spect PN W —
hydrodynamic size, and colloidal stability. W& that tares P e —
photoligation promotes substantially more rapid ligan ; e E omn fomn somn *pg
substitution and phase transfer than the conventional rou  La-pimarec Mx O — = |
(without UV-irradiation): 30 min vs 14 h on average. o & o o’f" Omin 2omin 30mi
Additionally, this route requires about 1 order of magnitud P G | oomme e o S
less ligands, while providing biocompatible nanoparticles w.... e L

high colloidal stability and preserved photophysical properties.

'H NMR and FT-IR measurements provide evidence for Bigure 1.(A) Schematic representation of iesituphotoligation
complete substitution of the native cap with the LA-R ligandBrocedure applied to cap exchange gold nanoparticles with lipoic acid
We combine our ndings with literature data to provide (LA)-based ligands. (B) Chemical structure of four representative
thermodynamic insights into how photochemical reduction ¢gands used: LA, LA-ZW, LA-PEG, and LA-PIMA-PEGE)(C

the lipoic acid groups aiil situligand substitution make hite light images showing visual progression of the AuNP-plus-

hotoliati id and ective f fi iety of A ligand mixtures during ligand substitution. (C) Conventional
ﬁaﬁoci:l(?lle(l)ilgg rapid and &ctive for coaling a variety ot AU ;e pation: mixing oleylamin®uNPs 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
RESULTS AND DISCUSSION C shows that homogenization is reached within 30 min when using a
Testing the esctiveness of the photoligation strategy toUV ux. (E) Photoirradiation of oleylamideiNPs dispersed in
promote coating and stabilization of gold nanocolloids witfexane with a LA-ZW ligand in methanol (two-phasgumation)
LA-R ligands was motivated by the desire to shorten the tin®’ 3? Z"” .V;]e'ds phase tra“ifir of the NPs from he’g?‘”e to.methfa”h‘)"
; ; upled with precipitation. omogeneous water dispersion of the
r_eqwred for a full Ilg_and exchan_ge, rgduce t_he amount. @X-ZW-AuNPs following processing is also shown. Note that
ligands used, and ultimately provide high quality hydrophﬂgJ

; . . . . cubation without UV-irradiation produces a turbid mixture of
materials. This was also inspired by two experimentglhyregate materials that cannot be processed. (F) UV-irradiation of

observations relating to the photophysics of the dithiolanevp-AuNSs with LA-ZW in methanol produces macroscopic
ring (in LA) and the remarkable egtiveness of the aggregation of the nanocrystalgcating a complete ligand exchange
photoligation strategy applied to luminescent QDs. (1}koupled with loss of LA-ZW-AuNSnity to methanol.
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Figure 2.(A C) Representative absorption spectra collected from AuNP, AuNR, and AuNS dispersion, as-groles) (et fier
photoligation with either LA-PEG or LA-PIMA-PEG (bluelgsp (D F) TEM images of the as-grown gold nanostructures, showing
oleylamineAuNPs (R 9.5 nm) in (D), CTAB AuNRs [ x D =45 nmx 19 nm) in (E), and PVPAUNSS e X lijp 25 nmx 12 nm) in

(F). TEM images of the corresponding photoligated gold nanocolloids are shown in panels G, H, and I. No changes in the dimensions of th
various materials were measured after ligand exchange.

AuNPs. One set was grown by using Na&Hiction (R 5 of the as-grown oleylamif@INPs with LA-ZW or LA-PEG

nm, from TEMj® ® and the other by using the high- ligands was performed by using a two-phase reaction (hexane
temperature aqueous growth conditions initially developed lapd methanol), which allows visual tracking of the phase
Turkevich (R 13 nm, from TEMj? ®° (3) CTAB- transfer combined with easy peation, as shown Figure
stabilized AuNRs with lendth= 45 nm and cross-sectional 1E. We should note that photoligation of the oleylamine
diameterD = 19 nm (from TEM), which were prepared AuNPs with LA-PIMA-PEG is easier and moreieatly
following the rened seed-mediated growth method intro-implemented using one-phase reaction in GHCHF. We

duced by the groups of Murphy and Murray and stabilizediould also like to stress that photoinduced ligand exchange

with hexadecyltrimethylammonium bromide (CTAB)®° and phase transfer are particularly advantageous for LA-ZW
(4) Polyvinylpyrrolidone (PVP)-coated AuN&s & liips = ligands, since the conventional incubation route does not
25 x 12 nm, from TEM), grown following the route provide homogeneous aggregate-free dispérsRimsto-
introduced by Liz-Manzaand co-workefS.TEM character-  ligation of water-dispersible citraéaNPs was performed

ization of the gold colloids is summarizeéigare 2 Three under one aqueous phase conditions for all the ligands.
sets of LA-moded ligands were used, including two moleculaPhotoligation of CTAB-AuNRs with LA-PEG or LA-PIMA-
scale compounds (i.e., LA-R&EG@CH; which will be termed PEG was also performed by using one aqueous phase.
LA-PEG and LA-ZW), synthesized by following literaturdNonetheless, photoligation of the AuNRs with LA-ZW
protocols*’> and a multicoordinating polymer (i.e., LA- required a slightly moéd protocol. It was performed in
PIMA-PEG); the latter was synthesized via nucleophilic ringwo steps. First, the as-grown CTAB-AuNR dispersion was
opening reaction between a low-molecular-weight polynixed with poly(4-styrenesulfonic acid) sodium salt, PSS, for 1
(isobutylenedt-maleic anhydride), PIMA, copolymer and ah and then precipitated by centrifugation. The NR pellet was
mixture of amine-LA and amine-R&E@CH; nucleo- redispersed in water, mixed with the ligand, and then UV-
philes’>*"3 irradiated. The PSS step circumvents aggregation problems,
Photomediated ligand exchange of the gold colloids wasich occur if the CTAB-NRs are directly mixed with LA-ZW.
performedif sit) by using either one- or two-phase reaction,Photoligation of PVP-AuNSs was performed by using the one-
depending on whether the starting materials were hydrophifihase reaction in methanol. In particular, we found that
or hydrophobic in nature and on the solubility of the ligand. Arradiation of PVP-AuNSs mixed with LA-ZW in methanol
few representative examples are described below. Photoligatimduces precipitates of the newly ligated AuNSs, allowing a
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Chem. Mater2020, 32, 74697483


https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.0c02482?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://dx.doi.org/10.1021/acs.chemmater.0c02482?ref=pdf

