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Abstract

Here we report on the identification and applications of an aqueous 29-atom silver cluster
stabilized with 12 lipoate ligands, i.e. Agog(R-a—LA)q or (29,12), wherein R-a—-LA = R-a-lipoic
acid, a natural dithiolate. Its uniformity is checked by HPLC-ESI-MS and analytical
ultracentrifugation, which confirms its small dimension (~3 nm hydrodynamic diameter). For the
first time, this cluster has been detected intact via electrospray ionization mass spectrometry,
allowing one to confirm its composition, its [3-] charge-state, and the 8-electron shell
configuration of its metallic silver core. Its electronic structure and bonding, including T-symmetry
and profound chirality in the outer shell, have been analyzed by DFT quantum-chemical
calculations, starting from the known structure of a nonaqueous homologue. The cluster is
effective against Methicillin-Resistant Staphylococcus aureus bacteria (MRSA) at a minimum
inhibitory concentration (MIC) of 0.6 mg-Ag/mL. A preformed Candida albicans fungal biofilm,
impermeable to other antifungal agents, was also inhibited by aqueous solutions of this cluster, in
a dose-response manner, with a half-maximal inhibitory concentration (ICgg) of 0.94 mg-Ag/mL.
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Scanning electron micrographs showed the post-treatment ultrastructural changes on both MRSA
and C. albicans that are characteristic of those displayed after treatment by larger silver
nanoparticles.

Graphical abstract
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1. INTRODUCTION

For centuries, silver has been used as a bactericidal agent in applications ranging from food
storage to wound treatment; yet this practice over the years started to decrease with the
discovery and use of organic antibiotics.1=3 Recently, the interest in using silver as an
antibacterial agent has increased due to the emergence of antibiotic-resistant strains of
bacteria.*~8 As of April 2017, the Center for Disease Control and Prevention has estimated
that each year at least 2 million people in the United States alone become infected with an
antibiotic resistant bacterium, leading to some 23 000 deaths caused by those infections.?
Silver nanoparticles alone have been found to attach to the surface of the cell membrane of
bacteria and disturb its functionality; they also exhibit the ability to penetrate the membrane.
3.7.9-14 The smallest silver particles, such as the cluster compound investigated herein, of ~3
nm hydrodynamic diameter, offer the additional advantage of not exhibiting long-term
absorption in the body.15:16

Recently, several groups have reported on the special stability (high yield) and optical
properties relating to silver clusters that comprise 29 Ag atoms and 12 ligands.}’-2 A water-
soluble variant, stabilized with lipoate (LA) ligands,18-20 has been tentatively identified as
AgagL A1, by analogy to the hydrophobic homologue determined by Abdul-Halim et al 2
(R)-Alpha lipoic acid (R-a-LA) is a naturally occurring dithiol that exhibits diverse
biomedical effects ranging from anti-inflammatory to powerful antioxidant protection,22:23
R-a-LA plays a significant role in energy production.?* For these reasons, it has also found
extensive use as a template for therapeutic drug development.2® The AgagLA;> thus exploits
both the biological activity of the silver core and the biocompatibility of the R-a-LA ligand,
which motivated us to test whether the cluster will be an effective antimicrobial agent. We
will present evidence that the cluster is indeed an antibiotic agent after first discussing its
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compositional assignment via mass spectrometry, its electronic structure and bonding via
DFT computations, and its hydrodynamic size estimate via analytical ultracentrifugation.

2. EXPERIMENTAL METHODS
2.1. Synthesis and LC/MS Characterization.

The Agyg(LA)1» clusters were prepared using the protocol described by van der Linden et al.
19 scaled 10-fold. The raw product was purified by sequential washing with acetone
followed by extraction with methanol, as detailed in the Supporting Information, and
analyzed in a Bruker micrOTOF time-of-flight mass spectrometer. The spectra were
obtained in a Bruker micrOTOF operating in positive ESI+ mode, 1.0 ¢L loop injection,
50:50 methanol:water solvent flowing at 10 gL/min (for other details, see the Supporting
Information). On some occasions, the product mixture was injected to the mass spectrometer
thru an Eksigent nanoLC 2D system using an Ace 300 A C18 HPLC column (0.5 mm x 150
mm, 3 um particle size). All details are provided in the Supporting Information.

