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Understanding the structure—property relationships of novel materials is pivotal for the advances in science
and technology. Thiolate ligand protected ultra-small gold nanoparticles (AuNPs; diameter below 3 nm)
constitute an emerging class of nanomaterials with molecule-like properties that make them distinct
from their larger counterparts. Here we provide new insights into the structure—property relationships of
these nanomaterials by developing a series of ultra-small AuNPs, having comparable size and surface
functionalities, but with different core-in-cage structures. We identified the density of metallic core and
cage containing Au()-thiolate motifs, as well as cage rigidity as crucial factors that can significantly
modulate the optical and biological properties of these AuNPs. In particular, AUNPs having a longer motif
with a more rigid cage structure exhibited stronger luminescence while those containing a high
percentage of loosely bound oligomeric Au()-thiolate motifs in the cage (semi-rigid structure) had
better antibacterial activity. We also studied for the first time the inflammatory response to these NPs
and revealed the importance of cage structure. We envisage that the finding reported in this paper can
be applied not only to ultra-small AuNPs but also to other nanomaterials to develop new pathways to
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Introduction

The transition from “periodic table of elements” to “nano-
materials” through the guiding principle of nanochemistry has
led to the discovery of several unique physical, chemical and
biological properties which are distinctly different from those
displayed by bulk materials.'* These nanoscale properties are
the cornerstones of many revolutionary and existing applica-
tions in areas such as optoelectronics,* catalysis® and biomed-
icine.*” The intrinsic properties of a nanomaterial are governed
by its size, shape, composition and structure. In the last two
decades, considerable progress has been made in regard to
controlling the properties of nanomaterials by defining the
size,® shape® and composition.” In contrast, nanomaterials
with tailored structures as an important means of defining
functions have rarely been considered. This is mainly due to the
difficulty in manipulating the structure without compromising
size, composition and surface chemistry. Thus, uncovering the
structure regulated properties of nanomaterials is of major
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exciting future applications in electronics, sensing, imaging and medicine.

significance. To achieve this goal, novel materials and
approaches that allow for more precise structural control are
required.

In this context, thiolate ligand protected, ultra-small (diam-
eter below 3 nm) gold nanoparticles (AuNPs) could be an ideal
platform to uncover new structure regulated properties because
they are well studied."** Typically, they have core-in-cage like
architecture where the core consists of metallic gold and the
cage/shell comprises oligomeric units (e.g. RS-[Au(1)-SR], where
-SR is the thiolate ligand and ‘¢’ is the number of units).
Together with their distinctive architecture, these materials
exhibit many potential advantages over larger size NPs (>3 nm),
as already demonstrated in the observation of molecule-like
properties such as HOMO-LUMO transitions,"*® chirality,"” "
magnetism?® and photoluminescence (PL).*** These unique
properties are governed by size diminution and have led to
dramatic improvements of synthesis methods and to novel
applications in various fields including -catalysis,
sensing,*** imaging® and medical therapies.*** Recently,
great improvement has been made in understanding the
properties of these ultra-small AuNPs. This was achieved either
by tailoring their core composition or by changing the nature of
surface ligands. For example, the PL properties of well-defined,
AuNPs have been improved significantly by doping silver atoms
in the core.*** The PL can also be enhanced by rigidifying the
ligand shell as well as connecting the ligand shell with a poly-
mer.*** The stability as well as antibacterial properties of
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AuNPs have also been shown to be affected by the surface
ligands.**™** These studies have resulted in several AuNPs with
impressive properties with great potential for a broad range of
applications. However, the role of nanomaterial structure in
determining the properties of these ultra-small AuNPs remains
largely unexplored. We hypothesize that molecular control over
the material structure can be the sole determining factor for the
optical properties of these NPs, their PL and the correlation with
their biological properties. To address these gaps, the sole
impact of the core and cage structure needs to be elucidated.

One strategy to tackle these scientific challenges is to develop
a series of AuNPs with comparable size and surface chemistry,
but with different core-in-cage structures. The successful
synthesis of such AuNPs would improve our understanding on
unresolved issues related to their properties. For example,
AuNPs with variable cage contents could specifically reveal the
contribution of Au(i)-thiolate motifs as well as the ligand
density to their PL properties. The correlation between cage
structures (rigidity) and the PL of NPs could also be recognized.
In addition, these tailored core-in-cage AuNPs can also serve as
a great model system for exploring the relationships between
the material structure and its biological performance, which
could provide innovative pathways for devising new biomedical
applications.

