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Abstract. Conventional metallic antibacterial materials release metal ions and reactive oxygen species
(ROS) for killing bacteria. Herein, we found that nanoporous gold (NPG) exhibits antibacterial activity
(AA) at an intermediate relative humidity (RH) of 60% against Escherichia coli and Staphylococcus
epidermidis, in contrast to the inert behavior of bulk gold. The dependence of AA on RH, morphological
observations of bacteria on NPG, and transcriptomic analyses of NPG-treated Escherichia coli were
investigated. These observations collectively suggest that biological processes in cell walls containing
peptidoglycan and cell membranes are significantly disrupted by direct contact with NPG. Metal ions
and ROS were not detected, and therefore are not responsible for the present antibacterial properties of
NPG. The catalytic nature of NPG may be responsible for its AA, probably because of lattice distortion

at the surface of nanosized ligaments with high curvature.
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INTRODUCTION

Several metals and alloys such as silver and copper exhibit antibacterial properties, because they
release metal ions'? and reactive oxygen species (ROS)® in aqueous environments. Certain metallic
nanoparticles that release no harmful diffusive species (e.g., metal ions and ROS) also exhibit
antibacterial activity, which is due to their incorporation into the cytoplasm of bacteria, and subsequent

deterioration of cytoplasmic proteins such as ribosomes.*’

Nanoporous metals are nanostructured materials with open porous structures containing nanometer-
scale pores and ligaments.® The first electron microscopy observations of nanoporous metals were
reported in 1979-1980 by Forty and Durkin,®° and nanoporous metals have since received much interest
from researchers in various fields. Nanoporous gold (NPG) has been intensively investigated, because it
is easily fabricated by the dealloying of gold-silver alloys. Lattice distortion occurs at the surface of the
nanosized ligaments, because of their large curvature. This results in interesting catalysis behavior of
NPG in organic reaction that are not observed in bulk gold*~*°. NPG reportedly exhibits catalytic activity
in the oxidation of carbon monoxide!~'2 and methanol*, in contrast to bulk gold. NPG also catalytically
decomposes methyl orange (MO, an organic azo dye), which bulk gold does not.*® The decomposition

kinetics of MO was not simply proportional to the surface area of NPG, which suggests that active sites



due to lattice distortion is important in the catalysis in NPG. Thus, NPG and its catalytic properties

strongly affect the stability of surrounding organic matter.

On the other hand, NPG has been also investigated as a substrate for mammalian cells.'®*® These
studies demonstrated that NPG generally does not cause severe deactivation of cells, although individual
processes such as adhesion and growth are sensitive to the porosity of NPG. To our knowledge, however,
there have been few reports on the effect of NPG on the activity of bacteria,!® which have a different

composition and structure from those of mammalian cells.

The activity of bacteria is generally sensitive to the surface morphology of nanomaterials.?° Rizzello
et al. reported that the fimbriae of bacteria disappeared on a gold substrate containing nanoscale surface
features, while fimbriae were still observed on a flat gold substrate.?! The effects of nanostructured
substrates on the activity of adherent bacteria have been widely investigated, although the underlying

mechanism is still in debate.

Bacteria are systematically and functionally assembled organic matters. NPG may therefore
catalytically decompose organic materials within the components of bacteria, thus suppressing bacterial

activity because NPG strongly affects the stability of surrounding organic matter as described in the



second paragraph. This led us to investigate the antibacterial properties of NPG against Escherichia coli

(E. coli) and Staphylococcus epidermidis (S. epidermidis). We found that NPG can catalytically damage

these bacteria without exploiting diffusive bacteria-killing species such as metal ions and ROS.

EXPERIMENTAL METHODS

A. Preparation of NPG and FG substrates

Gold-silver films sputtered on glass substrates were dealloyed in concentrated nitric acid at 253 and 298

K for 24 h, to fabricate NPG substrates with different ligament sizes. A radio-frequency sputtering

apparatus (SVC-700RF, Sanyu Electron Co., Ltd.) was used to fabricate the gold-silver alloy thin film,

which was then dealloyed to form NPG. A 50-nm-thick pure gold film (>99.9 mass%) was sputtered on

a glass substrate of length x width x thickness of 50 x 50 x 1.2 mm. A 50-nm-thick Auo.47Agoss alloy

was then sputtered on the gold thin film. NPG was synthesized by dealloying (free corrosion) of the alloy

at 253 or 298 K for 24 h, in 69 mass% HNOs. The microstructures of NPG and FG were observed using

SEM (SU-6600; Hitachi High-Technologies Corporation, Tokyo, Japan) equipped with an EDXS

apparatus. For comparison, a polyethylene (PE) film and 50-nm-thick flat gold (FG) sputtered on glass

were also prepared.



