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SUPPORTING INFORMATION

Scaled Synthesis of Ag,,(R-a-LA,, )clusters

Ag,(R-a-LA,,) clusters were prepared using a scaled-up version of the preparation described by
van der Linden et al. '

Reaction vessel: 500 mL-beaker (Pyrex/Corning) with its exterior walls covered with a double
layer of aluminum foil, stirred by a 2-inch Teflon magnetic stir-bar (mixed at low setting). The
vessel is capped with aluminum foil once all reactants have been mixed. All glassware is
washed with dish soap and brush, rinsed with deionized water.

1. Prepare the following solutions using HPLC-grade water to be used immediately (not to
be stored).

A) Dissolve 1.9 grams of (R)-alpha-lipoic acid [TCI Cat. L0207 > 98.0 %] in 100 mL of
HPLC water, adding base to adjust the pH to 8-9 until the acid dissolves. We have used
1 M KOH, 30% NH,OH, or triethylamine (TEA) for this purpose.

B) Dissolve 0.70 grams of NaBH, in 10 mL of HPLC water using a 20-mL vial. Mix capped
vial using a vortex mixer.

C) Dissolve 0.29 grams of AgNO; in 10 mL of HPLC water using a 20-mL vial covered
with aluminum foil; mix capped vial using vortex mixer.

D) Dissolve 1.00 grams of NaBH, in 10 mL of HPLC water using a 20-mL vial. Mix capped
vial using a vortex mixer.

2. Add the first sodium borohydride solution (B) to lipoate solution (A) while stirring.

React for 15 minutes with top covered with aluminum foil.

3. Add the silver nitrate solution (C) and let it react for 15 minutes with the top covered

with aluminum foil.

4. Add the final sodium borohydride solution (D) and let it react for at least four hours with
the top covered with aluminum foil. We normally let the reaction run overnight in a

fume hood with the lights of the hood and the room switched off.
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Cleaning Procedure.

Experience has shown that the clusters are susceptible to degradation when over-cleaned.
The following steps are recommended to remove gross excess quantities of lipoic acid and to
remove borate salts. As produced, the clusters are highly alkaline (pH ~ 10). Efforts to
precipitate the clusters by lowering the pH with mild acetic acid have resulted in the
degradation of clusters as judged by their change in color from orange/red to brown; the
degraded clusters are not amenable to ESMS analysis. Because the solubility of lipoic acid
decreases with decreasing pH, it is possible to lower the pH of the solution slightly and then
extract excess lipoic acid with toluene or chloroform; however, this approach is not
recommended because of the risk of degrading the clusters if too much acid is added.
Instead, we found that sequential treatment with acetone first removes excess lipoic acid and
then causes the clusters to precipitate leaving excess borate salts in the aqueous supernatant.
We found it convenient to extract the Ag,,(R-a-LA,) clusters with methanol and then to
evaporate the methanol to yield red-orange powders that can be stored dry for months
without significant degradation as judged by ESMS spectrometry. The original precipitate
that does not dissolve in methanol does dissolve in water but it yields a brown color not

characteristic of clusters. (Work on characterizing and quantifying this fraction is ongoing.)

1. In50-mL centrifuge tubes, mix and shake equal volume of acetone and clusters (at the
concentrations in the synthesis above). Let the funnel undisturbed, preferably in a dark
refrigerator, until white-waxy solids settle at the bottom. This process can be accelerated

by centrifuging the tubes. Keep the orange/red supernatant for Step 2.

2. Ina50-mL centrifuge tube, mix the orange/red supernatant saved from Step 1 with two
volumes of acetone. This time, clusters should settle out upon resting/centrifuging to
yield a red/orange precipitate. The optimum volume of acetone to use may be
determined by trying various ratios in a 1 mL microcentrifuge tube until enough acetone

is added to cause the clusters to settle. Keep the red/orange precipitate for Step 3.

3. Extract the silver clusters from Step 3 precipitate by adding 1-2 mL of methanol and

agitating in a vortex mixer; preform sequential until no more clusters are extracted as
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judged by the color of the extracted liquid (two-three extractions are sufficient). Save the

colored supernatant for Step 4.

. Evaporate the methanol from the supernatant in Step 3. We have used mild UHP

nitrogen flow at 0.5 SCFH for this purpose. Store the solids away from light preferably

in a refrigerator.
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Inhibition of MRSA and Candida albicans by Agyy(R-a-LAj;)clusters

Fungicidal activity in a preformed biofilm of Candida albicans wild-type strain SC5314
was used in this assay. Stocks of the yeast strain was stored in yeast extract-peptone-dextrose
(YPD) medium combined with 15% (vol/vol) glycerol at —80°C, cells were grown on yeast
extract-peptone-dextrose (YPD) agar plates at 30°C overnight. A loopful of the cells growth
was inoculated into flasks (150 ml) with 20 ml of YPD broth in an orbital incubator shaker
(180 rpm) and grown for 14 to 16 h at 30 °C.

