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Abstract

Ultrasmall silver nanoparticles were prepared by reduction with NaBH4 and
surface-terminated with glutathione (GSH). The particles had a solid core
diameter of 2 nm as shown by transmission electron microscopy (TEM) and

small-angle X-ray scattering (SAXS). NMR-DOSY gave a hydrodynamic



diameter of 2 to 2.8 nm. X-ray photoelectron spectroscopy (XPS) showed that
silver is bound to the thiol group of the central cysteine in glutathione under partial
oxidation to silver(+I). In turn, the thiol group is deprotonated to thiolate. X-ray
powder diffraction (XRD) together with Rietveld refinement confirmed a twinned
(polycrystalline) fcc structure of ultrasmall silver nanoparticles with a lattice
compression of about 0.9% compared to bulk silver metal. By NMR spectroscopy,
the interaction between the glutathione ligand and the silver surface was analysed,
also with 3C-labelled glutathione. The adsorbed glutathione is fully intact and
binds to the silver surface via cysteine. In-situ "TH-NMR spectroscopy up to 85 °C
in dispersion showed that the glutathione ligand did not detach from the surface
of the silver nanoparticle, i.e. the silver-sulphur bond is remarkably strong. The
ultrasmall nanoparticles had a higher cytotoxicity than bigger particles in in vitro
cell culture with HeLa cells with a cytotoxic concentration of about 1 pg mL™!
after 24 h incubation. The overall stoichiometry of the nanoparticles was about

Ag250GSH-;ss.
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Introduction

There are many published results on gold nanoparticles, including their synthesis
and physical, chemical, and biological properties. Usually, they are prepared by
reduction of tetrachloroaurate with suitable reducing agents and surface-stabilized
by the attachment of sulphur- or phosphorous-containing ligands. In classical
syntheses, e.g. after Turkevich,! they have a diameter of about 15 nm and show a
strong surface plasmon resonance. If a more strongly reducing agent like NaBH4
is used (Brust-Schiffrin synthesis),>* it is possible to prepare ultrasmall gold

nanoparticles with a diameter of 1-2 nm. These are usually stabilized by thiol-



containing ligands which exploit the strong gold-sulphur bond.> The tripeptide
glutathione (GSH) is one of the most common intracellular thiols.!® It has also
been used as stabilizing agent for ultrasmall gold nanoparticles and silver
clusters.!! 12

Ultrasmall nanoparticles of silver have been studied to a much lesser extent than
with gold, although a number of robust syntheses have been reported. 7> 133
Ultrasmall gold-silver alloys have also been prepared.®!=** Silver nanoparticles are

well known for their interesting properties in heterogeneous catalysis,** ¥

3940 and energy storage and conversion.*! Silver is of

photonics,**3® biomedicine,
particular interest due to its antibacterial action.*> Together with the easy uptake
of ultrasmall nanoparticles by cells, sometimes even into the nucleus,* #* this is
a promising pathway to combat bacteria. The biological effects of nanoparticles
such as cell activation, cellular uptake and intercellular distribution are all affected
by size, shape, structure and surface charge of the nanoparticles.*>->° Smaller silver
particles may release silver ions faster, causing a higher antibacterial effect due to
an increased local silver ion concentration.>! 2

Silver is less noble than gold, and the silver-sulphur bond is considered as weaker
than the gold-sulphur bond,>® although the binding situation in metal clusters is
generally complex.>* > It is therefore of interest to shed more light on the metal-
ligand interface which is possible by NMR spectroscopy and X-ray photoelectron
spectroscopy (XPS). Furthermore, the ultrasmall particle size might also affect
the interaction between the silver atoms in the metallic core, leading to a change
in the lattice parameters compared to microcrystalline silver. Here we present the

results of a comprehensive study of the core as well as of the surface structure of

glutathione-coated ultrasmall silver nanoparticles.

Experimental

Chemicals



For the synthesis of silver nanoparticles, we used silver nitrate (AgNOs;, Carl
Roth, 99%) and sodium borohydride (NaBH4, Fluka, 96%). The particles were
coated either with L-glutathione (GSH, Sigma Aldrich, 98%) or with isotope-
labelled glutathione, Glu-C*('3C3,°N)-Gly, which was obtained from Caslo
(purity 95.6% by HPLC, 99% degree of labelling for both *C and '°N). The Ag-
GSH nanoparticles were fluorescently labelled with NHS-fluorescein (5/6-
carboxyfluorescein succinimidyl ester, Thermo Fisher Scientific, >90%).

Ultrapure water with a specific resistivity of 18.2 MQ was prepared with a Purelab
ultra instrument (ELGA) and used for all experiments unless noted otherwise. All
glassware was cleaned with boiling aqua regia and washed thoroughly with

ultrapure water.