Chemistry of Materials pubs.acs.orglcm

Table 1. Eects of Varying the UV-Irradiation Time and Ligand Concentration on the \J¥ Absorption Prole and
Hydrodynamic Size Measured for Dispersions of LA-PEG-Stabilized AuNPs, Prepared Starting with Oleylamine (OLA)-
Capped Nanocrystdis

20 min photoligation 30 min photoligation 40 min photoligation control (18 h, no UV)
excess of ligahd SPR Ry PDI SPR Ry PDI SPR Ry PDI SPR Ry PDI
1200000 522 10.9 0.23 523 10.6 0.10 522 10.2 0.11 522 9.9 0.15
120000 521.5 11.9 0.20 521.5 10.7 0.11 523 10.9 0.10 522 9.6 0.18
12000 523 12.6 0.18 522 10.1 0.07 521.5 10.7 0.10 N N N
2400 N N N N N N N N N N N N

3Data from conventional ligand exchange are also $ibwmdicates a failed reaction, where irreversible aggregation was tbgealed.
[dLA-PEG)]/[(OLA-AuNPSs)]. Data from other combinations of gold colloids and LA-containing ligands are pfiahbteddin

convenient route to isolate the products, as illustréateaiin values were measured (Belele S); this may be attributed to
1F. This is attributed to the drastic change in the solubility ahe higher size dispersity of the native NPs. Plots of the
free vs colloid-bound LA-ZW in methandldditional details  autocorrelation function, ) vs , along with the intensity
are provided in thExperimental Secti@amd theSupporting vs Ry pro les extracted from DLS measurements for
Information* 7® dispersions prepared starting from oleylamine- or citrate-
Initial experiments focused on identifying the optimaktabilized AuNPs are provided in $lagporting Information
conditions for providing colloidally stable AuNPs. Then(Figure S1).
dispersions of the various Au colloids were characterized byNext, we determined the optimal irradiation time required
using optical absorption, transmission electron microscofyr ligand exchange of anisotropic gold nanostructures (e.g.,
(TEM), and dynamic light scattering (DLS). In addition, FT- nanorods and nanostars) using 1200@806ess LA-PEG; this
IR, 1-D'H NMR, and 2-D diusion ordered spectroscopy corresponds to molar excess with respect to surface Au atoms
(DOSY) measurements were employed to verify whether of 40x, taking into account the larger surface area of NRs
not a complete removal of the native ligands is achieved bgmpared to NPs (séégure SR Here, too, we found that
using the photoligation strategy. Their stability was evaluatégand exchange is complete witt88 min of UV-irradiation.
under various conditions, including dispersions in growt8imilarly, 30 min irradiation of PVP-AuNSs and LA-ZW
media (rich in excess ions), sodium cyanide digestion test, amikture in methanol, at similar molar excess, yielded complete
destabilization triggered by excess dithiothreitol (DTT). ligand substitution, which manifests in the macroscopic AuNS
Optimization of the Photoligation Conditions. The aggregation shown fiiigure E. These incubation times are
optimal irradiation time and amount of excess ligands needednsistent with previous data, where a near-complete photo-
for achieving complete ligand substitution were evaluated blgemical transformation of LA derivatives dissolved in various
tracking the absorption spectra, with a focus on the SPR basd|vents can be achieved by using UV-irradiatio23080
and probing changes in the intensity vs hydrodynamic radiosn>* >3
histograms (acquired from DLS measurements). Thdsspro Overall, the above data allow us to conclude that UV-
are strongly &cted by heterogeneity in the colloid dispersionsgrradiation for 30 min, using either one- or two-phase
such as aggregate formation. con guration, achieves full ligand substitution of several Au
First, we varied the excess amount of LA-PEG with respa@nocolloids, regardless of their exact structure, the architec-
to the concentration of the NPs from 120800®40% and ture of the ligand, or solvent used. Additionally, the
the irradiation time from 20 to 40 mihWe note that  photoligation strategy requires substantially fewer ligands
1200008 molar excess of ligands corresponds4fax than the conventional route (performed without UV
compared to the concentration of surface Au atoms (foexposure). Indeed, conventional ligand exchange of CTAB-
oleylamineAuNPs with R = 10 nm)>® Further experimental  AuNRs using LA-PEG requirek order of magnitude larger
details are provided in tBeipporting InformatioThe data  excess ligands to provide colloidally stable matéghls (
collected from DLS measurements (summarizegbia ) S1. Consequently, photoligation drastically shortens the
suggest that excess ligand of 2@00arger combined with  incubation time required and reduces the excess ligands
irradiation time of 2040 min yielded homogeneous needed to prepare biocompatible colloids with high photo-
dispersions with SPR values that are essentially identical wittysical and colloidal properties compared to the conventional
the starting materials %22 nm) along witR, values of 10.5 incubation route.
+ 0.5 nm. Nonetheless, the DLS data show that the lowest PDICharacterization of the Photoligated Gold Nano-
values (0.070.11) are measured when the irradiation time icolloids. UV Vis Absorption, TEM Size and Shape Measure-
30 or 40 min. Photoligation using 20 min UV-irradiation alsenents.These measurements were used to assessdiseoé
yields a single peak for the intensifg,ygro le, albeit a PDI  photoligation on the integrity of the nanocrystals and
of 0.2 0.23, implying that shorter irradiation time is likely tohomogeneity of the corresponding dispersions. Gold colloids
produce a slightly higher heterogeneity in the NP dispersioaexhibit a unique SPR band &20 nm, along with size- and
In comparison, materials prepared by using the conventiorsllape-dependent second feature that spans the red to NIR
incubation strategy (for18 h) require excess amount of region of the optical spectrupigure 2 C shows that the
ligands of 1200800r larger to provide similar pkes, in optical absorption pries collected from these nanocrystals
agreement with previous results from our gfase. should before and after photoligation with the LA-based ligands are
note that photoligation of citrat®uNPs with LA-PEG also essentially identical, implying that the photophysical integrity
yielded homogeneous dispersions under all conditions testafdthe gold nanocolloids is ueeted by the ligand exchange
(both time and excess ligands), albeit slightly higher POdrocess. TEM data corroborate this result. Indeed, the three
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Figure 3.*H NMR spectra collected from (A) LA-ZW-AuNPs prepared via photoligation starting with olé\iRisgB) as-grown CTAB-
AuNRs, and (C) AuNRs photoligated with LA-PIMA-PEG ligag@svés used for all samples. DOSY contour spectra acquired from (D) LA-
ZW ligand solution = 1.7x 10 **m?s) and (E) LA-ZW-AuNP dispersioD € 3.4x 10 *m?#s). The signal at 4.47 ppm is associatedith
1.8x 10 ° m?s corresponds to J@ impurities in the medium. DOSY data were collected at room temp&ra2®8 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

