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ABSTRACT

Ultrasmall metal nanoclusters (NCs) are employed in an array of diagnostic and therapeutic applications
due to their tunable photoluminescence, high biocompatibility, polyvalent effect, ease of modification and
photothermal stability. However, AuNCs’ intrinsically antimicrobial properties remain poorly explored and
are not well-understood. Here, we share an insight as to the antimicrobial action of atomically precise gold
nanoclusters (AuNC) based on their ability to passively translocate across the bacterial membrane.
Functionalised by a hydrophilic modified-bidentate sulfobetaine zwitterionic molecule (AuNC-ZwBuEt)
or a more hydrophobic monodentate-thiolate (AuNC-MHA) molecule, 2 nm AuNCs were lethal to both
Gram-negative Pseudomonas aeruginosa and Gram-positive Staphylococcus aureus bacteria. The
bactericidal efficiency was found to be bacterial strain-, time-, and concentration-dependent. The direct
visualisation of the translocation of AuNCs and AuNC-cell and subcellular interactions were investigated
using cryo-soft X-ray nano-tomography (Cryo-SXT), transmission electron microscopy (TEM), and
scanning TEM-energy dispersive spectroscopy (STEM-EDS) analyses. AuNC-MHA were identified in the
bacterial cytoplasm within 30 min, without evidence of the loss of membrane integrity. It is proposed that
the bactericidal effect of AuNCs is attributed to their size, which allows for efficient energy-independent
translocation across the cell membrane. The internalisation of both AuNC caused massive internal damage
to the cells, including collapsed subcellular structures, altered cell morphology, leading to the eventual loss

of cellular integrity.

1. INTRODUCTION

Gold nanoclusters (AuNC), consisting of an assembly of a defined number of atoms (typically between
tens and hundreds), exhibit distinct electronic states enabling tunable photoluminescence from the
ultraviolet (UV) to the near infrared (NIR) wavelength regions.! Owing to their photoluminescence

properties in the near infrared/shortwave infrared (NIR/SWIR) region, AuNCs can be tracked in real-time
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in various organs, making them an important diagnostic and therapeutic tool.>> For example, it has recently
been demonstrated that ultra-small AuNC (core diameter <2 nm), protected by thiolate ligands, facilitate

excellent in vivo computed tomography (CT) imaging, particularly of tumours.*”’

AuNCs have also recently been found to act as potent antimicrobial agents toward both Gram-negative®
? and Gram-positive bacteria.!’ For therapeutic applications, AuNCs conjugated with various surface
ligands have been extensively researched as antimicrobial agents owing to their high biocompatibility,
polyvalent effect, ease of modification and photothermal stability.!!"!> Many research groups have focused
on employing AuNCs conjugated to antibiotics, amino acids, antibacterial peptides, and quaternary
ammonium compounds, to demonstrate their antibacterial efficacy.!’!® The antibacterial action of
antimicrobial conjugated AuNCs has been attributed to their ultra-small size and high surface area allowing
for increased opportunity for interaction with bacteria in suspension and efficient binding of antibacterial
small molecules at the bacterial membrane.!®!7 Nevertheless, AuNCs are also intrinsically antimicrobial.'
Positively charged AuNC may promote antibacterial efficacy due to electrostatic adsorption at the
negatively charged cell wall, leading to the disruption of membrane integrity, increased membrane
permeability, and dissipation of membrane potential.'> 131 Nevertheless, recent investigations of the
antibacterial action of AuNC protected by ligands with increasingly negative surface charge showed that
the more negatively charged AuNCs possessed greater lethal action.!” Zheng et al., recently ascribed the
bactericidal properties of 0.1 mM ~2 nm AuNC to their cellular internalisation leading to the inducement
of a metabolic imbalance in cells, reactive oxygen species (ROS) production, and consequent bacterial
death; however, AuNC translocation was not explicitly shown.!% 2 In another recent work, glutathione-
conjugated AuNCs were shown by in-situ liquid cell TEM experiments to aggregate at the bacterial
membrane and then penetrate the cell causing an increase in intracellular ROS and destroying the membrane
integrity*!. Contrastingly, other studies on the bactericidal action of ultra-small (3 nm) AuNPs showed no

production of intracellular ROS.??>* Similarly, investigations of the photosensitizing capabilities of AuNC



in bacteria showed that the ultra-small particles are highly capable of quenching any ROS produced.?*
Notably, while ROS generation is a reliable indication of the metabolic imbalance of cells (endogenous
redox imbalances can be caused by damage, that lead to an inability of the cell to maintain redox
homeostasis),? these indirect methods to study the antimicrobial action of AuNC have been unable to
resolve single particles and their fate within the cell. Thus, the limited understanding of the antibacterial

action opens the door to further investigations toward elucidating the antibacterial nature of AuNC.