2.2. Analytical Ultracentrifugation Analysis (AUC).

Samples at various stages of purification (Table S1 and Figure S1) were analyzed using a
Beckman Optima AUC analytical ultracentrifuge operating at two speeds (30,000 and
40,000 rpm) and two wavelengths (240 and 330 nm). Sedimentation coefficient distributions
for various purification steps are summarized in Figures S2—-S4 (diffusion corrected s-value
distribution).

2.3. Susceptibility Testing Assays for the Examination of Activity Against Planktonic
Bacteria and Fungal Biofilms.

Antifungal activity was evaluated on Candida albicans wild-type strain SC5314 on
preformed biofilms of C. A/bicans by well-established phenotypic assays as detailed in the
Sl section. The ICgy was calculated from the dose—response nonlinear curves using a
weighted nonlinear curve fitting determined by fitting the data using the software Origin 9.
Anti-MRSA minimal inhibitory concentration (MIC) of Ag,9(LA) 12 was obtained by broth
microdilution methods as detailed in the Supporting Information. All experiments were
performed in duplicate and repeated a minimum of three times.

2.4. Theoretical Calculations (DFT).

First-principle quantum-chemical calculations were performed starting with the
experimental coordinates published for the nonagqueous homologue of the Agog(LA)12
cluster.21 The spin-polarized density-functional theory (DFT) calculations were performed
with the SIESTA code,26 and then VASP, as detailed in the Supporting Information.

3.0. RESULTS AND DISCUSSION

3.1. Composition via Electrospray lonization Mass Spectrometry (ESI-MS).

Aqueous samples of the cluster are prepared by a modification of prior methods,® according
to the steps in Scheme 1, but gave optical spectra (absorbance, luminescence, circular
dichroism) that match the published reports.18 Under gentle ionization conditions and
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judicious ion-pairing pretreatment, the 29-atom cluster maybe detected intact (Figure 1A).
Specifically, treatment of the pendant acidic groups with the volatile base triethylamine
(TEA), yields the ion-paired forms with triethylammonium (TEAH™), and suppresses the
formation of sodium adducts and the concomitant propensity of the sodiated cluster to salt
out of solution during ESI-MS analysis.1® As detailed separately, alkali adducts may be
removed by first precipitating the cluster with dilute acetic acid and then redissolving it in an
aqueous solution containing excess TEA.27

Further analysis?® by inline capillary HPLC-UV-ESI-MS confirms that this aqueous 5,6-kDa
species can be easily separated from low-mass reaction byproducts, as well as any higher
species, prior to the ESI-MS detection, reducing the likelihood that it is a product of gas-
phase aggregation or degradation. Under optimized conditions, HPLC resolves two
components, of essentially equal abundance, showing identical optical absorption and ESI
mass-spectra. It has been suggested that this is consistent with a pair of diastereomers (cf.
structure analysis below).28

Gas-phase cluster fragmentation may be induced in the ion transmission section, prior to the
mass spectrometer. Increasing the voltage between capillary exit and collimating skimmer
increases the momentum with which the cluster collides with the background gas as it
translates from a higher-pressure source region to a lower pressure. Inducing collisional
fragmentation in this manner results first in the ejection of one ligand, then another from the
cluster while conserving the number of silver atoms intact at 29 (Figure 1B).

As reported previously, the polyanionic form is highly prone to fragmentation, and under

collisional dissociation conditions the cluster can fragment to yield silver-lipoate oligomers.
19

Electronic Shell Structure Inferred from ESI-MS Results and SAC Model.

The observation of the intact cluster is significant because it establishes the compositional
assignment to 29 silver atoms and 12 ligands while attesting to its structural stability or
resilience. Also notable are the numbers of TEAH* cations adducted to the cluster at various
charge states: The Figure 1A labels show that the singly charged cluster (z= 1+) is adducted
by four (4) TEAH+ cations, which provides direct evidence that the adduct-free cluster holds
a [3-]-charge state, as had been suspected previously.19 Similarly, the major feature in Figure
1A, labeled [(29,12) + 5 TEAH]?*, may be rewritten as [(29,12)3~ + 5 TEAH™], in the
standard notation.

