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ARTICLE INFO ABSTRACT

N-Heterocyclic carbene-stabilized metal nanoparticles have drawn much attention over the last decade due their
strong carbon metal bond. Although several reports show increased stability of such N-heterocyclic carbene-
stabilized metal nanoparticles, only limited examples of water-soluble N-heterocyclic carbene stabilized metal
nanoparticles are known to date. However, water dispersibility and stability in biologically relevant solvents
would be a prerequisite for any biological applications. Drawing from the natural amino acid chiral pool, L-
histidine was utilized for preparing chiral NHC ligands in the synthesis of water soluble NHC-stabilized gold
nanoparticles. For this purpose, N-acetyl-L-histidine ethyl ester was converted into its imidazolium salt either
using methyl iodide or 2-iodopropane as alkylation agent. Subsequent reaction of the imidazolium salt with [Au
(SMe,)Cl] yielded the corresponding organometallic gold chloride complex. Histidine-2-ylidene stabilized gold
nanoparticles were first generated in organic solvents; the histidine derived capping ligand bore ethyl ester
moieties which were saponified, affording water soluble pH-responsive NHC-stabilized gold nanoparticles. These
gold nanoparticles show remarkable stability in aqueous solutions, with gold nanoparticle solutions remaining
stable after months of storage.
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1. Introduction

The interest in nanoparticles (NPs) has increased substantially, due
to their potential applications in material science, medicine and cata-
lysis [1-5]. Amongst the wide array of nanoparticles, gold nano-
particles (AuNPs), in particular, are promising candidates for various
biomedical applications such as imaging, sensing, drug delivery, and
photothermal therapy [6-11], thanks to their unique optical properties,
high surface area and biocompatibility. Such applications expose the
AuNPs to variable environmental conditions such as, temperature,
redox potential, pH, and chemical diversity. Stabilizing ligands are
therefore required to provide solubility and long-term stability to the
AuNPs in such conditions, which are essential for safety and reliability
[12,13]. Although thiols have been traditionally used for the stabili-
zation of AuNPs, the S—Au bond is not completely inert, limiting long
term stability of such AuNPs [14-16]. As such, expanding the toolbox of
functional surface anchors will provide unique opportunities for the
construction of novel AuNP interfaces with greater stability.

Recent interest has focused on the use of N-heterocyclic carbenes
(NHCs) as alternatives to thiols for the functionalization of AuNPs
[17-22]. The charge neutral, electron rich NHCs form a coordination
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bond with the metallic surface, the strength of which is crucial to NP
stability, allowing NPs to retain their surface ligands, maintain their
sizes and their corresponding size-dependent properties. Despite the
rich potential of AuNPs for biological applications, the use of NHC-
stabilized AuNPs for biological systems has hardly been explored. For
use in biological systems, NPs must possess solubility in aqueous media
and stability under biological conditions. However, to date, there are
only limited examples of water-dispersible NHC-stabilized metal NPs
[19,23-26]. For example, Ravoo and Glorius reported the preparation
of water soluble NHC-stabilized metal NPs for catalytic reactions, in-
cluding water soluble Pd and Au NPs stabilized by bidentate hybrid
NHC thioether ligands [19,26]. These NPs showed good pH stability in
aqueous solutions, although no stability tests were undertaken in bio-
logical media. Johnson et al reported on AuNPs stabilized with a
polyethylene glycol (PEG)-modified NHC ligand [23]. The PEGylated
NPs were found to have high stability across a range of pH values and
good stability under biologically relevant electrolyte concentrations.
Crudden et al. recently reported NHC-stabilized AuNPs which exploit a
simple carboxylic acid moiety to enable water solubility [24]. The re-
sulting AuNPs were stable in various biological media and in a wide
range of pH solutions but did not demonstrate any pH responsivity.
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Further, the smaller AuNPs were reported to have limited stability in
aqueous solutions.

AuNPs with pH response are of particular interest when considering
the use of AuNPs for imaging purposes. Kim et al. have reported the use
of thiol functionalized, pH responsive ‘smart’ AuNPs as image contrast
agents for signal amplification in photoacoustic imaging of cancer cells
[27]. The reported ‘smart’ AuNPs can respond to mild acidic environ-
ments, such as in cancer cell environments, and rapidly aggregate due
to ligand hydrolysis. However, this aggregation is irreversible. In ad-
dition, Wong et al. reported thiol derived AuNPs that exhibit a pH re-
sponse when exposed to the acidic conditions of tumor environments,
enhancing their capabilities as photoacoustic contrast agents [28].
These recent reports demonstrate the potential and possible applica-
tions for pH responsive AuNPs.

In light of the above considerations, we set out to prepare water
soluble and reversibly pH responsive AuNPs with enhanced stability by
utilizing an NHC-based, amino acid derived ligand bearing a free car-
boxylic acid moiety. By exploiting an amino acid as a stabilizing ligand,
the resulting AuNPs are expected to display increased biocompatibility.
We report here on histidin-2-ylidene stabilized gold nanoparticles
which display excellent stability under various aqueous conditions. Due
to the potential importance and increased stability of NHC-stabilized
NPs for biomedical applications, the need to access water-soluble and
biocompatible structures cannot be overstated.

