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INTRODUCTION

In the last decade, a new class of metal nanoparticles (NPs) composed of the assembly of few to
hundreds of metal atoms (e.g., gold, silver, platinum, copper)[1,2] has emerged. There are usually
stabilized in solutions by ligands such as organic thiolate molecules,[3,4] dendrimers,[5] polymers,[6,7]
DNA,[8,9] peptides,[10,11] or proteins,[12—14]. These NPs are referred in the literature as metal
nanoclusters (NCs),[15] and represent a link between metal complexes and plasmonic NPs.

The common method to synthesize thiolated metal NCs in solution is based on the reduction of metal
precursors in the presence of thiol ligands. Depending on the experimental conditions and the nature
of the ligand, it can lead to i) NCs with atomically precise composition,[10] described by their formula
M,SR.,, where n and m are the respective numbers of metal atoms (M) and thiol ligands (SR), or to ii)
NCs with broader size, corresponding to sub-nanometer NPs with a core size below 3 nm [16].

Due to their ultra-small size approaching to the Fermi wavelength of electrons, NCs exhibit discrete
electronic states leading to tunable photoluminescence (PL) from the ultra-violet (UV) to the near
infrared (NIR) wavelength regions. NCs could be produced with high colloidal stability in agqueous
environment,[16] which makes them interesting candidates for bioimaging applications.[17] These
species exhibit a very high surface reactivity due to the high surface to volume aspect ratio. Several
research groups demonstrated that the PL signal of gold NCs (Au NCs) is originated from the
simultaneous contributions of the metal core[5] and ligand coverage[18,19]. Despite extensive
investigations over the past 10 years to identify the mechanisms involved in the PL of the Au NCs,[20]
there are still some missing links to understand the exact role of the nature of the ligand on the optical
properties of Au NCs.

In this work, we investigate how increasing the quantity of charged ligands affect the growth, ligand
shell organisation, colloidal stability and PL of Au NCs.

Negatively charged Au NCs were synthesized using the tripeptide glutathione (SG) due to the presence
of two carboxylic groups (acidic dissociation constant values, pKa~2). SG has been widely employed to
synthesize atomically precise NCs.[10,21] To generate neutral and positive Au NCs, we used a mixture
of co-ligands during the growth of the Au NCs[4,22] : SG and glutathione modified with one (SG-1Arg),
two (SG-2Arg) or three (SG-3Arg) arginines. A set of 13 Au NCs with controlled charged was achieved
by changing the ratio of glutathione and glutathione modified arginine peptides (SG/SG-XArg : 0/100,
65/25, 50/50, 25/75 and 100/0) during the synthesis of the Au NCs (Scheme 1).

First, we analysed the surface charge and PL of the 13 types of Au NCs. Then, we selected the five
different Au NCs, namely AuSG, AuSG-1Arg, AuSG-2Arg, AuSG/SG-3Arg (ratio 25/75 %) and AuSG-3Arg
which presented the most significant changes to conduct a deeper understanding of the effect of
arginine multivalence (X= 1, 2 or 3) and concentration on the structure, colloidal stability and PL
properties of Au NCs, using a complete characterization by spectroscopic and physicochemical
techniques.

Increasing the amount of arginines during the synthesis of Au NCs led to PL enhancement and higher
colloidal stability until to reach a threshold, at which growth of monodisperse Au NCs was not
controlled anymore.
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30 1. MATERIALS AND METHODS

31

32 1.1. Materials

33

34 Arginine modified-glutathione peptides (SG-1Arg=C;sH,9N;0,S(CF;CO07), SG-2Arg=C,,H4oN110S
35 (CF3C00),, SG-3Arg=C,5H53N1504S(CF;CO07); with 10 % of H,0 and purity = 95%) were purchased from
;? GenScript (USA). Gold(lll)chloride trihydrate (HAuCl,-3H,0, reagent grade), reduced L-glutathione
38 (C10H17N306S, 298%), sodium borohydride (NaBH,), tetramethylammonium borohydride ((CHs)sNBH,),
39 isopropyl alcohol (IPA, 99%) and 4-(Dicyanomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran
40 (DCM dye) were purchased from Sigma-Aldrich (France). Sodium hydroxide (NaOH, 98%) and
41 hydrochloric acid (HCl, 35-37%), were purchased from Laurylab and VWR Chemicals BAH.
fé Tris(hydroxymethyl)aminoethane (tris base, 299%), glycine (299%), acrylamide:bis-acrylamide (29:1)
44 and agarose were purchased from Euromedex. Phosphate buffer (PBS, 10mM) were purchased from
45 Gibco (Thermofisher, France) and formvar carbon grid from Agar scientific. All the chemicals were used
46 as received without further purification. Water was purified using a Millipore Milli-Q system (Millipore,
47 France).

48

49 1.2. Synthesis

50

51 1.2.1 Synthesis of Au NCs with co-ligands

52

53 The synthesis was achieved by adapting the protocol of Kyunglim Pyo et al.[23] on Au,,SG;g with our
54 ligands. A set of 13 types of Au NCs was prepared by mixing glutathione (SG) and glutathione modified
55 arginine peptides (SG-XArg, with X= 1,2 or 3) at five different molar ratios SG/SG-XArg : 100/0, 75/25,
36 50/50, 25/75 and 0/100 (%).

;73 Briefly for the SG/SG-1Arg (25/75 %), 12 mg of SG and 74.4 mg of SG-1Arg were dissolved in 3 mL of
59 water, followed by the simultaneous addition of 5 mL of HAuCl,.3H,0 (20 mM) and 95 mL of distilled
60 water. Therefore, the molar ratio Au:SG/SG-XArg was 1:1.5. The solution was stirred for 3 min at 480
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rpm before to adjust to pH 9 with NaOH. Then, 250 uL of NaBH, (5 mM) freshly prepared in cold water
was added by quantity of 25 pL. The solution was stirred for 30 min and the pH maintained at 9.
Reduction process was stopped by lowering to pH 2 with HCI. Finally, the solution was stirred during 4
hours at 350 rpm to complete the reaction.