B. Bacterial strain.

Type strains of E. coli (K-12, NBRC 3301) and S. epidermidis (NBRC 100911) were obtained from the
National Institute of Technology and Evaluation (Tokyo, Japan). We incubated bacteria in Luria—Bertani
(LB) medium at 308 K for 48 h, before treating in antimicrobial tests. Casein-peptone glucose yeast

extract agar (Wako Pure Chemical Industries Ltd., Osaka, Japan) was used for the incubation.

C. Tests of antibacterial activities.

The antibacterial properties of NPG, FG and control PE were tested, essentially according to the Japanese
Industrial Standard “Antibacterial products—Test for antibacterial activity and efficacy”.?? Control PE
was necessarily used for the confirmation of validness of each test, although its physical and chemical
states of surface differs from those of gold. First, one quantity of platinum loop of bacteria incubated in
medium was removed from the colony and placed in 5 mL of 1/500 nutrient broth, followed by vortex
mixing. Second, 400 uL of the bacterial suspension was dropped onto the samples and then PE film
covered with bacterial suspension. In this way, bacterial suspensions were incubated on samples for a
given period (up to 24 h), in humidity-controlled incubators at 308 K. Finally, the incubated bacteria

were recovered and diluted in LB medium, to make a 10-fold dilution series of agar pour plates. These



were then incubated at 308 K for 48 h. The number of colonies in the agar pour plates were then counted.
The identical tests were repeated 4 times. VBCs were statistically analyzed by one-way analysis of
variance followed by a post hoc test. All results were expressed as mean + standard deviation. Difference

were considered statistically significant at p-value < 0.05.

D. Observation of bacteria

The size and morphology of the bacteria incubated for 24 h on the NPG and FG substrates were examined
by SEM. Quantitative information on the three-dimensional geometry of E. coli was also collected by
SPM (NanoWizard 111, JPK instruments AG, Berlin, Germany). Prior to SEM and SPM analyses, bacteria
on the samples were fixed with 2% glutaraldehyde solution for 2 h, which was then removed by rinsing
with phosphate-buffered saline (PBS), after which specimens were dehydrated in a series of ethanol
solutions (50, 60, 70, 80, 90, 99, and 100 vol.%) and in tert-butyl alcohol. The samples were then freeze-

dried from tert-butyl alcohol, and coated with Pt-Pd of thickness of 10 nm.

E. Transcriptomic analyses

The expressions of two different genes (fimA and IrhA) were investigated for E. coli cultured in

suspension on NPG and FG (24 h, RH of 60%) by real-time polymerase chain reaction (PCR).2* The



gapA gene, encoding D-glyceraldehyde-3-phosphate dehydrogenase A, was used as an independent
internal control. After incubation on substrates (three independent biological replicates), the surfaces
were washed out with a mixture of RNAprotect Bacteria Reagent (1000 pL) + PBS (500 pL) (pH 7.5),
which stripped the bacteria from the substrates. The total RNA was extracted from the bacterial cells
from the NPG and FG samples, using tris-ethylenediaminetetraacetic acid (Tris-EDTA) buffer solution

containing lysozyme. The PCR was carried out against the total RNA.

