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ABSTRACT. Gold Nanoclusters (AuNCs) are an emerging class of nanomaterials for bioimaging,
featuring high photostability, size-dependent Iluminescence, large Stokes shifts, long
photoluminescence lifetimes, and good biocompatibility. However, when stabilized by small
ligands, AUNCs exhibit a limited colloidal stability. Here, we report the synthesis of original “hairy”
AuNCs with a diameter under 2 nm and NIR photoluminescence (for both 1-photon and 2-photon
excitation), stabilized by biocompatible end-grafted poly(N-acryloyl morpholine) (PNAM) chains
prepared by RAFT polymerization. The AuNCs synthesis was carried out directly in water in the
presence of thiol-terminated PNAM-SH chains. Compared with AuNCs stabilized by small ligands,
our PNAM-AuNCs exhibit much better colloidal stability (unchanged for more than two months),
a 2-fold increase in photoluminescence lifetimes, and significantly enhanced quantum vyields.
Moreover, their properties could be successfully tuned using PNAM chains with molecular
weights ranging from 3 000 to 11 000 g.mol*. These PNAM-AuNCs offer an excellent platform for

the development of bioimaging probes without organic dyes.

KEYWORDS. Gold nanoclusters, RAFT polymerization, fluorescence bioimaging, NIR emitting

probes, nanoparticle stabilization, DOSY NMR, chain-end grafting
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INTRODUCTION

Gold Nanoclusters (AuNCs) are an emerging class of gold nanomaterials, with less than 300 Au
atoms and dimensions below 2 nm, close to Fermi’s wavelength of gold (0.5 nm).! These
characteristics lead to quantum confinement effects, inducing the appearance of discrete energy
levels and photoluminescence.?> Moreover, since AuNCs are biocompatible and feature size-
dependent photoluminescence, high photostability and large Stokes shifts, they offer an
excellent alternative to organic dyes and quantum dots for bioimaging applications. These
structures, synthesized for the first time in 1994 by Brust et al.,> have been drawing attention in
different fields, from chemistry and physics to biology and medicine.*®

The surface ligands of AUNCs play a critical role on both their colloidal stability and their optical
properties. The most studied ligands are thiol-containing small molecules,’ because the Au-S
bond is as strong as the Au-Au bond, facilitating the AuNCs preparation.l’® However, a
disadvantage of this approach is the low colloidal stability of the resulting AuNCs and usually their
low quantum vyield (typically only ca. 0.1%).* Although thiol ligands are still the most commonly
used, AuNCs can also be prepared with ligands containing different gold interacting groups such
as phosphines, alkynyls and selenolates,’* or phenyl, carbonyl and amine groups.> 1%1°
Nonetheless, this kind of stabilization is usually less strong than that provided by thiol-containing
molecules, leading to less stable AuNCs.1®

A way to improve stabilization consists in embedding the AuNCs within macromolecular
structures, especially proteins,® 17-1° dendrimers?>-?! and other polymers.? Proteins interact with

the gold core mostly via cysteine thiols but also via other groups, such as carboxylic and amine
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groups.t® Due to their size, proteins provide steric stabilization to the AuNCs. In addition, higher
photoluminescence quantum yields have been obtained with values generally between 5-10% (a
study reporting values up to 56 %).22 Although protein-stabilized AuNCs are very promising for
bioapplications, their preparation is limited to small quantities and requires a careful control of
reaction conditions (such as pH, ionic strength and temperature) to maintain protein structure
and activity.!®> Dendrimers were one of the first templates used to embed AuNCs.?% 23 Like
proteins, they can provide a good colloidal stabilization and host large numbers of AuNCs thanks
to several gold interacting groups.?*?> AuNCs prepared within polyethylenimine (PEI) or
poly(amidoamine) (PAMAM) dendrimers have shown good stability against aggregation and
exhibited quantum vyields that can reach values ranging from 10 to 70%, respectively for near
infrared emitting Aus1NCs to smaller near-UV emitting AusNCs.2® Nonetheless, large quantities of
dendrimers are difficult to obtain as they require complex and costly synthesis.?’” Other
multifunctional polymers with multiple gold interacting groups were then used to stabilize
AuNCs, like random copolymers of oligo(ethylene oxide) methyl ether methacrylate and 2-
(acetylthio)ethyl methacrylate synthesized by RAFT.? In this case, like for proteins and
dendrimers, each (co)polymer chain may interact with several gold atoms of the same AuNC, or
with several AuNCs.

In contrast, linear polymer chains with only one sulfur-containing end-group provide a different
type of polymer-stabilized AuNCs,2>3° with several end-grafted chains at the surface (“hairy”

AuNCs) (Scheme 1). In this situation, each polymer chain interacts with only one AuNC.
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Figure 1. PNAM-AUNCs synthesis in water at room temperature. The Au(lll) salt was first reduced

to Au(l) by interaction with PNAM-SH in the presence of NaOH. Reduction to Au(0) by addition
of NaBH4 then resulted in the formation of hairy PNAM-AuNCs with a Au(0) core stabilized by

end-grafted Au(l)-S-PNAM chains.