To purify the product, the solution was first rotary evaporated until nearly dry, before to be re-
solubilized in 10 mL of water. NCs was precipitated with IPA (around 12-15 mL) until the solution
become turbid and then centrifugated (1 000 rpm, 2 min). Supernatant was centrifuged twice (2 000
rpm, 2 min on a HERAEUS Muktifuge X3R, Thermo Scientific) to recover more Au NCs. The precipitate
was re-solubilised in water and adjust to pH 7 before to be lyophilized.

The same procedure was applied to synthesize the others Au NCs by changing the ratio of ligands
during the growth of the Au NCs.

1.2.2 Synthesis of Au,;5G;5

Au,sSG;5 were synthesized following the protocol in the Soleilhac et al.[24] study. Briefly, HAuCl, and
SG (Au:SG= 1:3) were reduced in a methanolic solution with tetramethylammonium borohydride
((CH3)4NBH,) in two steps. The product was collected after precipitation by adding methanol and
centrifugate (3 times) before to be lyophilized. The physico-chemical and optical characterizations
confirmed the production of Au,sSG.5 (Figure $1).[10,20,25]

1.3. Instrumentation
1.3.1 Chemical measurements

For the polyacrylamide gel electrophoresis (PAGE) experiments, separative and staking gels were
prepared with total contents of acrylamide:bis-acrylamide of 25 and 2.5 % respectively. The eluting
buffer consisted of 14.4 g of glycine and 3 g of tris(hydroxymethyl)aminoethane diluted in 100 mL of
water and adjusted at pH 7. Samples were prepared by adding 2 ulL of glycerol to 20 uL of Au NCs (4
mgAu/mL) before to deposit them in a well (15 uL per well). The gel was run with a Mini PROTEAN Bio-
Rad (Hercules, CA, USA) equipment at 150 V for 1 or 4 hours for positive and negative migrations
respectively.

The same eluting buffer and samples preparation were used for the Agarose gel at 4%. The gel was run
with GelXC Enduro (TM Labret International.Inc) equipment at 100 V for 30 min.

Zeta potential measurements of Au NCs solution were performed on a Zetasizer (Malvern).
Measurements were performed in triplicate at 25°C. For water, 1.33 and 0.89 mPa.s were taken as
refractive index and viscosity values.

Mass spectrometry measurements were collected with an electrospray ionization (ESI-MS) on a
commercial quadrupole time-of-flight (micro-qTOF, BrukerDaltonics, Bremen, Germany). Isotope-
resolved mass spectrum were recorded using the ultra-zoom scan mode of the instrument. The
collision-induced dissociation (CID) was performed using helium gas at a normalized collision energy
of 12% for 30 ms. External calibration was carried out with a set of synthetic peptides. Sample were
diluted at a concentration around 0.5 mgAu/mL in H,0/MeOH (50/50%), electrospray at a flow rate of
10 puL/min with a spray voltage of -3kV and a capillary temperature of 100°C. Other instrument settings
were adjusted for each species to optimize the distribution of charges states observed in the mass
spectrum. Each measurement was registered in negative and positive mode and was the summation
of spectra over 5 min. If the distribution of charge states is too dense on the ESI-MS spectra, to estimate
the mass of the Au NCs the signal could be deconvoluted using a multiplicative correlation algorithm :
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f(m)=IT, _ ;09 (D)/8ms

where f(m) is the intensity calculated in the spectrum for mass m, g(m/z) is the intensity in the mass-
to charge spectrum, and g, is the root-mean-square (rms) value of the signal measured.

High resolution transmission electron microscopy (HRTEM) images were measured on a JEOL 2010
LaB6 microscope operating at 200 kV with a 0.19 nm point-to-point resolution, after the deposition of
the Au NCs (10 uL, 4 mgAu/mL) on a formvar carbon grid. The images collected were analysed with
Image) software.

Nuclear magnetic resonance spectroscopy (NMR) experiments were carried out at 298 K with a Bruker
AVANCE Ill 500 MHz spectrometer equipped with a cryo-probe Prodigy. For each sample the
concentration was ~2 mM in D,0 and pH 7. Diffusion ordered NMR spectrocopy (DOSY) experiments
were run using the standard “ledbpg2s” Bruker sequence with linear gradient stepped between 2%
and 98%. 32 scans were recorded for each gradient step. Data processing were performed using the
maximum entropy algorithm from Dynamics Center, a Bruker’s NMR software to obtain the diffusion
coefficient D. An average value of D was used for the hydrodynamic diameter (HD) calculation
according to the Stokes-Einstein equation which assumes that molecules are spherical :

HD .kgT/ 3Dmtn

where kg is the Boltzmann constant, T is the temperature, n is the viscosity of the solvent (np,0 =1.232
103 Pa.s at 298K). Standard 1D and 2D (NOESY, COSY, TOCSY and HSQC) spectra were recorded using
standard presaturation on the water signal.

X-ray photoelectron spectroscopy (XPS) analysis was performed in a K-Alpha+ spectrometer
(ThermoFisher Scientific) using a micro-focused, monochromated Al Ka X-Ray source (400 um spot
size). Data acquisition and processing using the Thermo Avantage software is described elsewhere.[26]
The K-Alpha+ charge compensation system was employed during analysis, using electrons of 8 eV
energy, and low-energy argon ions to prevent any localized charge build-up. The spectra were fitted
with one or more Voigt profiles (binding energy uncertainty +/- 0.2 eV) and Scofield sensitivity factors
were applied for quantification[27]. All spectra were referenced to the C 1s peak at 285.0 eV binding
energy (C-C, C-H) and controlled by means of the well-known photoelectron peaks of Cu, Ag and Au,
respectively. Measurements were performed at different locations of the solid and with different
series of samples.