2. Materials and methods
2.1. Chemicals

All experiments were performed in air except for the synthesis of
[2a and 2b] which were performed under a nitrogen atmosphere using
Schlenk techniques. N-Acetyl-L-histidine monohydrate was purchased
from Tokyo Chemical Industry, sodium borohydride was purchased
from Lancaster chemicals, potassium carbonate, iodopropane and me-
thyl iodide were purchased from Fluorochem, trimethylsilyl chloride
(TMSCD), chloroauric acid and borane tert-butylamine complex were
purchased from Alfa Aesar, acetonitrile (MeCN), dichloromethane
(DCM), tetrahydrofuran (THF), pentane and diethyl ether were pur-
chased from VWR chemicals. All purchased chemicals were used as
received. Chloro(dimethyl sulfide) gold was synthesized according to
literature procedure [29].

'H and 'C NMR spectra were recorded on a JEOL ECZ 400S spec-
trometer, with trimethylsilane (TMS) 8H = 0 or residual protic solvent
peak [CDCl3, § H = 7.26; D;0O, § H = 4.80] as the internal standard.
Chemical shifts are given in ppm (§) and coupling constants (J) are
given in Hertz (Hz). Jeol Delta v5.0.4. was used to analyse the NMR
spectra. Zeta potential measurements were carried out using a Malvern
Zetasizer nano ZS-series. Ultraviolet visible (UV-Vis) spectroscopy was
carried out using a PerkinElmer spectrophotometer Lambda 25 and a
Jenway 7315 spectrophotometer.

High resolution MS (HRMS) was measured at the Mass Spectrometry
Centre, Faculty of Chemistry, University of Vienna utilizing a Bruker
maXis UHR-TOF.

Transmission electron microscope (TEM) solid samples were dis-
persed in 100% ethanol unless otherwise stated. 5pL drops of all
samples were put onto carbon-coated copper grids and allowed to air
dry. Images were obtained using Gatan Digital Micrograph software
with an UltraScan 4000 digital camera attached to a Jeol 2010 TEM
running at 200 kV.

The average diameter (D) and the size distribution of the nano-
particles were determined by using ImageJ software and by measuring
100 randomly selected nanoparticles in arbitrarily chosen areas of the
TEM micrographs. The size distribution is reported as the standard
deviation (o) which is calculated according to the following formula:
o ={D; - D)/ (- D}~

Thermogravimetric analysis (TGA) was performed using a Perkin
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Elmer TGA 4000 instrument in the temperature range of 30-700 °C

under nitrogen atmosphere, at a heating rate of 10 °Cmin~*.

2.2. Synthesis of ligands and nanoparticles

2.2.1. Synthesis of N-acetyl-O-ethyl-L-histidine

Ac-His-OH (350 mg, 1.78 mmol, 1 eq.) was charged with N, and
suspended in dry EtOH (~10 mL). To this stirring suspension was added
freshly distilled TMSCI (1.1 mL, 8.90 mmol, 5 eq.) dropwise. The sus-
pension quickly turns into a solution and is stirred for a further 16 h at
room temperature. The solvent was removed under reduced pressure
and the resultant residue was dissolved in EtOH and triturated with
Et,O and hexane leading to an off-white solid. Yield 348 mg (87%),
C10H15N305HCl (261.1) Caled.: C 45.90, H 6.16, N 16.06%. Found: C
45.63, H 6.27, N 15.96%. 'H NMR (400 MHz, DMSO-dg) § = 9.00 (s,
1H, NC.HN), 8.50 (d, J = 8.0 Hz, 1H, NHCO), 7.39 (s, 1H, C,H=C,),
4.49 (m, 1H, C,HCOO), 4.04 (m, 2H, OCH,CHj3), 3.07 (dd, J = 14.8,
5.2Hz, 1H, CgH,H), 2.98 (dd, J = 15.2, 9.2Hz, CgH,H), 1.78 (s, 3H,
CH5CO), 1.09 (t, J = 7.6 Hz, 3H, CH5CH,0) ppm. '*C NMR (125 MHz,
DMSO-dg) 6 = 171.2 (COO), 170.1 (CONH), 134.2 (NC.HN), 129.6
(C, = CH), 117.5 (C,H=C,), 61.3 (CH,CH3), 52.0 (C,HCOO), 26.5
(CgHy), 22.8 (CH3CO), 14.5 (CH3H,) ppm.

2.2.2. Synthesis of 1,3-dimethyl-N-acetyl-O-ethyl-L-histidinium iodide, 1a

Ac-His-OEt (300 mg, 1.3 mmol, 1 eq.), Mel (0.8 mL, 13.0 mmol, 10
eq.) and K,CO3 (718 mg, 5.2mmol, 4 eq.) were suspended in MeCN
(~20mL). The reaction was refluxed for 14h at 80 °C. The reaction
mixture was cooled to room temperature and the solvent removed
under reduced pressure. The resultant solid was dissolved in DCM and
filtered. The filtrate was concentrated under reduced pressure and Et;0
was added to afford the product as a very hygroscopic off-white solid.
Yield 425 mg (86%), C1,H2oN3031'1H,0 (381.1) Caled: C 36.10, H 5.55,
N 10.53%. Found: C 36.38, H 5.59, N 10.30%. 'H NMR (400 MHz,
CDCl3) § = 9.44 (s, 1H, NC.HN), 7.56 (d, J = 7.6 Hz, 1H, NHCO), 7.24
(s, 1H, C,H=C,), 4.77 (m, 1H, C,HCOO), 4.20 (m, 2H, OCH,CHj3), 3.96
(NCH3), 3.92 (NCHj3), 3.36 (dd, J = 16.0, 8.0 Hz, 1H, CgH,H), 3.20 (dd,
J = 16.0, 4.0 Hz, CgH,H), 2.06 (s, 3H, CH3CO), 1.27 (t, J = 7.6 Hz, 3H,
CH3CH,0) ppm. °C NMR (125 MHz, CDCl;) § = 171.2 (COO), 170.2
(CONH), 136.8 (NC.HN), 132.1 (C, = C,H), 122.0 (C,H=C,), 62.4
(CH2CH3), 50.7 (C,HCOO), 36.9 (NCH3), 34.5 (NCH3), 25.6 (CpHy),
23.4 (CH5CO), 14.3 (CHsH,) ppm.

