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ABSTRACT

Thiolate-gold nanoclusters have various applications. However, most of the synthesis methods
require prolonged synthesis times from several hours to days. In the present study, we report a
rapid synthesis method for [Auxs(Cys)is] nanoclusters and their application for
photobactericidal enhancement. For [Aus(Cys)is] synthesis, we employed a tube-in-tube
membrane reactor using CO as a reducing agent at elevated temperatures. This approach allows
continuous generation of high quality [Auzs(Cys)is] within 3 min. Photobactericidal tests
against Staphylococcus aureus showed that crystal violet treated polymer did not have
photobactericidal activity, but addition of [Auzs(Cys)1s] in the treated polymer demonstrated a
potent photobactericidal activity at a low white light flux, resulting in > 4.29 log reduction in
viable bacteria number. Steady state and time-resolved photoluminescence spectroscopies
demonstrated that after light irradiation, photoexcited electrons in crystal violet flowed to
[Auzs(Cys)1s] in the silicone, suggesting that redox reaction from [Auzs(Cys)is] enhanced the
photobactericidal activity. Stability tests revealed that leaching of crystal violet and
[Auzs(Cys)1g] from the treated silicone was negligible and cyclic testing showed the silicone

maintained a strong photobactericidal activity after repeated use.
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1. INTRODUCTION

In recent years, metal nanoclusters have attracted attention in nanoscience due to their unique
physico-chemical properties 2. The nanoclusters typically consist of ten to several hundred
atoms and their size is often <2 nm 2. Metal nanoclusters are synthesized with consideration
of the delicate balance between cluster growth and etching and they are essentially
organic/inorganic hybrid nanomaterials 1. Because of their ultra-small size, the nanoclusters
are a bridge between small molecules and plasmonic metal nanoparticles and they exhibit a
strong quantum size effect, for example distinct energy levels of electrons, extraordinary
nonlinear optical properties and catalytic chemical reactivity #. Thus, metal nanoclusters have
a great potential for application in catalysis, biomedicine and energy conversion 2 4, In the
last decade, size control of gold nanoclusters was studied and various monodisperse gold
nanoclusters were reported 1> 4. Among them, Auzs nanoclusters with Auis core and exterior
part consisting of twelve Au atoms and eighteen ligands (Figure S1) have been extensively
studied due to facile synthesis, high stability, and ease of functionalization®.

A sodium borohydride (NaBH4) reduction method has been commonly utilized for synthesis
of thiolate Auzs nanoclusters °7. In this method, NaBHa reduction on Au (I) complexes
produces polydisperse Au nanoclusters and slow etching of the nanoclusters by excess thiolate
ligand causes the transformation of the multi-sized nanoclusters into mono-sized ones (size
focusing) * 1, The synthesis time for formation of Auzs nanoclusters has ranged from few
hours to days for size evolution and focusing 2. Recently, it was shown that during size
focusing of Auzs nanoclusters, heat treatment is the most efficient way to speed up the reaction
process and it can facilitate the transformation of multi-sized nanoclusters into the more
thermodynamically stable Auzs nanoclusters ©. Katla et al. reported a single step [Auzs(GSH)1s]
(GSH = L-glutathione) synthesis at 60 °C to accelerate the reaction process, resulting in a

reduction of reaction time to 2 h 7. In [Auzs(MHA)15] (MHA = 6-mercaptohexanoic acid)
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synthesis, the Xie group used sodium hydroxide (NaOH) to decrease the reduction ability of
NaBH; and enhance the etching ability of the free thiolate ligands resulting in rapid formation
of the nanoclusters 3. Further study showed that a mild heat treatment of the reaction solution
accelerated the thermodynamically stable [Auzs(MHA)1g] formation, resulting in high yield

(>95%) of the nanocluster .