The powder product was characterized by elemental analysis (C, H, N) on an automatic analyser
created by the SCA (Service Central d’Analyse) with detection limits in the range of 20-100%, 0.3-17%
and 0.3-40% for the carbon, hydrogen and nitrogen respectively. Each experiment was repeated
independently three times for each sample.

To remove the presence of salt that could perturbate the characterizations by elemental analysis and
ESI-MS, Au NCs were further purified by diluted Au NCs in an ammonium acetate solution (1M) and
filter several times to reach a final concentration of 10 nM by using Vivaspin column (Satorius, 10 kDa
cutoff filters).

1.3.2 Optical measurements

Absorption spectra of Au NCs solution were recorded on a UV-visible spectrophotometer Lambda 650
(PerkinElmer) in the 400-900 nm range.
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Fluorescence spectra of Au NCs solution were recorded on a Fluoromax-4 spectrometer (HORIBA
Scientific) between 470 and 870 nm (Aey. = 450 nm).

With the aim to estimate the quantum yields (QY) of the Au NCs, fluorescence spectra of the reference
DCM dye (4-(Dicyanomethylene)-2-methyl-6-(4dimethylaminostyryl)-4H-pyran) and Au NCs were
recorded in methanol and in water respectively, between 430 and 800 nm, (Ae. = 410 nm). QY were

calculated using the following formula: X
_ g T Arer
QY = O~Yref ngeflfef A
where
QY. = quantum yield of the reference DCM dye (QY = 44%, Aem. = 615 nm, in methanol),
n = refractive index of H,0 (1.333)
N et = refractive index of MeOH (1.326)
| = integration of the emission spectra for the sample
| = integration of the emission spectra for the DCM dye

A = optical density (0.05 OD at A,.. = 410 nm for the sample and the reference).

Fluorescence lifetime measurements were recorded with a fluorescence plate reader (Edinburgh
Instruments) in the time correlated single photon counting (TCSPC) mode with 4096 detection bins.
Samples were excited at 405 nm (EPL-405 laser from Edinburgh Instruments) operating at 50 kHz and
a dichroic long pass beam splitter of 552 nm and 660/14 nm optical bandpass filter (Semrock) were
used to select the emission of Au NCs.
Decay curves were fit using Fast (version 3.1.1) software from Edinburgh Instruments to triexponential
decays, using the following equation:
It)=aX;_ Aexp(-—)

where

T; = decay times

a = preexponential amplitude factor

A; = amplitude fractions of the individual components (3A; = 1)
Intensity-averaged decay times were calculated using the following equation:

(Z‘amp) = Z?= 1AiTi

2. RESULTS

2.1. Surface charge effects

The average charge of each 13 types of Au NCs can be predicted theoretically by using the pKa values
of the carboxylic and amine groups of the different amino acids. We assumed the generation of Au
NCs stabilized by 18 ligands because we used a similar protocol for the production of Au,,SGig
described by Pyo et al.[23], (see Figure S2 for the calculation details at pH 7-8). In agreement with the
increased amount of arginine moieties containing amine groups (pKa~12), the Au NCs shifted from
negatively to positively charged as shown in Figure 1A.

The evolution of the charge was experimentally estimated with agarose gel and eluting buffer at pH 7
under white and UV lights (Figure 1B). While Au NCs with solely SG ligand moved to the cathode
indicating their negative charge, increasing the quantity of SG-XArg as co-ligand on Au NC surface led
to a shift to the anode confirming the presence of positively charged NCs. This effect was more
pronounced with co-ligand in the order SG-1Arg< SG-2Arg<SG-3Arg.
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Surface charges of the Au NCs in water at different pH were measured by zeta potential (). As
expected, the zeta potential values decreased when the pH increased from 2 to 12 (Figure 1C) due to
the de-protonation of the carboxylic groups. At pH 7, the zeta potential values agreed with the agarose
gel (Table 1). Indeed, Au NCs with a full coverage of SG or SG-1Arg were negatively charged while Au
NCs with at least 75% of SG-2Arg or 75% of SG-3Arg were positively charged.

A

AuSG/SG-1Arg AuSG/SG-2Arg AuSG/SG-3Arg
Ratio SG/SG-XArg (%) 100/0 75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100
Theoretical charges -18 -135 -9 -45 0 -18 -9 0 +9 +18 -18 -45 +9 4225 +36
B

Au,5SG
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+
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Figure 1. (A) Theoretical charge values of the Au NCs at pH 7-8. (B) Agarose gel at pH 7 of concentrated
Au NCs solution (4 mgAu/mL) under UV (A= 366 nm; above) and white (below) lights. (C) Zeta
potential measurements of diluted Au NCs solution (0.04 mgAu/mL) in PBS buffer at pH from 2 to 12.

We observed also different charge states in ESI-MS spectra, as displayed in Table 1. Clearly the average
charge state <z> in positive mode of ionization increased with the number of arginines in the peptide,
while in negative mode of ionization <z> slightly decreased until it was not possible to obtain any MS
signal for AuSG-2Arg and AuSG-3Arg. We were not be able to deconvolute the signal coming from Au
NCs with a mix of ligands (SG/SG-3Arg) in both ionization modes, due to the complexity of the
multiplicative correlation algorithm. ESI-MS analysis again demonstrated that the zeta potential of Au
NCs in solution were correlated with the average values of charge of Au NCs ionized by electrospray in
gas phase.[28,29]
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m AuSG-1Arg AuSG-2Arg | AuSG/SG-3Arg | AuSG-3Arg

<z> positive mode
<z> negative mode 6 5.5 - - =
€ (H,0, pH 7, mV) -34.47+2.11 -24.70+1.25 5.43%+ 0.56 9.52+1.38 18.90 + 3.46

Table 1 : The average charge state (<z>) extracted in positive and negative modes of ionization by ESI-
MS and zeta potential values associated (H,0, pH 7). <z> is calculated from the observed charge state
distribution in ESI-MS spectra (plotted in m/z).