Nanoparticle synthesis

In a typical synthesis, 6.8 mg AgNO3 (40 pumol) and 36.8 mg GSH (120 pmol)
was dissolved in 20 mL degassed water and stirred vigorously for 30 min. Then
15 mg NaBH4 (400 umol, freshly dissolved in 1 mL cold water) was added and
the mixture was stirred for another 30 min. The dark-red Ag-GSH nanoparticle
dispersion was purified by centrifugation through an ultrafiltration spin column
(MWCO 3 kDa, 15 mL; Amicon; Merck) for 45 min at 4,000 rpm (2,500 g). The
purified nanoparticles were freeze-dried (lyophilized) with a Christ Alpha 2-4
LSCplus instrument and stored at 4 °C until further application. A typical yield of
such a synthesis was 10 mg. The nanoparticles were easily redispersible in water
by gentle shaking.

For fluorescent labelling of the GSH on the surface of the silver nanoparticles
(only for cell culture studies), 4.3 mg (9.1 pumol) of NHS-fluorescein was
dissolved in 100 pL. dimethylformamide and added to 10 mL borate buffer (pH
8.5) containing 100 ug (Ag content) of the silver particles and reacted at 8 °C for



12 h. The purification was done by centrifugation through an ultrafiltration spin

column until no fluorescein was detectable in the filtrate (UV spectroscopy).

Cell uptake studies

Cell studies with GSH-coated ultrasmall silver nanoparticles were carried out with
human cervix carcinoma cells (HeLa).’® The cells were cultured in Dulbecco's
modified Eagle's medium (DMEM), supplemented with 10% fetal bovine serum
(FBS, Gibco), 100 U mL™! penicillin, and 100 U mL ™! streptomycin at 37 °C in
humidified atmosphere with 5% CO,. To assess the cytotoxicity of the silver
nanoparticles, the cells were trypsinized and seeded in a 24-well culture dish with
2.5-10* cells per well in 500 uL cell culture medium to the experiments. After 24
h cell cultivation, different amounts of the water-dispersed silver nanoparticles
were added to the cells. The cytotoxicity of the nanoparticles was determined with
a  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide  (MTT)
cytotoxicity assay. For this, the cells were washed three times with 500 uLL PBS
and incubated with 300 uL MTT solution (1 g L!) for 1 hat 37 °C. Then the MTT
solution was replaced by 300 u. DMSO, and the cells were incubated for 30 min.
Finally, sample triplicates of DMSO were transferred to a 96-well plate (100 uL
aliquots) for spectrophotometric analysis with a Multiskan FC instrument
(Thermo Fisher Scientific Inc., Waltham, MA, USA) at 570 nm. The relative cell
viability was calculated in comparison to a control group of untreated cells.

To analyse the uptake of nanoparticles by HeLa cells, the cells were trypsinised
and seeded in a glass bottom dish with 10* cells per well in 250 pL cell culture
medium 24 h prior to the experiments. The cells were then incubated for 24 h with
250 uL of different concentrations of fluorescein-labelled silver nanoparticles.
The cells were then washed three times with 300 uL PBS. After the completed
incubation, the cells were fixed with 100 uL 4% aqueous formaldehyde for

20 min at room temperature and washed again three times with 300 uL. PBS each.



Prior to actin staining, the cells were permeabilized with 150 pL 0.1% Triton
X-100 for 5 min and washed twice with 300 uL PBS each. For actin staining, the
cells were incubated with 150 pL of a solution of 25 pg mL™! Alexa Fluor® 660-
phalloidin (Invitrogen, Karlsruhe, Germany) in PBS with 1% bovine serum
albumin and then washed three times with 150 uL PBS each. The cell nucleus
was stained with 150 pL of a 10 ug mL"! solution of Hoechst33342 (Life
Technologies, Eugene, OR, USA) for 15 min. The cells were washed three times
with 300 pLL PBS each, stored in 250 pL PBS, and finally analysed with a Leica

TCS SP8 confocal laser scanning microscope with a 63X water objective.

Analytical methods

The silver concentration in the nanoparticle dispersion was determined by atomic
absorption spectroscopy (AAS) with a Thermo Electron M-Series spectrometer
(graphite tube furnace; procedure according to DIN EN ISO/IEC 17025:2005)
after dissolving the nanoparticles in aqua regia. Elemental analysis (C, H, N, S)
was carried out with a Euro Vector EURO EA Elemental Analyzer according to
DIN EN ISO/IEC 17025:2005.

Analytical disc centrifugation (differential centrifugal sedimentation; DCS) was
performed with a CPS Instruments DC 24000 disc centrifuge (24,000 rpm). Two
sucrose solutions (8 wt% and 24 wt%) formed a density gradient that was capped
with 0.5 mL dodecane as stabilizing agent. The calibration standard was a
poly(vinyl chloride) (PVC) latex in water with a particle size of 483 nm provided
by CPS Instruments. A calibration was carried out prior to each run. A sample
volume of 100 pL of dispersed nanoparticles was used. The measuring time was
about 10 h at the given centrifugation speed due to the small particle size. The

density of elemental silver (10,490 kg m™*) was used for the computations.