At the cellular level, AuNC size, surface chemistry, and hydrophobicity are identified to influence particle
interactions with biological components and cell particle uptake.?5%° Indeed, the high diffusivity of AuNC
across biological barriers at the tissue and cellular levels has been reported.* 33! Dissipative particle
dynamics were previously used to shed light on the two main translocation pathways of nanoparticles of
different shape by active and passive physical penetration into a cell.>> Computer simulations concluded
that the shape effect of nanoparticles was negligible at very small nanoparticle size (radius » = 0.8 nm) but
as the particle increased in volume and radius (» = 3.2 nm), effects on penetration became more obvious. A
similar conclusion was made from the simulation of equilibrium insertion of 2.3 nm objects into a lipid
bilayer.* The effect of shape was found to be negligible for small radii particles and their cell-surface
interactions are largely governed by surface properties. The small size (< 2 nm) of AuNCs provide them
with very high surface area versus volume ratio and high diffusivity that allows them to translocate
passively inside the cell by Brownian motion.>* However, further clarification is required as to the effect
of the AuNC functionality on their targeting, biodistribution, and toxicity toward bacteria. While the
bactericidal effect of positively charged, pyrimidine-capped 3 nm AuNP was reported due to multiple sub-
cellular interactions,® to the best of our knowledge the nature of the bactericidal efficacy of AuNC of
variable degree of hydrophobicity and/or lipophilicity remains unclear. Thus, in the current work, we
investigated the antibacterial mode of action of 2 nm AuNC modified with either a moderately hydrophobic

monodentate-thiolated molecule or a more hydrophilic modified-bidentate sulfobetaine zwitterionic
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molecule to control cell-membrane interactions. The fate of AuNC in both bacterial species Staphylococcus
aureus CIP 65.8" and Pseudomonas aeruginosa ATCC 9721 was elucidated using a combination of

advanced electron microscopy such as TEM, STEM-EDS, and cryo-soft X-ray tomography (Cryo-SXT).

2. RESULTS

2.1. Synthesis and characterization of AuNC

AuNC generally possess a metal core size between 1 nm and 3 nm with the Au core protected by ligand
shells (Figure 1). In this study, AusNC were synthesized with a hydrophilic monodentate-thiolated
molecule, mercaptohexanoic acid (MHA) containing a short aliphatic chain with a terminal carboxyl group
which decorated the particle surface with negatively charged surface groups ({=-21.3 + 0.5 mV), without
significantly increasing particle size due to the very thin organic shell.*>37 Another thiolated ligand,
ZwBuEt, was used to produce AuNCs with lower surface hydrophobicity than AuNC-MHA while keeping
a negative charge surface ((=-10.0 £ 0.2mV) and good colloidal stability in water and in biological media,
as we reported previously.?’” Additionally, reported logP values for the surface ligands (MHA: 1.43;
ZwBuEt: -3.45) confirm a large difference in the lipophilicity of the capping molecules (the more positive

value corresponding to greater lipophilicity). Further characteristics of the AuNC are provided in Table S1.

Small Angle X-ray Scattering (SAXS) was used to approximate the size and shape of the particles,
assuming a square prism model (i.e., a faceted rod) (Figure 1C). The AuNC were determined to be square
prisms with lengths of ~2.3 nm and a width of ~0.75 nm, with slight differences between the samples. Both
AuNC-MHA and AuNC-ZwBuEt were found to have a faceted rod-shape geometry. A similar rod-like
structure has been also reported for Auzs and Aus7 gold nanoclusters that were stabilized by using small

thiolated molecules.*®*’ The SAXS measurements confirmed the AuNC suspensions remained stable in



suspension over the course of the 4 h measurement. AuNCs coated with zwitterionic molecules have been

shown to be stable in water, buffer solution and physiological medium for approximately 6 months.?” !

The AuNCs showed the characteristic UV-VIS absorption patterns of ultra-small Au particles with strong
UV absorption (Figure 1D). AuNC-MHA exhibited a shoulder peak at 440 nm and a near infrared band

centred at 670 nm commonly attributed to a 25-Au atom crystal structure.®’
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Figure 1. Synthesis and Characterisation of AuNCs. (A) Cartoon of AuUNC-MHA and AuNC-ZwBuEt.
(B) HRTEM images of AuNC-MHA and AuNC-ZwBuEt. (C) Fit of SAXS scattering curve, to square
prism model, achieving shape parameters for AuNC-MHA of a square prism with 0.73 nm sides and a
length of 2.27 nm and for AuNC-ZwBuEt a square prism with sides of 0.79 nm and length of 2.32 nm. (D)

UV-VIS absorbance spectra of AuNC in water.



2.2. Ligand-surface hydrophobicity dependent antibacterial activity of AuNC

The antibacterial efficacy of AuUNC-MHA and AuNC-ZwBuEt toward infectious doses of Gram-positive
S. aureus and Gram-negative P. aeruginosa bacteria was evaluated for a maximum incubation period of 2h
at concentrations of 5-200 ug AumL!, as it was previously reported that 2 h incubation time was sufficient
for assessment of the antimicrobial action of AuNCs.!%!7-20 Viable cells were quantified by colony forming

units (CFU) obtained via the plate counting technique (Figure 2).
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Figure 2. Antibacterial activity of AuNC as a function of concentration toward (A) S. aureus and (B) P.
aeruginosa as determined by CFU mL!. Bacteria were exposed to AuNC for 2 h. Statistical significance is

denoted by ***p < 0.001, **p < 0.01 and *p < 0.05. ¢ indicates measurement was below detection limit

(minimum bactericidal concentration; MBC). Error bars are one standard deviation.