The aim of this work is to shed light on how structural
manipulation of a nanomaterial in a confined dimension can be
used to regulate its properties. Here, we first report a strategy for
designing ultra-small AuNPs with tailored and tunable core-in-
cage structures. The synthesis of these AuNPs was realized by
controlling the size and structure of the in situ generated Au(1)-
thiolate complexes and manipulating the reduction power of
the thiolate ligands. These NPs with distinct core-in-cage
structures were used as a model system to investigate the
effect of nanomaterial structure on both its optical and bio-
logical properties. Our study identified that a longer motif with
a more rigid cage structure is responsible for the strong PL of
NPs while the antibacterial activity of these NPs was governed by
the density of Au(1)-thiolate motifs. We further provide the first
experimental evidence of the capacity of ultra-small AuNPs to
reduce inflammation.

Results and discussion
Synthesis of AuNPs with tunable core-in-cage structures

In this study, we selected to work with thiol ligand passivated
ultra-small gold nanoparticles (AuNPs), as they are known to be
highly stable in solution and have unique core-in-cage like
structures (Fig. 1a). Thiol ligand passivated AuNPs having
comparable size and surface properties, but with different core-
in-cage structures, could be developed by tailoring their
synthesis routes. The general route for the synthesis of these
ultra-small AuNPs involves a two-step process, whereby Au(1)-SR
complexes (also known as precursors) are initially formed fol-
lowed by the reduction of these precursors in a subsequent step
i.e., a reduction assisted growth process.** By controlling reac-
tion parameters such as pH, temperature and thiol-to-gold
ratio, the size and composition of the AuNPs can be easily
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Fig. 1 (a) Schematic illustration of the core-in-cage structure of
AuNPs. (b) pH dependent ionization of GSH. (c) Schematic showing the
synthesis of AuNP2, AuNP5, AuNP9, and AuUNP12 by adjusting the pH of
the reaction solution, followed by reduction at elevated temperature.

and precisely controlled. In this study, we hypothesized that
delicate control of the selection of precursors together with
right balance in the reduction process could enable the
synthesis of AuNPs with different core-in-cage structures. To
achieve that, the selection of the appropriate thiol ligand with
desirable properties is crucial. Glutathione (GSH), a naturally
occurring tri-peptide, could be an ideal choice for this study as it
is known to have rich chemistry (i.e., consists of multiple
functional groups such as thiol, amine and carboxylate)
(Fig. 1b), and can be used as both reducing and capping agent
with the opportunity to tune the molecule reduction potential
by adjusting the reaction parameters. It is highly biocompatible
and an important ligand for biological applications which
indeed makes it a perfect choice for exploring the biological
properties of ultra-small AuNPs.

Benefiting from the intriguing features of the GSH ligand, we
first describe our synthesis route for achieving a series of AuNPs
with similar size but different core-in-cage structures. The
formation of Au(1)-SG complexes (also referred to as GS—-[Au(i)-
SG], complexes) occurred by the reaction between the aqueous
solution of GSH and HAuCl, (3:2 molar ratio) at room
temperature. The size and structure of the precursors were
controlled by adjusting the pH of the solution immediately (~1
min) after the formation of Au(1)-SG complexes. The solution
temperature was then elevated to 80 °C to enhance the rate of
decomposition of Au(i)-SG complexes by the GSH ligands as
well as the subsequent formation of ultra-small AuNPs (Fig. 1c).

Four types of AuNPs were synthesized and studied here after
purification by dialysis: AuNP2, AuNP5, AuNP9 and AuNP12,
respectively (NPs were named based on the solution pH during
synthesis). The surface functionalities of all these NPs remained
the same as we used the same ligand (GSH) for their synthesis.
Since the size is an important aspect to test our hypothesis, we
extensively characterized the particle size by transmission
electron microscopy (TEM) and dynamic light scattering (DLS).
TEM studies showed the presence of monodisperse AuNPs of
comparable interior core size (Fig. 2a-d). All the AuNPs
exhibited similar hydrodynamic diameters of ~2 nm (Fig. 2e).
The size obtained from DLS was slightly larger than that ob-
tained from TEM for all NPs due to the additional consideration
of the ligand shell and hydration layer in the DLS measurement.
Nevertheless, both studies confirmed that all four particles had
nearly identical size.
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Fig. 2 TEM micrograph of (a) AuNP2, (b) AuNP5, (c) AUNP9 and (d)
AuNP12. The overlaid inset of (a—d) shows the corresponding particle
size histogram with Gaussian fit. (e) DLS data showing the comparable
hydrodynamic diameter of AUNP2 (red), AuNP5 (green), AUNP9 (blue)
and AuNP12 (dark yellow).