UV-VIS spectroscopy was performed with a Varian Cary 300 instrument from
200 to 800 nm after background solvent correction (PBS buffer). Suprasil® quartz
glass cuvettes with a sample volume of 500 puL were used.

High-resolution transmission electron microscopy was performed with an
aberration-corrected FEI Titan transmission electron microscope equipped with a
Cs-probe corrector (CEOS Company) operating at 300 kV.°’

For NMR spectroscopy, up to 10 mg of the GSH-coated silver nanoparticles were
dispersed in 500 pL D,O. All silver nanoparticle dispersions were prepared in
D,O (pH 8.3). ID-NMR spectra ('H, *C) and 2D-NMR spectra (‘H-'H-COSY,
'H-13C-HSQC, 'H-'*C-HMBC) were recorded with an Avance III 600 MHz
spectrometer (Bruker, Rheinstetten, Germany) equipped with a Prodigy cryo
probe head. Temperature-dependent '"H-NMR experiments were performed on a
Bruker DRX 500 MHz instrument. Due to the low ligand concentration in the
aqueous dispersions, all 'H-NMR spectra were recorded with simultaneous
suppression of the water signal by excitation sculpting; the excited spectral range
had a width of approximately 0.6 ppm. The number of GSH molecules on the
particle surface was determined by quantitative 'H-NMR spectroscopy with
maleic acid as external standard and the ERETIC routine.®

DOSY-NMR spectroscopy was performed with a Bruker Avance III 700 MHz
spectrometer with a 5 mm TCI 'H/"*C/!*N/D cryoprobe with a z-gradient in a 3-
mm sample tube at 25 °C. The 'H-DOSY pulse sequence from the Bruker library
was modified with a pre-saturation pulse to suppress the remaining water signal.
For the DOSY experiments, the diffusion time 4 was 100 ms, and the pulsed
gradient duration 0 was 2 ms for free glutathione and 3.5 ms for GSH-coated
nanoparticles. For each pseudo-2D DOSY data set, the gradient strength was
incrementally increased from 5 to 95% of the maximum gradient strength (50.4 G

cm’! for a smoothed square gradient pulse) in 32 steps with a linear ramp.



'H,13C-iDOSY-HSQC measurements at the natural abundance of '3C (unlabelled
GSH) were recorded with a constant time delay (including the diffusion period)
of 56 ms, a diffusion gradient pulse length of 1.5 ms, with 176 scans and 128
increments in the indirect dimension. The gradient strength was incrementally
increased from 5 to 95% of the maximum in 11 steps with a linear ramp.

The spectra were Fourier-transformed, phased, and integrated with the program
Topspin 3.5 (Bruker). The linearized diffusion data were plotted and fitted

according to the Stejskal-Tanner equation®® ¢

In (7£)=-;?-5“‘(41-5/3)-1)-(;2 (1)

with 7the signal intensity, [,the signal intensity without gradient, ythe
gyromagnetic ratio of 'H, othe diffusion gradient pulse length, A the diffusion
delay, G the gradient strength, and D the translational diffusion coefficient.

The Stejskal-Tanner plots of four well-discernible proton signals of free
glutathione (3.7 ppm, 3.0 ppm, 2.55 ppm, 2.15 ppm) and five signals of GSH-
coated silver nanoparticles (3.8 ppm, 3.4 ppm, 3.2 ppm, 2.6 ppm, 2.2 ppm) were
first analysed separately. Upon yielding the same diffusion coefficient within the
error margin, the relative intensities /1y of all signals were averaged. Error bars
of the averaged data points represent the standard deviation of these three proton
signals. The given accuracy of the diffusion coefficient is the standard deviation
of the Stejskal-Tanner fit.

The hydrodynamic diameter was calculated according to the Stokes-Einstein

equation
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with dy the hydrodynamic diameter, ks the Boltzmann constant, 7"the temperature
in K, 7 the dynamic viscosity of D,O at 25 °C,°!' and D the translational diffusion
coefficient.

X-ray photoelectron spectroscopy (XPS) was performed with a spectrometer from
SPECS GmbH equipped with a Phoibos 150 1D-DLD hemispherical energy
analyser. The monochromatised Al Ko X-ray source (E=1486.6 eV) was operated
at 15 kV and 200 W. For high-resolution scans, the pass energy was set to 20 eV.
The medium area mode was used as lens mode. The base pressure in the analysis
chamber was 5-107'° mbar during the experiment. To account for charging effects,
all spectra were referred to C 1s at 284.5 eV.