The AuNCs exhibited negligible antibacterial effect at concentrations <25 ug AumL™". At 25 ug AumL
!, a significant drop in CFU mL"! was recorded for both AuNCs (AuNC-MHA p = 0.01; AuNC-ZwBuEt p
=0.03) toward S. aureus (approximately 30% reduction in viable cells). A further 6% and 15% reduction
in viable bacteria was recorded at 50 ng Au mL"! AuNC-MHA and AuNC-ZwBuEt, respectively. At larger
concentrations (100 and 200 pg Au mL™), the antibacterial efficacy of both AuNCs toward S. aureus

plateaued. Interestingly, no significant difference in antimicrobial efficacy toward S. aureus was observed



between AuNC-MHA and AuNC-ZwBuEt. By contrast, AuNC-MHA and AuNC-ZwBuEt completely
inhibited the proliferation of P. aeruginosa with a minimum bactericidal concentration (MBC) of 100 pg
mL! (Figure 2B). While <25 pg AumL' AuNC-MHA had little to no effect on the growth and proliferation
of P. aeruginosa, 25 ng AumL™" of AuNC-ZwBuEt reduced the number of viable by approximately 45%
(p = 0.0002). These results are in good agreement with the reduction in cell viability observed at higher

bacterial densities (Figure S1).

Dynamic antibacterial studies showed that as the dose of AuNC increased, the antibacterial efficiency
towards both S. aureus and P. aeruginosa increased over continued contact with bacterial cells in
suspension (Figure S2), demonstrating both time- and dose-dependent antibacterial activity. At 200 ug Au
mL"!, AuNC MHA and AuNC ZwBuEt inactivated 86% and 100% of P. aeruginosa bacterial cells in
suspension in 30 min, respectively. Generally, the results of the plate counting technique indicated that
AuNC-MHA displayed greater bactericidal activity towards S. aureus and P. aeruginosa at all incubation

times tested than its less hydrophobic counterpart, AuNC-ZwBuEt.

2.3. Investigation of the interaction between AuNCs and subcellular structures

A combination of complementary electron microscopy techniques was used to directly visualize cell
membrane, cell morphology, cellular integrity and AuNC interactions with subcellular structures at 2 h
following incubation with 100 pg Au mL™! (MBC) (Figure 3). Cross-sectional TEM analysis of bacteria
incubated with ultra-small AuNC revealed significant morphological changes to the cytosol and a lack of
homogeneity most likely due to the damage of intracellular structures of both S. aureus and P. aeruginosa
bacterial cells. Both aggregates and single AuNC were observed within the bacterial cells at 2 h of
incubation. TEM images showed the presence of single AuNC or aggregates of AuNC with cytoplasmic
material corresponding to the areas with black contrast (Figure 3A). Particle analysis of clusters of AuNC-

ZwBuEt and AuNC-MHA associated with S. aureus and P. aeruginosa returned a wide size distribution of



AuNC, between 5 — 30 nm. The diameters of particles that are external (E) and internal (I) to the cells are
shown in Figure 3C. Aggregates of AuNC-ZwBuEt of minimum diameter 8.5 nm and maximum diameter
25 nm (corresponding to 10-12 AuNC) were observed to be embedded in the peptidoglycan layer and
membrane of both S. aureus and P. aeruginosa, whereas internalised AuNC-ZwBuEt aggregates were
estimated to have a mean diameter of 8 + 2 nm. By contrast, AuUNC-MHA localised in cytosolic-particle
aggregates inside the bacterial cells, as seen in Figure 3Aii and 3Avi, possessed a mean diameter of 5 + 2
nm. The diameter of AuUNC-MHA particle aggregates attached externally to the cell wall of S. aureus ranged
widely from 8.2 — 33 nm (average diameter 19.1 + 7.5 nm). No AuNC-MHA aggregates were observed
external to P. aeruginosa cells. Detailed TEM analysis revealed that many P. aeruginosa and S. aureus
cells possessed intact double membranes (Figure S3), indicating that AuNC-MHA may be translocating
across the membrane. Indeed, analysis of both TEM and SEM micrographs showed that no AuNC-MHA
aggregates were observed bound externally to the cell wall (Figure 3A, 3B). SEM analysis of P. aeruginosa
morphology showed the collapse of the central region of the cell, without the obvious leakage of

cytoplasmic material.
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Figure 3. (A) TEM micrographs of S. aureus and P. aeruginosa incubated with no AuNC (control), and
100 pg AumL™! AuNC-MHA, and AuNC-ZwBuEt, respectively, for 2 h. Black arrows point to the bacterial
structural damage incurred during incubation; white arrows indicate intracellular AuNC. AuNC-MHA
localised in cytosolic-particle aggregates inside the bacterial cells, as seen in Figure 3Aii and 3Avi. Inset
micrographs show AuNC-cytoplasm aggregates (white arrows) and membrane blebbing (black arrows) in
response to bacterial interaction with AuNC-MHA. (B) SEM micrographs of P. aeruginosa morphology
following 2 h incubation with no AuNC (control), and 100 ug Au mL'AuNC-ZwBuEt and AuNC-MHA,
respectively. No AuNC are observed to be bound externally to P. aeruginosa cells; however, AuNC were
observed bound to lysed cell cytoplasmic material, as observed in Figure S4. (C) Distribution of the
diameter of AuNC-ZwBUEt particles observed external, E, to the cell (embedded in the peptidoglycan or
membrane layers) and localised internally, 1. ¢ refers to below detection limit. Statistics were performed on

data analysed from an average of 50 cells per condition.