To gain a structural perspective of these AuNPs, we first
carried out X-ray photoelectron spectroscopy (XPS) studies
(Fig. 3a). The normalized Au 4f spectra of all four AuNPs were
compared with that of Au(1)-SG complexes (black, dashed line).
The purified Au(1)-SG complex that only consisted of Au(r) had
an Au 4f;/, binding energy (BE) of ~84.6 eV. The XPS spectra of
all four AuNPs remained under the spectrum of Au(1)-SG
complexes which suggested the presence of a high percentage of
Au(1)-SG complexes on the surface of all these NPs. However,
the variation of Au 4f BE peak position among these AuNPs is
clearly evident (Fig. 3a). The Au 4f BEs vary in the following
order: AuNP5 (green) > AuNP2 (red) = AuNP9 (blue) > AuNP12
(dark yellow). The Au 4f,/, peak position of AuNP5 was ~0.4 eV
higher than that of AuNP12, which is significant especially for
these ultra-small AuNPs. The shift in BE can be attributed to the
presence of different percentages of Au(r) and Au(0) components
in each type of NP (Table S17). Since the Au(i)}-component is
likely to be present as GS-[Au(1)-SG], motifs in the cage struc-
tures of these AuNPs, we also anticipated significant changes in
their ligand density. Indeed, this was evident from our ther-
mogravimetric analysis (TGA) (Fig. 3b). According to TGA, the
thiol ligand content was highest for AuNP5 (~64%) and lowest
for AUNP12 (~52%). These results were fully consistent with our
XPS studies, which reflects the fact that AuNPs with highly
dominant Au(r)-content in their cage had greater ligand density
than other AuNPs.
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Fig. 3 (a) High resolution XPS spectra showing the shift in the Au 4f
spectral region. (b) TGA spectra show the difference in the presence of
various thiolate ligands. Sample codes are as follows: AuNP2 (red),
AuNP5 (green), AuNP9 (blue) and AuNP12 (dark yellow).
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Optical properties

Since all these AuNPs had comparable size and surface func-
tionalities, yet different core and cage contents, we decided to
compare their optical properties. The optical absorption spectra
of AuNP2, AuNP5, AuNP9 and AuNP12 are shown in Fig. 4a. The
absence of the plasmon resonance peak in the UV-vis spectra
ruled out the possibility of the presence of any plasmonic
AuNPs (~3-100 nm AuNPs). All NPs showed a high energy
optical band in the ~400-450 nm region of the UV-vis absorp-
tion spectrum, which was similar to that of Au(1)-SG complexes
(Fig. 4b). However, a slight variation in the onset of UV-vis
spectra of these NPs was indeed observed, which could be due
to the difference in their core densities. In particular, NPs with
the highest motif contents i.e. AuNP5 showed the maximum
spectral similarity to Au(1)-SG complexes (doublet UV-vis peak
with the onset at ~400 nm; Fig. S17), while more metallic NPs
(evidenced by the presence of the highest percentage of Au(0))
i.e., AuNP12 had a significantly different UV-vis spectrum (onset
at ~550 nm with a shoulder peak at ~450 nm) than that of
Au(1)-SG complexes. The aqueous solution of these NPs also
displayed a clear colour appearance under visible light (Fig. 4a,
inset), the difference being easily seen by the naked eye.

One of the most distinctive features of ultra-small AuNPs
that sets them apart from their plasmonic counterpart is their
PL properties. For this reason, the PL properties of the AuNPs
prepared in this work were thoroughly investigated. The PL
spectra of the AuNPs are shown in Fig. 4c. Interestingly, both
AuNP2 and AuNP5 displayed strong emission maxima at
610 nm, while AuNP9 was completely non-luminescent.
AuNP12, however, showed poor PL at the emission maximum
at 810 nm (Fig. S2t). The excitation spectrum of each of these
AuNPs was closely alike to their corresponding UV-vis spectrum
(Fig. S31). A Large Stokes shift (>200 nm) was observed for all
three luminescent NPs (AuNP2, AuNP5 and AuNP12). Bright
orange PL colours from AuNP2 and AuNP5 were observed under
UV light with the naked eye (excitation at 365 nm, Fig. 4c, inset).