provided inFigures S4S6

representative sets of images acquired for each type of collpidase'H NMR, FT-IR, and uorescence measurements for
either as-prepared or after photoligation with the ligandsglect representative photoligated nanocolloids. We note that
indicate that the nanocrystals have fully preserved their sibe uorescence measurements are limited to Au nanostars.

and shape during ligand substitutionFsgp&e 2panels DF
and G I). Similar data were collected from the gold
nanocolloids photoligated with the molecular scale ligands
(data not shown). Thesadings are complemented with DLS
measurements introduced above for spherical nanocolloids,
which are very sensitive to aggregate built up in the
dispersiort! Semilogarithmic plots of the autocorrelation
pro les (In@Y) vs ), together with the corresponding
intensity vsR, histograms, extracted frafi( ) by using
the Laplace transform, indicate that the dispersions are
homogeneous and free of any aggregates. Only a slight
increase iR, and PDI values is measured after surface
coatings with the various new ligands. For instance, our
experiments yieRl, 7.8 nm for oleylamin@&uNPs andR,

8.6, 10.5, and 13.3 nm after photoligation of the NPs with
LA-ZW, LA-PEG, and LA-PIMA-PEG, respectivelfFisees
S1 for scattering prées). The larger hydrodynamic radii
measured after ligand substitutiorecethe more complex
architecture of the new coatings; this manifests in more
pronounced eects 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 nféthod.

Characterization of the Surface-Bound Ligants.verify
whether or not complete removal of the native cap has taken
place under the conditions used and identify the ligand
molecules in thenal coating, we have performed solution-

7473

(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 fatés.
Figure & C shows representative solution phidse
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 2 shows three broad resonances atll/3
ppm, assigned to the lipoic acid protons, and a well-
de ned 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-AuNRSs
and LA-PIMA-PEG-AuNRs, shown Higure B8,C,
indicate that the well-deed 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 cams that the native
cap has been completely removed during photoligation
and purication steps. The abo\ NMR spectra are
supplemented with DOSY-NMR experiments. This
technique relies on dirences in the Brownianwhion
coe cients, corresponding to spegroton signatures
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Figure 4 Long-term colloidal stability tests, including pH changes in various &B3wvater, cell growth media (100% DMEM), and in ion-
rich dispersions (1 M NaCl), applied to representative dispersions of (A) LA-PEG-AuNPs (3l)MB3Q®A-PIMA-PEG-AuNPs (3 nM, 300

L). (C) LA-PIMA-PEG-AuUNRSs (0.5 nM, 30D0). (D) LA-PIMA-PEG-AuUNSs (0.5 nM, 300). Samples were prepared via photoligation and
stored at £C. Oleylamine-AuNPs were used in (A,B). Tests on other samples are providagpottieg InformatioffFigure S7).

(ii)

in a spectrum, to dérentiate between the features for the pure PVP sample (red ped and ascribed to
associated with either surface-coordinated or freely the C O stretching mode of the vinylpyrrolidone rings
moving ligands in the saniplé€® Additionally, sur- has been replaced with a weaker one emanating from

face-bound ligands exhibit weakening and broadening of  ligands in the LA-PIMA-PEG-AUNS coating.
the NMR features compared to free molecules, and theyiii) Complete substitution of the PVP coating on the

experience slower dsion properties; free moving nanostars could also be determined froonescence
ligands exhibit much faster translationalsiin, in measurements. PVP was shown to interact with the gold
comparisof?*** Figure ®,E shows two DOSY contour surfaces through either amine-N and/or carbonyl-O
plots collected from a solution of free LA-ZW and a electron donors. Because of the weak intrinsic
dispersion of LA-ZW-AuNPs both igOD These plots uorescence properties of PVP polymers, the starting
show that only one dision coecient is measured for PVP-AuNSs exhibit broagbrescence with a maximum
each sample. In additi@) ,w aunemeasured from the at 400 nm (sedrigure SB®® Negligible uorescence

NP dispersion is5-fold smaller than the one measured was measured for dispersions of photoligated LA-PEG-
from LA-ZW solutionj, 5 »y), Which proves that only AuUNSSs, in comparison.