X-ray powder diffraction (XRD) was performed on a D8 Advance diffractometer
(Bruker) in reflection mode with Cu Ka radiation (1=1.54 A; U=40 kV, /=40 mA,
line focus). A dispersion of GSH-coated silver nanoparticles was mixed with
microcrystalline LaBg standard powder from NIST (SRM 660b) and placed on a
silicon single crystal sample holder to minimize scattering. After drying in air, the
sample was measured from 20 to 90° 20 with a step size of 0.01° and a counting
time of 12 s, resulting in a total measurement time of 24 h. Qualitative phase
analysis was performed with Diffrac.Suite EVA V1.2 from Bruker with the
patterns of cubic Ag (#4-0783)%? and LaBg (#34-0427)% from the ICDD database.
Quantitative Rietveld refinement was performed with the Bruker software
TOPAS 5.0 to calculate the lattice parameters a and the average crystallite size
CS from diffraction peak broadening.®* % The reference material LaBs was
necessary for instrumental parameter correction and the precise determination of
the sample displacement as refined in the Rietveld procedure.

Small-angle X-ray scattering (SAXS) was performed on an Empyrean
diffractometer (Panalytical) in transmission mode with evacuated beam path
ScatterX-78, Cu Ka radiation (A=1.54 A, U=40 kV and /=40 mA, line focus) and

a sample-to-detector distance of 240 mm. As incident beam optics, a focusing X-



ray mirror and a 1/32° SAXS divergence slit with an opening of 0.05 mm were
used. A PIXcel®® detector with a mounted shielding device suppressed
undesirable scattering in scanning line detector mode (1D). For 1D-SAXS
measurements, a glass capillary (length 80 mm, outer diameter 1 mm, wall
thickness 0.01 mm) was filled with a colloidal dispersion of GSH-coated silver
nanoparticles in water. For background correction, the same capillary was filled
with water and measured again. The capillary was measured in the ScatterX-78
device at a vacuum of 1.4-10"2 mbar in the 2O range of -0.15° to 5.00° at a step
size 0.01° with a total measurement time of 21 min.

For the SAXS modelling, a polydisperse system of spheres was considered using
an indirect Fourier transformation (IFT) procedure based on the algorithms
implemented in GNOM module.®® The SAXS analysis was done with the
EasySAXS software 2.0 from Panalytical which enables a determination of the
volume-weighed size distribution (DV) from the measured scattering intensity
I(g) with the form factor of the spheres Psn(q,R). The overall equation for the

scattering intensity®’ was
I1(q)=c,[D,(R)-R’ P, (4, R)-dR (3)
0

with ¢, a constant, ¢ the reciprocal space momentum transfer modulus, defined as
g=4 m sin(®)/A, R the radius of the spheres, D,(R) the size distribution function
weighted by volume, and Pj,u(g,R) the form factor for the spheres, which is

defined as

sin(qR) — gRcos(gR) T &)

P (q¢,R)=F*u(q)=|3 3
2o (4> R) (@) { )
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The original SAXS data were deconvoluted to take into account the linear beam
focus of the ScatterX® stage in the diffractometer.

The SAXS curve represents a g-region up to gmax = 0.35 A’! comprising the
Guinier region (up to ggu = 0.21 A") and the middle region (gmia = 0.21 to 0.35
A-"). With the radius R of 0.8 nm from the average size of the spherical particles,
the Guinier radius of gyration®® can be calculated as Rg = V(3/5):R~0.62 nm.
Using the Guinier law (valid when gmin'Rc<1.3 A™"),% one obtains gg,i~0.2 A"
Since our SAXS data goes up to gmax=0.35 AL, this is a reasonable estimation of

the particle size from the recorded SAXS curve.

Results and discussion
The ultrasmall silver nanoparticles had a mostly spherical shape in HRTEM,

including a twinned crystal structure (Figure 1).
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Figure 1: HRTEM image of GSH-coated silver nanoparticles with particle size
distribution analysis. The inset shows an atomic resolution image of one

nanoparticle where the twin boundary is indicated by white arrows.

Disc centrifugal sedimentation gave an average particle diameter of 1.9 nm

(Figure 2). However, it is known that DCS systematically underestimates the
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particle size because the effective density of an ultrasmall nanoparticle is lower
than that of the pure metal due to the presence of the ligand shell.”’ UV
spectroscopy confirmed the absence of larger particles as the surface plasmon
resonance typical for silver nanoparticles (380 to 420 nm)’! was not observed
(Figure 2). The particles were not autofluorescent due to their small size as shown

by fluorescence spectroscopy (data not shown).% 7
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Figure 2: Particle size distribution of GSH-coated silver nanoparticles determined
by disc centrifugal sedimentation (DCS; a), and optical properties determined by
UV/VIS spectroscopy (b).