This remarkable difference in the optical properties clearly
demonstrates that structural manipulation is indeed an
important consideration to regulate the properties of these
ultra-small AuNPs. Note that the characteristics of our AuNPs
i.e. high energy optical bands, high Au(1)-thiolate content, and
large Stokes shift in the PL spectrum closely resembled those of
previously reported Au nanoclusters (NCs), where the mecha-
nism of aggregation-induced emission (AIE) was proposed.>>**
From that viewpoint, we expected that the origin of PL for our
AuNPs could be attributed to AIE. However, amongst all four
types of NPs studied here, only AuNP2 displayed strong PL like
other reported AIE-type NCs.”* This was quite surprising since
few other AuNPs, especially AuNP9, which had almost similar
characteristics to AuNP2, did not exhibit any PL. Such
a discrepancy in the PL properties of various AuNPs has raised
an important question: is the presence of a high percentage of
Au(i)-thiolate complexes in the cage adequate to justify the
strong PL of AIE-type AuNCs? We anticipated that the size and
structure of the Au(1)-SG complexes in the cage might be critical
for the generation of strong PL. To address this, we measured

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 (a) UV-vis spectra of AUuNP2 (red), AuNPS5 (green), AUNP9 (blue) and AuNP12 (dark yellow). Inset shows the corresponding photograph of

the NPs under visible light. (b) UV-vis spectra of the Au()-SG complex. (c) Photoluminescence spectra of AuNP2 (red), AuNP5 (green), AuUNP9
(blue) and AuNP12 (dark yellow). Excitation wavelength (1ex) was at 409 nm. Inset shows the photographs of the NPs under UV light. (d) DLS
spectra of Au())-SG complexes at pH 2 (red), 5 (green), 9 (blue) and 12 (dark yellow). The dotted arrow indicates the reduction of complex size
with different pH. (e—h) Simplified core-in-cage structure model shows the presence and absence of intramolecular aurophilic interaction in

different AUNPs.

the size of the Au(1)-SG complexes (motifs) that were formed
during the synthesis of the AuNPs (Fig. 4d). The hydrodynamic
diameter of the complexes became shorter with increasing the
PH of the solution. Based on these results, it can be concluded
that the cage structure of each type of AuNP consisted of
different motif sizes.

Previous studies as well as our control PL experiments
clearly defined the correlation between the Au(i)---Au(i) inter-
actions and the extent of aggregation of Au(1)-SG complexes
(Fig. S4at).* Based on the available information, we then
proposed a simplified structural model for all these AuNPs
which suggested a core-in-cage like structure with substantial
difference in their cage assembly (Fig. 4e-h). In the case of
AuNP2, longer motifs with a relatively smaller core favoured
the formation of more interlocked cage assemblies, producing
an increased probability of fully supported intra-molecular
Au(1)---Au(r) interactions (Fig. 4e) which in turn generates
strong PL. On the other hand, both the extent of aggregation of
the motifs in the cage structure and the metallic core content
of AuNP5 was lower than that of AuNP2. This may favour the
formation of a semi-rigid cage structure with a reduced
number of intra-molecular Au(i)---Au(i) interactions (Fig. 4f).
The presence of different extents of Au(1)---Au(1) interactions in
the cage structures also clarified the basis of stronger PL for
AuNP2 than that of AuNP5. The presence of relatively shorter
motifs together with the lack of PL for AuNP9 supported the
presence of non-interactive motifs in the cage structure of
these NPs (Fig. 4g). A similar cage structure was also demon-
strated for AuNP12 (Fig. 4h). In both cases, the intra-molecular

This journal is © The Royal Society of Chemistry 2019

Au(1)---Au(1) interactions in their respective cage structures
were absent.

Additional experimental support for the proposed structural
model is given in Fig. S4.T We assumed that addition of ethanol
could induce inter particle aggregation and there will be even
higher PL than the corresponding well dispersed NPs. A sche-
matic of such an experimental design was highlighted using
AuNP9 as a model system (Fig. S51). The motifs within the
individual NP cage might not interact well through intra-
molecular Au(1)---Au(r) interactions but in the aggregated
state, motifs from one particle will interact with those of other
particles and result in the generation of inter-molecular Au(i)---
Au(1) interactions. The presence of such aurophilic interactions
could make the aggregated AuNP9 luminescent. Indeed, PL was
detected when AuNP9 was incubated in 90% (v/v) ethanol and
excited at 400 nm. However, the PL. maximum was ~21 nm blue
shifted (Amax = 589 nm) when compared to the PL maximum of
AuUNP2 (A0 = 610 nm) (Fig. S47). This could be due to the
difference in the type of Au(1)---Au(i) interactions present in
their respective cage structures/aggregated state. For the
aggregated Au(1)-SG complexes, where inter-molecular Au(i)---
Au(r) interactions are likely to be more dominant than intra-
molecular Au(1)---Au(i) interactions, the PL maximum was
found to be ~578 nm, which was ~32 nm blue shifted
compared to the PL maxima of AuNP2 and AuNP5. The large
blue shift as well as the close proximity of PL maxima between
the aggregated complex and AuNP9 suggested the existence of
inter-molecular Au(i)---Au(i) interactions in the aggregated state
of AuNP9. The small blue shift and high PL enhancement for
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aggregated AuNP2 and AuNP5 offered another piece of evidence
that the existence of Au(1)---Au(i) interactions determines the PL
properties of the AIE type of Au NCs.