Ag,y(R-a-LA,,) was tested for the antifungal activity against a preformed biofilm of C.
albicans by a well-established phenotypic assay™ at different concentrations, ranging from
1.3 to 0.0009 mg-Ag/mL in two-fold dilutions as previously reported.”* Briefly, sterile 96-
well plates were inoculated with 100 puL of 1 x 10°/mL C. albicans cells, incubated at 37 °C
for 24 h. Non-adherent cells were removed by gently washing the wells twice with PBS
before adding 100 puL of different concentrations of Ag29(R-a-LA,, ) diluted in RPMI on
the well-plates and incubated for another 24 h. The plates were then washed twice with
sterile PBS and processed using the XTT reduction assay (Sigma-Aldrich, St. Louis, MO) to
test the efficacy of the Ag29(R-a-LA,, ) dilutions. All experiments were performed in
duplicate and repeated a minimum of three times. The ICsy was calculated from the dose—
response nonlinear curves using a weighted nonlinear curve fitting determined by fitting the

data using the software Origin 9 (Figure 2 of main text).

Bactericidal activity. Minimal inhibitory concentration (MIC) of Ag29(R-a-LA ,) against

MRSA was tested in 96-well plates by broth microdilution in a similar manner as previously
described® and as advised by the CLSI (2011). Briefly, single colonies of a microbiological
culture were grown in selective and differential chromogenic medium plates (CHROMagar™
MRSA 1II). The MRSA colonies were adjusted to 1.5 x 10® CFU/mL and resuspended in
Mueller-Hinton Broth (Difco Laboratories, Detroit, MI. USA) plated in 96-well microtiter
plates at a final density of 5.0 x 10° CFU/well. Ag29(R-a-LA, ) ranged from 1.2 to 0.012
mg/mL by serial two-fold dilution. An untreated sample (without Ag29(R-a-LA, )) served
as a control, the blank control wells contained fresh medium only. The plates were incubated

at 37 °C for 18 h, and the optical density values at 600 nm were determined using a
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microplate reader. All assays were carried out in duplicate, and the experiments were

repeated at least three times.

Visualization of fungal biofilms and MRSA by Scanning Electron Microscopy (SEM)

For C. albicans biofilm and MRSA ultrastructural visualization by SEM, in 6-well plates
(Corning Incorporated, Corning, NY, USA) with 6 ml of C. albicans at 1 x 10° cell/ml, or
MRSA at 1.5 x 10° CFU/mL treated with Ag,RALA,, for 24 h at 37 °C, were washed with PBS
and fixed with 4 % formaldehyde and 1 % glutaraldehyde in PBS at room temperature. Ag29(R-
a-LAj,) were used at a concentration of 0.94 mg-Ag/mL for inhibition of the preformed biofilm
of C. albicans and at 0.6 mg-Ag/mL for activity against MRSA. The samples were washed twice
in PBS and postfixed at room temperature in 1 % osmium tetroxide (OsO4) for 1 h. The drying
process of the samples was performed with a graded ethanol series, starting with 25, 50, 75, and
95% ETOH, and absolute alcohol for 20 min. The dried specimens were then placed on copper
grids to be observed with SEM in a Hitachi S-5500. Coating of the grids was achieved with 30
seconds of Gold sputter coating in the Denton DV-502A Vacuum Evaporator (Denton Vacuum,

Moorestown, NJ).

Scanning Electron Microscopy

High-resolution SEM image of fungal and bacteria cells ultrastructure were achieved utilizing
microscope in SE mode operating at 30.0 kV. Energy Dispersive-X-ray Spectroscopy (EDS) was
achieved by using a solid state EDAX EDS detector to identify the silver signal in the treated
samples. Hitachi 5500 SEM was used to collect the SE images.
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Mass Spectrometry Characterization

HPLC-ESMS methods and instrumentation used have been described in detail by Black et al.’