Examples of such gold nanoclusters stabilized by end-grafted polymer chains are quite rare,
notably due to the synthetic challenge that represents the controlled introduction of a sulfur-
containing group at a polymer chain-end. The first reported example involved the use of
hydrophilic polymethacrylate chains bearing a thioether/thiol end-group, synthesized by
conventional radical polymerization in the presence of irreversible thiol transfer agents.?’
However, this polymerization process does not provide control over molecular weight, size
dispersity and chain-end functionalization efficiency. A few studies also reported the stabilization
of AuNCs with thiol-terminated (generally lipoic acid) PEG chains.3'32 The resulting polymer-
stabilized AuNCs exhibited quantum yields in the range of 2 to 14%,3" 33 high colloidal and
photophysical stability, and were successfully applied for in cellulo bioimaging.3? The use of end-
grafted polymer chains as AuNC macro-ligands offers better control as well as a simpler

alternative to dendrimers and proteins, while providing similar stabilization.
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Our approach here was to stabilize AuNCs with thiol-terminated chains synthesized by
Reversible Addition-Fragmentation chain Transfer (RAFT) polymerization. The RAFT process is
especially well-suited to produce polymer chains with a sulfur-containing end group (from the
RAFT chain transfer agent) that can be easily converted into a thiol.3*3> Moreover, the chains
have a controlled molecular weight and a low size dispersity. End-grafting RAFT polymers thus
shows great promises to functionalize the surface of different types of gold nanostructures. Many
examples have been reported with gold nanoparticles (AuNPs)®*® but very little with gold
nanoclusters (AuNCs). To the best of our knowledge, only one report investigated the synthesis
of AuNCs stabilized by a mixture of a PEO-PNIPAM-SH block copolymer (previously synthesized
by RAFT) and small thiol ligands (lipoic acid).3® The resulting thermosensitive AuNCs were then
self-assembled into highly luminescent micelles.

In this study, RAFT polymerization was used to synthesize poly(N-acryloyl morpholine) (PNAM)
chains, a biocompatible and fully water-soluble polymer,3’-38 that can be modified to introduce
other functionalities, such as bio-targeting.3>%° PNAM-stabilized-AuNCs were easily prepared
directly in agueous medium at room temperature. Their colloidal stability over time was
investigated as well as their photoluminescence quantum yield, that was found to depend on the
molecular weight of the thiol-terminated PNAM-SH chains. The resulting PNAM-AuNCs showed
very promising results for (NIR) bioimaging, featuring high Stokes shifts and high

photoluminescent lifetimes.
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EXPERIMENTAL SECTION

Materials. Gold(IIl) chloride trihydrate (HAuCls-3H20, >99.9%, Sigma-Aldrich), sodium
hydroxide (NaOH, Carlo Erba) and sodium borohydride (NaBH4, >98.5%, Sigma-Aldrich) were
used as received. Deionized water used for synthesis was generated by a Millipore Milli-Q system
(Millipore - Merck).

PNAM synthesis. Thiol-terminated poly(N-acryloyl morpholine) homopolymers (PNAM-SH)
were synthesized according to a previously described procedure.3*3% RAFT polymerization using
tert-butyl dithiobenzoate (tBDB) as control agent was followed by aminolysis of the w-chain-end
in the presence of aminoethyl morpholine (Figure S1).33

AuNC:s synthesis.

MHA-AuNCs. 6-Mercaptohexanoic acid-capped gold nanoclusters (MHA-AuNCs) were
synthesized as previously reported.*!*#?

3k-PNAM-AuNCs. An aqueous solution of 3k-PNAM-SH (12.9 mL, 1.9 mM, 24.3 pumol, 1.96
eq.) was added to a HAuCls aqueous solution (498uL, 24.9 mM, 12.4 umol, 1 eq.) stirred in a
water bath set at 27°C. NaOH (508uL, 1.09 M, 0.55 mmol, 44.6eq.) was added, followed dropwise
by a freshly prepared NaBH4 solution in 0.2M NaOH (244pL, 0.1 M, 0.24 umol, 2.10 eq.). After
1h, 366uL (3.15 eq., 0.37 umol) of the same NaBHa4 solution (cooled down to 0°C before addition)
was added and the mixture was stirred at 27°C for 2h. The final brown dispersion was stored at
room temperature.

6k-PNAM-AuNCs and 11k-PNAM-AuNCs. Synthesis was similar to that of 3k-PNAM-AuNCs,
except for the addition of NaBH4 solution which was done in only 1 step (2.02 eq. for 6k-PNAM-

AuNCs and 1.73 eq. for 11k-PNAM-AuNCs, added dropwise). The final mixture was stirred for

3hat 27°C.
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Purification of PNAM-AuNCs. The AuNCs aqueous dispersions were purified by ultrafiltration
against deionized water with molecular weight cut-off (MWCO) membranes from 3 000 g mol’!
to 50 000 g mol™! as indicated (regenerated cellulose, Amicon Ultra, Millipore-Merck). Low
MWCO (3 000 g mol"!, PNAM being retained by the membrane) could be used to perform solvent
exchange, remove salts and concentrate the aqueous dispersions. Higher MWCOs (10 000 g mol
"'and 50 000 g mol™") were used to also remove the free PNAM chains.