The expression of approximately 5,000 genes was investigated for E. coli cultured on NPG and FG
(24 h, RH of 60%), by microarray analyses.® E. coli were collected from four independent biological
replicates by centrifugation at 8,000 rpm for 5 min, for the microarray analyses. Samples were hybridized
for 16 h on Affymetrix GeneChip E. coli Genome 2.0 Array containing approximately 10,000 probe sets
for all 20,366 genes. We analyzed the microarray data by Significance Analysis of Microarrays using
Genechip Operating Software verl.4 (Affymetrix). Genes were considered as being regulated with
greater than or equal to 2-fold change, meanwhile the p-value was required to be below 0.05. We
performed DAVID (Database for Annotation, Visualization and Integrated Discovery) analysis?® for
comparison of the expression data. We imported lists of regulated genes to generate the Gene Ontology

(GO) enrichment lists.



lIl. RESULTS

A. Synthesis and characterization of NPG

Scanning electron microscopy (SEM) images of the surface microstructure of the synthesized NPG are

shown in FIG. 1. A nanoporous structure with average ligament and pore sizes of approximately 20 nm

was observed for the NPG fabricated by dealloying at 253 K. The NPG fabricated by dealloying at 298

K had larger ligament and pore sizes of approximately 50 nm. Energy-dispersive X-ray spectroscopy

(EDXS) analysis was carried out during SEM observations. EDXS revealed that the residual Ag content

was very small, being below the 1 at.% detection limit (see Supplementary Material for EDXS results).

On the other hand, control PE film and FG sputtered on glass did not possess nanoporous structures (see

Supplementary Material for SEM image of FG). Water wettability of NPG and FG was similar during

our experimental handling, although strict evaluation such as contact angle measurement was not

conducted.

B. Antibacterial properties of NPG.

Figure 2 shows viable bacteria counts (VBCs) of E. coli and S. epidermidis on NPG and FG after

incubation for 24 h at various RH. At an intermediate RH of 60%, the VBCs on NPG were much lower



than those on FG. FG showed no significant decrease in the VBCs of E. coli and S. epidermidis on its
surface, compared with the control PE film, which was absent of antibacterial properties. These results
indicated that at intermediate RH, NPG possessed antibacterial properties against E. coli and S.
epidermidis, while FG did not. NPG with a pore size of 20 nm reduced the VBCs of both bacteria more
efficiently than NPG with a pore size of 50 nm. The VBCs on NPG at a high RH of 90% showed no
significant difference to those on FG and the control PE film. The VBCs on NPG at a low RH of 15%
were also slightly lower than those on FG and the control PE film. Irrespective of the substrate, a lower
RH significantly decreased the VBCs, and a higher RH increased the VBCs. This was attributed to drying
and is explained later. These results suggested that the antibacterial properties of NPG were significant

at intermediate RH, which may have practical importance.?*2

The antibacterial activity (AA) of nanoporous Au can be expressed by:
AA =log;o(No/N), (1)
where No and N are the VBCs on FG (as a control sample) and NPG, respectively. When the AA is >2.0,
i.e. when the reduction in VBC by the sample is >99%, then the material is generally regarded as
antibacterial.??> The relationships between the AA of NPG and RH with respect to E. coli and S.

epidermidis are shown in FIG. 3a and b, respectively. NPG exhibited the best antibacterial performance



at an intermediate RH of 60%. The antibacterial properties diminished at lower or higher RH. NPG with

a pore size of 20 nm exhibited better antibacterial performance than that with a pore size of 50 nm. This

suggested that the small pores and ligaments were the source of the antibacterial properties in NPG.

Figure 3b shows that the AA of NPG against S. epidermidis was approximately 0.7 at low RH, while that

of NPG against E. coli was approximately zero. The slightly higher AA of NPG against S. epidermidis

was due to the fact that gram-positive S. epidermidis is more resistant towards dryness than E. coli

because of thicker cell wall, and that the No of S. epidermidis was somewhat higher than the N (see FIG.

2b). Thus, S. epidermidis can live to some extent at low RH. However, NPG still affected the VBC of S.

epidermidis at the low RH.

Subsequent investigations were carried out using the NPG with the pore size of 20 nm, because of its

higher AA. Figure S3 in Supplementary Material shows the variation in VBCs of E. coli on NPG and FG

with incubation time, at a RH of 60%. The VBC on NPG was lower than that on FG at every incubation

time. The VBCs on NPG incubated for 12-24 h were significantly lower than those on FG, at the

corresponding incubation times. The VBCs on NPG and FG were similar for incubation times of 0-12 h.