surface-coordinated LA-ZW ligands contribute to the cymylatively, these observations provide strong evidence
NMR spectrum collected from photoligated andguliri  {ha¢ the native cap (e.g., oleylamine, citrate, CTAB, and PVP
NPs. We note that the spectra also show the presencegpjecules) have been fully substituted with the various LA-
a much faster dision coecient associated with the 44 ed ligands using the photoligation strategy. Additional
features at4.7 ppm, ascribed to,®@ impurities in the  gata showing UWis absorption prées andH NMR spectra
sample. collected from CTAB-stabilized AuNRs (i.e., as-prepared) and
Figure & shows select representative FT-IR spectrafter ligation with molecular scale ligands (e.g., LA-ZW) are
acquired from LA-PIMA-PEG-AuNSs, prepared eitheprovided in théSupporting InformatiofFigures S4SH.

via photoligation or theooventional incubation Colloidal Stability Tests. The tests have been performed
method, side-by-side with spectra collected from the assess the ability of the photoligation route to provide
pure PVP and LA-PIMA-PEG (as controls). The nanocolloids that can perform well under conditions of great
spectrum collected from the LA-PIMA-PEG-AuNSrelevance to biology (namely, pH changes, excess NaCl, and in
sample (green prie) shows a weak signature at 1655the presence of cell growth media). The tests also probe how
cm?® and a strong peak at 1100 tmwhich are  architecture, coordinationrity and nature of the hydrophilic
respectively ascribed to the stretching modes of theiotifs in the ligand used woula@et the ability of the coating
amide C O groups along the polymer chain and C to protect the inorganic cores against chemical digestion by
O C groups in the PEG blocks of the polymer’€oat. sodium cyanide, known to exhibit high reactivity toward metals
This spectrum is identical with the one collected from ancluding gold, and competition from DTT, a redox small
sample of polymeAuNSs prepared by using conven- molecule with high anity for gold surfacé&’® The data were
tional ligation (compare green and gray lesp. compared to colloids prepdr by using conventional
Additionally, the strong peak at 1655'cmeasured  incubation (under UV-free conditions).
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Figure 5.NaCN digestion tests. Shown are (A) time progression of the absorptesqmitected from photoligated LA-PIMA-PEG-AuNP
dispersions (12.5 nM, 60Q along with 50 mM NaCN). (B) Time-dependent progression of the normalized optical deb&idyramn,
extracted from data in (A). The red squares correspond to a conventional sample, while the blue circles are data from a phdipligated sample,
80 min for both cases. (C) Time progression of the absorptitesprollected from photoligated LA-PIMA-PEG-AuUNS dispersions (0.35 nM,
600 L along with 50 mM NaCN). (D) Time-dependent progression of the normalized optical densgynat, extracted from data in (C);
conventional ligation (red squares) and photoligation (blue digcle8) min. The yellow triangles are data from PMRS dispersion, wth

7.3 min. Results from other samples and test conditions are summBaizied2in

E ects of pH, Excess lons, and Cell Growth Médebha. coordination polymers, yields high quality colloids across a
this, two sets of LA-PEG-AuNPs were prepared: one set usingle range of conditions.
photoligation of oleylamine-AuNPs and the other using citrate- NaCN Digestion Test#/e have tested the ability of the
AuNPs. Dispersions of LA-PEG-AuNPs obtained via theurface coatings to protect the gold nanostructures against
conventional incubation route were stable under all testeyanide (CN) digestion and compared the rates of digestion
conditions for at least 6 months of storage (data notmeasured for photo- and conventionally ligated samples, side
shown)2.7'28 Figure A shows white light images of LA-PEG- py side. Giyen their small siz_e and strong ionic nature, CN
AuNP dispersions in PBS at pH ranging from 3 to 13ions can diuse through the ligand barriers and form gold
dispersions containing 1 M NaCl, and in 100% DMEM complexes Wétarlwsurface atoms, progressively etching away the
tracked over a period of 6 months of storage. The dispersiof&NOCTystals:** However, the rate of digestion depends on
exhibited excellent colloidal stability under all those conditioril® Pinding anity and lateral extension of the ligand coating
with no degradation or aggregation buildup; only thd!sed. For the various Au nanocolloids, we used nanocrystal
dispersion in DMEM showed a slight color change after goncentration corresponding to an optical density at the SPR

months. Essentially identical stability data were collected tz?lue of 0d3t5 and ;:ed thg NaCN co?cgnttranorr]].at =0 mM;I t
AUNPs photoligated with LA-PIMA-PEGg(re &) or LA-  1ese conditions have been reported to achieve complete
ZW ligands, starting with the same oleylamine-coated materida\'l :

. o . epresentative time-dependent progression of the absorp-
(seeFigure SK Additional data from the same test us'ng.LA'tion spectra collected from photoligated LA-PIMA-PEG-AuNP

PEG-AuNPs prepared via photoligation starting with citrates 4 | A-PIMA-PEG-AUNS dispersions are shovfigine
stabilized nanocrystals show similar behavior; this contragis ~ \we then assessed the digestion timettihy the
with immediate aggregation of the starting cnrate—AuNPlgr0 les for the decrease in the SPR intensity520 nm for

observed in the presence of 1 M NaCl (Seere Sy AuNPs and at 715 nm for AuNSs) vs time to a single-
However, when these tests were applied to AUNRs and AuNSg,onential decay functfé:

photoligated with LA-ZW, LA-PEG, or LA-PIMA-PEG, only
the polymers promoted long-term stability across all explored A = AOeSt/tD N
conditions (sed-igure €,D). Rather limited stability was

measured for these high-order nanostructures ligated wiffherea, is the initial absorbance value igrid the digestion