In turn, the charge-state [3—] suggests that the cluster is stabilized by a “magic” number of
free electrons () of eight (8), as predicted by the Super-Atom Complex (SAC) model2® and
anticipated by others,1? i.e., [(Ag)29(RS2)12]°3~ = (Ag™)29(RS227)12(€7)s. More formally, this
model predicts the number of free (unassociated) electrons, 7, of a species (A X )% of net
charge zfrom the number A of metal atoms of valence v and the number M of ligands X of
valence k.

n=uAN—vxM -z (1)
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A cluster is predicted to be stable when n= 7, a (“magic”) number associated with shell
closings (/7 = 2, 8, 18, 34, 58, 92, 128, 198, 274, 368, ...). Indeed, for the [Ag2q(LA)12]3~
complex, eq 1 yields 7= 8, from the parameter set {N=29, va =1, M=12, i =2, 2=
-3}

The [Agog(LA)10]" signal that dominates the fragmentation spectra (Figure 1B) also has an
electron count of /7~ =8, i.e., 29 — (2)10 - 1, consistent with an overall charge-state of z=
1+, which explains why it is observed abundantly without TEAH+ adducts. Less dominant
fragment ions in Figure 1B are predicted to have open shells, as may be verified by
substituting their composition in eq 1.

The nonaqueous counterpart exhibits an icosahedral-tetrahedral structure as demonstrated by
Bakr and collaborators.21 However, to obtain direct structural information on the aqueous
cluster described here from electron microscopy or X-ray diffraction measurements at the
present stage of this investigation. As a result, we rely on the experimentally determined
structure for the nonaqueous counterpart as a starting point for theoretical modeling and
interpretation of mass spectrometry results. Specifically, we assume that the aqueous cluster
exhibits an icosahedral-tetrahedral structure, as determined by Abdul-Halim et al.,?! and is
“tetravalent”, i.e., it is most stable when coordinated with four (4) weakly bound ligands,
PPhs, identified in the crystal structure as well as in ESI-MS detection. It also has three (3)
counter-cations, which were not identified.?!

3.3. First-Principles (DFT) Analysis of Structure Models.

In order to gain further insight we have performed first-principles quantum-chemical
calculations on models derived from the coordinate-set of the crystallographic structure.?!
Our strategy was first to replace phenyl groups by hydrogen atoms (PHs in place of PPhs),
and let it relax to its optimal structure. From this structure, a second, minimal model was
obtained by replacing each of the 12 dithiolate ligands by a pair of chloride (CI7) ions, i.e.,
iso-electronic substitution, one Cl-atom taking the site of each S atom, prior to
reoptimization.3°

In every case, the [3—] charge-state was assumed, and an essentially similar structure was
obtained (Figure 2). The optimized structures each show a set of triply degenerate HOMOs,
and a substantial HOMO-LUMO gap, approaching 2.0 eV, consistent with the optical
absorption spectra, which show an onset of strong absorption in this (red) region. We believe
these are sufficient to explain the special stability of the (29,12)[3-] complex, although we
have not yet attempted to construct models with the probable configurations of the
methylene units separating the pairs of sulfur head-groups, as was initiated previously in the
work by Russier-Antoine et al.20

3.4. Chirality (HCM) Analysis.

Other interesting facts arising from the theoretical analysis of these models concern the
exact chiral-tetrahedral symmetry ( 7-group) of the optimized complex, and the very large
magnitude of the Hausdorff chirality measure (HCM),3! the latter being consistent with the
recent observations18 of a strong CD spectrum (also confirmed in our work) and the
remarkable phenomenon of red circularly polarized luminescence. Figure 3 shows the
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decomposition of these two model structures into core (Agy3) and shell (Ag1gX24)
assemblies, and further indicates how sets of symmetry-equivalent atoms, or groups, are
used to calculate the HCM values.32

The core (Ag13) has a low HCM value (~0.02), consistent with its usual description as
icosahedral, when in fact it exhibits clearly the symmetry lowering from /- to 7-symmetry.
The shell has a large HCM value, indicative of intrinsic chirality, in the T-symmetry group,
and suggesting high optical activity: HCM ~ 0.14 in the case of the X = Cl model, and HCM
~ 0.16 for the benzene-dithiolate structure that was determined by single-crystal X-ray
diffraction methods. These values are near the high end of those catalogued in a recent study
on quantification of chirality in protected noble-metal clusters.32