LC Conditions (Eksigent nanoLC 2D):

MP A = ddH20 (10 mM TEAA)

MP B = Methanol (10 mM TEAA)

Gradient: 5 — 95% MP B over 20 minutes

C18 Column. Ace 300A C18 HPLC column (0.5 mm x 150 mm, 3 ym particle size) (Hi Chrom,
Theale Reading Berkshire, UK)

MS Parameters (Bruker micrOTOF time-of-flight mass spectrometer):

ESI Capillary = -4000V (Bruker keeps the spray needle tip at ground potential)
End Plate Offset = -500V (voltage applied to spray shield, value is always negative and is added
to absolute voltage of the capillary)

Nebulizer = 0.4 bar

Drying Gas = 3.0 L/min

Drying Gas Temp = 250C

Capillary Exit=35V

Skimmer 1 =33V

Lens Transfer Time = 100 us

Pre-Pulse Storage Time = 40 us

m/z Range = 100 — 10000

Sum 10,000 Scans

Detector Voltage = 2400 V (up from 2000-2100 for small molecules)
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AUC

Sedimentation velocity experiments were performed, using the newly released Beckman Optima
AUC instrument, on samples of the silver-lipoate clusters characterized at successive stages of
the purification process. (Table S1) In total six samples, taken from the different stages of the
purification process, were diluted in a sodium phosphate buffer (di-basic, pH 7, 6.0 mM), in
order to obtain two samples differing by 2-fold in concentration: ~ 1 OD at 330 nm (high
concentration) and ~ 0.5 OD at 210 nm (low concentration, Figure S1). Each of the 12 samples
was then centrifuged in standard 2-channel epon centerpieces at 40000 rpm at 20°C for eight
hours. The analysis and fitting of the data was performed using the software UltraScan III°.
Hydrodynamic buffer corrections were estimated with UltraScan (density: 0.999 g/cm’ and
viscosity 1.002 cP). The experiments were conducted at the two concentrations to evaluate
whether mass action or non-ideality was present. As the results from both concentrations were
very similar, both factors were found to be negligible, so only the results from the 330 nm
concentrations are reported. However, results on samples from purification stages 5 and 6 were
not reported, because the data showed possible pressure effects; we associate these with the
reduced cluster stability from over-purification. Sedimentation analysis was performed as
outlined by Demeler.” A 2-dimensional spectrum analysis with 100 Monte Carlo iterations was
performed to determine the effect of stochastic noise in the data, as introduced by Demeler and
Brookes.'” Heterogeneity in the sedimentation coefficient was compared among different
samples using the enhanced van Holde-Weischet analysis.'' All finite element calculations in
Ultrascan were perfomed on parallel supercomputers available through the UltrasScan Science
Gateway supported by NSF XSEDE grant.'” From the analysis and fitting of the data the
diffusion coefficient value of the samples was found at 14.48 x 107 cm?/sec (Figure S2). The
Stokes-Einstein equation was used in UltraScan to derive the average hydrodynamic radius of
1.49 nm (diameter of ~ 3 nm) for each sample of the silver lipoate clusters from the diffusion
coefficient. Sedimentation coefficient values were also found to range from 3.8-4.6 S with the
highest proportion of major species at 4.21 S. (Figure S3) By plotting the S-values a
heterogeneity among the different purification stages is evident, which may be due to the excess
ligand (LA) that is not covalently bonded to the silver nanoparticles and may be stripped off in
the purification process (Figure S4).
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Table S1: Summary of samples from various stages of purification.

Sample

Description

Purification 1

RAW AgszAlz

Purification 2

AgylL Ay, after 1 toluene wash

Purification 3

AgyL Ay, after 1 acetone wash

Purification 4

Precipitate of AgyLL A}, after 2 acetone washes

Purification 5

Solution of AgyyL A, from methanol extraction

Purification 6

Precipitate of AgyoLLA;, from methanol extraction (after drying)
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Figure S1. (a) Shown are the samples at a concentration of ~1 OD measured at 330nm (b)

Samples at a concentration of ~.5 OD measured at 210nm
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Figure S2: Diffusion coefficient distributions for purification steps 1 (green), 2 (red) and 4
(blue) from the 2DSA-Monte Carlo analysis of the AUC data, showing enrichment in a well
defined species at around 1.43 x 107 cm?/sec, which corresponds to a hydrodynamic radius of

1.5 nm.
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Figure S3: Sedimentation coefficient distributions for purification steps 1 (green), 2 (red) and 4

(blue) from the 2DSA-Monte Carlo analysis of the AUC data, showing enrichment in a well

defined species at around 4.25 s and a secondary, less well defined species at about 5.6 s
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Figure S4: Diffusion-corrected sedimentation coefficient distributions from purification stages 1

(blue), 2 (green) and 4 (red) indicating moderate heterogeneity and a shift to a larger s-value for

increasing purification steps.
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Computational Methodology

The first-principles spin-polarized density-functional theory (DFT) calculations were performed
with the SIESTA code. '*'* The generalized-gradient approximation (GGA) exchange—
correlation functional of Perdew-Burke-Ernzerhof (PBE) was used."” The wavefunctions were
expanded in a double-{ polarized basis set (D{P). Norm-conserving Troullier-Martins (TM)

pseudopotentials (PPs) were used. '

A 300 Rydberg cutoff for the density integration grid and a density matrix convergence criterion
of 107 eV were chosen. All the atoms were allowed to relax using the conjugate gradient
minimization method until the forces were smaller than 0.01 eV/A. A simple cubic superlattice

with a cell size of 60 A was used.