Analytical techniques.

Size exclusion chromatography with multi-angle laser light scattering detection (SEC-MALLS).
SEC-MALLS was performed in chloroform with a Mixed-C PL gel column (5 pm pore size) and
a LC-6A Shimadzu pump (1 mL min™"). Online double detection was provided by a differential
refractometer (Waters DRI 410) and a MiniDAWN TREOS three-angle (46°, 90°, 133°) light
scattering detector (Wyatt Technologies) operating at 658 nm. Analyses were run by injection of
polymer solutions (3 g L™!, 70 pL). The specific refractive index increment (dn/dc) of PNAM in
chloroform (0.130 mL g ') was previously determined with an NFT-Scan interferometer operating
at 633 nm. The molecular weight distribution data were obtained with the Wyatt ASTRA SEC/LS
software package.*?

Nuclear Magnetic Resonance (NMR). 'H and 'H DOSY NMR experiments were recorded using
a Bruker AVANCE III Spectrometer operating at 400.13 MHz.

The spectrometer was equipped with a 5 mm Z-gradients BBFO+ probe.?8 The samples prepared
in water were transferred to deuterated water (D20) and deionized by ultrafiltration (3 000 g mol
' MWCO, 6 cycles). Spectra were acquired using the Bruker LEDBPGP2S* pulse program
(stimulated echo sequence with bipolar gradient pulses). The gradient pulse length 6 was optimized

to each sample and varied between 1000 and 5000 ps. The diffusion delay was set to 100 ms. For
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all experiments, gradients were linearly sampled from 0.978 G cm ™! t0 47.921 G cm ™! in 40 points
and the gradient pulses were smooth-square shaped (SMSQ10.100). Sixty-four scans were
acquired on 16k data points (2.4 s recycle time). Fourier transform was applied to the free induction
decays (FIDs) with 2 Hz Lorentzian line-broadening using the TopSpin software (Bruker) with
automatic baseline correction. For each gradient strength value, the experimental signal amplitude
(I) of a NMR resonance is given by the Stejskal-Tanner equation (1).4°

I = Iy e PY'a8* 05D (1)

Where Io is the reference amplitude (at zero gradient), D the diffusion coefficient, y the
gyromagnetic ratio of the observed nucleus, 1 the time between the bipolar gradient pulses, g the
gradient strength, § the gradient pulse length, and A the diffusion time. The multi-exponential
fitting of the Stejskal-Tanner curves was processed to determine the diffusion coefficients using
Dynamic Center software that is able to distinguish between the different compounds of a complex
mixture with overlapping signals. 2D 'H DOSY NMR maps were obtained using the TopSpin
software (Bruker).

Photoluminescence and UV-vis absorption spectra. Routine analyses were performed with a
microplate reader (BioTek, Gen4 software) on samples without filtration or dilution (100 pL/well).

UV-Vis absorption spectra were recorded on a UV-660 UV-Vis spectrophotometer (JASCO
International, Tokyo, Japan) with a double monochromator and photomultiplier detector for high
resolution, using a Peltier temperature controller. Fluorescence spectra were recorded in right-
angle geometry on a Horiba-Jobin Yvon Fluorolog 3-22 spectrofluorimeter equipped with a xenon
lamp of 450 W. The software used was FluorEssence®. The raw samples were analyzed without

further dilution at room temperature, using 0.5 cm optical path length quartz cell. The fluorescence
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quantum yields were determined by the reference method using a Coumarin 102 solution in
absolute ethanol (0.02%wt; @ = 0.764, Aexe= 350 nm; 400 nm<Aem < 600 nm) as the standard.*6

Time-resolved fluorescence. Fluorescence decay curves were recorded in 5 mm optical path
length quartz cuvettes by time-correlated single photon counting (TCSPC) technique. A diode-
pumped solid state mode-locked Nd:YVOu4 laser (Vanguard, Spectra Physics) was used, delivering
2W of 532 nm light at a repetition rate of 76 MHz and pulse duration of ~ 12ps, that synchronously
pumped a cavity-dumped dye lasers (701-2, Coherent, delivering 5-6 ps pulses with ~40 nJ pulse
at 3.4 MHz) working with rhodamine 6G (Rh 6G, 560-610 nm). The laser emission is doubled by
a BBO crystal delivering pulses at 300 nm, with a repetition rate of 152 kHz. Intensity decay
measurements were recorded with the emission polarizer set at the magic angle (54.7°) relative to
the vertical polarized excitation light. The emission light was passed through a depolarizer before
reaching the Jobin-Yvon iHR320 monochromator (grating of 100 lines/mm, bandwidth 15-20 nm).
The fluorescence was detected by a B&H PMC-100-02 photomultiplier in photon counting mode,
with the pulses recorded by the multiscaler (MSA 300 from B&H) with 5ns resolution. No less
than 20 000 counts were accumulated at the maximum channel. Alternatively, a Delta Flex
fluorescence lifetime spectrometer (Horiba scientific, USA) equipped with a 450 nm Delta diode
excitation source was used to measure the fluorescence decay curves, which were analyzed using
the TRFA Data Processor Advanced (Scientific Software Technologies Center, Belarusian State
University).4