Antibacterial properties

Next, we explored the effect of core-in-cage structures on the
biological properties of all four AuNPs. It was reported recently
that AuNPs in the confined dimensions (~1 nm) can be used as
an antimicrobial agent against both Gram-positive and Gram-
negative bacteria.**" This antimicrobial activity was a result
of the internalization of Au NCs and the subsequent generation
of intracellular reactive oxygen species (ROS). These results were
indeed fascinating, especially from the nanomaterial safety
perspective, as gold is expected to have much better biocom-
patibility than other commonly used metals e.g., Ag, Cu, etc. In
a later study, the same group demonstrated that the antimi-
crobial activity of these well-defined AuNPs could be enhanced
further by tuning their surface properties.*** Alternatively,
ultra-small AuNPs functionalized by rationally selected ligands
have also been proven to be potent nano-antibiotics against
multi-drug resistant bacteria in vivo.**

In this study, we aimed to resolve an outstanding question
about the exclusive contribution of the core-in-cage structures of
the ultra-small AuNPs to their antibacterial effects. To address
this challenge, we first evaluated the antibacterial properties of
all four NPs using Escherichia coli as a model bacterium (Fig. 5a).
A disk diffusion method was used to compare the antibacterial
potency of the AuNPs against E. coli. The concentration of each
type of NP was kept fixed (300 pg mL™"; on the basis of Au-atoms)
and kanamycin was included as a positive control. Surprisingly,
only AuNP2 and AuNP5 showed antibacterial activity while both
AuNP9 and AuNP12 remained inactive against E. coli. However,
the zone of inhibition for AuNP5 was considerably larger than
that of AuNP2 which suggested that AUNP5 had a much stronger
antibacterial activity compared with AuNP2 (Fig. 5a). Further-
more, the effect of concentration on the antibacterial activity on
all AuNPs was also studied. The size of the inhibition zone
became larger with the increase in concentration of both AuNP2
and AuNP5. We found that the minimum concentration of NPs
required to obtain a clear zone of inhibition was less than 150 pg
mL ™" (Fig. S61). In contrast, no inhibition zone was observed for
AuNP9 and AuNP12, even when the same bacteria were treated
with a concentrated NP solution (up to 1500 pg mL ') (Fig. S771).
These results clearly demonstrated that the antibacterial activity
of these ultra-small AuNPs was highly related to their core-in-cage
structures.

We further examined whether these AuNPs with varied core-
in-cage structures could exhibit a similar trend in antibacterial
activity against other bacterial species. When we tested their
efficacy against Pseudomonas aeruginosa with various concen-
trations of NPs, we observed a similar trend, however, with
a smaller inhibition zone compared to that in E. coli (Fig. S8T).
Furthermore, we also noted that a higher dose of AuNPs was
required to inhibit the growth of P. aeruginosa (750 pg mL ™" for
AuNP2 and 300 pug mL™ ' for AuNP5) (Fig. S91). An inhibition
assay experiment with the same concentration of each type of
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AuUNP (600 pg mL ") revealed that only AuNP5 showed a clear
inhibition zone while all other NPs remained inactive against P.
aeruginosa (Fig. 51).

To get a better understanding of the bacterial viability after
treatment with our AuNPs, we utilized two different staining
agents that can differentiate between viable and nonviable
bacteria. Green fluorescent SYTO9 green nucleic acid stain,
which enters live and dead bacterial cells, was used for identi-
fying the total bacterial population. Red fluorescent propidium
iodide (PI), which can penetrate only bacterial cells with dis-
rupted membranes, was utilized for the identification of dead
bacteria. By using a sterile loop, we removed bacteria from two
different zones surrounding the disk treated with AuNP5 and
assessed their viability with the above mentioned live/dead
staining agents. As an example, AuNP5 was chosen since it
showed the highest antibacterial activity among all four AuNPs.
Confocal laser scanning microscopy (CLSM) imaging indicated
that E. coli collected from the growth zone showed strong green
fluorescence intensity, which was retained after counterstaining
with PI (Fig. 5b-d). On the contrary, almost all bacteria collected
from the zone of inhibition exhibited strong red fluorescence
after PI counterstaining (Fig. 5e-g) indicating a strong bacteri-
cidal effect of the NPs. To verify the loss of viability, bacteria
collected from the growth and inhibition zone were imaged by
scanning electron microscopy (SEM). While clear rod-shaped
bacteria with distinct cellular integrity were evident in
untreated bacteria, most of the NP-treated bacteria displayed
disrupted cell walls (Fig. 5h-k). In the case of P. aeruginosa, both
the live/dead staining experiments and SEM images also support
the effect of AUNP5 on the bacterial integrity (Fig. 5m-v). The fact
that among all four AuNPs, AuNP5 with the highest percentage of
loosely bound oligomeric motifs showed the best antibacterial
efficacy implies that the antibacterial properties of thiol ligand
passivated ultra-small AuNP are cage structure dependent.