2.2 Optical properties

The absorption spectra of the Au NCs in water (pH 7.0; 0.4 mgAu/mL) illustrated in Figure 2A showed
the typical profile of Au NCs with an exponential decay from the UV to the NIR region, with weak bands
at 530 nm and 710 nm. The surface plasmon band at 520 nm of spherical gold nanoparticles (>10 nm)
was absent of all the spectra. A slight overall increase in absorbance was observed for the sample
AuSG-3Arg NCs.

PL measurements of diluted Au NCs in water (pH 7.0) at the same optical density (A,,s. = 450 nm, 0.04
OD) are illustrated in Figure 2B. The PL spectra showed broad emission between 570 and 860 nm with
a maximum at A~ 670 nm, similar to the PL spectrum of the Au,,SGy5 described in literature [23,30].
The nature of the ligands clearly influenced the PL intensity and emission wavelengths of the Au NCs
(Table 2). A global red shift (~30 nm) of the PL emission maxima was observed between AuSG (Ae¢m. =
662 nm) and AuSG-3Arg NCs (Aem = 693 nm). For Au NCs stabilized by a mix of SG/SG-1Arg or SG/SG-
2Arg, the PL intensity progressively increased with the quantity of SG-XArg used during the synthesis.
A respectively 2- and 2.3-fold enhancement was observed between AuSG-1Arg and AuSG-2Arg NCs
compared to AuSG. However, it was not the case for Au NCs stabilized by a mix of SG/SG-3Arg. The PL
signal dropped (3-fold) between the ratio SG/SG-3Arg : 25/75 and 0/100 (%).

AuSG/SG-1Arg AuSG/SG-2Arg AuSG/SG-3Arg
100/0 75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100 100/0 75/25 50/50 25/75 0/100
0.40 0.40 = 0.40 -
A . —
5 3 o
© 0.30 & 0.30 1 & 0.30 4
o tu
g g g
S 020 & 0.20 @ 0.20 4
o ¥l o
=
5 5 :
8 010 £ o010 L 0.10 4
< < <
0.0 r r r 7 1 0.00 4 0.00 4
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B
1
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El £l 5
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Figure 2. (A) Absorbance spectra of Au NCs in water (0.4 mgAu/mL, pH 7.0) between 400 and 900 nm.
(B) PL spectra of diluted Au NCs in water (0.04 mgAu/mL, pH 7.0) at the same optical density (0.04 OD)
between 470 and 870 nm (A, = 450 nm).
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Quantum yield (QY) measurements confirmed the modification of the PL intensity with the nature of
the ligand (Table 2). This led to an increase of QY with the number of arginine up to 10.2% for AuSG-
2Arg and then a fall to 2.5% for AuSG-3Arg. We obtained a QY of 3.4% for the AuSG NCs, which is lower
than the values found for the Au,,SG;g in the literature between 7%[23] and 8%[30]. This could be
explained by the use of a different dye reference, DCM dye [31] instead of Rhodamine B[23] or
Rhodamine 6G [30].

The excitation spectra of the Au NCs were similar to the absorption spectra with two additional
excitation peaks at 400 and 470 nm (Figure S3), which have been attributed to intra- and inter-
electronic transitions in the Au-core or between the ligands and the Au-core in the case of
Auy5SG15[20].

PL decay time measurements were recorded in water at A, = 405 nm (Table2, Figure S4). The decays
curves were fit with three-exponential decays composed of two short decays with t; ~63-78 ns (60%)
and t1,~469-640 ns (30%) and a smaller fraction of long decay with 15~2.09-2.53 us (10%). Increasing
the number of arginine in the ligand led to an increase in the amplitude-averaged lifetime from 438 ns
to 604 ns between AuSG and AuSG-2Arg, before to decrease at 410 ns for AuSG-3Arg NCs (Table 2).

T AUNG | AuSG | AuSGlArg | AuSGZArg | AuSG/SG-3Arg | | AusG-3Arg

PL emission 662 669 678 678 693
(}\‘ma)(’ nm)
Quantumyield
(ref DCM dye, %) 34 8 102 "8 *
Fluorescence lifetime 438 483 604 596 410

(Tavamps NS)

Table 2. Optical properties of Au NCs stabilized by a full coverage of SG, SG-1Arg, SG-2Arg, SG-3Arg
and the mix SG/SG-3Arg (25/75 %).

2.3 Colloidal Stability

As illustrated in Figure 3A, Au NCs dispersed in PBS at pH 7.0 under UV light confirmed the weak PL of
the AuSG-3Arg and showed that Au NCs remained without any precipitation for at least 1 month at
4°C. The stability of these Au NCs in PBS in a wide pH range from 3 to 10 was also evaluated (Figure
S5). For freshly prepared solutions, the main emission PL increased (Figure 3B) and blue shifted (~10
nm, Figure 3C) at higher pH, independent of the arginine content on Au NCs. After one month of
storage time (Figure S6) Au NCs did not show significant PL changes at pH 7.0 (decrease of less than
30% for AuSG, AuSG-1Arg, AuSG-2Arg and AuSG/SG-3Arg and around 40% for AuSG-3Arg). Over time,
the Au NCs stabilized by SG-XArg had similar behaviour and reached the same value independently of
the pH conditions. The AuSG seemed less stable due to the higher difference of PL intensity in function
of the pH after one month of storage.
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Figure 3. Evaluation of the optical stability of Au NCs in PBS (0.4 mgAu/mL) at different pH (3-10)
stabilized by a full coverage of SG, SG-1Arg, SG-2Arg, SG-3Arg and the mix SG/SG-3Arg (25/75 %). (A)
Photos of Au NCs freshly prepared or after one month of storage at pH 7.0 and 4°C under white (left)
or UV (Ae.= 366 nm; right) lights. (B) Evolution of the PL intensity (Amax ) and (C) shift of the PL emission
peak of Au NCs freshly prepared as a function of the pH from 3 to 10.