Thus, antibacterial properties of NPG were evident after incubation for 12 h at a RH of 60%. This

behavior is quite different from the antibacterial activity by metal ions, which typically begin decreasing
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the VBC immediately after commencing incubation.t

C. Morphological observations of treated bacteria.

SEM images of E. coli on NPG (pore size of 20 nm) and FG are shown in FIG. 4. The shape of E. coli
on NPG was significantly distorted, with a dimple observed in the center of the cell (FIG. 4a). Leakage
of the cytoplasm was also apparent, as shown by arrows in FIG. 4b. The cell membrane of E. coli cultured
on FG was not distorted (FIG. 4c), as an undented rod shape was observed. No fimbria were observed in

the SEM images of E. coli on both NPG and FG,?! perhaps because of the intermediate RH.

Similar trends were observed for S. epidermidis, as shown in FIG. 5. The membrane of S. epidermidis
on NPG was damaged, and its morphology was aspherical. Isolated bacteria were also frequently
observed. The cell wall of S. epidermidis cultured on FG was not damaged, and several bacteria formed

grape-shaped clusters, which is typical of active Staphylococcus bacteria.

Scanning probe microscope (SPM) were used to quantify the shape distortion of E. coli on NPG, as
shown in FIG. 6. Figure 6a shows the morphology of E. coli on NPG, as observed by SPM. The bacteria
appeared dented, similarly to in the SEM observations. The height profile of the E. coli cell collected

along its long axis (FIG. 6b) showed an obvious concave structure at the cell center. The dimple depth
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and maximum height of the E. coli cell are collected from the SPM observations of E. coli on NPG. The
dimple depth is the height difference between highest point and lowest point of the dimple (FIG. 6b).
The maximum height of the E. coli cell is the height difference between the highest point and the base of
the E. coli cell (FIG. 6b). Average values of dimple depth and maximum height, as determined from
measurements of more than 20 individual E. coli cells, are summarized in FIG. 6d. The average dimple
depth of E. coli on NPG was 55 nm, which was much larger than that of E. coli on FG (9 nm). The
average maximum height of E. coli on NPG was 109 nm, which was smaller than that of E. coli on FG
(198 nm). These data indicated that the E. coli cell was severely flattened and dimpled on NPG. The
SPM measurements indicated the detrimental effect of the NPG structure on the shape of E. coli cells.

This correlated with the antibacterial activity of NPG.

D. Transcriptomic analysis

The gene expression related to the fimbriae evolution of E. coli was differentiated in a previous study.?
To compare the gene expression of E. coli on the present gold samples with that reported previously, the
expression levels of two genes related to fimbria evolution were analyzed by real-time polymerase chain
reaction (PCR). The results are summarized in FIG. 7. Two genes of fimA, which encodes the major

subunit of type-1 fimbriae, and IrhA, which encodes the repressor of the fim operon, were investigated.
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The mRNA expression level for fimA in E. coli grown on NPG was clearly higher than that in E. coli
grown on FG. In contrast, IrhA in E. coli grown on NPG was expressed at a slightly lower level than that
of E. coli grown on FG. The p-values of expression levels of fimA and IrhA were 0.000087 and 0.54,
respectively. Thus, there was a clear difference in the expression level of fimA between NPG and FG, but

not for IrhA.

To comprehensively investigate the effects of the antibacterial NPG on E. coli, mMRNA expression was
analyzed by gene microarray hybridization. Across the GO databases, differently expressed genes in
several classifications including physiological process, cellular processes, catalytic activity, metabolism,
binding, transporter activity, protein complex and localization, were identified. According to filtering
criteria, 99 genes were differentially expressed in E. coli cultured in the medium on NPG, among which
24 were up-regulated and 75 were down-regulated. Based on the biological process, molecular function,
and cellular component classification, these up- or down-regulated genes were classified to different GO
terms. We investigated three classifications related to up-regulated and down-regulated genes by GO
enrichment analysis, as summarized in Tables | and Il. Stricter filtering criteria with fold changes of >3
and p-values of <0.01 detected the significant down-regulation of c0412, cpxP, ytfQ and htpX, which are

related to the membrane system in the cell envelope of E. coli.?’=3*
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V. DISCUSSION

We observed that the thickness of bacterial suspension on samples reduced because of evaporation at
RH values of 15% and 60%. The suspension volume was largely unchanged after incubation for 24 h at
RH of 90%. This suggested that the effect of RH on the antibacterial properties of NPG was related to
the thickness of the suspension, as illustrated in FIG. 8. A low RH of 15% caused significant drying and
subsequent bacterial death on NPG and FG. In this case, the AA of NPG was not overly high, because No
and N in equation (1) were similar. A high RH of 90% minimized evaporation of the suspension during
incubation. Bacteria in the suspension could live and proliferate far from substrate surface without
contacting the NPG substrate, resulting in low AA. The intermediate RH of 60% apparently resulted in
reduced residual bacterial solution to force the bacteria to contact with the NPG substrate. Hence, the

direct contact of bacteria with the NPG substrate was necessary for the antibacterial efficacy of NPG.