Here we report our results on two distinct models, namely

* [Ag29S24P4C144H10s]”: Structure morphology is maintained, tetrahedral symmetry.
* [Ag29Clos(PH3)4]”: Structure morphology is maintained, tetrahedral symmetry.

Comparing the [Ag0S24P4C144H10s]” and [AgroClas(PHs),4]” structures, we see that there is
approximately a 2-5% decrease in the distance to center of mass for all atoms in the
[Ag20Clo4(PH3)4]” structures. We also see a difference in the band gap, 1.69 eV and 1.95 eV, for
the [Ag20S24P4C1asH108]” and [AgaoCloa(PHs)4] 7, respectively.

In order to confirm these results and put in evidence the interesting correlation between the
symmetry of the systems and the degeneracies of their electronic states, the structure models

pli7. 18

were also relaxed using the density-functional theory (DFT) code VAS I'. The projector-

Pl'and a GGA exchange-correlation functional [PW91] were

augmented wave method (PAW)!
employed, ! until all forces were smaller than 0.002 eV/A. Charge state of 3™ (three additional
electrons) was used to comply with the experimental finding, which gives the expected electronic

shell closing at eight (8) electrons, in accord with the SAC model. The structures obtained by

this initial optimization were subsequently symmetrized in the 7-symmetry point-group using the
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SYMMOL code!*!! and then re-optimized, to confirm negligible deviation from the designated

symmetry.

Our results on the electronic properties for both systems are summarized in the Table below, and

two figures showing the density of states (DOS) of [Ag29824P4C144H108]'3 and [Ag29C124(PH3)4]'3 .

Table S2: Comparison side to side of the eigenvalues obtained from both, the SIESTA and
VASP calculations. All states are 2-fold degenerate for spin. Clearly the obtained gaps and
degeneracies are consistent. VASP calculations clarify the actual degeneracies of the energy

levels of the fully symmetrized clusters.

Optimized Structure-Models for Agze(aLA)12—SIESTA-

[3-] state of complete cluster — Ag:eS:4PeCraaHjon:

155 <154 154 152 151 151 - 146
142 142 AW
-1.39 -1.39

HOMO-LUMO Gap = 1.70 eV

«0.31 031 +031
+051 +051
+056
072 072 o2
075 075

[3-] state of minimal model AgaoClao(PH;)4:
161 <161 -161 -159 -158

157 157 157
137 <137 136

HOMO-LUMO Gap = 1.95 eV

058 059 059
104 104 1.05

213 213 2.14

Optimized Structure-Models for Agzo(aLA);z—VASP-

[3] state of complete cluster — Ag20S24P4CreaHon:

268 268 268 -263 -263 263 263
-251 251 -251
249 249

HOMO-LUMO Gap = 1.77 eV

071 071 -0.71
057 -057
0.43
037 037 -.037
036 -036 036 -036 -036

[3-] state of minimal model AgzoClzs(PHs)s:

407 407 407
404 404 404
402 -4.02
-3.83 -383 -3.83

HOMO-LUMO Gap = 2.00 eV

-1.83 -183 -183
149 -134 -134
063 063 -063
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Figure S5 Electronic structure of [Ag29824P4C144H108]'3 . Electronic density of states (red) as well as
the individual energies (blue crosses) as a function of their state number. All states are 2-fold
degenerate for spin. (The HOMO state corresponds to state number 585 (2-fold degenerate times
two for spin.) The inset shows a zoom of the region around the gap for the relaxed structure (blue

crosses). One observes clearly the degeneracies (3-fold, 2-fold) of the states above the HOMO.
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Figure S6 Electronic structure of [Ag29C124(PH3)4]'3 . Electronic density of states (red) as well as
the individual energies (blue crosses) as a function of their state number. (The HOMO state
corresponds to state number 261 (3-fold degenerate). The inset shows a zoom of the region
around the gap for the relaxed structure (blue crosses). One observes clearly the degeneracies (3-

fold) of the states above the HOMO.
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