ESI-MS (m/Z): Calced. for C12H20N3031[C12H20N303+]: 254.1504,
Found: 254.1497.

2.2.3. Synthesis of
ylidene gold(I), 2a

Compound la (400mg, 1.04mmol, 1 eq.) and Ag,O (120 mg,
0.52 mmol, 0.5 eq.) were suspended in dry DCM (~5 mL) and stirred at
room temperature for 1h. To this reaction mixture [Au(SMe,)Cl]
(308 mg, 1.04 mmol, 1 eq.) was added. The reaction mixture was stirred
for 1h at room temperature. The resulting suspension was filtered
through Celite and washed through with DCM. The filtrate was con-
centrated under reduced pressure, Et,O and hexane were added to yield
the product as an off-white solid. Yield 380 mg (75%), C;,H;9N303AuCl
(485.7) Caled: C 29.67, H 3.94, N 8.65%. Found: C 29.45, H 3.83, N
8.63%. 'H NMR (400 MHz, CDCls) § = 6.71(s, 1H, C,H=C,), 6.17 (d,
J=7.6Hz, 1H, NHCO), 4.80 (m, 1H, C,HCOO), 4.18 (m, 2H,
OCH,CH3), 3.75 (NCHs5), 3.74 (NCH3), 3.15 (dd, J = 13.6, 5.6 Hz, 1H,
CgH.H), 3.02 (dd, J = 16.8, 7.2 Hz, CgH,H), 2.03 (s, 3H, CH5CO), 1.27
(t, J=7.2Hz, 3H, CH5CH,0) ppm. '*C NMR (125MHz, CDCls)
8§ = 172.2 (NC.HN), 170.7 (COO0), 170.2 (CONH), 129.3 (C, = C,H),
119.7 (C,H=C,), 62.6 (CH,CHjy), 51.2 (C,HCOO), 38.4 (NCH3), 35.7
(NCH3), 27.5 (CgHy), 23.3 (CH3CO), 14.2 (CH3H,) ppm.

ESI-MS (m/z): Caled. for Cj5HN303AuCl [bis complex -
Cy4H3sNgOgAu ™ ]: 703.2519, Found: 703.2511.

chloride-1,3-dimethyl-N-acetyl-O-ethyl-L-histidin-2-
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2.2.4. Synthesis of 1,3-isopropyl-N-acetyl-O-ethyl-L-histidinium iodide, 1b

Ac-His-OEt (600 mg, 2.6 mmol, 1 eq.), 2-iodopropane (5.2mL,
52.0 mmol, 10 eq.) and K,CO5 (1.3 g, 10.6 mmol, 4 eq.) were suspended
in MeCN (~40mL). The reaction was refluxed for 72h at 80 °C. The
reaction mixture was cooled to room temperature and the solvent re-
moved under reduced pressure. The resultant solid was dissolved in
DCM and filtered. The filtrate was concentrated under reduced pressure
and Et,O was added to afford the product as a very hygroscopic off-
white solid. Yield 732 mg (64%), C16H2gN3031 (437.3) Calced: C 43.94,
H 6.45, N 9.61%. Found: C 44.43, H 6.74, N 9.70%. '"H NMR (400 MHz,
CDCl3) § = 9.60 (s, 1H, NC.HN), 7.73 (d, J = 8.0 Hz, 1H, NHCO), 7.25
(s, 1H, C,H=C,), 4.88 (m, 1H, NCH(CH3),), 4.75 (m, 1H, C,HCOO),
4.59 (m, 1H, NCH(CHs),), 4.20 (m, 2H, OCH>CH3), 3.43 (dd, J = 14.8,
5.2Hz, 1H, CgH,H), 3.22 (dd, J = 16.0, 4.0 Hz, CgH,H), 2.04 (s, 3H,
CH3CO), 1.66 (m, 6H, NCH(CHs),), 1.58 (d, J = 6.8Hz, 6H, NCH
(CH3)»), 1.26 (t, J = 6.8 Hz, 3H, CH;CH,0) ppm. '*C NMR (125 MHz,
CDCl3) 6 =171.1 (COO), 170.2 (CONH), 132.9 (NC.HN), 131.2
(C, = C;H), 118.6 (C,H=C,), 62.3 (CH,CHj3), 53.5 (NCH(CHj3),), 51.0
(NCH(CH3)s), 50.8 (C,HCOO), 26.0 (CgHy), 23.8 (CH3CO), 23.2 (4C,
NCH(CHs),), 14.3 (CH5H,) ppm.

ESI-MS (m/z): Calcd. for C16H28N3031[C16H28N303+]Z 310.2131,
Found: 310.2138.