Two-photon absorption (TPA). The TPA spectra were determined by two-photon induced
fluorescence (TPF) using as excitation source a Ti:sapphire laser (Tsunami BB, Spectra-Physics,
710-990 nm, 1.7 W, 100 fs, 82 MHz). The emission upon two-photon absorption was measured

within a narrow wavelength bandwidth centered at 580 nm selected by the H20Vis Jobin Yvon

10
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monochromator placed at the entrance of a PMC-100-4 photomultiplier tube (Becker and Hickl
GmbH). The integrated intensity over the entire emission band was extrapolated using the emission
spectrum corrected by the detector sensitivity.

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS).
MALDI-TOF spectra were acquired with a Voyager-DE PRO (AB Sciex, Framingham, MA)
equipped with a nitrogen laser line at 337 nm. Anionic ions were accelerated to a final potential of
20 kV. Mass spectra were the sum of 300 shots, and an external mass calibration was used (a
mixture of peptides from Sequazyme™ standards kit, AB Sciex). Instrumental mass accuracy is
0.008% for the reflectron-mode analyses. Samples were prepared by dissolving PNAM-SH in
water at a concentration of 10 g L™'. The matrix was sinapic acid (3,5-Dimethoxy-4-
hydroxycinnamic acid, Sigma-Aldrich), used without further purification and dissolved in
water/acetonitrile 70/30 v/v (10 g L™!). Matrix and polymer solutions were mixed at a 9:1 v/v ratio.
Then, 1 pL of the mixture was deposited and dried onto the MALDI sample plate.3

High resolution transmission electron microscopy (HR-TEM). HR-TEM was used to
characterize the AuNCs in a JEOL2100F TEM working at the accelerating voltage of 200 kV. 1uL
of raw sample was deposited onto an ultrathin carbon film coated on a copper grid (ref.CF400-
CU-UL, EMS). The excess solution was carefully blotted off using filter paper and the grid was
air-dried at room temperature. The HR-TEM images were analyzed with ImageJ software and the
average AuNC size was determined from 172, 179 and 78 nanoclusters for 3k-PNAM-AuNCs, 6k-
PNAM-AuNCs and 11k-PNAM-AuNCs, respectively.

Confocal and two-photon fluorescence microscopy. All measurements were performed on a
Leica TCS SP5 (Leica Microsystems CMS GmbH, Manheim, Germany) inverted confocal

microscope (DMI1600). Excitation lines (Argon or He-Ne laser) were focused on the sample by an

11
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apochromatic water immersion objective (63x, NA 1.2; Zeiss, Jena Germany). A 111.4 pum
diameter pinhole positioned in front of the image plane blocked out-of-focus signals. Two-photon
excitation was performed using the same set-up coupled to a Ti:sapphire laser (Mai Tai, Spectra-
Physics, Darmstadt, Germany) as the excitation source delivering short pulses (width around 100
fs at 780 nm). The images were analyzed using ImagelJ software.

In cellulo evaluation.

HeLa cells were purchased from ECACC (European Collection of Authenticated Cell
Cultures). The cells were cultured in Dulbecco’s Modified Eagle Medium, DMEM
(GIBCO™), supplemented with 10% fetal bovine serum (FBS, GIBCO™) and 1%
penicillin/streptomycin (GIBCO™) and maintained in a humid atmosphere with 5% CO2
at 37 °C. The cells were maintained with routinely subcultures (using TrypLE Express
without phenol red, GIBCO™, for chemical detaching) and counted with a Neubauer
chamber. The cells were incubated with AuNCs for 4h. Then, the commercial membrane
marker WGA-AlexaFluor 633® was added for 15 minutes according to the instructions
from the supplier (Thermo Fisher Scientific). After completing the labeling protocol, the

unbound dyes were removed by washing the cells with PBS.

12
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RESULTS AND DISCUSSION

Near infrared (NIR) emitting AuNCs were prepared using biocompatible poly(N-acryloyl
morpholine) (PNAM) chains, synthesized by RAFT polymerization with very low size
dispersity.** Aminolysis of the dithiobenzoate group at the chain-end (resulting from the RAFT
chain transfer agent) resulted in a thiol group that can be used to prepare PNAM-stabilized gold

nanostructures (Scheme 1).3

Synthesis of PNAM-AuNC:s.