2.4. Au NC size

The metal core sizes determined by HRTEM (Figure 4) showed diameters below 3 nm with an apparent
semi crystalline structure. The metal core size was more monodisperse when stabilized by SG or SG-
1Arg rather than SG-2Arg or SG/SG-3Arg. Interestingly the HRTEM images of AuSG-3Arg showed the
presence of bigger species (>10 nm, NPs), that were probably at a concentration too low to be detected
by absorption spectrometry.

AuSG AuSG-1Arg AuSG-2Arg

AuSG/SG-3Arg AuSG-3Arg

Figure 4. HRTEM of Au NC-s-sfabiIize by a full coverage of (A) SG, (B) SG-1Arg and (C) SG-2Arg (scale
bars: 20 nm) or (D) SG/SG-3Arg (25/75 %) and (E) SG-3Arg (scale bars: 50 nm).
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Acrylamide gels performed at pH 7 (Figure S7) enabled the discrimination of Au NCs present in each
sample using Au,;SG;gas reference. For AuSG, a bright orange luminescence band was observed under
UV light similar to Au,,SG;g in literature.[23,30,32] The wider band for AuSG compared to Au,55Gyg
suggested a broader size of AuSG NCs. AuSG-1Arg showed similar luminescence bands towards the
anode indicating that these species present either higher molecular weight and/or stronger positive
charge due to the addition of the arginines (Figure S7A). For positively charged Au NCs (SG-2Arg,
SG/SG-3Arg and SG-3Arg) the bright orange luminescence band was still present with an additional
weakly fluorescent brown band which migrates less into the gel. For the AuSG-3Arg NCs a sharp band
stayed in the deposit well and was not detected under UV illumination probably related to the
presence of few Au NPs in the sample (Figure S7B). This is furthermore in agreement with results
obtained by HRTEM.

The average molecular weight of the Au NCs could be theoretically predicted assuming the synthesis
of single species Au,,5G,SG-XArgs... Mass measurements of the Au NCs in water were obtained by ESI-
MS in both positive and negative mode of ionization. Due to the zwitterionic ligands, a multiplicity of
charge states was observed in the mass-to-charge spectrum, given rise to an “envelope” of peaks in
the 800-3 000 or 1 000-4 000 m/z range after electrospray in positive or negative mode, respectively
(see Figure S8 for all the spectra). For AuSG atomically precise NCs size could be identified, such as
AU15,05G13.16 (6 937 - 9 541 Da). A transition between atomically precise NCs size (Au;5.,:5G-1Arg:3.15 ;
8 967 - 12 461 Da) and NCs with broader size dispersion occurred for AuSG-1Arg (see ESI-MS in positive
in Figure S8). The set of peaks was too broad in the case of AuSG-2Arg and AuSG-3Arg. The use of a
multiplicative correlation algorithm was required to deconvolute the signal with the aim to give an
estimation of the Au NCs mass. For AuSG-2Arg and AuSG-3Arg the distribution was centred at 13 000
Da and 19 000 Da respectively. Since SG-XArg ligands present both acidic and basic components, it is
possible that by increasing the number of Arg residue, few additional ligands could bond
electrostatically on the surface of NCs. These additional ligands led to a broader range of cluster
composition and thus a large mass (and thus size) dispersion. However, the average molecular weight
of Au NCs obtained by mass spectrometry agreed with the predicted values (Table 3) and increased
with the size of the ligand. Of note the calibration was optimized for the NCs and did not allow to
detect the presence of NPs.

The size distribution of the five types of Au NCs measured by DOSY (diffusion ordered spectroscopy)
in D,0 showed an increase of the hydrodynamic diameter (HD) with the size of the ligands from
1.66+0.01 nm to 2.02+0.02 nm between AuSG and AuSG-2Arg (Table 3). An additional arginine in the
peptide (SG-3Arg) did not further influence the HD. We also observed the existence of a second smaller
species (~0.6 nm) that we attributed to the presence of free ligands. Regarding AuSG-3Arg, the
concentration of bigger particles with size over 10 nm measured by HRTEM was probably too low to
be detected by NMR.

11

ACS Paragon Plus Environment



oNOYTULT D WN =

The Journal of Physical Chemistry Page 12 of 31

A | mss | usodig | Ausoag | Ause/sadarg | Awoaw

Theoretical
molecular-weight 9 848 12 659 15 470 14 064 18 281
(*, Da)

Au,5SG-1Arg,; (8967.05)
Au,6SG-1Arg,, (9626.52)
Au,SG-1Arg,, (10 020.46)
Au,,SG-1Arg,, (11 801.9)

Au,sSG,; (6936.71)

Molecular-weight Au;45G,, (7833.94)

byESI-MS (Da)  HU250V ggig?;; AupSG-1Arg,, (11998.87) 0% ; 19,000
207716 : Au,,SG-1Arg,5 (12 461.37)
9194, 9855, 10378, 10514 ( ¢)
Hydrodynamic 1.66+0.01 1.7240.02 2.0240.02 2044004  2.12+0.03

diameter by DOSY
(nm)

Table 3. Size of the Au NCs stabilized by a full coverage of SG, SG-1Arg, SG-2Arg, SG-3Arg and SG/SG-
3Arg (25/75 %) determined theoretically (* considering Au,,5G,SG-XArgs., as main Au NCs population),
by mass spectrometry (¢ unassigned peak in ESI-MS spectra, Figure S8) and by DOSY-NMR.