2.2.5. Synthesis of
ylidene gold(I), 2b

Compound 1b (280mg, 0.64mmol, 1 eq.) and Ag,O (74mg,
0.32 mmol, 0.5 eq.) were suspended in dry DCM (~5 mL) and stirred at
room temperature for 1h. To this reaction mixture was added [Au
(SMe,)Cl] (190 mg, 0.64 mmol, 1 eq.). The reaction mixture was stirred
for 16 h at room temperature. The resulting suspension was filtered
through Celite and washed through with DCM. The filtrate was con-
centrated under reduced pressure, Et,O and hexane were added to yield
the product as an orange solid. Yield 380mg (75%),
C16H27N303AUCl-1/4DCM (381.1) Caled.: C 34.66, H 4.92, N 7.46%.
Found: C 34.37, H 4.76, N 7.74%. 'H NMR (400 MHz, CDCl;) § = 6.79
(s, 1H, C,H=C,), 6.23 (d, J = 7.6 Hz, 1H, NHCO), 5.05 (m, 1H, NCH
(CHs),), 4.76 (m, 1H, C,HCOO), 4.62 (m, 1H, NCH(CHs),), 4.12 (m,
2H, OCH,CHjy), 3.11 (dd, J = 15.6, 6.4Hz, 1H, CgH,H), 3.04 (dd,
J =16.0, 6.8Hz, CgHyH), 2.02 (s, 3H, CH3CO), 1.73 (m, 6H, NCH
(CHs),), 1.40 (m, 6H, NCH(CHs),), 1.22 (t, J = 7.2 Hz, 3H, CH3CH,0)
ppm. 13C NMR (125 MHz, CDCl3) 6 = 170.9 (NC.HN), 170.2 (CO0),
167.9 (CONH), 128.8 (C, = C,H), 114.2 (C,H=C,), 62.3 (CH,CHjs),
54.6 (NCH(CHj),), 51.4 (NCH(CHs),), 50.9 (C,HCOO), 28.2 (CgHy),
24.0 (CH3CO), 23.4 (4C, NCH(CH3)5), 14.2 (CH3H,) ppm.

ESI-MS (m/z): Calcd. for C;¢Hy7N303AuCl[C6Ho7N303AUCl, ™ ]t
576.1095, Found: 576.1103.

chlorido1,3-isopropyl-N-acetyl-O-ethyl-L-histidin-2-

2.2.6. Synthesis of 3-NP(a) by reduction of 2a with ‘BuNHyBH
Compound 2(a) (10mg, 0.02mmol, 1 eq.) was dissolved in THF
(1 mL) and stirred at high speed at room temperature. A separate so-
lution of ‘BuNH,-BH; (6 mg, 0.07 mmol, 3.6 eq.) was dissolved in THF
(0.5 mL) and shaken till fully dissolved. The borane solution was added
to the stirring gold solution. The reaction was left to stir at room
temperature for 16 h. The solution turned a brown color and a drop of
water was added to quench the reaction. The solvent was removed
under reduced pressure yielding a black solid. The solid was re-dis-
persed in DCM and filtered. The filtrate had all solvent removed and
dried under vacuum to yield product as a black powder. The remaining
black solid was re-dispersed in THF and an aliquot taken drop-casted on
a TEM grid to reveal the presence of nanoparticles 2.3 = 0.4 (22.1%)
nm. UV/Vis (DCM): Apax = no plasmon band observed, 'H NMR
(400 MHz, CDCl3) 8 = 8.06 (d, J = 7.6 Hz, 1H, NHCO), 7.23(s, 1H,
C,H=C,), 474 (m, 1H, C,HCOO), 4.21 (m, 2H, OCH,CHs), 3.83
(NCH3), 3.80 (NCHs), 3.30 (dd, J = 16.0, 8.8 Hz, 1H, CgH,H), 3.16 (dd,
J = 16.0, 4.8 Hz, CgH,H), 2.06 (s, 3H, GH5CO), 1.46 (s, 3H, CH5CH,0)
ppm. °C NMR (125MHz, CDCl;) § = 184.4 (NC,N), 171.3 (COO0),
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171.0 (CONH), 131.1 (C, = C;H), 121.4 (C,H=C,), 62.1 (CH,;CHy),
52.8 (C,HCO0O), 38.1 (NCH3), 35.5 (NCH3), 26.6 (CgHy), 23.1 (CH5CO),
14.2 (CH3H,) ppm.

2.2.7. Synthesis of 4-NP(a) by hydrolyzing 3-NP(a)

3-NP(a) (20 mg) was suspended in EtOH (5 mL) and stirred at room
temperature. NaOH (5 mg) was dissolved in water (5 mL) and added the
nanoparticle suspension. The reaction mixture was then heated to 90 °C
and stirred for 1 h. EtOH was removed under cool nitrogen flow as the
reaction mixture cools down. Any precipitates are removed via filtering
through cotton wool. The resulting filtrate was purified through dialysis
(MWCO - 12,000-14,000 g mol ~*, wall thickness 20 um) against MilliQ
water, where the water was changed every 6 h over a 48-hour period.
The solvent was removed under reduced pressure yielding a black solid
and which could be re-dispersed again in dilute NaOH solutions. The
remaining black solid was re-dispersed in H,O and an aliquot taken
drop-casted on a TEM grid to reveal the presence of nanoparticles
42 + 1.2 (29.2%) nm. UV/Vis (DCM): Amax = 515nm, 'H NMR
(400 MHz, D,0) 6 = 6.84 (s, 1H, C,H=C,), 4.30 (m, 1H, C,HCOO),
3.65 (NCH3), 3.64 (NCH3), 3.00 (dd, J = 15.6, 5.2 Hz, 1H, CgH,H), 2.81
(dd, J = 15.6, 6.8 Hz, CpHyH), 1.86 (s, 3H, CH5CO) ppm. '*C NMR
(125MHz, CDCl3) § = 184.5 (NC,N), 176.9 (COO), 173.4 (CONH),
130.6 (C, = C,H), 120.9 (C,H=C,), 53.6 (C,HCOO), 37.2 (NCH3), 34.7
(NCHs), 26.8 (CgHy), 21.9 (CH3CO) ppm.