X-ray powder diffraction showed very broad diffraction peaks of nanocrystalline
silver and sharp peaks of the added microcrystalline LaB¢ (Figure 3). This
indicated that the sample did not contain larger particles which would have given
rise to sharp diffraction peaks. It also did not contain any contaminations from
other potential crystalline compounds like salts from the synthesis. Rietveld
refinement showed that GSH-coated ultrasmall silver nanoparticles had a
significantly compressed unit cell (a=4.05+0.01 A) compared to microcrystalline
Ag (a=4.087+0.001 A; ICDD #4-0783).6> 737 This lattice compression of about
0.9% agrees with the literature.” The calculated crystallite size (CS=0.9+0.1 nm)

was smaller than the particle size (2 nm by TEM), indicating a polycrystalline

12



(twinned) structure of the nanoparticles in accordance with earlier results on
ultrasmall gold nanoparticles,’® general crystallographic considerations on small
nanoparticles,”” and our TEM analysis given in Figure 1. The XRD results further
demonstrate that the ultrasmall nanoparticles prepared here still have the fcc
structure of the bulk silver metal (albeit twinned), unlike atom-sharp clusters.> '*:
55, 7888 However, the presence of single-crystalline particles cannot be ruled out,
therefore it is possible that the sample contains both single-crystalline and twinned
particles. Furthermore, the low number of atoms in each particle causes surface
defects and contributes to X-ray diffraction peak broadening as well. Extensive

HRTEM studies would be required to determine the fractions of each particle
type.
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Figure 3: Representative X-ray powder diffractogram with qualitative phase
analysis and Rietveld refinement (R,,=2.7) of GSH-coated silver nanoparticles
(usAg-NPs) mixed with LaB¢ (peak splitting due to Cu Ka, » radiation at higher
diffraction angles). The asterisks indicate the narrow diffraction peaks of the
reference compound LaBg. The numbers in parentheses indicate the Miller indices

of the broad diffraction peaks of silver.

Small-angle X-ray scattering (SAXS) of dispersed nanoparticles showed a
monomodal size distribution, a good colloidal dispersion, and a diameter of the
metal core of 1.6 nm (Figure 4; see also Materials and Methods).?* °° The particle
size 1s in a good agreement with the results by TEM and DCS. Note that the given
particle size distribution by SAXS is based on the counting of a much larger
number of nanoparticles (order of millions) compared to TEM (order of
hundreds). This explains the differences in the particle sizes from SAXS (1.6 nm)
and TEM (2.0 nm). However, the values are close enough to indicate a good

agreement between the two methods. If we assume an average diameter of the
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metallic core of 2 nm and a spherical shape, each particle consists of about 250

silver atoms.”!
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Figure 4: Results of small-angle X-ray scattering (SAXS) of dispersed GSH-
coated silver nanoparticles with experimental data and model fit (left) and
volume-weighed size distribution Dist, (right). The average particle size (metal

core) was 1.6 nm.

Due to the small size of the nanoparticles, it is possible to perform NMR
spectroscopy on dispersed ultrasmall particles.!!: 926 Only the ligand shell can be
observed as the metallic core is not susceptible to NMR.”” 'H-DOSY NMR
spectroscopy (Figure 5) gave the hydrodynamic diameter of the dispersed
particles (including the ligand shell) of 2.8+0.1 nm, while 'H,'*C-iDOSY-HSQC

gave a diameter of 2.05+0.10 nm.
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Figure 5: Stejskal-Tanner plot of 'H-DOSY (a) and 'H,'*C-iDOSY-HSQC (b)
NMR data of GSH-coated silver nanoparticles. Data points are the average of all
analysed 'H signals and the error bars represent the standard deviation of the

mean. The negative slope equals the translational diffusion coefficient.

Based on an average core diameter of 2 nm, elemental analysis (C, H, N, S, Ag)
of the nanoparticles gave 160 GSH molecules per silver nanoparticle, which is in
good agreement with the results of quantitative 'H-NMR spectroscopy (see
below) where approximately 150 GSH molecules per nanoparticle were found.
The molecular footprint was 0.08 nm? per GSH molecule. This is in good
agreement with earlier studies on ligand-coated ultrasmall gold nanoparticles
(Table 1). Note that the metallic radii of gold and silver are almost identical and
that both crystallize in an fcc lattice. For a 2 nm particle, a stoichiometry of
Ag »50GSH_;s5 can be derived. With molecular weights of 107.87 g mol! (Ag)
and 307.32 g mol! (GSH), this corresponds to a molecular mass per nanoparticle

of about 74.6 kDa with 36 wt% Ag and 64 wt% GSH.
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Table 1: Literature data on ligand footprints on ultrasmall silver and gold

nanoparticles. OAA: Cysteine-containing oligo(amidoamine)s.”® Tweezers:

Molecular tweezers”. AA: Amino acids.

Particle type Nanoparticle Number of Ligand
core diameter ligands per footprint on the
/ nm nanoparticle surface / nm?
GSH-coated silver nanoparticles
2 150 to 160 0.08
(this work)
Cysteine-coated gold )
' 1.78 Au-174(cysteine)-g7 0.15
nanoparticles®
Azide-terminated gold 117 azide and 117
0.053 each
nanoparticles (Au-N3)*3 lysine
FAM-clicked gold nanoparticles**
2 7to9 1.48
93
Cy3-clicked gold nanoparticles 4 2 4-6 2.5
Tweezer-clicked gold
2 11 to 30 0.42to 1.14
nanoparticles!®
Peptide (6 to 9 AA)-coated gold
2 ca. 150 0.084
nanoparticles’®
CRaf peptide (36 AA)-coated gold
peptide { ) s 1.55 16-20 0.41
nanoparticles!'?!
0.15 to 0.40 per
OAA-coated gold nanoparticles® 2 36 to 99 OAA; 0.06 to 0.1

per cysteine

The chemical nature of the interface between sulphur-containing ligands and

noble metal nanoparticles is usually described as covalent M-S bond, sometimes

including metal complexes on the surface of a metallic core.