Biocompatibility

In view of the promising antibacterial properties of the ultra-
small AuNPs synthesized in this work, it is important to eval-
uate their biocompatibility. Thus, in a next step, we tested for
any potential cytotoxicity of these nanomaterials to Primary
Human Dermal Fibroblast cells (HDFs). The results of the
resazurin assay are shown in Fig. 6a. Treatment with 150 pg
mL ! of AuNPs did not cause any cytotoxicity as the viability of
the cells was the same or even greater compared to the control.
Further analysis was conducted by fluorescence microscopy
imaging of cells grown on a tissue culture plate (TCP) without
and with added AuNPs. The images are shown in Fig. 6b and
demonstrate that all cells were well confluent and had normal
fibroblast morphology. Combined with the antibacterial prop-
erties of AuUNPS5, the excellent biocompatibility of the ultra-small
AuNPs reported here presents potential for development of new
nano-antibiotics that could be useful for treating infections.

Inflammatory properties

Inflammation is important in any medical application. We
therefore assessed the changes in macrophage response to all

This journal is © The Royal Society of Chemistry 2019
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(a) Antibacterial efficacy of AuUNP2, AuNP5, AuNP9, AuNP12 and kanamycin against E. coli. Live-dead assay: representative fluorescence

images of the E. coli from the growth zone (b—d) and from the zone of inhibition (e—g). Morphological changes of E. coli before (h and i) and after
the treatment with AuNP5 (j and k). () Antibacterial effect of AuNP2, AuNP5, AuNP9, AuNP12 and kanamycin against P. aeruginosa. Live-dead
assay: representative fluorescence images of the P. aeruginosa from the growth zone (m-o0) and from the zone of inhibition (p—r). Morphological
changes of P. aeruginosa before (s and t) and after (u and v) the treatment with AuUNP5.

o
-

£
Fig. 6 (a) Viability of HDFs and (b) fluorescence microscopy images of

HDFs with and without the treatment of 150 pg mL~ AUNP2, AuUNPS5,
AuNP9 and AuNP12.

four AuNPs in the presence of lipopolysaccharide (LPS), which
is known to trigger strong inflammatory responses (Fig. 7a). We
measured the secretion of three key pro-inflammatory cytokines
such as tumour necrosis factor-o. (TNF-a), interleukin-8 (IL-8)
and interleukin-1f (IL-1B), following addition of an equal
amount of all four AuNPs to LPS-stimulated macrophages. An
enzyme-linked immunosorbent assay (ELISA) was performed to
quantify the inflammatory cytokines from the culture super-
natants. Our results reveal that all four NPs reduced the secre-
tion of TNF-a. No significant variation was observed amongst
different NPs (Fig. 7b). The secretion of IL-8 was also signifi-
cantly reduced for all NPs relative to the control (Fig. 7c). The
highest reduction of IL-8 secretion was observed for AuNP5 (>16
fold). In contrast, AuNP12 only reduced IL-8 secretion by ~8
fold under similar experimental conditions. AuNP5 and AuNP2
also suppressed the expression of IL-1f (Fig. 7d). However,
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Fig. 7 (a) Schematic representation of the inflammatory challenge by
LPS and impact of AuNPs; generation of (b) TNF-a, (c) IL-8 and (d) IL-
1B. Cells were treated with 150 pg mL™t AuNPs. Statistical significance
is assessed by one-way ANOVA software; ****p < 0.0001, ***p <
0.001.

AuNP9 did not affect the expression of this cytokine while
AuNP12 appears to lead to its slight overexpression (Fig. 7d).
While the mechanisms of this dependency require further
investigation, the data show a structure dependent inflamma-
tory response to nanomaterials. With the rapid intake of
nanomaterials in different aspects of medicine, our results
demonstrate the need for closer evaluation of the effect of
nanomaterial structure on inflammatory consequences. On one
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hand, such evaluation is required from the safety point of view.
On the other hand, these structure dependent properties may
lead to new therapeutic applications. For example, AuNP5 may
be useful for treating inflammatory conditions.