2.2.8. Synthesis of 3-NP(b) by reduction of 2b with ‘BuNH,BH3
Compound 2b (50mg, 0.10 mmol, 1 eq.) was dissolved in THF
(10 mL) and stirred at high speed at room temperature. A separate so-
lution of 'BuNH,.BH; (30 mg, 0.36 mmol, 3.6 eq.) was dissolved in THF
(2 mL) and shaken till fully dissolved. The borane solution was added to
the stirring gold solution. The reaction was left to stir at room tem-
perature for 16 h. The solution turned a brown color and a drop of
water was added to quench the reaction. The solvent was removed
under reduced pressure yielding a black solid. The solid was re-dis-
persed in DCM and filtered. The filtrate had all solvent removed and
dried under vacuum to yield product as a black powder. The remaining
black solid was re-dispersed in DCM and an aliquot taken drop-casted
on a TEM grid to reveal the presence of nanoparticles 2.9 = 0.5
(17.2%) nm. UV/Vis (DCM): Apax = no plasmon band observed, H
NMR (400 MHz, CDCl3) § = 8.23 (d, J = 8.0Hz, 1H, NHCO), 7.42 (s,
1H, C,H=C,), 4.89 (m, 1H, NCH(CH3),), 4.70 (m, 1H, C,HCOO), 4.60
(m, 1H, NCH(CHs)5), 4.20 (m, 1H, OCH»CH3), 3.32 (dd, J = 16.0,
6.4 Hz, 1H, CgH,H), 3.20 (dd, J = 15.6, 4.8 Hz, CgH,H), 2.05 (s, 3H,
CH3CO), 1.75 (m, 6H, NCH(CH3)5), 1.49 (m, 6H, NCH(CH3)5), 1.46 (m,
3H, CH;CH,0) ppm. °C NMR (125MHz, CDCl3) § = 179.8 (NC.HN),
171.3 (CO0), 171.1 (CONH), 130.4 (C, = C,H), 116.2 (C,H=C,), 61.9
(CH,CH3), 54.8 (NCH(CH3)5), 51.3 (NCH(CH;)2), 49.9 (C,HCOO), 27.9
(CgHy), 24.6 (CH3CO), 23.4 (4C, NCH(CHs)5), 14.2 (CH3H,) ppm.

2.2.9. Synthesis of 4-NP(b) by hydrolyzing 3-NP(b)

3-NP(b) (20 mg) was suspended in EtOH (5 mL) and stirred at room
temperature. 0.1 M NaOH aqueous solution (5mL) and added the na-
noparticle suspension. The reaction mixture was then heated to 90 °C
and stirred for 1 h. EtOH was removed under cool nitrogen flow as the
reaction mixture cools down. Any precipitates are removed via filtering
through cotton wool. The resulting filtrate was purified through dialysis
(MWCO -12,000-14,000 g mol~ !, wall thickness 20 pm) against MilliQ
water, where the water was changed every 6 h over a 48-h period. The
solvent was removed under reduced pressure yielding a black solid and
could be re-dispersed again in dilute NaOH solutions. The remaining
black solid was re-dispersed in H,O and an aliquot taken drop-casted on
a TEM grid to reveal the presence of nanoparticles 4.5 = 0.7 (15.6%)
nm. UV/Vis (DCM): Amax = 531 nm, 'H NMR (400 MHz, D,0) § = 6.98
(s, 1H, C,H=C,), 4.85 (m, 1H, NCH(CHj3),), 4.48 (m, 1H, C,HCOO),
4.26 (m, 1H, NCH(CHs),, 3.10 (dd, J = 15.6, 4.0 Hz, 1H, CgH,H), 2.76
(dd, J = 15.6, 5.6 Hz, CgHpH), 1.78 (s, 3H, CH5C0), 1.62 (d, J = 6.4 Hz,
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3H, NCH(CH3)5), 1.55 (d, J = 6.8Hz, 3H, NCH(CH3),), 1.30 (d,
J=6.8Hz, 6H, NCH(CHs);) ppm. °C NMR (125MHz, CDCl;)
8 =179.6 (NC.HN), 176.8 (CO0), 173.1 (CONH), 130.5 (C, = C,H),
115.4 (C,H=C)), 54.5 (NCH(CH3),), 53.7 (NCH(CHj),), 49.4
(CLHCOO), 27.4 (CpHy), 24.1 (CH5CO), 23.8 (NCH(CH3),), 22.7 (NCH
(CHs3),), 22.3 (NCH(CH5),), 21.9 (NCH(CH3),) ppm.

2.3. Stability of 4-NP(a/b) in various aqueous solutions

2.3.1. pH stability

A solution of 4-NP(a/b) in MilliQ water was concentrated under
reduced pressure and 50 puL was added to 1 mL of pH solutions ranging
from pH = 1-13. pH solutions were prepared from 0.1 M HCl,q, and
0.1 M NaOH,, solutions, unless otherwise stated.

2.3.2. NMR studies of AuNPs

Glutathione (50 pL of 18 mM solution in D,0) was added to make a
total concentration of 2mM and 'H NMR spectra were recorded im-
mediately after the addition, and then after 2 and 24 h.