The time variation in the VBC cultured in suspension on NPG (FIG. S3) also supported the necessity
of direct contact between the bacteria and NPG. The suspension thickness gradually decreased during
incubation for 24 h at a RH of 60%. The VBC on NPG significantly decreased only after 12 h of
incubation, where the dryness of samples caused the decrease in suspension volume and bacteria are

forced to touch NPG substrates. These results strongly implies that antibacterial properties of NPG are
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attributed to the catalytic nature of NPG, and not to the metallic ion and reactive oxygen species (ROS)
released into the solution from substrates (if these diffusible species were responsible for the antibacterial
properties of NPG, AA at RH = 90% would be higher due to the diffusion of these species.) We also
confirmed that metal ions (silver and gold) and ROS were essentially absent in the culturing solution, as
described in Supplementary Material. Thus, NPG itself directly and catalytically deteriorated the bacteria.
The range of the catalytic effect of NPG was thought to be limited to within a few nanometers from the
surface.® Hence, direct contact between the bacteria and NPG was necessary for antibacterial activity.
The AA of NPG with a smaller pore size was stronger than that of NPG with a larger pore size. A smaller
ligament size provided a higher concentration of catalytically active sites on the ligament surface. This
resulted from the more pronounced lattice distortion and higher concentration of atomic defects at the

higher curvature ligaments.

The AA of NPG depended on direct contact of the bacteria with the NPG surface. SEM and SPM
observations indicated severe distortion in the bacterial shape on NPG. Thus, the nanosized ligaments of
NPG directly influenced the physical and/or chemical stability of the bacterial cell wall and membrane,

resulting in their death.

In a previous study, the fimbriae of E. coli on nanorough gold synthesized by electroless deposition
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disappeared, while the fimbriae of E. coli on FG could be observed.?* Real-time PCR analyses indicated
that the mRNA expression level for fimA in E. coli cultured on nanorough gold was lower than that in E.
coli cultured on FG, and that the mMRNA expression level for IrhA in E. coli cultured on nanorough gold
was higher than that in E. coli cultured on FG. This indicated that nanorough gold resulted in the fimbriae
of E. coli disappearing, from a transcriptomic point of view. In the present study, the mRNA expression
level for fimA in E. coli cultured on NPG was higher than that in E. coli cultured on FG. In other words,
the real-time PCR result in the present study was opposite to that in the previous study. This difference
suggested that small changes in the characteristics of nanostructure and lattice strain caused significant

transcriptomic differentiation.

Microarray analyses of E. coli on NPG showed the significant down-regulation of c0412, cpxP, ytfQ,
and htpX. The c0412 gene encodes the transcriptional regulator protein YcjZ controlling the recycling of
peptidoglycan, which structurally supports the body of E. coli in its cell envelope.® The CpxP protein
governs the Cpx pathway of periplasmic stress response, operating as a proteolytic adapter to facilitate
degradation of misfolded proteins in the cell envelope.?® The YtfQ protein promotes and supports the
importing of nutritious substances in the periplasm.3! The htpX protein induces endoproteolytic cleavage,

to facilitate dislocating misfolded membrane proteins out of the membrane.®?-3* Down-regulation of these
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genes suggested that NPG directly (not depending on diffusive species such as metal ions and ROS) and
catalytically induced the collapse of the cell envelope system of E. coli. This inhibited the normal
exchange of intracellular and extracellular substances through the cell membrane, inducing protein

misfolding and subsequent cell death.