2.4. Observation of the translocation of AuNC

In-depth TEM analysis showed that the AuNC-MHA-cell interactions that led to non-viability in gram
positive and gram-negative bacteria may stem from particles binding internally, and not at the cell
membrane, since many cells show the destruction of internal cell integrity while simultaneously possessing
intact double membranes (Figure S3). Additionally, fluorescence microscopy was used to confirm the
uptake of AuNC-ZwBuEt in P. aeruginosa cells by exploiting the intrinsic fluorescence of the AuNCs in
the NIR region (Figure S5; Figure S6). Both AuNC-MHA, and AuNC-ZwBuEt may be efficiently up-taken
by bacteria, although their cell-membrane interactions appear to be highly surface-ligand dependent.
Therefore, we used cryo-soft-X-ray nano-tomography to determine the initial interactions of AuNCs with
P. aeruginosa cells at a shortened incubation time of 15 min. Cryo-SXT is advantageous over electron
microscopy techniques because the cell can be imaged without the introduction of artefacts caused by
fixation and staining procedures, as well as sectioning. P. aeruginosa cells interacting with 100 pg Au ml-
1 AuNC-ZwBuEt for 15 min showed the presence of small internal inclusions?*??* (indicated by the green
arrows in Figure 4). The presence of small internal inclusions was previously reported >23; however, it was
not possible to identify AuNC surrounding, or internal to, these inclusion bodies. The bacterial membrane
was roughened, possibly from loss of turgor pressure, in comparison to the smooth cell membrane
appearance of control cells (Figure S7). Similarly, P. aeruginosa bacteria incubated with AuNC-MHA
exhibit a damaged morphology with wrinkling of the cell wall. In the case of single particles, or small
aggregates (< 20 nm), the Cryo-SXT technique may not resolve their presence inside the cell, because the
spatial resolution is limited to 26 nm half-pitch.** After 1 h incubation, P. aeruginosa cells treated with
AuNC-ZwBuEt showed the increased vacuole-like spaces. In the high magnification image, many of the
inclusion bodies have travelled to the outer perimeter of the cell, possibly in an attempt to efflux the AuNC
from the cell. P. aeruginosa cells treated with AuUNC-MHA for 1 h appeared ruptured, in agreement with

the above TEM images.



AuNC-ZwBuUEt
AuNC-ZwBuUEt

AuNC-MHA
AuNC-MHA

Figure 4. Aligned and reconstructed Cryo-SXT tomograms of P. aeruginosa morphology following (A)
15 min and (B) 60 min of interaction between bacteria and 100 ug Au mL™' AuNCs. Green arrows indicate
the presence of bacterial inclusions in bacteria incubated with AuNC-ZwBuEt. The black arrow indicates

a 100 nm gold fiducial used for tomogram alignment.

STEM-EDS analysis as another independent complementary technique, was used to study the AuNC
interaction with bacteria over 30, 60 and 120 min and to confirm the internalisation of AuNC-MHA and
AuNC-ZwBuEt at each investigated time point (Figure 5). EDS analysis detected AuNC-MHA internalised
in P. aeruginosa by 30 min whereas they were only localised inside S. aureus bacteria after 60 min
incubation (Figure 5C; Figure 5D). Many AuNC-MHA aggregates observed in contact with S. aureus were
found embedded in the outer peptidoglycan layer (Figure 5D), as previously determined via TEM (Figure
3A). For P. aeruginosa, at 30 min, no obvious cellular damage occurred despite EDS confirmation of the
dispersal of AuNC-MHA throughout the cell cytoplasm (Figure 5C); however, at 60 min, the bacteria
exhibit loss of cytosolic contents and cellular integrity (Figure 5A). Thus, we propose that intracellular
accumulation of AuNC-MHA over the first 60 min of incubation led to internal damage by AuNC

interaction with subcellular structures.



AuNC-ZwBuEt aggregates were only visible attached to the outer peptidoglycan layers of S. aureus cells
at 30 min incubation (Figure 5B). However, at 60 min, AuNC-ZwBuEt were localised within the cytoplasm
and obvious internal degradation had occurred (Figure 5D). Conversely, AuNC-ZwBuEt were only

detectable within P. aeruginosa cells at 120 min of incubation.
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Figure 5. STEM analysis of bacteria-AuNC interactions at 30-, 60-, and 120-min. (A) STEM-EDS
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confirmation of the presence of Au in S. aureus (top panel) and P. aeruginosa (bottom panel) after
incubation with 100 ug Au mL"' AuNC-MHA and AuNC-ZwBuEt for 60 min. Bacteria were
exposed to 100 pg Au mL!. Red arrows indicate observable aggregates of AuNC. (B) STEM
micrographs and corresponding EDS spectra obtained from the areas within the white circles to
confirm the presence of Au for (C) P. aeruginosa and (D) S. aureus. EDS spectra obtained at

different incubation points are shown in Figures S8-S11.