molecular scale ligands (LA-ZW or LA-PEG)Rggpee Sy time.Figure &,B shows that LA-PIMA-PEG-AuNPs prepared
These ndings are consistent with data collected from Awy using either photoligation or the conventional long
nanoparticles, nanorods, and nanoshells coated with the LiAeubation route exhibit nearly identical digestionlegto

based ligands by using overnight incubation, albeit with highgith t; 80 min. Similarly, AUNS dispersions prepared by
molar excess of the oxidized fotithis indeed conms that using either photoligation for 30 min or overnight incubation
the photoligation strategy, in particular by using the higkvith LA-PIMA-PEG also show indistinguishable digestion
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Table 2. Values for the Digestion Tintg, 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 Absorptaentne
Concentration, and Number of Surface Atoms

tp (min) (conventional

tp (min) (photoligation) reaction)
LA- LA-
dimensions of optical density [Au colloids] [NaCN] [CN |/ LA- LA- PIMA- LA- LA- PIMA-
NP (nm) MTcm?b Ng2 (0.5 cm) (nm)® (mM) Ngperatio ZW PEG  PEG ZW PEG PEG
AuNP: ¢' 5.6x 10 3000 0.35 125 50 1333 14.6 39.7 80.6 155 42.7 75.7
AuNR:42x 19 2.8x 10 31646 0.35 0.25 50 6320 18.2 33.0 62.3 9.1 27.5 64.5
AuNS: 25¢< 12 2.0x 10 33127 0.35 0.35 50 4312 23.3 71.5 57.8 29.0 80.0 59.0

3Estimated number of surface gold atoms peNNR X% PA smaller concentration of Au nanocolloids is used to compensate for the larger
number of surface and total gold atoms peft)RTAB-AUNRS) is 3.3 minty(PVP-AuNSSs) is 7.3 min “Prepared starting from oleylamine-
AuNPs.

pro les witht; 60 min (se&igure &,D). A summary of the For this DTT test, we focus on the stability of gold nanorods
conditions used for the various combinations of nanocolloids a representative system because they have large surface
and ligands used along with the extracted valugs ifor  areas, and stabilization of the platforms is strongly dependent
provided inTable 2 The data show that the trends as well ason the coordination anity and nature of the ligands used. We
the values fotp,, obtained for the various nanocrystal-ligandalso probed dispersions of AuNRs stabilized via photoligation
combinations, prepared either via photoligation or convemvith polymer or monomer ligands and compared the data to
tional incubation are comparable. Additionally, the datgontrol samples prepared via overnight incubation (i.e., no
acquired from the AuNPs and AuNRs, prepared by using th&v). Figure & shows the time progression of the absorption
conventional route, are comparable to those previousty
reported by our grodfi*"*® Figure B also shows that the
digestion times measured for newly coated nanostats (e.qg.,
23 71 min depending on the ligand structure) are

signi cantly larger than the one extracted for the native PVP-
AUNS dispersiongy( 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 ($eéle 3. This contrasts
with the data collected for spherical NPs and anisotropic NRs.
The less protective polymer coatings for the AuNS materials
may be attributed to their uneven surface morphology
combined with the natural swelling of the polymer éains.
Indeed, swelling of the individual chairecta how these
ligandsadhergonto the complex surface morphology of these
colloids, reducing the polymer coordinatiamitg, compared
to mono-LA-PEG ligands. Conversely, given the dual cationic/
anionic nature of the zwitterion motif, LA-ZW coating doe$igure 6.DTT competition tests. Time progression of the absorption
not provide strong shielding but rather facilitates iGN spectra collected from various dispersions of LA-R-AuNRs prepared
penetration near the colloid surfacesem®nce in the  Viaphotoligation (0.25 nM, 60D) in the presence of 1 M DTT and
digestion kinetics between PEG and zwitterion coatings h mM NaCl. (A) LA-PIMA-PEG-AuNRSs. (B) LA-PEG-AUNRs.
also been measured for AuRiPs. (C) LA-ZW-AuNRs. (D) Prdes for AF vs time extracted from the

o : . . . data shown in (AC). No aggregation was observed for the polymer-
DTT Competition TestBhis test is particularly suitable for apped AuNRs. The pies acquired for NRs ligated with

probing the strength of the ligand coordination to metalonomeric LA-PEG or LA-ZW eet rapid aggregation buildup.
colloid surfaces and its ability to impart long term colloidafhe rise in AF values is more pronounced for zwitterion capping,
stability under strong reducing conditions. Given their smaibnetheless. Note that the data from the sample of LA-PIMA-PEG-
size, these dithiol molecules can easilisalithrough the  AuNR dispersion prepared via conventional incubation (control) also
coating layer and directly interact with the surface of th&how no sign of aggregation buildup fsgere Sp

nanocrystals. At high concentration and in the presence of

excess NaCl, DTT molecules can competitively displagpectra collected from dispersions of AuNRs ligated with LA-
coordinated ligands. However, because they do not presgnijA-PEG, which contain 1 M DTT and 400 mM NaCl. The
solubilizing motifs, they tend to destabilize the nanocolloigpectra collected from dispersions of AuNRs photoligated with
dispersion, thus causing progressive aggregation. The rateigfer LA-ZW or LA-PEG (molecular scale ligands) for 30 min
aggregation is accelerated when thigyaof native cap to the  under the same conditions are showhigare 8,C. The
nanocrystal is low, andce vers&”® The destabilization changes in the absorption peo namely, the decay of the
process manifests in a progressive loss of the plasmon featloegitudinal SPR peak with time, can be used to draw
of the nanocolloid dispersions due to the close proximitgonclusion about resistance of the capping to DTT
between nanocolloid surfaces within aggregates. competition by using an aggregation factor, ARedidoy
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Figure 7 Proposed mechanistic model for(A) conventional ligand exchange of AuNPs with LA-R. The second st&p $bauddaeaking