PNAM-SH samples with increasing number-average molecular weights (Mn) of 3, 6 and 11
kg.mol™! were prepared using a previously optimized procedure (Figure S1 in ESI).** First, PNAM
chains with a dithiobenzoate o-end-group (PNAM-DB) were synthesized by RAFT
polymerization. The average molecular weights and low molecular weight dispersity (D) were
confirmed by SEC-MALLS (Figure S2) and '"H NMR (Figure S3) (Table 1). After aminolysis of
the dithiobenzoate into a thiol end-group, the chains were characterized by MALDI-TOF-MS, that
confirmed the very efficient chain-end functionalization (Figure S4). The resulting PNAM-SH
homopolymers were then used as ligands for the synthesis of PNAM-stabilized gold nanoclusters

(PNAM-AuNC:s) directly in aqueous medium, at room temperature (Figure 1).

13
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Table 1. 'H NMR and SEC-MALLS characterization of the PNAM homopolymers before

aminolysis.
SEC-MALLS NMR
Polymer
My (g.mol™) D My (g.mol™)
3k-PNAM-DB 3 000 1.04 3100
6k-PNAM-DB 5800 1.04 5600
11k-PNAM-DB 11200 1.02 10 000

The PNAM-AuNCs synthesis was adapted from the Brust method in which the gold salt is
solubilized in an aqueous phase and the ligand in an organic phase, leading to the formation of the
AuNCs in the organic phase.” However, when water-soluble ligands are used, such as 6-
mercaptohexanoic acid (MHA),*! the synthesis of AuNCs can be performed directly in water at
room temperature, a more sustainable route that does not require the use of phase transfer agents
(often unsuitable for biomedical applications). Since the PNAM-SH macroligands are fully water-
soluble, we set-up a process in water similar to the one using MHA.*! PNAM-SH chains were
added to Au(Il) salt, reducing the Au(III) to Au(I) and forming Au(I)-S-PNAM complexes (Figure
1). The change in the gold oxidation state was detected by the color change of the aqueous solution
(yellow to colorless) upon addition of PNAM-SH.' This process was accelerated by the addition
of a NaOH solution,'> which facilitates the etching by PNAM-SH. In the last step, addition of
NaBHa4 led to the partial reduction of Au(l) to Au(0), to form the Au(0) core of the AuNCs,
stabilized by several Au(I)-S-PNAM chains at the periphery.*® During this step, the color changed
again from colorless to brown over 3h. The sample solution was stored at room temperature,

remaining visually stable with no detected sedimentation.

14
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Several PNAM-SH homopolymers of increasing molecular weights (3k, 6k and 11k, Table 1)
were used for the synthesis of PNAM-AuNCs, keeping the PNAM-SH:Au molar ratio constant.
For longer PNAM chains, stable PNAM-AuNCs could be obtained for lower NaBHa4:Au molar
ratio (using less reducing agent). This indicated that the increase in PNAM chain-length improved

AuNCs stabilization.

PNAM-AuNC:s size characterization.

The determination of the size of the PNAM-AuNCs was challenging. Due to the very small size
of the AuNCs, characterization by either Dynamic Light Scattering (DLS) or Nanoparticle
Tracking Analysis (NTA) were not fully reliable. On the other hand, although MALDI-TOF MS
has been previously used for the determination of the average molecular weight (MW) of AuNCs
stabilized by small ligands,*->° we could not detect even the 3k-PNAM-AuNCs by this technique,
probably because the MW of polymer-stabilized AuNCs was too high. Indeed, by assuming an
Auzs(PNAM);s structure (the most common and stable number of gold atoms/ligands AuNCs), the
MW of 3k-PNAM-AuNCs should be around 60 000 g.mol™. Finally, by using HR-TEM and 'H
DOSY NMR we could determine the PNAM-AuNCs core diameter and hydrodynamic diameter,
respectively (Table 2).

The average diameter of the Au core for each PNAM-AuNCs sample was between 1.5 and 2.0
nm (Figures 2A to 2C, and 2E), comparable to that of AuNCs stabilized with small thiol ligands
(MHA-AuNCs, 1.9 + 0.4 nm, Table 2) as well as previously reported values (1.6 + 0.3 nm).”! HR-
TEM also brought confirmation about the characteristic Au crystalline structure of the core. It was

clearly observed for 3k-PNAM-AuNCs (Figure 2D), while, for higher molecular weight PNAM

15
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chains, the contrast was lower due to the larger polymer shell (the polymer itself being not dense
enough to be imaged at such high voltage). The obtained gold atom spacing was 0.24 + 0.01 nm,

in agreement with the lattice spacing for the (111) planes of Au nanoparticles.>

16
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Table 2. Characterization by HR-TEM and 'H DOSY NMR of the size of the PNAM-AuNCs and
MHA-AuNCs, and their corresponding linear optical properties (Emission quantum yield @,

wavelengths at maximum excitation Aexc max and emission Aem max and lifetime 7).