Additionally, in vitro tests to assess whether the condensation of chromatin might occur because
of AuNC presence inside P. aeruginosa cells were conducted using the high resolution Airyscan

capability of a Zeiss confocal laser-scanning microscope. In agreement with TEM images, no
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changes to DNA localisation were detected at 30 min exposure to either AuNC. However,
following 60 min exposure, some bacteria show the condensation of DNA material, clearly
observed in Figure 6. Furthermore, DNA damage was assessed using a DNA ladder assay. No
DNA fragmentation was visible via gel electrophoresis and a higher proportion of DNA breaks
were not observed (Figure S12; Table S2). To further confirm that AuNC-MHA and AuNC-
ZwBuEt are not preferentially targeting bacterial DNA, bacteria were treated with AuNC
functionalised with arginine (AuNC-Arg) (100 ug Au mL™"! for 1 h), stained with DAPI, and
imaged under a fluorescence microscope (Figure S13). Arg-coated AuNPs are known to interact
with, and bind to, DNA.* Fluorescence micrographs reveal evidence of DNA damage via the
filamentous appearance of P. aeruginosa cells because of an inability to correctly replicate.** By
contrast, no such replicative errors were observed during exposure of P. aeruginosa and S. aureus
to AuNC-MHA and AuNC-ZwBuEt. Further examination of TEM images of P. aeruginosa
incubated with AuUNC-MHA revealed that the bacterial DNA, although condensed inside the cell,
is not directly targeted by the AuNC, as evidenced by the retention of the bacterial nucleoid and
appearance of cytosolic-AuNC aggregates in a separate area of the cell (Figure 6B). Thus, the
antimicrobial action of AuNC is not likely to be linked to the direct binding with nucleic acids.
Alternatively, we suggest that the AuNC may form protein complexes with the cytoskeletal

network, causing the condensation of chromatin as observed in Figure 6.4
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Figure 6. (A) CLSM micrographs of P. aeruginosa incubated with 100 pg Au mL' AuNC-MHA
and AuNC-ZwBuEt for 1 h. Yellow arrows indicate DNA or chromatin condensation within the
cell. Scale bars are 5 um. (B) TEM micrographs of P. aeruginosa incubated with 100 pg Au mL-

! AUNC-MHA for 1 h. Yellow outlines highlight the condensed nucleoid of the bacterial cell.

3. DISCUSSION

It has been commonly believed that more positively charged NPs will favour interaction with

the negatively charged bacterial cell wall,*® leading to greater bactericidal efficacy; however,
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recent studies of thiolate-protected AuNC have shown that more negatively charged AuNCs
possess greater antimicrobial efficacy.!” In this work, there was no apparent difference between
the overall antimicrobial efficacy toward S. aureus and P. aeruginosa bacteria of either AuNC
studied at 2 h; however, AuNC-MHA were able to kill both bacteria more quickly, possibly
explained by an increased affinity of AuUNC-MHA (less negatively charged) for interaction with
the hydrophobic, negatively charged bacterial cell wall.*’ Indeed, the bactericidal efficiency of the
AuNC was correlated to the direct translocation of the AuNC into the cytoplasm. STEM-EDS
analysis corroborated that the more potent antibacterial action of AuNC-MHA particles could be
due to the efficiency with which they can enter the cell and bind to internal cell substructures. For
example, where AuNC-ZwBuEt particles were observed to aggregate at the cell wall, or become
embedded in the membrane, hydrophilic (and more lipophilic) monodisperse AuNC-MHA was
localised within the cell interior within 30 min (in P. aeruginosa). Indeed, AuNC-ZwBuEt showed
negligible antibacterial activity towards P. aeruginosa within the first 30 min of incubation at

concentrations lower than 200 ug Au mL™.

Additionally, the variation of antibacterial efficacy of AuNC-MHA and AuNC-ZwBuEt was
shown to be strain-species-dependent. Our work demonstrates that Gram-negative P. aeruginosa
bacteria were generally more susceptible to the antibacterial action of both AuNC functionalised
with either the monodentate-thiolate (AuNC-MHA) molecule or the modified-bidentate
sulfobetaine zwitterionic molecule (AuNC-ZwBuEt) than Gram-positive S. aureus. The
differences in cell-NP interactions between AuNC-MHA and AuNC-ZwBuEt and bacteria may be
attributed to their respective surface functionalisation (surface hydrophobicity/lipophilicity and
surface charge). For example, changes to AuNC surface hydrophobicity may be correlated to

greater or less efficient translocation across the peptidoglycan and membrane layers of the bacterial
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cells.!® 17> ¥ AuNPs protected by solution facing carboxylic acid groups, such as 6-MHA, are
highly stable in water and are not easily driven to aggregate by hydrogen bonding.** Additionally,
when comparing surface ligand properties (Table S1), MHA possess a logP value of 1.43, in
comparison to -3.45 for ZwBukEt, highlighting the increased lipophilicity of the compound. In turn,
S. aureus possess a thick peptidoglycan layer that may inhibit the efficient translocation of small
particles, or cause AuNC to aggregate at the cell wall, becoming embedded. Previous reports of
the antibacterial action of silver ions have demonstrated that, for gram-negative bacteria, the
inadequate thickness of the cell wall (composed of a thin 8 nm inner peptidoglycan layer and a 1-
3 nm outer layer of liposaccharides) increases their susceptibility to the uptake of silver ions. By
contrast, gram-positive bacteria are resistant to the antimicrobial action of silver ions due to the
increased thickness of their cell wall (consisting of a thick 80 nm peptidoglycan layer composed

of teicoic acids).*

The relationship between AuNC-cell membrane interaction and surface charge is less clear.
Simple electrostatic arguments propose that oppositely charged NPs and membranes favour the
formation of NP-lipid complexes, often leading to transient membrane damage or lipid
extraction.’*>! However, NP toxicity can occur even when the membrane and the NP have the
same charge.’>>® Furthermore, regardless of charge, both cationic and anionic AuNPs with a core
diameter between 2-8 nm have been shown to passively interact with lipid membranes.>*>
Recently, it was shown that the integrity of neutral (zwitterionic) lipid membranes was not altered
by cationic or anionic thiol-protected AuNPs of 3-4 nm core diameter,’® suggesting that factors