event. (B) Photoligation promotes cleavage 656tl& bondin sity where the resulting radicals and sulfhydryl-appended species exhibit high
reactivity to the gold colloid surfaces. Subsequently, a fraction of single thiol-attached compounds are substituted with bidengate ligands dur
annealing. (C) Schematic description of certain photochemical transformations of LA-based ligands under UV-irradiation. Ringsdissociation lez
to the formation of dithiyl radicals, which may undergo protonation, polymerization, oxidation, or complexation. Possible modes of hydrogen ato
abstraction by the diradicals from protic solvent molecules (e.g., methanol and water) leading to the formation of thiol products and othe
byproducts are shown. (D) Time-lapse white light images showing progression and homogenization of AuNP dispersions (starting witl
oleylamineAuNPs) during photoligation with lipoic acid in DMF. The shown dispersions are without (left column) and with radical trapping
agent TEMPO (right column); molar ratio of TEMPO:LA = 8 is used. Note that the TEMPO solution is naturally orange.

the ratio between the absorbance at 800 nm to that at thEhis di erence can be attributed to theedént nature and

longitudinal SPR: size of the water solubilizing moieties. The larger size PEG
Ab block which presents ethylene oxide units presents a stronger
F= D300 physical barrier against DTT penetration compared to the
Abg;35 (2 substantially smaller and mohnydrophilic sulfobetaine

é;roup§.227 Similar trends were measured for the DTT
tability test using polymer and monomer-capped AuNP and
UNS dispersions (data not shown).

Figure ® shows that the measured AF for the photoligate
LA-PIMA-PEG-AuUNRs stays near zero over the test perio
Essentially identical data were acquired by using N e . . L .
dispersions prepared via conventional ligand exchange (SFMechamsnc Considerations. Photoligation provides
Figure Sgand ref27). In contrast, when the AuNRs are ©€ar bends for I|gat|ng gold_nanocqllmds with LA-R ligands
photoligated with the monomeric LA-ZW and LA-PEG, whic/fompared to conventional incubation methods. We hereby
have lower coordination wity, the test shows faster changesdiScuss a few mechanistic concepts to explaimdngs. It is
in the absorption prtes, combined with an increasing AF Widely accepted that coordination of thiols onto gold surfaces
with time, albeit slightly more pronounced for the zwitteriorinvolves thiolateAu complexation, the mechanism of which
ligand coating. Comparing the kinetic of the DTT destabilizdnvolves the interaction between (R&d Au(l), due to
tion data extracted for the three coatings indicates that ttectron transfer from the gold, followed by electrostatic
higher coordination aity a orded by the polymer ligands binding2® °> More recently, studies by Reimers and co-
imparts better resistance to DTT competition than ligandworkers have proposed that a better picture involves a
with lower coordination such as LA-ZW and LA-PEG. Wéransformation of thiol into thiyl (RSwhich interacts via
should note that although LA-ZW and LA-PEG have the sansdectron transfer to Au(0), yielding the S8uR bond’3%*
coordinating motif, they exhibit distinct pee for AF vstime.  They further proposed based on DFT calculations that for
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nanoparticles binding via thifu(0) formation is energeti- NP surfaces in the close-packed aggrégatesomparison,
cally more favorable than that involving thiokaué). This the higher reactivity of EAspecies enables rapid chem-
implies that in our case reduction of the dithiolane ringsorption, rst by complexing with accessible NPs followed by
yielding thiol-containing products (e.g., dithiol) is required tdurther complexation with those deeply buried within the
promote ligand coordination on the gold nanocolloids. Weellet. Given the spontaneity of these interactions, rapid
thus stipulate that in the conventional incubation route liganttissolutioh of the pellet takes place under these conditions
exchange with LR or disulde R molecules involves two leading to the formation of homogeneous dispersions of NPs.
steps, as proposed for SAM structures: physisorption of tieich a conclusion is supported by the data shdvguire
disul de molecules onto the gold surface, via attractive van ddb, where UV-irradiation promotes rapid dispersion of the
Waals forces, followed by chemisorption where homolyt&BuNP pellets (within 10 min), followed by homogenization of
cleavage of the S takes plac&?%92% %1 |n this scenario, the dispersioff®®
schematically illustrated fingure A, ligand substitution is Prior results indicate that thougsion of the dithiolane
slow. Experimentally, physisorption and bond-breaking everitggs is key, ectiveness of the photoligation strategy applied
are inferred from studies showing that SAMs formed froro QDs is better when the procedure is perfoimmaitl”” We
either monothiol (HSR) or disulde (R S S R) mole- tested the validity of this assumption by carrying out two
cules are indistinguishabfé’® 0% 103 control reactions undex sitwconditions using prereduced LA