Au core diameter | Hydrodynamic . . .
(nm) diameter (nm) Linear optical properties
Sample iexc maxa }uem maxb
HR TEM '"HDOSY NMR | @& (%) 7 (us)
(nm) (nm)

3k-
PNAM- 20+04 54+0.5 49+0.5 326 716 1.2
AuNCs

6k-
PNAM- 1.8+0.3 9.3+0.3 6.0£0.9 316 704 1.3
AuNCs

11k-
PNAM- 1.5+03 15+1 12+1 364 711 22
AuNCs
MHA-
AUNCs 1.9+04 3.7 0.05 350 800 0.4

Mhem= 720 nm (except for MHA-AuNCs where Aem= 800 nm); ° Aexe= 320 nm (except for MHA-
AuNCs where Aexc= 450 nm).

17
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Figure 2. HR-TEM images (scale bar 5 nm) of 3k-PNAM-AuNCs (A), 6k-PNAM-AuNCs (B) and

11k-PNAM-AuNCs (C). Zoomed HR-TEM image (scale bar 2 nm) on the gold core crystalline
structure of 3k-PNAM-AuNCs (D). (E) Distribution of the gold core diameter measured from HR-
TEM images for 3k-PNAM-AuNCs (pink), 6k-PNAM-AuNCs (green) and 11k-PNAM-AuNCs
(blue). (F) UV-vis absorption spectra (dashed lines) and photoluminescence spectra (continuous

lines, Zexe = 320 nm excitation) of 3k-PNAM-AuNCs (pink), 6k-PNAM-AuNCs (green) and 11k-
PNAM-AuNC:s (blue).

The hydrodynamic diameter of each PNAM-AuNC sample was calculated from the diffusion
coefficient measured by '"H DOSY NMR. For the '"H DOSY NMR experiments, the PNAM-
AuNCs samples were previously transferred into deuterium oxide (D20) and desalted by

ultrafiltration (3 000 g.mol”¥ MWCO). In these conditions, only the higher molecular weight

18
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components, such as free PNAM chains and PNAM-AuNCs were retained. Due to the significant
size difference between the PNAM chains in solution and the PNAM-stabilized AuNCs, their
diffusion coefficients were substantially different. For example, the 2D-'"H DOSY map obtained
for the 3k-PNAM-AuNCs sample (Figure 3) showed two distinct sets of PNAM peaks, the first at
a lower diffusion coefficient (8.0x107"" m? s™') corresponding to PNAM-AuNCs and the second

(15x107"" m?.s") corresponding to free PNAM chains in solution.
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Figure 3. 'H DOSY NMR 2D map for 3k-PNAM-AuNCs sample in D20.

The '"H DOSY maps were similar for all the PNAM-AuNCs samples (Figure S5), with a decrease
in the diffusion coefficient value for higher molecular weight PNAM chains, as expected (Table

S1). The PNAM-AuNCs hydrodynamic diameter (Dn) was calculated by the Stokes-Einstein
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equation (Eq.2) where D is the diffusion coefficient (m?.s!), ks the Boltzmann’s constant, T the

absolute temperature and 1 the viscosity (assuming that it is the same as the solvent).*

_ kgT
3nnDp

2

For higher PNAM molecular weights, Dn increased from ca. 4.9 nm (3k-PNAM-AuNCs) to 15
nm (11k-PNAM-AuNCs) (Table 2). The higher Dn values of PNAM-AuNCs compared to that of
MHA-AuNCs (3.7 nm, Figure S6) were expected due to the increase in the ligand size (Table 2).
Interestingly, the Dn value for our MHA-AuNCs was higher than the one reported in the literature
(2.7 nm, also by 'H DOSY NMR), but corresponding to MHA-AuNCs produced via a different
protocol, using MHA ligand in its more hydrophobic protonated form.>!

Analysis of the '"H DOSY 2D maps indicated the presence of PNAM chains bound to the AuNCs
or free in solution, regardless of the polymer molecular weight. The average hydrodynamic
diameter measured for the free PNAM chains tended to be higher than the values previously
reported for similar PNAM-DB chains bearing a dithiobenzoate end-group,*® indicating some
contribution of PNAM-SH chains linked by a disulfide bond (PNAM-S-S-PNAM chains), formed
by oxidation during DOSY NMR sample preparation.>> This side reaction explains why the
PNAM-AuNCs Dn values determined by DOSY (Table S1) were lower than the ones calculated
by adding the HR-TEM diameter of the Au core and twice the DOSY hydrodynamic diameter of
the free PNAM chains. Actually, the PNAM chains tethered at the gold surface probably adopt a

more extended mushroom-like conformation than free chains in solution.
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Optical Properties of PNAM-AuNCs.

Both the linear and non-linear optical properties of the PNAM-AuNCs were investigated by UV-
vis absorption and photoluminescence spectroscopies. The UV-vis absorption spectra of the
PNAM-AuNCs samples showed the characteristic A* decay profile attributed to Rayleigh
scattering, without discrete bands (Figure 2F). These spectra can be used to detect the possible
aggregation of AuNCs into larger gold nanoparticles (AuNPs), which, unlike AuNCs, feature the
characteristic surface plasmon resonance (SPR) band at ca. 520 nm for spherical AuNPs with
diameters below 50 nm.>* The fact that this SPR band was not observed for any of the PNAM-
AuNCs samples confirmed the absence of gold particles with diameters larger than 2 nm.