other than charge (like NP shape and size) are more likely to influence AuNC-membrane

interactions.
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In this study, internalised aggregates of AuNC were smaller than 8 nm (mean diameter of 5 nm),
whereas those embedded in the peptidoglycan layer had a minimum diameter of 8.5 nm.
Computational modelling has shown that small hydrophobic NPs (diameter <10 nm) can penetrate
the bilayer, but become trapped in the membrane.’’ Furthermore, combined numerical and
experimental studies have shown that hydrophobic NPs of diameter d > 5 nm (but less than 10 nm)
can translocate passively through the lipid bilayer, and those NP d <5 nm are trapped in the bilayer
core and can only proceed through the bilayer when a cluster exceeding the threshold size is
achieved.** Recent studies of the antimicrobial efficacy of AuNC of different sizes (Auzs, Auio,
and Aui44) demonstrate that there is a crucial internalization “size cut-off” of 2 nm (Aups) that
determines their antimicrobial ability; although internalisation was only proposed and not directly
visualised.?® Our previous work has shown that AuNC-ZwBuEt can freely enter the phospholipid
bilayer (demonstrated by using a DOPC lipid bilayer produced in a microfluidic device). In the
presence of serum, more hydrophobic particles (AuNC-ZwBuEt) could be inserted into the lipid

bilayer with greater efficiency.?’

Thus, the antibacterial action of AuNCs used in this study may be related to their binding to
internal cell components such as the cytoskeletal network (actin-like protein) and ribosomes, rather
than incurring damage at the membrane, since they are likely to be able to freely navigate the
bacterial membrane. Indeed, cryo-SXT experiments revealed the formation of hollow intracellular
vesicles (like endosomes/vacuoles observed in mammalian cells) as early as 15 min. The vesicles
are not membrane bound, as would be the case for mesosomes or periplasmic vacuoles, leading to
the assumption that the inclusions are caused by a stress response to internalisation of AuNC in

gram-negative bacteria.
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It was previously discerned by TEM analysis that pyrimidine-capped 3 nm NPs can bind to the
genetic material of the cell; NPs were observed to interact with ribosomes and chromosomes and
were also localised to the outer membrane peptidoglycan layer, cytoplasmic membrane and within
the cytoplasm. The ability of pyrimidine-capped NPs to bind to DNA and other organelles
responsible for protein synthesis was directly correlated to the extent of antibacterial activity.®
However, DNA damage incurred from binding events between nucleic acid and NPs occur mainly
with positively charged NPs, independent of NP size.® Indeed, highly charged NPs bind to nucleic
acids and reach a stable conformation more rapidly than NPs with low charge.”® Conversely,
thiolated AuNPs have been observed to interact heavily with cytoplasmic protein and
carbohydrates, rather than DNA.? In this work, DNA fragmentation because of AuNC-DNA
interactions was not observed. Thus, since AuNC are not likely to bind directly to nucleic acids,
the antimicrobial action of AuNCs may be a result of their propensity to form protein complexes
within the cytoplasm,*® % destroying the cytoskeletal network and forcing the condensation of
chromatin.* Indeed, TEM imaging clearly shows the formation of fibrous AuNC-cytosolic

complexes that may be attributed to break-down of the actin-like protein network within bacteria.

4. CONCLUSIONS

Herein, we investigated the antibacterial action of ultra-small AuNC (2 nm diameter) toward
two common human pathogens, S. aureus and P. aeruginosa, using a combination of fluorescence
and electron microscopy techniques, including cryo-SXT. AuNCs were functionalised with two
surface ligands (MHA; ZwBuEt) to control cell-membrane interactions via a variable degree of
particle hydrophobicity and/or lipophilicity and to assess the impact of such functionalisation on
antibacterial activity. The variation of antibacterial efficacy of AuNC-MHA and AuNC-ZwBuEt

was shown to be concentration-, time-, and strain-species-dependent. Both AuNCs displayed
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comparable antibacterial efficacy, irrespective of surface chemistry. However, P. aeruginosa
showed much greater susceptibility to the bactericidal action of AuNCs. Our results obtained from
a combination of complementary and independent high-resolution imaging techniques suggest that
the antibacterial action was directly linked to translocation of the AuNC into the cytoplasm, as
evidenced by the localisation of AuNC inside the bacterial cells. It is proposed that AuNC do not
damage the membrane as they are freely translocated but cause devastating internal damage most
likely by binding to the cytoskeletal network and other proteins necessary for cell function, and
without compromising the nucleoid. Future work is necessary to elucidate the molecular details of
interaction between AuNC and bacterial proteins. In addition, the ease of surface modification of
gold NPs, ie., conjugation with antibacterial molecules, may aid in the the search for new
antibacterial agents without complex chemical synthesis or sophisticated techniques. P.
aeruginosa bacterial cells are usually resistant to a wide variety of hydrophilic antibacterial agents
due to the low permeability of its outer membrane,®! thus it is of particular interest to develop
antimicrobial agents that can efficiently navigate the bacterial cell wall and membrane in order to

exert maximal antimicrobial effect while minimising the generation of antimicrobial resistance.