Photoligation has been successfully exploited to coat QIdgands. In therst, oleylamineAuNPs (dispersed in hexane)
and Au nanocrystals, and a few existing qualitative models hawse reacted, in a two-phase garation, with either DHLA-
attempted to identify the rationale that make this route fastétEG (NaBH-reduced) or preirradiated LA-PElgands in
than incubation alofé>° >389192194 Thijs strategy does not MeOH; excess ligand with respect to NPs wiZ29000.
necessarily require initial physisorption, as viewed abovdese conditions produced rapid macroscopic phase transfer
because UV-irradiation of free LA molecules has been shofsmm hexane to MeOH, but the resulting NPs were prone to
to promote rapid photochemical transformation of theaggregation during standard processingl#e Sp*? In
dithiolane rings to dithiyl, followed by several possible reactitine second, 30 min incubation of a two-phase solution made of
pathways producing several thiol products including dihpleylamineAuNPs in hexane and either DHLA (chemically
drolipoic acid,(Ponsm:Ie, sulfenic acid, and sulfoxidigre reduced) or LA in methanol also yielded irreversible
7B,C)>+°3195 198 Thys, coordination of the LR ligands  aggregation. However, this reaction is successful when
occurs via two reaction steps: (i) a rapid photoinducegherformed by using situUV-irradiation starting with oxidized
homolytic cleavage of § bond, which eliminates the LAs (see above). This can be attributed to the ability of the
requirement for initial adsorption and circumvents thehiyl groups to rapidly sample the Au colloid surfaces and
activation energy required forSSbond breaking in a typical promote complexation yielding Aubonded ligands?
binding reaction, and (ii) thiohu complexation, as schemati- Finally, we tested whether or not the short-lived thiyl
cally represented Figure B. This scenario is energetically radicals, generated during photoligation, play any role in the
favorable based on reaction enthalpy considerations. Markotoligation by speeding up the Iiggand substitution and
precisely, conventional coordination involves one endothernfiomogenization of the samples'°® For this, two
S S bond breaking, withH +30 kcal/mol in a ring dispersions containing AuNPs mixed with lipoic acid in
structuré®® and formation of two thiol-to-Au bonds, an DMF: one was supplemented with 2,2,6,6-tetramethyl-1-
exothermic event withH 40 kcal/mol per bond:°? piperidinyloxy (TEMPO, a stable radical scavenger), and the
This would yield a net enthalpy of binding reaction,other was not. A molar ratio of TEMPO:L& was used. The

H etreaction 50 kcal/mol. In comparison, the bond samples were UV-irradiated and periodically inspected and
breaking term can be neglected in a photoligation processiaged for up to 60 mifigure D shows two sets of white
and the total enthalpy required Hppoo 80 kcal/mol. light images acquired for the samples duringnttsitu
This would imply that even though both binding reactions ariradiation. Data show that in the sample of the AuNP-plus-
spontaneous, photoligation is thermodynamically more favdigand mixture without TEMPO the NP aggregates experi-
able. These considerations would also imply that in anced a fast homogenization wittBhmin (see left set). In
conventional coordination involving B binding would  comparison, the right set shows the evolution of the same
require accessing two adjacent sites on the gold nanosurfapeaction in the presence of TEMPO, where ligand homoge-
while a single coordination site would becwnt for nization was slower, requiring up Ioh. We also found that
chemisorption of L*A since each sulfur in the dithiyl radical adding larger excess TEMPO could not completely quench the
(or thiol in the dithiol group) can form one Au ligand exchange process, hasnogenization eventually
compleX?°>1%2 As a result, the competitive coordination of occurred after longer irradiation time. We attribute this result
oxidized LAs onto Au nanocolloids is a slow process, whergasthe short lifetime of the radicals ( 75 ns at room
the abundance of dithiyl species under UV-irradiation leads temperature)®>'°® where a fraction of those initially
much faster ligand binding. generated can rapidly convert to sulfhydryl by abstracting

We further tested the validity of these mechanistic rationalpsotons from protic molecules in the solutidie conclude
by comparing the use of photoligation vs conventionddased on this result that situphotoligation could facilitate
incubation to coat oleylamine-coated AuNPs with LA or LAthe capture of dithiyl radicals (before they are transformed to
ZW ligands in polar methanol or DMF (antisolvents for theother species) by gold surface atoms via a process that is
native NPs). In this case, we found that conventionanergetically more favorable and does not necessarily involve
incubation of oleylaminAuNPs (as aggregates) with these thiolate Au(l) formation, as suggested by Reimers and co-
LA ligands is extremely slow, often vyielding poor qualitworkers:°>>°* This model results in coordination interactions
materials. This can be attributed to a reduced liganthat are rapid and with increasedctiveness. Thesesitu
adsorption/chemisorption rate per AUNP due to shielding ofteractions enhance the ogency of ligand substitution
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process while requiring smaller excess of ligands compared@® mL one-neck round-bottorask, 108 L of 0.1136 M gold
conventional incubati%?'ﬁalolnog Finally, the rationales Pprecursor sol_ution was agded to 45 mL of 10 mM PVP solution in
discussed above regarding the fast chemisorption and enerd@¥E under vigorous stirring. After 6 min, 102f performed-seed
cally more favorable ligamkl complexation achieved by dispersion (ratio of [HAugll[seed] = 2424) was added. The
using photoligation can also explain our recent observati ixture changed color from faint yellow, to colorless, to slightly blue

h LAR® Ii d h ¢ titively displ thin 10 min, and eventually to dark blue after 40 min. We note that
where igands were shown 1o competiively diSplaC&eyimentation of the colloids tends to build up after extended storage

AuNP-bound mCherrfis uorescent proteins at lower ( 2 3 \eeks). However, applying sonication for few minutes or
ligand concentration compared to their oxidized countekimple stirring would homogenize the sample. Protocols used for

partsr?6 growing the other gold colloids (namely, Au nanorods and Au
nanoparticles) are provided in gheporting Information
CONCLUSION Ligand Exchange Promoted by UV-Irradiation (Photo-