53, 55, 102-104 To

elucidate the chemical environment of the binding atoms, XPS was applied. For

the identification of the oxidation state and the chemical environment of Ag in the
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silver nanoparticles, the reference compounds Ag,S, Agl, and AgBr were
analysed (Figure 6). The Ag 3d high-resolution spectrum of the GSH-
functionalized nanoparticles (Ag 3ds, 368.1 eV) matched well with the
photopeaks obtained for Ag,S (Ag 3ds, 368.0 eV). In contrast, the peak maxima
of the other reference materials were significantly shifted to higher (Agl, Ag 3ds.
368.4 eV) or lower (AgBr, Ag 3ds, 367.7 eV) binding energies. The assignment
of the binding energy of the Ag 3ds» photopeak to the oxidation state of silver
requires the consideration of the position of the Auger peak as well as the presence
or absence of energy loss lines because the core level shifts are not very sensitive
to the oxidation state of silver. The accepted value of the Ag 3ds, photopeak of
Ag’is 368.3 €V, and the Auger parameter is 726.5 eV.!% Although the photopeak
at 368.1 eV measured for the coated silver nanoparticles is close to the literature
values of Ag,S, the binding energy value can also be assigned to metallic Ag.
However, the Auger parameter of the coated nanoparticles of 723.8 eV is much
closer to the literature value of Ag,S (724.8 €V)!% than to that of metallic Ag
(726.5 €V).!% Another important spectral feature of metallic Ag are energy loss
lines at 372 and 378 eV which were not observed for the GSH-coated silver
nanoparticles. The analysis of the Ag 3d spectrum therefore indicates that Ag is
fully in the oxidation state Ag” with a chemical environment similar to that of
AgS, AgCl, or Ag,0.

If we take the number of about 250 silver atoms per particle, about 50% of the
silver atoms are present on the particle surface. The fact that we have a clear
indication for an oxidation state of Ag(+I) suggests that the "metallic Ag(0)
atoms" inside the particle are also experiencing a partial oxidation by the bound
thiolate groups. Clearly, there is no strict electronic separation between "oxidized

silver atoms" on the surface and "metallic silver atoms" inside the particle.
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Figure 6: Ag 3d high resolution photo peaks of GSH-coated ultrasmall silver
nanoparticles (a) and the three reference compounds: Ag,S (b), Agl (¢), and AgBr
(d). The red vertical lines indicate the peak shifts of the silver nanoparticles

compared to the reference materials.

A further evaluation of the high-resolution S 2p spectra can help to assign the
observed sulphur species to specific bonds (Figure 7). Sulphur atoms chemically
bound to metal atoms of nanoparticles show peaks between ~161 and 162.5 eV.!07-
199 The S 2p spectrum of pure glutathione contained the doublets S 2ps, (163.3
eV) and S 2pi» (164.5 eV) that are characteristic for organic sulphur in thiol
groups.!!® For sulphur on the silver nanoparticles, the S 2ps,, peak was shifted to
162.0 eV (S 2pin 163.1 eV). The shift of the sulphur peak to lower binding
energies (S 2p3»2162.0 eV) was also observed for glutathione on a gold surface

which indicates a negative charge of the sulphur binding to gold, i.e. the presence
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of thiolate.!!! High-resolution XPS spectra were also measured for the main ligand

elements carbon, nitrogen and oxygen (Figure S1)
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Figure 7: XPS high-resolution spectra of the S 2p photoelectrons of glutathione
(GSH) (a) and of GSH-coated silver nanoparticles (b).

In Figure 8, the 'TH-NMR spectra of GSH and of dispersed GSH-coated silver
nanoparticles are displayed. In aqueous dispersion, the 'H resonances of GSH
showed a rather moderate pH-sensitivity: Only the signal of HI was significantly
shifted. At pH 8.3, the spectrum of particle-bound GSH resembled that of
dissolved GSH, but the NMR peaks were considerably broadened. In addition, the
two diastereomeric B-protons (denoted as H3) were less shielded, resulting in a
downfield shift whereas the chemical shifts of all other protons were less affected

by the vicinity to the silver nanoparticle. Nevertheless, the peaks were still well
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separated and could be unambiguously assigned to the individual protons by the

"H COSY spectrum (Figure 9).