The compositional (and charge) certainty provided by our new experiments, augmented by
the theoretical analysis of realistic structure models, should also provide a basis for
understanding the spectroscopic and other phenomena already reported.18-20

3.5. Hydrodynamic Size Characterization via AUC analysis.

Solution-phase analytical ultracentrifugation (AUC) further provides a comprehensive and
quantitative measure of its purification as presented in Figure S1. Sedimentation
distributions revealed one major species present at each stage of purification with a
sedimentation coefficient of 4.21 s and a diffusion coefficient of 14.48 x 10~/ cm?/s,
corresponding to a Stokes radius of ~1.49 nm (diameter ~3.0 nm) as summarized in Figure
4,

In addition, several minor peaks were visible which changed in relative concentration and
position as a function of purification step (Figure S1). The relatively small cluster size and
the tendency of the cluster to form ions are expected to play important roles in the antibiotic
action of the cluster.

3.6. Activity Against Planktonic Bacterial Cultures and Fungal Biofilms.

Prior research has established that silver nanoparticles (AgNPs) exhibit bactericidal effects
against Staphylococcus aureus bacteria, including the methicillin-resistant Staphylococcus
aureus (MRSA),1:9:33-35 a5 well as antifungal effects against planktonic Candida albicans,
36,37 and against Candida biofilms.38-40 Thus, AgogL A1, was tested using in vitro
susceptibility methods3® against a MRSA strain (MIC) and against preformed biofilms of C.
albicans (1Csp) as detailed in the Supporting Information. Fluorescence-based assays3® could
not be used to assess the phenotypic assays because of the interference from the native
fluorescence emanating from the clusters.17-21 To the best of our knowledge, this is the first
time that this cluster has been tested for its antibacterial or antifungal properties.

C. albicans biofilms were inhibited by AgogLA12 in a dose—response manner, with a half
maximal inhibitory concentration3® (ICs) of 0.94 mg of Ag/mL (Figure 5). A separate
control test was performed using neat LA to ensure that the antifungal effect was NOT
caused by the presence of excess LA in the raw cluster product. It is estimated from the
actual stoichiometric ratios employed in the synthesis that the raw cluster product has a
silver concentration of 1.2 mg of Ag/mL and a LA concentration of 13 mg of LA/mL.
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Therefore, the ICsq dose of 0.94 mg of Ag/mL corresponds to a LA concentration of 10 mg-
LA/mL. Neat LA was found to be inhibitory at concentrations of 31.7 mg of LA/mL and
15.7 mg of LA/mL but NOT at 8 mg of LA/mL or below. It can therefore be concluded that
the inhibitory effect of the cluster at 0.94 mg-Ag/mL is NOT due to LA alone. However, the
role of alkaline conditions in the inhibitory action of neat LA at high concentrations >15.7
mg of LA/mL cannot be ruled out because addition of a base is needed to raise the pH of the
control solution to 8-10 units to dissolve lipoic acid at those concentrations. Comparing
these results to previous research with AgNPs (ICsq 0.4-3.2 £g/mL)12:38 we needed much
higher concentrations of AgogL A1, to achieve comparable inhibitory effects against these
fungal biofilms.

To test the bactericidal activity against MRSA strain TCH1516, we determined the minimal
inhibitory concentrations3® (MICs) using broth microdilution methods as described in the
Supporting Information.

The corresponding minimum inhibitory concentration (MIC) determined by these assays
was 0.6 mg of Ag/mL. A control test on MRSA revealed that neat LA inhibited MRSA only
at concentrations of 31.7 mg of LA/mL. Therefore, LA alone is NOT responsible for the
antibiotic activity of the cluster solution on MRSA Comparing our results with previous
results with those reported previously for pure AgNPs (MIC 0.2—100 zg/mL),13:4143 muych
higher concentrations of AgogLA15 are required to achieve comparable inhibitory effects
against MRSA.