2.5. Ligand coverage

SG SG-1Arg Arg_: arginine close to the 5G
Arg,, : arginine in the middle
Arg,: arginine terminal

Arg,

HZNYNH
; m s .

d :

Q Q7 Q o] o] : o]

A o

2 N\)I\ N\)L OH
HO N OH
N s} o}

2z

SG-2Arg 5G-3Arg
Arg, Arg, Arg,
H,N NH H NH H NH
o o éH o Q (o] [o] - " [o] H [+]
NH, L S NH g . S
NH NH
HN%NW : HN)\NHZ
Arg, T Argp,

Figure 5. Representation of observed NOE (red arrows) between protons of the SG part (H3 and H4)
and protons of arginine (HB and Hy) when the ligands are covalently bound to the Au-core. The light
red arrow represents NOE that could not be excluded but that are highly unlikely.

NMR spectroscopy was performed on Au NCs in order to get qualitative structural information about
the position of the ligands on Au NC surface. The *H assignment of the ligands SG, SG-1Arg, SG-2Arg,
SG-3Arg and of AuSG-1Arg, AuSG-2Arg, AuSG-3Arg and AuSG/SG-3Arg was performed using a set of
1D and standard 2D NOESY, COSY and HSQC experiments. When covalently bound to the Au-core, the
SG-1Arg, SG-2Arg and SG-3Arg fold like tweezers as weak to medium NOE (nuclear Overhauser effect)
cross-peak were detected between protons of the SG part (H3 and H4) and the HP3 and HJ protons of
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some arginine (see Figure 5 and S9-S12). These NOE peaks were totally absent in the spectra of the
free ligands, which rather adopted a linear conformation (Figure S13, only data for AuSG-3Arg are
presented as other spectra are similar). For AuSG-1Arg, weak NOE peaks were detected between H3
(less intense for H4) and the Hf and Hy protons of the Arg-c. For AuSG-2Arg the chemical shifts of the
two Ha of the arginine Arg-c and Arg-t were clearly distinct and the NOE peaks were detected only
between H3 (less intense for H4) and the H[3 and Hy protons of the Arg-c. No NOE peaks were detected
between H3 and H4 and Arg-t. For AuSG-3Arg and AuSG/SG-3Arg the Arg-t had an Ho chemical shift
(and HP and Hy ) distinct from the two others and again NOE peaks were detected between H3 (to a
less extent H4) and Ha,, HP and Hy protons of Arg-c but we could not exclude that some NOE occurs
with Arg-m as Ha, HP and Hy overlapped with those of Arg-c. However, because no NOE peaks were
detected between H3 and Arg-t in AuSG-2Arg, we could reasonably hypothesize that no NOE occurs
between H3 and Arg-m for AuSG-3Arg and AuSG/SG-3Arg.

Thus, the terminal arginine chain Arg-t in the case of AuSG-2Arg (the two arginines chains Arg-m and
Arg-t in the case of AuSG-3Arg and AuSG/SG-3Arg) are rather packed at the outer surface of the Au
cluster. In contrary, the Arg-c is close to the glutathione part in all the clusters and forms the inner
layer. It is noteworthy that we were not able to distinguish and specify if the NOE are observed
between inter- or intra-ligands. Moreover, as the size of the Au-NCs increased (from AuSG-1Arg to
AuSG-3Arg) the NOE peaks between the glutathione part (H3 and H4) and the arginine became more
intense while levelling off and broadening for AuSG-3Arg and AuSG/SG-3Arg (Figure S9-S12). This
indicates a tighter position between the ligands.

Therefore, from the ESI-MS and NOESY measurements, we could hypothesize the geometrical
organization of the ligand shell stabilizing Au NCs in the following Scheme 2.

AuSG-1Arg ~ AuSG-2Arg
(& e
ox 1 ‘%
& ""B\ A, & COOH [ &
Wal?
?'\ -~ - =\. 9
AuSG E_L:., s g /“9 s -
[s} 5 o=
8 o,\{,,w o I
o . i 3
H o = &%
& “3 N ¥ °°xm-f‘?‘f3? 1}03 %-—j
S \% Eu—g W
= \ & 8
1 W §
z
" \cp AuSG/SG-3Arg AuSG-3Arg —
“0 ! & 4[&' )
ox V’\ & 4/-’-, ’
5 Lo, & (A
&0 [ © %, > cooH g
(g g R, L he =y
< =r~'(ms SRS TR s et
Inner rigide shell 37 m/l"‘ == 1 8
2 N R LS
S S <
/  Flexible position 2 o R o & < I \{\
- Inter-ligand NOE (= spatial proximity) (9?\_0'1—’-5‘\-?—"0% "'oxm-"“?‘\u% _l-_q-q' ﬂ%“;ggﬁ
= Intra-ligand NOE T o~ &= 7 T 3 M \

Electrostatic interactions

Scheme 2. Scheme of the hypothetical geometrical organisation of the ligands (SG and SG-XArg
peptides) at the surface of the Au-core. Arg-t (in AuSG-2Arg), Arg-m and Arg-t (in AuSG-3Arg and
AuSG/SG-3Arg) are flexible (illustrated by curved lines and arrows) and are excluded from the inner
shell.