The catalytic degradation of nutritious components in the culturing media by NPG was not responsible
for the present antibacterial properties. If it were, then NPG would exhibit antibacterial properties even
at a RH of 90%, where nutritious components could degrade at the catalytic NPG substrate. Hence, the
direct contact of NPG with the bacterial cell envelope was necessary for killing bacteria, perhaps inducing
the catalytic decomposition of envelope-structuring components such as peptidoglycan and membrane
proteins. The physical situation may be similar to that nanostructured artificial viruses with antibacterial
activity, which bypass the need for membrane-induced folding and destroy bacterial membrane on direct
contact.3” However, it is not currently clear what part of the envelope was catalytically degraded by NPG.
This is because even detailed chemical analyses of products from AA tests cannot determine the substance
directly affected by NPG. The conformation and subsequent stability of proteins in the cell membrane
may be altered by NPG,%2° as is observed for other porous materials.*> Several approaches including

investigating purified components such as peptidoglycan and synthesized cell membrane proteins are
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required for a critical elucidation.

V. CONCLUSIONS

NPG affected biological processes operating in the membrane system of bacteria, resulting in bacterial

death under intermediate RH. The antibacterial properties of NPG differed from those of typical

antibacterial metals and alloys, because metal ions and ROS were not responsible for bacterial death. The

monolithic nanostructure of NPG also differentiated its antibacterial properties from those of metallic

nanoparticles, the latter of which typically penetrate the cell envelope, enter, and disturb the cytoplasm

of the bacteria. Transcriptomic analyses suggested that NPG degraded the cell envelope of E. coli, which

correlated with the distorted bacterial shape observed by microscopy. These phenomena may be related

to the catalytic properties of NPG, although more evidences will be necessary for further elucidation.
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Figure captions

FIG. 1. SEM images of NPG. Samples were fabricated by dealloying at (a) 253 K and (b) 298 K, in 69

mass% HNOs. The lower dealloying temperature led to smaller pore and ligament sizes.

FIG. 2. Viable bacterial counts (VBCs) on NPG, FG, and control PE films as a function of relative
humidity (RH), for 24 h incubation of (a) E. coli and (b) S. epidermidis. * denotes significant difference
between NPG and FG with p < 0.05, while # denotes significant difference between NPG (20 nm) and
NPG (50 nm) with p < 0.05. An intermediate RH of 60% differentiated the VBCs on NPG from those on

FG, while lower and higher RHs did not. (color online)

FIG. 3. Antibacterial activities (AAs) of NPG as a function of RH, for 24 h incubation of (a) E. coli and
(b) S. epidermidis. The maximum AA against both bacteria was observed at the intermediate RH. (color

online)

FIG. 4. SEM images of E. coli cultured on NPG and FG at RH = 60%. (a) The center of the cell of E.
coli on NPG appeared dimpled. (b) Cytoplasm leaked from E. coli on NPG (arrows). (c, d) No dimpling

and cytoplasm leakage were observed in E. coli on FG.
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FIG. 5. SEM images of S. epidermidis cultured on NPG and FG at RH = 60%. (a) The cell wall of S.

epidermidis on NPG was significantly distorted. (b) Isolated S. epidermidis cells were frequently

observed on NPG. (c) The cell wall of S. epidermidis on FG was not damaged, and bacteria tended to

form grape-shaped clusters, which is typical of active Staphylococcus bacteria.

FIG. 6. SPM images of E. coli cultured on NPG at RH = 60%. (a) The center of the cell of E. coli on

NPG was dimpled. (b) Height profile of the E. coli cell along the dashed line in (a). (¢) Dimple depth and

maximum height for E. coli cells on NPG and FG. The dimple was deeper in the E. coli cell on NPG,

than on FG. The maximum height was greater in the E. coli cell on FG, than on NPG. The shape distortion

was more severe in the E. coli cell on NPG, than on FG. (color online)

FIG. 7. Expression levels of IrhA and fimA in E. coli on NPG compared with E. coli on FG. RH during

culturing was 60%. fimA was expressed more in E. coli on NPG. IrhA in E. coli on NPG was expressed

at a similar level to that in E. coli on FG.

FIG. 8. Schematic illustration of humidity dependence of antibacterial activity (AA) of NPG. The

evaporation of bacterial suspension was related to the high AA at intermediate relative humidity (RH).

This suggested that the direct contact of bacteria with the catalytic NPG substrate was necessary for AA.
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Tables

Table I. Significantly down-regulated biological processes in E. coli on NPG.