5. EXPERIMENTAL SECTION

5.1. Synthesis of AuNCs

Chemical products were purchased in Sigma-Aldrich (France) and deionized water was used

for all synthesis.
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AuNCs stabilized by 6- mercaptohexanoic acid (MHA, C¢H202S, M= 148.2g mol!) was
synthesized following a slightly modified protocol described elsewhere.’” To produce AuNC-
MHA with the molar ratio Au: MHA: NaBH4= 1: 2: 0.4, 500 pL of HAuCl4.3H20 (20 mM) was
added to 4.8 mL water followed by 4 mL of the thiolated ligand MHA (5 mM), changing the color
from yellowish to pale yellow and cloudy. After 1 min, 500 puL of NaOH (1M) was added dropwise
leading to almost colorless sol. After 5 min, 200 uL. NaBH4 (20 mM in 0.2 M NaOH) was
introduced dropwise under mild stirring at 350 rpm for 4 h. Purification of the AuNC-MHA on 3
kDa cut-off filter column (Amicon) was repeated 3 times to stop the reaction, adjusted to pH7,

concentrated to 2 mg Au mL! in water and kept stored in the fridge.

A modified thioctic-zwitterion (ZwBuEt, C19H3sN204S3, M=455.2 g mol') was synthesized
following the protocol described elsewhere?’. Au NCs with zwitterion (AuZwBuEt), were
prepared by the addition of gold salt (HAuCl4.3H,0, 50 mM) to an alkaline solution (pH 10)
containing the ligand in the presence of the reducing agent NaBH4 (50mM) and stirred for 15
hours. Zwitterion stabilized AuNCs were synthesized with the molar ratio Au: ZwBuEt: NaBH4 =
1:2:2. Afterwards, solution was filtered three times with Amicon 3 kDa cut-off filters at 13,600
rpm for 20 min to remove excess free ligands, adjusted to pH 7, concentrated to 2 mg Au mL™! in

water and kept refrigerated until use.
5.2. Spectrophotometry

UV-VIS absorption spectra of AuNC-MHA and AuNC-ZwBuEt were collected using a

Shimadzu UV-1800 spectrophotometer in transmission mode.

5.3. Small angle X-ray scattering (SAXS)
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SAXS was conducted on a Bruker MicroCalix SAXS operating on a Cu-Ka microfocus source
(Bruker Gmbh, Germany). Data was collected on a Pilatus 100k 2D detector with q range of 0.004
to 0.56 A™!, where q is the scattering vector (q = 4p sin(0)/1, 20 is the scattering angle and 1 is
wavelength of the scattered radiation). Calibration was carried out using silver behenate as
standard. Normalisation, primary beam masking and background subtraction was carried out in
RAW.%? Analysis was carried out using SASView (version 4.1.2, http://www.sasview.org/)®>
assuming scattering length densities of 9.47 x 10 /A% and 126 x 10 /A? for the water and
nanoparticles respectively. As small metallic nanoparticles are known to be facetted, the data was

fit assuming them to be square prisms®* which yielded good fits over the entire scattering vector

range without needing to add polydispersity.

5.4. Antibacterial activity

P. aeruginosa ATCC 9721 and S. aureus CIP 65.8" were obtained from American Type Culture
Collection and Culture Institute Pasteur (France), respectively, and refreshed on nutrient agar

(Oxoid) for 24 h at 37 °C.

To estimate the number of viable cells following treatment with AuNCs, standard plate count
methods were used. P. aeruginosa and S. aureus stock solutions were then serially diluted in PBS
until infectious dose was achieved (1000 CFU/mL P. aeruginosa® and 100,000 CFU/mL S.
aureus).%® AuNCs were added to suspensions of infectious dose P. aeruginosa and S. aureus (500
uL) at concentrations of 5, 10, 25, 50, 100 and 200 pg Au mL!. AuNCs/bacterial suspensions
were then incubated in a rotary shaker at 37 °C for up to 2 h at 220 RPM. Control samples consisted
of bacterial suspensions in PBS with no added AuNCs, but an equal volume of MilliQ water for

each given concentration. AuNCs/bacterial suspensions and controls were then spread plated on 5
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separate nutrient agar (Oxoid) plates and incubated for 24 h at 37 °C to estimate the number of

viable cells indicated by colony forming units (CFU).
5.5. DNA Fragmentation Assay

P. aeruginosa was suspended in PBS at an optical density (ODgoonm) of 0.1. 100 pug Au mL™! of
each AuNC was added and bacteria-AuNC suspensions were incubated at 37 °C for 1 h under
shaking (120 rpm). DNA isolation was performed using the Qiagen DNeasy PowerSoil Pro Kit. 5
puL of DNA was stained with 2 ul SYBR mix green and electrophoresed for 45 min at 100 V in a
3% agarose gel to visualize the DNA. The concentration of double-stranded (ds) and single-

stranded (ss) DNA was measured using a Nanodrop™ spectrophotometer.