XPS measurements supports the presence of Au NCs since Au 4f;/, appeared at a binding energy of
84.6 eV, a higher value than for Au(0) layers (84.0 eV), like reported in the literature.[10] If we keep
the hypothetical structure of Au,,SG,gdescribed by Pyo et al.[23], the theoretical thiolate-to-gold ratio
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could be estimated to 0.82. Experimental values were found between 0.74 and 0.78 for the five Au
NCs (Figure 6A). These values are significantly higher than for the species Au144SGgo, AU1025Ga4, AU35SG4
(0.42, 0.43 and 0.63 respectively)[10,15, 30] but may correspond to smaller species, such as Au,;SGg,
Au,,SGy7, Au,,SGyg or Auy5SGy3 with theoretical thiolate-to-gold ratios of 0.72, 0.77, 0.73 and 0.78
respectively[10,15,30]. This is furthermore in agreement with results obtained by ESI-MS. In addition,
the presence of glutathione and arginine is proven by the peak at 400.1 eV stemming from the amide
and amine groups as well as by the component at 401.8 eV attributed to the protonated nitrogen
mainly due to the presence of protons in the solution (pH= 2). The nitrogen-to-thiolate ratio increased
with the number of arginine introduced in agreement with the theoretical values (Figure 6B). We
confirmed this trend by elemental analysis measurement, as well as the increase of concentration in
carbon and hydrogen with the quantity of arginines used to synthesize the Au NCs (Figure 6C, D, E).
Theoretical values were calculated assuming the production of Au,,SG,SG-XArgs, (Figure S14).
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Figure 6. Theoretical value (red) and data extracted from XPS spectra (black) of the Au NCs stabilized
by a full coverage of SG, SG-1Arg, SG-2Arg, SG/SG-3Arg and SG-3Arg for thiolate-to-gold ratios (A) and
nitrogen-to-thiolate ratios (B). 5% of the measurement was taken as error bar. Theoretical values (red)
and data extracted from elemental analysis (black) of concentration (%) in carbon (C), hydrogen (D)
and nitrogen (E) in Au NCs samples stabilized by a full coverage of SG, SG-1Arg, SG-2Arg, SG-3Arg and
SG/SG-3Arg (25/75 %). Standard deviation was taken as error bar.
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3. DISCUSSION

Despite evidences of the pivotal role of the surface ligands on the optical properties of Au NCs, the
organization of the ligand shells has not been fully understood. In this study, we investigated the
impact of ligand charges and organisation to their growth, colloidal stability, and optical properties by
using the tripeptide glutathione (SG) and glutathione modified with 1, 2 or 3 arginines (SG-1Arg, SG-
2Arg, SG-3Arg) as stabilizing agents. We synthesized 13 types of NCs with different charges by varying
the ratio of co-ligands (SG/SG-XArg = 0/100, 65/25, 50/50, 25/75 and 100/0) during the growth of the
Au NCs. We first characterized the 13 Au NCs using spectroscopic and physicochemical measurements
before focusing on five representative types of Au NCs for an in-depth analysis to provide new insights
on the ligand organization on the surface of Au NC.

3.1. Surface charge

Electrophoresis gels (agarose and acrylamide, respectively Figure 1B and S7), zeta potential (Figure 1C)
and the average charge state <z> (Table 1) measurements confirmed the increase of positive charges
on Au NCs with the amount of arginine in agreement with the theoretical values (Figure 1A and S2).
The evaluation of the impact of the Au NCs stability revealed an enhancement of the emission and a
blue shift of the main emission with increasing pH (Figure 3B and C). Theoretical (Figure S2) and
experimental values of the pKa of Au NCs as a function of the amount of arginine clearly indicated that
we could tailor precisely the overall surface charge of Au NCs.

3.2. Ligand effect on NC's size

The use of different amounts and multivalency of arginine during Au NC synthesis had a significant
impact on the growth of the Au NCs. Clearly AuSG NCs (expected to be Au,,SG;g) displayed mass
spectra that were typical of NCs obtained at atomic precision, such as our reference (Au,;5G;g). On the
other hand, AuSG-2Arg and AuSG-3Arg displayed mass spectra with a quite broad molecular weight
distribution. And AuSG-1Arg NCs displayed mass spectra that combines both behaviours (Figure S8).
Such broad molecular weights distribution in mass spectra were already reported for zwitterion-
liganded NCs,[28,33,34] and generally attributed to the extra additions of ligands (bond
electrostatically) on the surface of NCs. In our case, this few additional ligands that occurred between
AuSG-1Arg and AuSG-2Arg led to a broad range of cluster size. HRTEM (Figure 4) and acrylamide gel
(Figure S7) confirmed the presence of more monodisperse Au NCs stabilised by SG and SG-1Arg rather
than SG-2Arg, SG/SG-3ARg and SG-3Arg. It should be noted that using a peptide with high number of
arginines (SG-3Arg) led to bigger species, most probably related to the difficulty of controlling Au NCs
involved in multiple electrostatic interactions. All these results suggested the presence of more than
one species for each Au NCs synthesized in our study, which is in agreement with the absence of
specific absorption bands of atomically precise NCs (Au15SG13, Au1sSGis, Au,,SG1g)[10] in the absorption
spectra (Figure 2A).

For AuSG, AuSG-1Arg, AuSG-2Arg and AuSG/SG-3Arg, a metal core size (<3 nm) evidenced by HRTEM
and the thiol-to-gold ratio determined by XPS (Figure 6A) indicated both that Au NCs are probably
stabilized by almost the same number of ligands. However, the overall size of the ligand increased with
the number of arginine as followed SG<SG-1Arg<SG-2Arg. This suggests an enhancement of the density
within the organic shell.

In order to get a deeper insight into the effect of the amount and multivalency of arginine on the
organisation of the ligand shell, we conducted a NMR study. The presence of inter and/or intra ligand
spatial proximity could be clearly identified by the detection of NOE peaks between the H3 (and to a
lesser extent H4) of the glutathione and H and Hy protons of the Arg-c (Figure 5, Figure $9-12). The
Arg-c had limited freedom at the Au NCs surface compared to the Arg-m and Arg-t. Therefore, the
Arg-c could form an inner rigid layer whereas the Arg-m and Arg-t could form an outer flexible layer
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on the Au NCs surface leading to the different Au NCs structures observed between SG-1Arg and SG-
2Arg, SG/SG-3Arg or SG-3Arg. Thanks to ESI-MS and NMR experiments, we thus could propose a
reasonable organisation of the ligands on the Au-core surface (Scheme 2).

3.3. Ligand charge and organisation affect NCs’ photoluminescence

All Au NCs displayed PL in the orange-red wavelength range with a maximum between 662 and 693 nm
and a large Stokes shift (> 300 nm). Thiolate-to-gold ratio and electrophoresis mobility properties
showed similar patterns to the ones obtained with Au,,SGy5[23,30,32] despite the presence of more
than one species for each Au NC.