The photoluminescence spectra of the PNAM-AuNCs exhibited a band in the red/NIR, with
maximum emission wavelength at = 710 nm for excitation at Aexe= 320 nm (Figure 2F), explaining
the red color of the dispersions observed under UV irradiation (Aexe= 365 nm) (Figure S7). Only
one emission band was observed regardless of the excitation wavelength from UV to green (280
nm to 450 nm, Figure S8), with the maximum emission intensity obtained for Aexc=~ 320 nm (Table
2). Since the AuNCs photoluminescence is size dependent, these data indicated that the PNAM-
AuNCs were monodisperse in size/number of Au atoms. The large Stokes shift was close to 350
nm (3.54 eV, 28 571.43 cm™) (Table 2 and Figure S8), leading to almost no overlap between the
excitation and emission spectra. Such large Stokes shift values have already been reported for other
AuNC s structures, such as AuNCs in nanosomes.>> The PNAM-AuNCs emission (Aem(max) = 710
nm) was slightly blue-shifted compared to gold nanoclusters stabilized with small thiol ligands
prepared in similar conditions (MHA-AUNCsS, Aem(max) = 800 nm) (Table 2), probably due to the

differences in ligand stabilization.>

21



CC-BY-4.0

The photoluminescence quantum yields of the PNAM-AuNCs samples were determined using
Coumarin 102 as reference (® =76.4% in ethanol),’’ both excited at 350 nm (Table 2). For the 3k-
PNAM-AuNCs, the quantum yield was @ = 4.9 (£ 0.5) %, a 100-fold increase relative to that
measured for MHA-AuNCs (@ = 0.05%). This can be attributed to the change in the electronic
environment around the gold core. The quantum yields of the different PNAM-AuNCs samples
were all much higher than the ones reported in the literature for AuNCs stabilized by small thiol
ligands, and in the same order of magnitude than those corresponding to AuNCs embedded within
proteins®®>? and other polymers.*% ¢ The quantum yield of the PNAM-AuNCs increased with the
molecular weight of the PNAM-SH chains (Table 2). This is probably because the PNAM chains
hinder the mobility of the Au(I) staple motifs at the AuNCs surface,®! decreasing the non-radiative
deexcitation processes, and simultaneously acting to prevent the access of quenchers from
solution, in particular molecular oxygen.®? This last effect of PNAM has been previously reported
for organic dyes.*

The photoluminescence decays of the PNAM-AuNCs samples (emission at 710 nm, upon
excitation at 300 nm, Figure S9) were well fitted with a sum of 3-exponentials. Lifetime values in
the range of microseconds were obtained, which increased with the PNAM molecular weight
(Table S2). The average photoluminescence lifetimes for the PNAM-AuNCs samples (1000 to
2000 ns, Table 2) were similar to the values for AuNCs stabilized within proteins and other
polymers®® > and 2- to 4-fold higher than the values obtained by us for MHA-AuNCs (ca. 500 ns)
and reported in the literature for AuNCs stabilized by small ligands.®® Time-resolved emission
spectra (TRES) obtained from decays recorded by excitation at 450 nm showed that the spectra
did not change along the decay curve, confirming that there was only one emitting species (Figure

S10). The band at 700-770 nm is attributed to the surface states and probably involves charge
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transfer processes between the ligands and the gold atoms.**** The increase of the average lifetime
and the luminescence quantum yield with the PNAM chain-length (Figure S11) was mainly
associated with the difference in quenching by molecular oxygen, not to changes in the
arrangement of the gold core atoms or in the number of ligands per AuNC.% Nevertheless, this
can also be partially due to the influence of electron-rich atoms (N and O) in the PNAM chain,
which increase with the chain-length.!! Indeed, it has been observed that ligands containing
electron-rich atoms or groups of atoms enhance the AuNCs lifetime and luminescence quantum
yield.®

Finally, the PNAM-AuNCs could also be excited by two-photon absorption (TPA) in the NIR
(Figure S13). The photoluminescence intensity (measured for emission at 685 nm and excitation
at 850 nm) indeed exhibited a quadratic dependence with the power of the excitation intensity,
with a slope close to 2 (Figure S12A). Both the photoluminescence and the excitation spectra
showed that the non-linear optical properties were independent of the PNAM molecular weight

(Figure S12B and S12C).

Stability of PNAM-AuNCs.