Conclusions

In summary, we synthesized a series of AuNPs which had four
distinct core-in-cage structures but identical particle size and
surface chemistry. These unique core-in-cage structures offer
new possibilities to control the properties of these AuNPs by
variation of the core and cage contents instead of changing the
size, composition and surface properties. Our results suggest
that when GSH is used as the ligand, lower pH favours the
formation of longer Au(r)-thiolate complexes, which in turn
favour the formation of highly luminescent AuNPs. By
comparing the cage structure of all four NPs, we identified that
the extent of intra-molecular Au(1)---Au(i) interactions in the
cage dictates their PL properties. In fact, some of the recent
examples of highly luminescent AuNPs reported by other
groups such as AIE type Au(0)@Au(1)-thiolate core-shell NCs
and Au,,(SG)y; also rely on low pH where a relatively large size
of the corresponding Au(i)-thiolate complexes was expected.**°
These results together with our experimental observations
imply that such long size motifs could trigger the formation of
a more rigid cage structure, where the possibility of intra-
molecular aurophilic interactions is high. This in turn gener-
ates high PL.

We also revealed the importance of NP core-in-cage struc-
tures to their antibacterial properties. AuNPs with a high
percentage of loosely bound Au(r)-thiolate complexes in their
cage showed stronger antibacterial activity than NPs with
a shorter motif and larger core. We should acknowledge that
the MIC of the AuNPs used as a model in this study to
correlate with the core-in-cage structure is relatively high. One
probable reason for this could be the presence of GSH
ligands, which are known to be an antioxidant. GSH ligand
protected AuNPs are also proven to scavenge ROS,*" which are
considered as a primary factor for high antibacterial activity
of other agents. We expect that the direct structural correla-
tion which we have identified here can be translated to other
thiolated ligands for obtaining highly potent gold-based
antibacterial agents.

In this work, we have also examined for the first time the
inflammatory response to ultra-small AuNPs. We have found
unique structure dependent inflammatory consequences.
Strikingly, AuNP5, which consisted of loosely bound Au()-thi-
olate complexes, had the greatest potential to reduce the
expression of the three pro-inflammatory cytokines examined in
this study. The observation of such anti-inflammatory proper-
ties caused by ultra-small AuNPs offers new opportunities for
potential applications of these exciting nanomaterials in
controlling and suppressing inflammatory conditions.

Taken together, the structure-property relationship
insights offered in this work provide opportunities for future
directions of research where the target controls and tailors the
nanomaterial structure and leads to the discovery of exciting
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new properties and applications. For example, in the case of
ultra-small AuNPs the discovery of anti-inflammatory and
antibacterial properties may stimulate various areas of nano-
medicine and lead to development of new nano-antibiotics,
diagnostic and imaging tools and treatments for inflamma-
tory diseases. However, understanding the structure regulated
properties of nanomaterials can also have a significant impact
on other fields such as catalysis and electronics.

Experimental
Materials

Hydrogen tetrachloroaurate (HAuCl,-xH,0) and glutathione
(GSH) from Sigma Aldrich, and sodium hydroxide (NaOH) and
ethanol (EtOH) from Merck were used as received without
further purification. All aqueous solutions were prepared with
ultrapure Millipore water.

Materials characterization

Solution pH was monitored using a pH meter from
SmartCHEM, TPS Australia. UV-vis absorbance spectra were
recorded on a Shimadzu spectrophotometer. TEM images were
obtained using a JEOL-2100F microscope operating at an
accelerating voltage of 200 kV. All hydrodynamic diameters were
recorded on a Malvern-Zetasizer Nano ZS. Photoluminescence
(PL) spectra were measured on a Varian Cary Eclipse Fluores-
cence Spectrometer. XPS measurements were performed on
a Kratos AxisUltra XPS. CasaXPS software was used for data
analysis. The C 1s carbon peak at 285 eV was kept as a reference
for the calibration of all Au 4f binding energies. Thermogravi-
metric analysis (TGA) was conducted on TA Discovery Instru-
ments under a N, atmosphere (flow rate of 50 mL min~"). Live
dead imaging for the antibacterial experiments was performed
using an Olympus FV3000 confocal laser scanning microscope.
SEM for antibacterial studies was done using a Philips XL30
FEGSEM.