L . . .ljgation). Photoligation of the various Au colloids with LA-based
We have shown that photoligation of various gold colloids W'ﬂgands was implemented using either one-phase reaction (one

several lipoic acid-based ligands provides a simple and higflient) or two-phase reaction (using two immiscible solvents).
e ective strategy for promotiimgsiturapid ligand exchange, However, there are few instances where the two-phase route is
allowing the dispersion and manipulation of such materialsquired, in particular when the starting materials and ligands cannot
under varying conditions. This strategy relies on the incubatibr dispersed in the same solvent (e.g., oleylamine-AuNPs and LA-
of gold nanostructures with the oxidized form of the ligand€W). We briey describe the protocols for both routes. Additional
under UV-irradiation, and takes advantage of the phot@€tails are provided in tBepporting Information

sensitive nature the ligands toua that overlaps with its One-Phase ReactioWe will refer to this reaction condition as
absorption band centered 385 nm. Such irradiation “homogeneous photoligatioft has been applied to cap exchange

tes the photochemical t ¢ fi f the dithiol citrate-AuNPs and CTAB-AuNRs with LA-based ligands in basic
promotes the photochemical transtormation or the dithiolangy, e qys conditions (e.g., phosphaterbpH 7.6); photoligation of

rings and yields highly reactive compounds (presenting dith{;p_AuNSs with LA-R ligands in methanol; and photoligation of
radicals and thiol-moéd products) that rapidly displace the oleylamineAuNPs with LA-PIMA-PEG in CHCWe describe the
native coating and chemisorb on the gold surfaces. It can p@cedure applied to ligate PVP-AuNSs with LA-ZWy BBignL of
completed within 30 min, while consuminglO-fold less a PVP-AuNSs stock dispersion (0.51 nM) was centrifuged at 10000
ligands compared to conventional incubation (without ofpm for 10 min. The supernatant was discarded, and the pellet was
photoirradiation). The resulting materials were characterizégdispersed in 200L of MeOH, followed by transfer into a
by using several analytical techniques, including optié_glntlllatlon vial eq_wppeq with a stir bar. Sepgrately, a ligand solution
absorption, TEM, DLS, FT-IR, and solution pHﬂSNMR was prepared by dissolving 0.8 mg of LA-ZW inl460MeOH and

spectroscopy, all of which proved that complete substitution gtmg itat 60C for 2 3 h (using a water bath). The ligand solution

. : . . s mixed with the AuNS dispersion and then placed inside the UV
the native ligands (e.g., oleylamine, CTAB, PVP, and citrat@),ctor and irradiated for 30 min while stirring; the used conditions

with LA-R ligands has taken place. This strategy providggyide a molar ratio of LA-ZW to AuNSs = 1200000. The
homogeneous and aggregate-free gold nanocolloid dispersigasroscopic aggregates of gold colloids formed during irradiation
that exhibit long-term colloidal stability over a broad range ofere isolated from the yellowish supernatant by centrifugation at
biologically relevant conditions, while preserving the structu@d00 rpm for 2 min. The precipitate was dried undeowithen
and photophysical properties of the nanocolloids intact. dispersed in 4 mL of DI water. The dispersion was passed through a
The strategy can be applied to any LA-containing ligangyringe Iter (0.45 m, PTFE) and further pued from excess
regardless of its structure (monomers, polymers, or mixdgands and other solubilized precursors/impurities by applging 3
coordination) and whether or not it presents reactive grou unds of concentration/dilution using a membrhration device

. illipore, M,, cuto = 100000 Da). The dispersion was transferred
(.9, COOH, NH; N and CHO). This makes the clean sgintillation vial and stored & 4intil further use. The

ligand exchange method suitable for preparing plasmonic gglgiocols for photoligating PVP-AuNSs with other LA-based ligands,
platforms that exhibit controllable and speceactivity, = CTAB-AuNRs, and citrate-AuNPs with LA-based ligands are provided
readily adapted for easy interfacing with biology. Th@ the Supporting Information

photoligation route is potentially applicable to other metallic Two-Phase ReactionVe refer to this reaction condition as
single or mixed metal core nanocolloids (Ag and Ag-containifigeterogeneous photoligatias the ligand exchange is accompanied
nanostructures), making it potentially very promising foPYy phase transfer. We summarize the photoligation of oleylamine
designing multifunctional nanoscale platforms with (:1pp|icati;1§r‘v"NF’S with LA-ZW. A 50L aliquot of oleylaminéAuNPs in

in sensor design, Raman scattering, and energy trandigyane (from astock dispersion, OMjwas diluted with 400 of
interactions ' ! exane by using a scintillation vial equipped with a stir bar. Separately,

0.92 mg of LA-ZW was dissolved in 3006f MeOH containing 1
mg of TMAH and slightly heated at®@by using a water bath (for

EXPERIMENTAL SECTION 2 3 h). The ligand solution was slowly added to the colloid
Growth of PVP-Coated Gold Nanostars, PVP-AUNSBVP- dispersion, followed by few drop8@ 50 L) of CHCl. The vial
AUNSs @ x | = 25 nmx 12 nm, TEM data) were synthesized was placed in the UV reactor and irradiated for 30 min. This yields

following the protocol original!}/ reported Liz-Meara co-workers,  AuNP precipitates, which is an early indication of ligand substitution.
with a slight few modiations® The starting spherical gold seeds The precipitates were centrifuged at 3500 rpm for 2 min, and then the
were prepared via NaBkeduction of HAuGlin the presence of  supernatant was discarded by using a pipet, followed by hexane wash
polyvinylpyrrolidone (PVR}, 10000 Da). Brigy, in a 100 mL one- (500 L) and drying under nitrogeow. DI water (1 2 mL) was

neck round-bottomask equipped with a stir bar, 0.017 g of PVP wasadded to the dried pellet of LA-ZW-AuNPs, vyielding a reddish
dissolved in a mixture of DMF (45 mL) and DI water (2.5 mL). A 22dispersion, which was passed through a syitirgg0.45 m,

L aliquot of 0.1136 M gold solution was then added under vigorolRTFE) and further pured by applying 23 rounds of concentration/
stirring. Next, 2.5 mL of 10 mM freshly prepared Na@Htion was dilution with DI water using a membraftetion device (Millipore,
rapidly injected into theask, and the reaction mixture was further M,, cuto = 100000 Da), as above, and then store@iGt Bhe two-
stirred for another 2 h and then aged for 24 h, before use in thghase photoligation of oleylamiAaNP with LA-PEG or LA ligands
growth of nanostars. Growth solution was prepared as follows: insaprovided in th&upporting Information
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