In one study characterizing the bactericidal activity of 10 nm silver particles stabilized with
lipoic acid, Niska et al.*! report MIC values in the 5-40 g/mL range on all Gram-positive
bacteria tested, including MRSA. Above 40 g/mL, the LA-capped particles were toxic to
human gingival fibroblast cells (HGF-I). Silver nitrate, used as a reference in their study,
inhibited at 5-100 g/mL concentrations, was toxic at 5 zg/mL, but was not effective on all
bacteria tested.4!

Electron Microscopy to Assess the Effects of the Clusters on Microbial Cells.

Elucidating the mechanism of action of these clusters is beyond the scope of the present
report but the mechanism of AgNPs has been studied extensively by others.#445 However,
we used Advanced Electron Microscopy (AEM) techniques in order to provide some initial
insights into the effects of our clusters on bacterial and fungal cells. SEM images (Figure 6)
of preformed biofilm of Candida albicans, pretreatment display true hyphae and yeast cells
display a smooth surface on the cell wall (CW) and a dense mesh-like network of yeasts
cells and hyphal elements. After 24 h treatment of clusters, at 0.94 mg-Ag/mL, the
preformed biofilm of Candida albicans shows scarce hyphae, disrupted outer cell walls, and
the silver has become aggregated. Contrasting SEM images of MRSA cells, without
treatment vs post-treatment, show cell size and morphology changes of MRSA along with
clusters interacting and agglomerated on the outer cell surface. Cluster concentration was 0.6
mg of Ag/mL for 24 h of treatment.

Previously, for larger particles, Morones et al.® demonstrated that positively charged silver
nanoparticles bind to the negatively charged outer cell wall of MRSA bacteria resulting in
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membrane permeability, and bacterial lysis as shown in Figure 6d by advanced electron
microscopy (AEM) detailed in the Supporting Information, and generation of reactive
oxygen species (ROS), with release of silver cations.® Similarly, previous research
demonstrated that the fungicidal action of AgNPs against C. albicans is due to the disruption
of the outer cell membrane/wall, inhibition of filamentation, permeabilization of the cell

wall, and disruption of the structural layers of the outer fungal cell wall as shown in Figure
6b.37.38

Regarding smaller particles or clusters, by using advanced electronic microscopy (AEM)
techniques, others have shown that silver nanoclusters aggregate inside the cell after
permeabilization.33:36.38

Silver nanoclusters, as investigated herein, may be regarded as very small nanoparticles.
Previous in vitro results demonstrated that smaller size in AgNPs enhance bactericidal
efficacy and lessen cytotoxicity.#246 In vivo studies reported that use of smaller silver
nanoparticles (diameter <6 nm) enhance the renal clearance with a rapid and efficient
urinary excretion.1516 A key advantage of clusters is that they can easily be eliminated by
the kidney in animal models and humans.*

One possible reason for the apparent high MIC values exhibited by the Ag,g cluster could be
its exceptional aqueous-phase stability relative to other silver particle systems. Most
mechanisms for the bactericidal activity of silver particles propose the generation of silver
cations as an intermediate.10-14

In aqueous cellular environment, nanoparticles are hypothesized to fall apart and release
silver cations that inhibit cellular transport proteins. If the AgygL A1, cluster, contrary to the
more reactive larger particles, remains intact for a longer period, that would explain the
higher MIC numbers observed during the 24 h incubation tests. It is possible that the cluster
exhibits longer term action, a feature that may prove beneficial and at least guarantees
further studies and alternative antibiotic assays. In addition, the higher MIC values observed
for the cluster may also be due to its [-3] charge state that, when dissociated in an aqueous
environment, may result in a charge barrier that must be surpassed to allow the negatively
charged cluster anion to interact with membrane walls (also presumed to be negatively
charged). Such barriers have not hindered the antibiotic activity of larger negatively charged
particles.*® The AgogLL A1 cluster, as demonstrated during mild ES-MS measurements
(Figure 1), easily forms intact cations at physiological pH. Proper pH control may thus be
needed to increase the antibiotic activity of the cluster.