Ag-GSH nanoparticle pH = 8.3
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Figure 8: 'H-NMR spectra of dissolved glutathione at pH 3.4 and 8.3,

respectively, and of glutathione-coated silver nanoparticles at pH 8.3. For the

proton assignment see also Figure 9.
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Figure 9: 'H-'H-COSY NMR spectrum of GSH-coated silver nanoparticles. Note
that the spectrum was recorded with suppression of the water signal by excitation

sculpting, resulting in the loss of the H2 signal at 4.55 ppm.

The observation of line broadenings and simultaneous shift of signals assigned to

protons in close proximity to the metal surface is in good agreement with earlier

11, 92-96

reports on NMR spectroscopy of ultrasmall gold nanoparticles and other

investigations focusing on small molecules on the surface of nanoparticles.!!> 113

Notably, the 'TH-NMR spectrum recorded here is very similar to that recorded for
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GSH on gold nanoparticles.!! There, the authors had assigned the line broadening
of all signals to a distribution of different chemical environments.

This interpretation was supported by 3C-NMR spectroscopy (Figure 10). In
comparison with the spectrum of dissolved GSH, all signals of the GSH-coated
silver nanoparticles were broadened; the signal of C3, i.e. the carbon atom which
is closest to the silver surface, was hardly observable. Again, the peaks of the
cysteine carbon atoms, C3 and C2 were shifted downfield by 10.2 and 2.4 ppm,

respectively.
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Figure 10: *C-NMR spectra of dissolved GSH and glutathione-coated ultrasmall

silver nanoparticles at pH 8.3.

An unambiguous assignment of all '"H and '*C peaks of GSH was achieved by 'H-
BC-HSQC and HMBC NMR experiments probing the bonds between protons and
carbon atoms. HMBC was necessary to assign the signals of the carbonyl carbon
atoms. Most importantly, the observation of all expected correlation peaks
indicates that the GSH was still fully intact after the conjugation to the silver

surface.
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A close inspection of the 'H-3C-HSQC spectrum (Figure 11) showed additional
signals for the B-CH, group of cysteine (C3, H3). Besides the intense correlation
peak (33.3 ppm/3.5 and 3.3 ppm), a second set of 'H signals, even broader and
shifted downfield by 0.07 ppm, was observed. The corresponding '*C signal,
identified by its small, but distinct correlation peak at 32.6 ppm could not be
detected in the conventional >*C-NMR spectrum due to its low intensity and large
line width. This CH, group is obviously most sensitive due to the vicinity of the
metal surface; therefore, it is a good probe to elucidate the structural specifics of
GSH-silver interaction. The HMBC experiment in Figure 12 showed the carbonyl

carbon signals and thereby permitted the assignment of all carbon signals.
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Figure 11: The "H-">*C-HSQC NMR spectrum of GSH-coated silver nanoparticles

shows correlations between covalently bound carbon and hydrogen atoms.
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Figure 12: 'H-*C-HMBC NMR spectrum of GSH-coated silver nanoparticles.
Aliphatic region (left) and correlation of the CH-protons to the carbonyl groups
(right).

By '"H-NMR spectroscopy, we quantified the number of GSH molecules on the
silver nanoparticle. For this purpose, an aqueous solution of maleic acid of known
concentration was measured as external standard. The 'H-NMR spectrum of
dispersed GSH-coated silver nanoparticles (without suppression of the water
signal to avoid intensity glitches) was then subjected to the ERETIC routine,>®
giving the concentration of GSH molecules in the dispersion. The number of
nanoparticles was determined by measuring the silver concentration and assuming
a 2 nm diameter of each particle. We found that approximately 155 GSH
molecules were bound to the surface of each nanoparticle, in good agreement with
the results from elemental analysis.

A way to gain a deeper insight into the binding situation is the use of isotope-
labelled ligands to enhance the NMR sensitivity for non-hydrogen atoms. In our
previous study, a *C enrichment provided information on the binding sites of
cysteine on the surface of an ultrasmall gold nanoparticle.’* Here, we used *C-
labeled cysteine as part of GSH (Figure 13). The characteristic splitting due to

BC-13C homonuclear coupling together with their chemical shift indicates the
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presence of residual GSH-disulphide (GSSG) molecules not bound to the silver
surface. The two signals at 38.7 ppm and 52.9 ppm correspond to C3 and C2 of
the GSSG molecule. The GSSG was already detected as impurity in the *C-
labelled glutathione and apparently accumulated during synthesis and purification
of the particles. Again, the peaks assigned to GSH bound to the nanoparticle were
significantly broadened with the linewidth of the C2-signal being smaller than that
of C3. Nevertheless, the C3-resonance appeared to consist of two components
with slightly different chemical shifts in agreement with the observation from the
'H-13C-HSQC spectrum: A deconvolution of the rather noisy C3-peak gave
chemical shifts of 33.2 and 32.5 ppm for two constituting peaks. This indicates
the occurrence of at least two distinct B-CH, moieties experiencing different

magnetic environments on the particle surface.
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Figure 13: 3C-NMR spectra of cysteine-labelled GSH and GSH-coated Ag