3. Results and discussion
3.1. Synthesis and characterization

Histidine was selected as the NHC precursor due to the ease of
converting the imidazole side chain into an imidazolium derivative
[30]. Firstly the NHC-Au(I) complexes (2a and 2b) were prepared from
the respective imidazolium compounds (Scheme 1). As starting com-
pound an N- and C-terminal protected histidine analog was used,
namely Ac-L-His-OEt. Subsequent reactions of Ac-L-His-OEt with either
methyl iodide or 2-propyl iodide yielded the desired imidazolium
compounds 1a and 1b respectively. Reaction of 1a and 1b with Ag,0
and [Au(SMe,)Cl] gives the Au(I) complexes 2a and 2b (Scheme 1).

Reduction of 2a and 2b with ‘BuNH,BHj led to the formation of a
dark brown solution following quenching with water. The reaction was
worked up and both 3-NP(a) and 3-NP(b) were isolated as black solids.
No plasmon band was observed by UV-Vis spectroscopy for both
samples, indicating the presence of small AuNPs. This was supported by
TEM analysis of 3-NP(a) revealing AuNPs with a size of 2.3 * 0.4
(22.1%) nm (Fig. 1.b). TEM analysis of 3-NP(b) revealed AuNPs with
size of 2.9 = 0.5 (17.2%) nm (Fig. 1.e). NMR spectroscopy was utilized
to further demonstrate the formation of NHC stabilized AuNPs; 'H and
13C NMR spectroscopy supported the binding of the histidine NHC li-
gand on the AuNP surface, whereby the '3C NMR spectrum showed that
the carbene NHC peak had shifted from 172.2 ppm in the molecular
species (2a) to 184.4 ppm in 3-NP(a). The down field shift of the co-
ordinating carbon clearly demonstrates a change in the chemical en-
vironment suggesting the successful formation of AuNPs. A similar
finding was observed for 3-NP(b) where the carbene NHC peak had
shifted from 170.9 ppm in the molecular species (2b) to 179.8 ppm in 3-
NP(b).

To yield water dispersible NHC-AuNPs, compound 3-NP(a) and 3-
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NP(b) were saponified in a mixture of ethanol and 0.1 M NaOH,4 so-
lution and heated at 90 °C for 1 h. Upon completion the reaction mix-
ture was purified through dialysis over a period of 24 h, giving rise to
compounds 4-NP(a) and 4-NP(b). UV-Vis analysis confirmed the pre-
sence of AuNPs exhibiting a surface plasmon band at 515nm and
531 nm for 4-NP(a) and 4-NP(b) respectively (Fig. 1.a and d respec-
tively), when dispersed in purified water. TEM analysis confirmed the
presence of AuNPs with a size range of 4.2 + 1.2 (29.2%) nm and
4.5 = 0.7 (15.6%) nm for 4-NP(a) and 4-NP(b) respectively (Fig. 1.c
and f respectively), demonstrating an increase in size of the AuNPs from
3-NP(a) and 3-NP(b). Ripening of AuNPs upon heating is well docu-
mented for both thiol and NHC-stabilized systems [31-33]. Further,
NMR analysis revealed, that the NHC ligand remained present at the
gold surface as the carbene carbon signal was detected at 184.5 and
179.8 ppm (4-NP(a) and 4-NP(b)) respectively. Additionally, the suc-
cessful saponification was confirmed by *H and '*C NMR spectroscopy
through the absence of the ethyl ester peaks.

3.2. Thermogravimetric analysis

The extent of surface functionalization was estimated by thermo-
gravimetric analysis (TGA). The organic content for 3-NP(a) was found
to be 55.9% and it decreased to 39.7% for 4-NP(a) (Fig. 2.a). This
observation is expected as the size of the AuNPs have increased be-
tween the two samples which suggests a greater gold to ligand ratio in
4-NP(a). The organic content for 3-NP(b) was found to be 53.8% and it
decreased to 46.3% for 4-NP(b) (Fig. 2.b). The NHC:Au ratio calculated
for 4-NP(a) and 4-NP(b) was found to be 0.57 and 0.60, respectively.
Both samples appeared to be dispersible in aqueous solution suggesting
the additional hydrophobic properties of the isopropyl groups of 4-NP
(b) have little effect in terms of solubility, however a significant dif-
ference in long term stability is observed with 4-NP(b) showing greater
susceptibility to degradation in solution. We postulate that this is due to
the increased steric bulk of the isopropyl group as a similar observation
was reported by Glorius and Ravoo where sterically demanding NHC-
stabilized NPs showed higher susceptibility to degradation over NPs
bearing less sterically demanding NHCs [34].

3.3. pH responsivity

Compounds 4-NP(a) and 4-NP(b) bear carboxylic acid groups, the
dissociation of which afford electrostatic stabilization and water dis-
persibility to the NPs. Therefore, by decreasing the proportion of dis-
sociated acid groups, pH dependent NP aggregation might be observed.
To study the role of electrostatic stabilization, zeta potential measure-
ments were taken for aqueous solutions of 4-NP(a) and 4-NP(b). 4-NP
(a) and 4-NP(b) were found to have zeta potentials of —24.3mV
and — 47.3mV respectively in MilliQ water. This negative zeta poten-
tial is consistent with the presence of a deprotonated carboxylate
moiety of the NHC ligand on the surface of the AuNPs. The isoelectric
point was found to be pH 2.4 and pH 2.2 for 4-NP(a) and 4-NP(b) re-
spectively.