DNA fragmentation and chromatin condensation were assessed using DAPI staining of nucleic
acid in P. aeruginosa exposed to 100 pg Au mL™!' of each AuNC. Suspensions of bacteria and
AuNC were prepared as described above and stained with 10 pg/ml DAPI for 20 min at room
temperature. DAPI stained bacterial cells were visualised after 1 h using a Zeiss Airyscan 880

LSM instrument with a 63% objective.
5.6. Statistical analysis

All plate count experiments were performed in replicates of 5 and repeated a minimum of 2
times. Data are expressed as a mean + standard deviation of at least 5 independent samples.
Statistical comparisons were made between results using a two-tailed student’s T-test where p <

0.05 denoted a statistically significant difference.

5.7. Transmission Electron Microscopy (TEM)
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TEM was used to view cross sections of bacterial cells incubated with AuNCs. AuNCs were
incubated with bacteria at concentrations of 100 pg/ml in a rotary shaker at 37 °C at 220 RPM for
30, 60 and, 120 min. Following the incubation period, the cells were washed and then fixed for
TEM. After incubation, bacterial cell suspensions were washed twice with 10 mM PBS (pH of
7.4) using centrifugation at 13000 rpm for 5 min at 25°C to remove any AuNC that had not
interacted with the cells. The pellets were then suspended in 2 mL of 1% glutaraldehyde in PBS
for 30 min, and then washed twice in PBS for 5 min. After the final washing step, the cell
suspensions were post-fixed with 1 mL of 1% aqueous osmium tetroxide (OsOs4) for 1.5 h. The
cell pellets were washed 3% in nanopure H>O (with a resistivity of 18.2 MW cm™) for 5 min each.
Samples were then dehydrated by passing them through a graded ethanol series (20, 40, and 60%)
(2 mL) for 20 min each and then stained for 8 h with 2% uranyl acetate in 70% ethanol (2 mL).
After staining, the cells were further dehydrated by passing the samples through another graded

ethanol series (80, 90 and 100%) for 15 min each (2 mL) at -20 °C.

The embedding medium was prepared using Spurr’s resin (ProSciTech). To embed the samples,
each sample was incubated at -20°C in 2 mL of 100% ethanol and Spurr’s epoxy monomer (1:1
ratio) for 8 h, followed by a transfer to 100% ethanol and epoxy monomer (1:3 ratio) for 8 h, then
finally a transfer into the pure epoxy for 8 h. Each sample was then transferred into a gelatin
capsule containing fresh epoxy monomer mixed with 1% dry benzoyl peroxide, which was then
polymerized for 24 h at 4°C. The final block was trimmed, then cut into ultrathin sections (50 nm
thickness) using a Leica EM UC7 Ultramicrotome (Leica Microsystems, Wetzlar, Germany) with
a diamond knife (Diatome, Pennsylvania, USA). Sections were placed onto 300 mesh copper grids
and examined using a JEM 1010 instrument (JEOL). Approximately 40 TEM images were taken

for each sample analysed.
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STEM-EDS analysis was performed on samples prepared as described above using a TEM Jeol
2100F (FEG, 200 kV) equipped with a high-angle annular dark field detector (HAADF, scanning

TEM mode, STEM) and energy dispersive X-ray spectrometer (EDS).

5.8. Cryo-soft-X-ray tomography

Quantifoil R 2/2 holey carbon-film microscopy grids (Au-G200F1) were exposed to 1 min O»
plasma to increase their hydrophilicity. P. aeruginosa colonies from a nutrient agar plate (kept at
37°C for 24 h) were suspended in PBS at an optical density of ODsoonm 0.1. 100 ug Au mL™! were
added and AuNCs and bacteria were left to interact for ~15 min or 1 h before vitrification.
Immediately prior to plunge-freezing (Leica, EM, GP), the grids were blotted from the rear using
Whatman filter paper no.4 to remove excess medium, and 2 pL. of Au fiducial markers with a 100
nm diameter were added to the grids for projection alignment. The distribution of the cells on the
frozen grid and the ice thickness were confirmed using cryostage (CMS196 Linkam Scientific
Instruments, Epsom, UK)-equipped fluorescence microscope (Zeiss Axio Scope). Grids were
transferred to holders and stored in liquid nitrogen. The frozen grids were transferred to Mistral
(ALBA-Light Source) beamline in ALBA synchrotron under cryogenic conditions.®” Tomograms
were collected from a tilt range of + 65° with a step size of 1° at 2.43 nm wavelength (photon
energy £ = 520 eV) with a 40 nm zone and a 25 nm plate and an image pixel size of 8 nm for
bacteria. Approximately ~131 images were acquired for each tilt series with exposure times
varying from 1s-2s. Tilt series were aligned and reconstructed using the batch reconstruction

processes in IMOD and segmentation was done with Microscopy Image Browser ver 2.70.
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The following files are available free of charge.
Characterization of AuNC. Metabolic activity of bacteria exposed to AuNC for 2 h. Dynamic
antibacterial activity. TEM of bacterial morphology post AuNC exposure. SEM micrograph of
bacterial morphology. Confocal laser microscopy (CLSM) analysis of Syto9 fluorescence. CLSM
analysis of AuNC-ZwBuEt and AuNC-MHA uptake in P. aeruginosa. Reconstructed Cryo-SXT
tomogram of control P. aeruginosa bacteria. STEM-EDS analyses of S. aureus and P. aeruginosa
incubated with 100 pg ml"! AuNC-MHA and AuNC-ZwBuEt. DNA fragmentation assay via gel
electrophoresis. DAPI staining of P. aeruginosa DNA following incubation with AuNC. Cell

surface characterisation of P. aeruginosa and S. aureus. (PDF)
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