We are fully aware that the minimum inhibitory concentrations reported here from
phenotypic assays for the AgpgL A1, cluster are too high to be applied systemically, as one
expects these high concentrations to be cytotoxic.1249.50 However, the cluster could
potentially be used in different treatment modalities, such as topical applications (i.e., wound
infections, disinfection) and, in the case of biofilms, in catheter lock therapy in which high
suprapharmacological concentrations of antimicrobial agents are instilled into the lumen of

infected catheters to try to overcome the intrinsic resistance of cells within the biofilms.
3,51,52
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4. CONCLUDING REMARKS

In addition to exhibiting unique electronic properties arising from its 8-electron shell
closing, the AgogL A1 cluster exhibits antibacterial properties against antibiotic resistant
MRSA and anti-fungal activity against C. albicans preformed biofilms. Although higher
concentrations of the cluster are needed for inhibitory activity than those reported for larger
silver nanoparticles, the AgogLA12 cluster offers the likely benefits of the ligand being
biocompatible and biodegradable, not to mention greatly enhanced stability (“shelf life™)
and the assurance of a certified chemical composition and purity.

In conclusion, the novel contributions of this work include the following:

1 For the first time, we have established the bactericidal and fungicidal activity of a
unique silver cluster of well-known composition and electronic structure.

2. Twelve biocompatible lipoate ligands per cluster offer myriad possibilities for
bioconjugation of the carboxylic group with antibiotic compounds, such as
penicillin, to enhance the cluster effectiveness.

3. In addition, the surface ligands may be conjugated with various anchoring agents
and chromophores for targeting specific cell components (lipid bilayer and
membrane proteins)

4, The electronic structure and composition of the aqueous cluster has been
elucidated

5. The cluster exhibits an extraordinary chirality, as first quantified herein.

Continuing work involves the bioconjugation of the silver lipoate clusters to antibiotics, such
as ampicillin and penicillin G, and the exploration of alternative assays to probe the long-
term activity of the cluster. In addition, we continue to study the nature of the four elusive
coordinating ligands and three counterions and how these affect the stability of this
intriguing magic-sized cluster.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1. Process of R-a-Lipoic Acid Reduction to R-Dihydrolipoic Acid, Then Added to Silver
Nitrite and Excess Sodium Borohydride to Produce the Cluster-Complex Agogl A15%

aAll reagents are in the aqueous phase.
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Figurel.
Electrospray ionization mass spectrometric analysis of the Agpg lipoate complex in solution.

(A) Cluster can be detected intact thus confirming its composition and 3- charge state. The
observed peak positions and isotopic patterns agree with those calculated (green trace) from
the chemical formulas given, assuming all lipoic acid carboxyl groups are protonated
(—=COH). (B) Cluster can be induced to fragment by loss of lipoate ligands while keeping its
silver count intact at 29.
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Figure 2.
Structure models optimized by DFT calculations show how (B) an isoelectronic aqueous

surrogate of the (29,12)(37) cluster retains (A) the structural features of its nonaqueous
homologue. Viewed along a Cz-axis. Color code: Ag (orange, gold, yellow spheres); S or ClI
(lime-green); P (blue); C (gray); H (not shown). See text for details of these models.
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A

Figure 3.
Core (left), shell (center), and core+shell (right) model structures (cf. Figure 2) used for the

calculation of the HCM index of chirality : (A) Ago9Cloa(PH3)4 and (B)
Agr9(S,Ph)12(PPh3),. Color code: Ag (gray or red spheres); S (yellow) or Cl (lime-green); P
(orange); C (black); H (white).
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Figure 4.

Stokes radius distribution after cluster purification.
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Figure5.

AgagL A1y cluster inhibits a Candida albicans biofilm at 0.94 mg Ag/mL half maximal
inhibitory concentration IC50. Error bars represent + standard deviation from the mean.
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Figure®6.
(a, b) SEM images of a preformed biofilm of Candida albicans. (a) without treatment,

displaying true hyphae and yeast cells displaying a smooth surface on the cell wall (CW)
and a dense mesh-like network of yeasts cells and hyphal elements; and (b) after 24 h
treatment of clusters at 0.94 mg-Ag/mL, showing the preformed biofilm of Candida albicans
with scarce hyphae, and disrupted outer CW. Clusters becomes aggregated 24 h after
incubation on the preformed biofilm, (c, d) SEM images of MRSA: ¢) MRSA cells without
treatment; and (d) post-treatment, showings cell size and morphology changes of MRSA
along with clusters interacting and agglomerated on the outer cell surface. Cluster
concentration was 0.6 mg-Ag/mL for 24 h treatment.
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