/CI /NP /NP
Au Au Au
R\N/< R\N R\N/<
AQQO DCM _—\\N‘ 'BuNH; BH, ’—\N— NaOH, - —\\N—
~ R o ~ R o - R
)J\ \/ i) AuDMSCI )J\ THF )J\ H,O:EtOH )J\ .
\/ N Ov N 0
H H
1(aorb) 2(aorb) 3-NP(a or b) 4-NP(a or b)

R= (a) Me, (b) iPr

Scheme 1. Synthetic route employed to synthesize 4-NP(a/b).
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Fig. 1. a) UV-Vis spectra of 3-NP(a) and 4-NP(a), TEM images of b) 3-NP(a), c) 4-NP(a) with their respective chemical structures adjacent, d) UV-Vis spectra of 3-
NP(b) and 4-NP(b), and TEM images of e) 3-NP(b) and f) 4-NP(b) with their respective chemical structures adjacent.

In order to study any pH dependent aggregation, UV-Vis spectro-
scopy of 4-NP(a) at varying pH values (pH = 1-13) was conducted. The
sample showed a minimal shift of the plasmon band between
pH ~ 3-13. However, a sharp shift of the surface plasmon band
(Fig. 3.e) from 515 nm to 538 nm was observed at pH = 2.4. This shift
can be attributed to the protonation of the carboxylic acid moiety and
loss of electrostatic stabilization, whereby aggregation of the AuNPs is
observed below pH = 2.4. This leads to a color change of the AuNP
solution from red to purple (Fig. 3.a). Further studies of this phenom-
enon demonstrated that 4-NP(a) could undergo reversible aggregation
with the addition of dilute hydrochloric acid to promote aggregation
and then the addition of dilute sodium hydroxide solution to disperse
the AuNPs again (Fig. 3.a).

In contrast, when 4-NP(b) was subjected to varying pH conditions,
extensive ripening in both acidic (pH = 1-4) and basic solutions
(pH = 9-13) is observed, leading to a shift of the plasmon band from
531 nm to 575 nm (Fig. 3.f) respectively. Indeed, 4-NP(b) appears to be
only stable in weakly acidic or basic solutions (pH = 5-8) (Fig. 3.f).
This observed pH dependent ripening cannot only be explained by the
different protonation states of the carboxylic acid moiety, as the
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carboxylic acid group is negatively charged above its pKa. We therefore
assume, that the increased steric bulk of the isopropyl substituents in-
creases the NP susceptibility to pH changes.

3.4. Stability testing

Having established a reliable synthetic route to water-soluble NHC
stabilized AuNPs, we then investigated their stability in aqueous solu-
tions under various environmental conditions. Stability was tested
using a range of aqueous pH solutions (1 —13), phosphate buffer solu-
tion (PBS, pH7.4), NaCl (150 mM), and glutathione (GSH, 2mM).
Furthermore, long term stability was examined in water. The stability
was monitored by UV-Vis spectroscopy as any changes in the plasmon
band of AuNPs (intensity as well as a shift the plasmon band) are in-
dicative of a change of the nature of the investigated AuNPs.

The long term stability of 4-NP(a) was found to be very good; an
aqueous solution of 4-NP(a) stored over 72 days in the laboratory at
room temperature showed only a small shift of the plasmon band,
suggesting a modest ripening of the particles. In contrast 4-NP(b)
showed a change in the plasmon band after only 7 days and after

b)
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Fig. 2. a) TGA of 3-NP(a) and 4-NP(a) and b) TGA of 3-NP(b) and 4-NP(a).



A.J. Young, et al.
HCI
NaOH
/ MilliQ Water
1.2 0.5M HCI 1
3 N_/\ 0.5M NaOH 1
~
%5 0.5M HCl 2
S 0.5M NaOH 2
206 -
5]
2.4 4
<
0.2 -1
0 T —rrrrrrrrr—
400 500 600 700
) Wavelength / nm
C
20 1
>
€
S~
©
s
C
2
9]
[oX
©
@
N
-50 4
pH
e)
©
E € 535 -
o C
€ -
5 < 530 -
S &
o
2 3 55
c ¢
E 2 520 -
O
a
515 4
510 +—r—T—T—T—"T"T—"T"T77
0 5 10

pH

Journal of Inorganic Biochemistry 199 (2019) 110707

b)
MmilliQ
0.5M Hcl

0.5M
NaOH

500 600 700

d) Wavelength / nm
10 ~

-10 A

-20 4

Zeta potential / mV

-60 -

pH

f)

580 A
570 A
560 A
550 A

540 A

Plasmon band maxima
wavelength / nm

530 A

520 +———7—"7T—"———

pH

Fig. 3. a) UV-Vis absorption spectra of 0.3 mg/mL of 4-NP(a) in aqueous solutions showing reversible aggregation and redispersibility of the AuNPs depending on
the pH, b) UV-Vis absorption spectra of 0.60 mg/mL of 4-NP(b) in aqueous solutions showing no reversible aggregation and redispersibility of the AuNPs depending
on the pH, c) zeta potential of 4-NP(a) in varying aqueous pH solutions, d) zeta potential of 4-NP(b) in varying aqueous pH solutions, e) UV-vis absorbance spectra of
4-NP(a) at varying pH and f) UV-Vis absorbance spectra of 4-NP(b) at varying pH.

14 days a substantial difference in the plasmon band can be seen, which
can be attributed to extensive ripening of the AuNPs.