GO term Gene number
Ribosome S5
Membrane or periplasm 19
Metabolic process 12
DNA binding 10
lon binding 6
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Table I1. Significantly up-regulated biological processes in E. coli on NPG.

GO term Gene number
Ribosome 6
Metal ion binding or transport 5
Periplasm 3
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Energy-dispersive X-ray spectroscopy (EDXS) of nanoporous gold

(NPG)

The results of EDXS of the synthesized NPG are shown in FIG. S1. The EDXS detected gold as
well as other elements (oxygen, sodium, magnesium, silicon and potassium) in the glass substrate.
No silver peaks were detected, which means that the residual Ag content in the NPG substrates was

very small, being below the 1 at.% detection limit.
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FIG. S1. EDXS results for NPG. The peaks of oxygen, sodium, magnesium, silicon and potassium

come from glass substrates. (color online)
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Scanning electron microscopy (SEM) image of flat gold (FG)

The SEM image of FG prepared by simple sputtering of gold on glass substrate is shown in

FIG.S2. The polycrystalline and dense, but not porous, structure was observed.

FIG. S2. SEM image for FG. Polycrystalline and dense, but not porous, structure was observed.

Time variation of viable bacterial counts (VBCs) on NPG and FG for E.

coli

Figure S3 shows the variation in VBCs of E. coli on NPG and FG with incubation time, at a RH
of 60%. The VBC on NPG was lower than that on FG at every incubation time. The VBCs on NPG

incubated for 12—-24 h were significantly lower than those on FG, at the corresponding incubation
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times. The VBCs on NPG and FG were similar for incubation times of 0—-12 h. Thus, antibacterial
properties of NPG were evident after incubation for 12 h at a RH of 60%. This behavior is quite
different from the antibacterial activity by metal ions, which typically begin decreasing the VBC

immediately after commencing incubation.!

10° E. coli

NPG
H FG

107
10 | | I I
10

Incubation time (h)

Viable bacteria count (CFU)

w

FIG. S3. Time variation of VBCs on NPG and FG for E. coli. * denotes significant difference
between NPG and FG with p < 0.01. The VBC of E. coli on NPG significantly decreased after 12

h of incubation, while the VBC on FG did not. (color online)
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Effect of metal ions on antimicrobial properties of NPG

The culturing solution was suspended on the nanoporous gold (NPG) substrate for 24 h, and the
sample was then analyzed using inductively-coupled plasma atomic emission spectroscopy. The
results are shown in FIG. S4. The concentrations of silver and gold in the culturing solutions were
found to be < 0.05 ppm, which was the apparatus detection limit. It is well known that a
concentration of at least approximately 1 ppm is necessary for realizing the antimicrobial properties
of Ag ions.'* Therefore, Ag ion dissolution from the NPG into the culturing solution was not

responsible for the present antimicrobial properties of NPG.
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FIG. S4. The results of inductively-coupled plasma atomic emission spectroscopy analyses on

culturing solution on NPG (pore size = 20 nm). No essential silver and gold dissolution was

confirmed.
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Effect of reactive oxygen species (ROS) on antimicrobial properties of

NPG

We determined whether peroxides and reactive oxygen, which are known to be the main sources
of the antimicrobial properties of copper, were responsible for the present antimicrobial properties
of NPG.> We used the “Merckoquant peroxide test” to analyze the bacterial suspensions on the
samples. First, the bacterial suspension used in the antimicrobial properties tests was incubated on
NPG and FG for 12 h in humidity-controlled incubators at 298 K, under a relative humidity (RH)
of 60%. Second, we immersed a test strip in the bacterial suspension for 1 s, to moisten the reaction
area of the test paper. Third, we absorbed moisture on the test strip through the edge of the test strip
for 15 s. Last, we compared the color of the reaction area with that of the color scale and read the
corresponding values. The test strips immersed in the bacterial suspensions of both NPG and FG
did not show any change in color, as shown in FIG. S5. Thus, the generation of ROS was excluded

as a cause for the present antibacterial activity of NPG.
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FIG. S5. The results of Merckoquant peroxide test on culturing solution on (a) NPG (pore size =

20 nm) and (b) FG. No essential ROS was confirmed. (color online)
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