Synthesis of AuNPs

In a typical synthesis, a freshly prepared aqueous solution of
HAuCl, (20 mM, 1.0 mL) and GSH (100 mM, 0.3 mL) was mixed
in water (8.70 mL) under stirring (500 rpm), leading to the
formation of Au(i)-SG complexes. After 1 min of stirring, the
solution pH was adjusted to 2, 5, 9 and 12 by adding an
appropriate amount of sodium hydroxide or hydrochloric acid.
Each of these solutions was then kept on a hotplate for 24 h at
80 °C. The solution colour changed from colourless to yellow or
dark yellow. After synthesis, all four NPs were purified by dial-
ysis (Pur-A-Lyzer™ Maxi Dialysis Kit; MWCO 3.5 kDa) and used
for characterization.

Antibacterial study

Disk diffusion assay. Overnight cultures of E. coli (DH5a) and
P. aeruginosa (clinical isolate PAO1 type strain, SA Pathology)
were diluted to an optical density (OD600) of 0.5. Lawn plates of
the bacteria were prepared using 100 pl of diluted cultures
spread onto diagnostic sensitivity test agar (Oxoid), and then

This journal is © The Royal Society of Chemistry 2019
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10 mm sterile filter disks (ThermoFisher) were placed on the
plates and loaded with either Au NPs (various concentrations)
or kanamycin control (50 pg mL™'). Plates were incubated
overnight at 37 °C and imaged the following day.

Live/dead assay. Samples were taken from the zone of
inhibition and also from a growth area as a positive control
and then smeared on glass slides. The slides were stained
using a Baclight™ Bacterial Viability Kit (Molecular Probes,
ThermoFisher). Basically, equal volumes of the dye mixture
(3.3 mM SYTO/20 mM propidium iodide) were mixed
together, and 2 pl was added per ml of phosphate buffer saline
pH 7.4. The solution was added onto the glass slides and
incubated for 20 minutes. Slides were gently washed, mounted
and then imaged using an Olympus FV3000 CLSM at x60
magnification. The excitation/emission maxima for STYO9
and propidium iodide were 480/500 nm and 490/635 nm.
Green or red fluorescence indicates live or dead/compromised
cells respectively.

SEM experiment. To confirm and visualise cell death,
samples were again taken from the zones of inhibition directly
onto hydroxyapatite discs (Clarkson Chromatography, USA) and
processed for scanning electron microscopy. The samples were
sputter-coated with platinum with a grain size of 5 nm. Images
were acquired using an XL30 FEGSEM (Phillips) at x20 000
magnification and a voltage of 10.0 kv.

Cell culture

Human monocyte cell line THP-1 and primary human dermal
fibroblast (HDF) were used in this study. Primary derived HDFs
were gifted by Dr Louise Smith, University of South Australia.
HDFs were harvested and grown, according to the published
protocol.> RPMI 1640 (Sigma Aldrich) was used as growth
medium for THP-1 cells and Dulbecco's Modified Eagle
Medium DMEM (Life Technologies) was used for HDF along
with 10% heat-inactivated fetal bovine serum (FBS, Thermo
Scientific) and 1% (v/v) penicillin/streptomycin (Life Technolo-
gies). The cells were maintained in a humidified atmosphere
containing 5% CO, at 37 °C.

Cell viability

The cell viability was determined using the resazurin assay
(Sigma Aldrich). HF cells were trypsinized and seeded on a 96
well plate at a density of 5 x 10* cells per well. After overnight
growth, the medium was removed and the cells were washed
with PBS. Fresh medium was then added to the wells along with
various AuNPs. The cells were allowed to grow for 24 hours, after
which the culture medium was replaced with medium con-
taining 10% resazurin and incubated for an hour. 100 pL of the
medium was pipetted into a 96 well plate and the fluorescence
intensity was measured using a microplate spectrophotometer
(Aex = 544 nm and A, = 590 nm). The percentage cell viability
was calculated as:

Cell viability % = ((fluorescence intensity of treated)/
(fluorescence intensity of control)) x 100

This journal is © The Royal Society of Chemistry 2019
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THP-1 cells were differentiated into macrophages dTHP-1 using
PMA (phorbol-12-myristate 13-acetate) according to a previously
reported protocol,* and seeded into a 96 well plate at a density
of 5 x 10" cells per well. After overnight growth, the medium
was removed, and the cells were washed with PBS. Fresh
medium was then added to the wells along with various AuNPs.
Experiments were conducted with LPS (1 pg mL ') to activate
inflammatory macrophages and to give an infectious or
inflammatory environment. After 6 hours incubation condi-
tioned medium was collected and centrifuged to remove the cell
debris and AuNPs. Supernatants were collected and analysed for
pro-inflammatory cytokines of TNFa, IL-1f8, and IL-8 using
ELISA Kkits (BioLegend, San Diego, CA, USA) following the
manufacturer's instructions.
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