Next we tested the stability of 4-NP(a/b) in the presence of elec-
trolytes [35,36]. An aqueous solution of 150 mM NaCl was chosen to
simulate physiologically relevant saline concentrations, and the AuNPs
were monitored by UV-Vis spectroscopy. 4-NP(b) was stable for 1 day
in the electrolyte solution, after which the surface plasmon band is
absent and the AuNPs have clearly degraded (Fig. 4.f). In contrast, 4-NP
(a) was found to be highly stable in the electrolyte solution, after
14 days a minor shift of the plasmon band is observed which suggests a
minor ripening of the AuNPs, but after 36 days the plasmon band shows

signs of AuNP degradation due to broadening and lowering of the
plasmon band (Fig. 4.e).

When 4-NP(a) was exposed to phosphate buffer solution (pH 7.4)
the AuNPs remain well-dispersed and a minor shift of the plasmon band
is observed (Fig. 4.e), indicating modest ripening. 4-NP(a) appears to
be stable for 14 days without degradation, but after 36 days the AuNPs
show signs of degradation. In comparison 4-NP(b) was found to un-
dergo immediate ripening of the AuNPs with broadening of the plasmon
band (Fig. 4.d) and after only 24 h the AuNPs had completely degraded
and sedimented out of the solution.

We further studied the stability of 4-NP(a) and 4-NP(b) in the
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Fig. 4. a) 0.45 mg/mL of 4-NP(a) in MilliQ water, b) 0.70 mg/mL of 4-NP(b) in MilliQ water, ¢) 0.10 mg/mL of 4-NP(a) in PBS (pH 7.4), d) 0.20 mg/mL of 4-NP(b)
in PBS (pH 7.4), e) 0.15 mg/mL of 4-NP(a) in 150 mM Nacl, f) 0.20 mg/mL of 4-NP(b) in 150 mM NacCl, g) 0.15 mg/mL of 4-NP(a) in 2 mM GSH at pH 8 and h)

0.55 mg/mL of 4-NP(b) in 2mM GSH at pH 8.
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presence of the biomolecule glutathione (GSH), because the thiol-
bearing GSH is well known to cause AuNP degradation [23,24]. GSH is
typically found in the body at concentrations ranging from 0.5 to
10.0mM [37,38]; as such a GSH concentration of 2 mM was utilized.
Initial stability studies of 4-NP(a) and 4-NP(b) in GSH demonstrated
that they were not stable (Figs. S19 and S20 respectively, ESI). How-
ever, GSH bears free carboxylic acid groups and the initial solution of
GSH was found to have a pH of 3. Therefore, to preclude the effect of
low pH on the nanoparticles, GSH stability studies were also studied
following a procedure reported by Crudden [24], in which the solution
pH was adjusted to pH 8. Under these conditions 4-NP(a) was found to
be stable for up to 48 h with only a minor shift of the plasmon band
being observed (Fig. 4.g). In contrast, for 4-NP(b) the intensity of the
plasmon band decreases after 24h indicating some degradation/ag-
gregation of the AuNPs although no shift in the plasmon band was
observed (Fig. 4.g).

We further studied the stability against GSH, of both 4-NP(a) and 4-
NP(b) through 'H NMR to demonstrate the structural stability of the
AuNPs (Figs. S21 and S22 respectively, ESI). All NMR spectra of both
AuNPs showed no change in the nature of the AuNPs with regards to the
NHC ligand. Throughout the NMR experiments the AuNPs were dis-
persed in solution. Suggesting the NHC ligands in both AuNP samples
do not get displaced by the thiol GSH ligand.

4. Conclusion

In conclusion, we describe a method drawing from a naturally oc-
curring molecule to generate NHC ligands for the stabilization of
AuNPs. L-Histidine was utilized as an NHC precursor yielding well-
defined organometallic NHC-Au(I) complexes. Two histidine derived
ligands were synthesized with either methyl or isopropyl substituents
on the imidazole ring nitrogens. This allowed us to study the influence
of sterically more demanding isopropyl group on the stability of the
resulting AuNPs. Therefore, methyl and isopropyl Au(I) NHC gold
complexes were synthesized and subsequently reduced to AuNPs using
‘BuNH,BH; as reducing agent. The resulting AuNPs bore an ethyl ester
which was saponified to give rise to water soluble AuNPs. 4-NP(a) was
found to possess pH responsivity and demonstrated relatively good
stability in a variety of biologically relevant solutions (e.g. PBS, NaCl,
GSH). In contrast the isopropyl derivative was found to be much less
stable in all tested biologically relevant solutions. High stability was
observed up to 72 days and relatively good stability to ionic strengths of
biological relevant media was observed for 4-NP(a), but the isopropyl
(4-NP(b)) was found to be much less stable. We postulate that this is
due to the increased steric bulk of the isopropyl group as a similar
observation was reported by Glorius and Ravoo where sterically de-
manding NHC-stabilized NPs showed higher susceptibility to degrada-
tion over NPs bearing less sterically demanding NHCs [34]. We are
currently expanding this work towards NHC-AuNPs which demonstrate
pH response under mildly acidic or basic conditions (pH 5-8) as well as
NPs which are less susceptible to GSH degradation.

Abbreviations

AuNP gold nanoparticle

GSH glutathione

HRMS  high resolution mass spectrometry
NHC N-heterocyclic carbene

NMR nuclear magnetic resonance

NP nanoparticle

PBS phosphate buffered saline

PEG polyethylene glycol

TEM transmission electron microscope
TGA thermogravimetric analysis

TMS tetramethylsilane

UV-Vis ultraviolet-visible
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