After preparation of the PNAM-AuNCs (3k, 6k and 11k), the samples were stored at room
temperature without any purification. The stability of the 3k-PNAM-AuNCs over time was
evaluated in terms of visual aspect, optical properties and '"H DOSY NMR. The aqueous dispersion
remained brown (Figure S7) for at least 24 months, with the color intensity slowly increasing with
time. The formation of a white precipitate at the bottom of the flask, possibly corresponding to
salts, was noticed after 7 weeks (no such precipitate was observed for desalted samples). The

photophysical properties (UV-Vis absorption and photoluminescence) remained similar for a few
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months. Only after 80 days, a weak SPR band appeared between 500 and 600nm on the UV-vis
absorption spectrum (Figure S13, left column). This band witnessed the formation of few AuNPs
(by irreversible aggregation of AuNCs). Only after 143 days, the photoluminescence intensity
slightly decreased, with a red-shift of the maximum emission wavelength. These observations were
probably related to the slow evolution of the 3k-PNAM-AuNCs into larger AuNCs. 'H DOSY
NMR analysis that reflects the overall size of the nanoparticles in dispersion confirmed an increase
in the average hydrodynamic diameter (for the same sample but after ultrafiltration at day 0), from
Dh=4.9 nm to Dn = 8.7 nm after 71 days, and to Dn = 14.9 nm after 191 days (Figure S14). 6k-
PNAM-AuNCs and 11k-PNAM-AuNCs samples with longer PNAM chains were even more
stable. No SPR band appeared on the absorption spectra and no shift was observed in the
photoluminescence band for 85 days (Figure S13, left column).

In conclusion, the PNAM-AuNCs samples exhibited a remarkable colloidal stability and no
photodegradation for at least 2 months at room temperature, this stability increasing with the

PNAM molecular weight.

In cellulo photoluminescence of PNAM-AuNCs.

In the literature, AuNCs with different ligands and surface functionalization have been used to
label cells and cell compartments.®®®8 Although their biocompatibility has been demonstrated, the
biological environment may lead to AuNCs destabilization.® In our case, the use of PNAM-SH
chains as macroligand resulted in a significant improvement of the colloidal stability and optical
properties of the resulting PNAM-AuNCs, both important characteristics for bioimaging
applications. We thus evaluated the ability to image the PNAM-AuNCs in cellulo by confocal

microscopy. The PNAM-AuNCs samples were first isolated from the free polymer by
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ultrafiltration using high MWCO (10 000 and 50 000 g.mol ™) and we checked that the purification
step did not alter the sample properties (Figure S13, right column). NIR photoluminescence was
maintained and no SPR band (resulting from irreversible aggregation into AuNPs) was observed
on the UV-vis absorption spectra. The PNAM-AuNC samples were incubated 4 hours with HeLa
cells and successfully imaged using either one-photon excitation at 458 nm (Figure 4) or two-

photon excitation at 780 nm (Figure S15 and S16).

Figure 4. Merged confocal images of HeLa cells labeled with 6k-PNAM-AuNCs (4h incubation,
Jexc=458 nm, represented in green) and WGA-Alexa633 (plasma membrane marker, Aexe =633 nm,
represented in red). NIR-emitting 6k-PNAM-AuNCs were homogeneously distributed in the

cytoplasm of the HeLa cells.

The PNAM-AuNCs were rapidly internalized and were clearly observed inside the cytoplasm
of the cells. Cell uptake of AuNCs has indeed been shown to proceed mainly by endocytosis,* thus

leading to endosomal localization in the perinuclear region of the cells. The detected
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photoluminescence intensity was relatively low. However, it was due to the low sensitivity of the
confocal microscope detector, that strongly decreases above 690 nm (Figure S17). Nevertheless,
the large Stokes shift of the PNAM-AuNCs (around 350 nm) is a strong advantage for optical
microscopy. In addition, their long photoluminescence lifetimes and NIR emission are valuable
features for bioimaging applications, such as time-gated fluorescence microscopy or deep tissue
imaging.6%7

CONCLUSIONS

Gold nanoclusters stabilized by end-grafted PNAM polymer chains prepared by RAFT
polymerization (PNAM-AuNCs) were synthesized directly in aqueous medium at room
temperature. The PNAM-AuNCs presented remarkable colloidal stability (up to 2 months at room
temperature) in comparison with AuNCs stabilized by small ligands. Moreover, PNAM-AuNCs
displayed NIR-photoluminescence, with quantum yields of ca. 12 % (much higher than those of
small ligand-stabilized AuNCs, generally lower than 0.1%), and extended photoluminescent
lifetimes of ca. 2.2 ps. Their hydrodynamic diameter and optical properties were dependent on the
PNAM molecular weight that can be controlled thanks to the RAFT process. Colloidal stability,
quantum yield and photoluminescence lifetimes increased with PNAM chain-length. In addition,
considering their large Stokes shift and the demonstrated possibility of both 1-photon and 2-photon
excitation, our PNAM-AuNCs are highly promising tools for application in bioimaging without

organic dyes.

ASSOCIATED CONTENT

26



CC-BY-4.0

Supporting Information. Complementary characterization of PNAM chains. Additional data
about size, linear and non-linear optical properties, stability and in cellulo photoluminescence of

PNAM-AuNCs. The following files are available free of charge.
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