With the continuing emergence of antibiotic resistant bacteria, use of photobactericidal
materials is considered a promising alternative to kill bacteria because the bactericidal
mechanism of the photocatalysts is different from that of antibiotics '*. Photocatalysts
containing titanium dioxide (TiO2), zinc oxide (ZnO) and photosensitizers containing toluidine
blue O (TBO), methylene blue (MB) and crystal violet (CV) were extensively studied and they
showed broad bactericidal activity on light irradiation 4%, However, they require UV-
activation or use of a laser with wavelength between 400-800 nm in order to show
photobactericidal activity *4°. In order to enhance the photocatalytic reaction, photocatalytic
nanocomposites using carbon nanotubes (CNT), silver (Ag) and gold (Au) nanoparticles (NPs)
were studied 20?4, It was shown that CNT or Ag NPs doped on UV-active photocatalysts
produced photobactericidal activity upon irradiation of visible light with intensity of >0.2
mW/cm? and that Au or Ag NPs addition to the photosensitizers produced a potent

photobactericidal activity after exposure to white light with >0.15 mW/cm? (>1000 lux) 225,

Although many techniques of photobactericidal enhancement by metal nanoparticles were
suggested, most of them require an intense light ( >1000 lux) or a laser source to obtain a
satisfactory bacteria kill, indicating that the techniques can only be effective in facilities with
extremely bright light sources such as surgical site and emergency room?%-, In this study, a
tube-in-tube membrane reactor was employed where carbon monoxide (CO) as a gaseous

reducing agent and heat treatment were used to accelerate the synthesis of thermodynamically



stable [Auzs(Cys)1s] (Scheme 1). Our method showed that [Auzs(Cys)1s] with high purity can
be synthesized within 3 min residence time under heat treatment and continuous synthesis for
8 h, indicating that it is capable of large-scale production of [Auzs(Cys)is]. [Auzs(Cys)1s] was
utilized to enhance photobactericidal activity of a crystal violet sensitizer, when both were
incorporated into a polymer surface. Bactericidal tests against Staphylococcus aureus showed
that [Auzs(Cys)1g] significantly increased the photobactericidal activity of the polymer at very

low flux of white light (312 lux average).

2. EXPERIMENTAL SECTION

2.1. [Auzs(Cys)1s] Synthesis and Characterization. 45.5 mg (0.38 mmol) of L-cysteine was
added in 5 mL of DI water, 9.9 mL of chloroauric acid solution (HAuCls, 25.2 mM) and 0.833
mL of sodium hydroxide solution (NaOH, 2 M) were added to the cysteine solution. After that,
9.267 mL of DI water was added into the mixture. The final concentrations of the various
reactants in the Au precursor solution were: [HAUCIls] = 10 mM, [L-cysteine] = 15 mM,
[NaOH] = 66.64 mM. The schematic of the tube-in-tube membrane reactor utilized in this work
is shown in Figure 1. The membrane reactor consisted of an inner Teflon AF-2400 tube acting
as membrane (outer diameter (OD): 1.0 mm, inner diameter (ID): 0.8 mm, Biogeneral) and an
outer PTFE tube (OD: 3.2 mm, ID: 2.4 mm, VICI Jour). The length of the membrane reactor
was 2 m, and the volume of the Teflon AF-2400 tube in the reactor was 1 mL. The Au precursor
solution was delivered at 0.33 mL/min to the Teflon AF-2400 tube with a milliGAT LF pump
(VICI Valco), and a back pressure regulator (BPR, Zaiput) was connected to the outlet of the
reactor. The solution was collected at the outlet of the BPR. The liquid pressure in the inner
tube was maintained by the BPR and measured with a pressure sensor (LTF) placed at the inlet
of the inner tube. A gaseous CO supply was connected to the inlet of the annulus between the
inner and outer tubes by a T-junction (IDEX), and another T-junction was used at the outlet of

the annulus to enable the release of the pressurized CO after the experiment. The pressure of
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the CO was controlled by a gas pressure regulator (Swagelok, K series) and monitored with a
pressure sensor (40PC150G, Honeywell). During the experiment, the gas and liquid pressures
were maintained at 4 barg and 5 barg, respectively. The reactor was heated with an oil bath,
and the temperature of the oil bath was measured and controlled by a hotplate (IKA, RCT

basic).