We observed a significant enhancement of the intensity and a red-shift of the PL emission at pH 7.0
with the amount of arginine on Au NCs with QYs increasing from 3.8 % for AuSG to 10.2 % for AuSG-
2Arg (Figure 2B and Table 2). Based on the relatively good colloidal stability of the AuSG-XArg over a
month of storage in PBS at pH 7 (Figure S5, S6), we could exclude that this enhancement of PL
originated from Au NC aggregation. A PL enhancement related to the metal core size, so-called
guantum confinement phenomenon (Au-Au transitions), is also unlikely to happen in our case due to
the obtention of similar Au NCs core size determined by HRTEM.[16] The HD of the Au NCs increased
with the number of arginine per ligands before reaching a maximum with AuSG-2Arg (Table 3). Thus,
PL enhancement was most likely not induced by the formation of supramolecular assembly.[35]
Indeed, the SG-to-Au molar ratio (1.5:1) used to synthesize the Au NCs is too low to enable the
formation of a second ligand shell.

In our case, the densification of the ligand shell with an increasing amount of arginine might induce a
rigidification that could limit the intramolecular vibrations and rotations of the ligands and enhance
the steric hindrance for the foreign species (H,0 and O, molecules). By this way, the stability of the Au
NCs should increase and the probability of nonradiative relaxation should decrease, which would result
in PL enhancement. This hypothesis is confirmed by the fact that AuSG-XArg NCs were more stable
than AuSG, after one month of storage in PBS buffer at pH increasing from 3 to 10 (Figure S5, S6). This
result was in agreement with a study from X. Yuan et al.[36] which showed that using a mix of ligands
with similar length but opposite charge could efficiently improve the stability of Au NCs. The storage
time in aqueous condition of Au,sMPA1;Cyst; NCs (~120h) was 40 times longer than that of Au,sMPA g
(~3h). Indeed, the use of protecting ligands with a mix of charges amplifies the rigidification of the
ligand shell by eventually inducing coordination among the surface ligands via inter-ligand electrostatic
interaction (i.e., —COO—""—NH;* bond). Similar effects were observed for the Au NCs stabilized by SG-
XArg ligands. The NMR results clearly identified the presence of inter- and/or intra-ligands spatial
proximity and the broad molecular weight distribution in ESI-MS spectra suggested the addition of few
ligands that bond electrostatically on the surface of the Au NCs (Scheme 2). Therefore, the main
explanation for the PL and stability enhancement of the Au NCs is the formation of a compact SG-XArg
shell that decreases the probability of nonradiative relaxation and protects the Au core from solvent
molecules.

In addition, several studies [18,19,37] have reported that the nature of the ligands strongly influences
the PL of the Au NCs by charge transfer from the ligand to the metallic core via the Au-S bonds, so
called ligand-to-metal-charge transfer (LMCT). Another transfer, the LMMCT go further by implied
aurophilic interactions (Au(l)---Au(l)) when the distance between gold atoms are less than 3.6A°.[38]
The effects of the electron donation capability of electron rich atoms (N, O) in the ligand were also
studied. For a given core size of Ausg(SPhX),, initially stabilized by (HSPhC,), a 5-fold emission
enhancement was observed when some ligands were replaced by HSPhNO, rather than HSPhOCH;.[19]
Shortening the distance between the electron rich group and the gold core seemed also important to
improve the PL. Indeed, the PL of Au4[S(CH,)sCHsls3 was greatly improved after ligand exchange of
just 3 MPA (3-mercaptopropionic acid, HS(CH,),CO,H but no effect was observed for 7 MUA
(mercaptoundecanoic acid, HS(CH,),,CO,H). We also observed a PL enhancement with increasing
amounts of arginine, which contains electron rich atoms (O, N). Based on the previous examples, the

16

ACS Paragon Plus Environment

Page 16 of 31



Page 17 of 31

oNOYTULT D WN =

The Journal of Physical Chemistry

electron delocalisation of rich atoms, thanks to LMCT and LMMCT, might also be responsible of this PL
increase at a lower degree, due to the presence of the first rigid layer.

In the case of PL decrease for AuSG-3Arg NCs, it could be related to the quenching effect due to the
presence of Au NPs observed by TEM and PAGE.

CONCLUSION

In this study, we prepared a library of charged Au NCs and investigated the influence of the ligand shell
charge and organisation to the growth, colloidal stability, and PL properties of Au NCs. Using co-ligands
glutathione and glutathione modified arginine peptides at different ratios we were able to generate,
in one step, a series of Au NCs with controllable number of reactive groups (carboxylic or amine)
leading to overall negative, neutral or positive charge at physiological pH. We observed an
improvement of the colloidal stability over time of the Au NCs by selecting ligands with opposite
charges. Mass spectrometry measurements revealed a transition between the formation of atomically
precise NCs to broad molecular weight distribution NCs with the increasing numbers of arginine on the
ligand used to stabilize the Au-core. An enhancement of the PL intensity and bathochromic shift of the
maximum emission peak was correlated to the formation of a compact ligand shell via inter and/or
intra ligand spatial proximity, as demonstrated by NOESY experiments. This compact shell limited the
intramolecular vibrations and rotations of the ligands and protected the Au NC from the environment,
which decreased the probability of nonradiative relaxation and could be the main explanation for the
stability and PL enhancement of the Au NCs. The electron delocalisation from the ligand to the gold
core (LMCT and LMMCT) could also contribute to the improvement of PL, at a lower degree. This work
highlights the importance of precisely controlling the particle surface to synthesize Au NCs for
dedicated applications. Due to their fluorescence in the NIR region (~ 670 nm), QY (up to 10%),
relatively long excitation lifetimes (> 400 ns), good stability in PBS at pH 7.0, and various charges these
Au NCs appear as promising tool for (bio)imaging or sensing.
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