nanoparticles.
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Glutathione has been shown to replace polyacrylic acid and to disintegrate 6.4 nm
silver nanoparticles to 1.3 nm silver nanoparticles, demonstrating its strong
binding to the silver surface.?’ On the other hand, glutathione is rapidly replaced
by 4-fluorothiophenol, demonstrating the different stability of Au-S bonds.!'!* To
elucidate the thermal stability of the particle-ligand bond, we recorded 'H-NMR
spectra at enhanced temperatures up to 85 °C (Figure 14). The spectra of the
dispersed nanoparticles showed neither a temperature-dependent shift nor a
significant change in the spectrum. The spectrum remained the same after cooling,
indicating that the ligand shell remained fully intact and was not affected by the
heating procedure. Moreover, dissociated ligand molecules were not observed
which would have been clearly identified by their narrow peak widths. The signals
for H2 and H3, however, showed some peculiarities. The H2 signal, usually not
detectable in a '"H-NMR experiment due to the overlapping suppression of the
water signal, was observed above 65 °C due to the temperature-dependent shift of
the water resonance (suppressed). The most remarkable change was observed for
the signals assigned to the H3 methylene protons which displayed complex
changes in their line shapes. A conclusive interpretation of the observed changes
is far from trivial; however, it is clear that the spectral features cannot be explained

by only one 3-CH; moiety in cysteine (C3/H3).
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Figure 14: 'H-NMR spectrum of dispersed GSH-coated silver nanoparticles,

recorded at variable temperature. Note that the suppression of the water signal

(highlighted in grey) and its temperature-dependent shift lead to partially reduced

signal intensities (H1, H6) and even to a complete suppression of the signal (H2).

The chemical shifts were temperature-corrected according to Nudelman et a

1115

Finally, the biological effects of the nanoparticles were investigated. The

nanoparticles were easily taken up by cells as expected due to their small size.

Figure 15 shows their uptake and the intracellular localization.”*

particles entered the cytoplasm but not the cell nucleus.

29

116, 117 The
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Figure 15: Uptake of GSH-coated fluorescein-labelled silver nanoparticles
(green) by HeLa cells after 24 h incubation. The nanoparticles were well taken up

by the cells.

The nanoparticles had a comparatively high cytotoxicity where about 50% of the
cells were dead at about 15 pg mL! after 3 h and at about 1 ug mL! after 24 h
(Figure 16). This illustrates the dissolution after uptake by the cells under release
of silver ions. This critical concentration is much lower than that observed for
larger silver nanoparticles,*? e.g. 70 nm, where adverse effects did not occur below
about 30 ug mL-1.!!® It has been proposed that such an enhanced cytotoxic action

of ultrasmall silver nanoparticles can also be used to fight bacteria.” !4 13
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Figure 16: Cytotoxicity of ultrasmall silver nanoparticles on HeLa cells. The

particles had an increasingly toxic effect with increasing concentration and time.

Conclusions

Ultrasmall silver nanoparticles, coated with glutathione, can be prepared in
considerable amounts (10 mg per synthesis) by a reproducible Brust-Schiffrin
synthesis. They have a diameter of the metallic core of about 2 nm (2.4 nm by
TEM; 1.6 nm by SAXS), a hydrodynamic diameter of 2 to 2.8 nm (DCS, DOSY),
and are well dispersible in water (DCS, DOSY, SAXS). Their internal structure
is clearly crystalline with the fcc structure of elemental silver, but surprisingly
twinned with crystalline domains of about 0.9 nm in size. As one silver particle
consists of about 250 silver atoms, each domain cannot contain more than about
125 silver atoms, and possibly less should each particle contain more than one
domain. The surface loading is high (150 to 160 glutathione molecules per

nanoparticle) with a ligand footprint of 0.08 nm?. Thus, we can assume a
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stoichiometry of Ag.,s0GSH-;ss. The interface between the silver atoms and the
glutathione molecules can be accessed by XPS. The binding clearly occurs via the
thiol group of the central cysteine in glutathione with oxidation to silver(+]) and
deprotonation of thiol to thiolate(-). The attached glutathione remains fully intact
with all cysteine molecules pointing towards the silver surface as '"H-NMR and
BC-NMR spectroscopy clearly show. By NMR, there are indications of different
adsorption sites on the silver surface, but this is close to the limit of the method.
NMR at elevated temperature shows that a ligand exchange or release does not
occur up to 85 °C in aqueous dispersion. Thus, the silver-glutathione bond is
highly stable and not subject to rupture or re-orientation higher temperature.
Finally, the particles have a remarkably high cytotoxicity after cellular uptake
which is obviously related to their high specific surface area and the enhanced

release of toxic silver ions inside the cell.

Supporting Information
High resolution X-ray photoelectron spectra of C 1s (a), N 1s (b) and O 1s (¢)

obtained for GSH-coated silver nanoparticles.
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