UV-Vis absorbance spectrum of the collected [Auzs(Cys)1s] solution was determined by an
Ocean Optics UV-Vis-ES spectrometer (USB 2000+ Spectrometer and DT-Mini-2-GS light
source) after diluting the collected solution with H>O by a factor of 10. Electrospray ionization
mass spectrometry (ESI-MS, Agilent 6510 Q-TOF MS) was utilized to identify the molecular
mass of the Au clusters. Dried [Au2s(Cys)1g] nanoclusters were mixed with DI water including
0.01 uM cesium acetate, and then the mixture was injected into the ESI-MS at 20 uL/min. The
ESI was performed at negative mode. Heated nitrogen gas was supplied to the mass

spectrometer at 5 L/min. The negatively charged ions were analyzed by the spectrometer.

2.2. Production of Photobactericidal Silicone through a Swell-Encapsulation-Shrink
Process. Photobactericidal silicone was produced by a swell-encapsulation-shrink process as
depicted in Scheme 2. Prior to the production of the photobactericidal polymer, [Auzs(Cys)1s]

solution was 3-fold diluted.

2.2.1. Control: A silicone coupon (4.5 cm x 7.0 cm x 0.04 cm, cut from a universal desktop
keyboard skin protector cover, Universal, China) was immersed in a mixture of acetone (140
mL) and DI water (140 mL) for 24 h. The silicone was washed by DI water twice and after

that, it was stored in dark room for 24 h.

2.2.2. Silicone Containing [Auzs(Cys)is]: A silicone coupon was immersed in a mixture of
[Auzs(Cys)1g] solution (28 mL), DI water (112 mL) and acetone (140 mL) for 24 h and then it

was washed by DI water twice. After that, the silicone was stored in dark room for 24 h.
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2.2.3. Silicone Containing Crystal Violet: 224 mg of crystal violet was dissolved in a mixture
of DI water (140 mL) and acetone (140 mL) and it was sonicated for 3 min. After that, the
silicone coupon was immersed in the mixture for 24 h. Subsequently, the silicone was washed
using DI water twice and it was stored in dark room for 24 h.

2.2.4. Silicone Containing Crystal Violet and [Auzs(Cys)is]: 224 mg of crystal violet was
added into a mixture of [Auzs(Cys)1g] solution (28 mL), DI water (112 mL) and acetone (140
mL), and it was sonicated for 3 min. The silicone coupon was immersed in the mixture for 24
h and then it was washed by DI water twice. The washed silicone was stored in dark room for

24 h.

2.3. Bactericidal Test. The bactericidal activity of the silicone samples was tested against
Staphylococcus aureus 8325-4 in the dark and in white light. One bacterial colony grown on
mannitol salt agar (Oxoid) was inoculated into Brain Heart Infusion broth (BHI) and cultured
in shaking incubator at 200 rpm at 37 °C. After 18 h culture, the bacteria were harvested using
centrifugation. The centrifuge was operated with 2795xg at 20 °C for 5 min. The collected
bacteria were washed with 10 mL of phosphate buffer saline (PBS). This process was
performed twice to eliminate all traces of the broth. The bacteria suspension was diluted to get
~10% CFU/mL and 25 pL of each suspension was inoculated to the treated silicone, which was
located in a colorless petri dish with water-saturated filter paper to maintain humidity. The silicone
coupons were exposed to white light (Osram L58W/865 Lumilux) or maintained in the dark for
the same time period before they were immersed in 450 pL of PBS and vortexed for 1 min to wash
out bacteria from the silicone into the PBS. With ten-fold serial dilution, 100 puL of each dilution
was plated onto mannitol salt agar and incubated at 37 °C for 24 h. The bacteria colonies that grew

on the agar were counted.



2.4. UV-Vis Spectroscopy of Control and Treated Polymer. UV-Vis absorbance spectra of
the treated silicones were obtained using a UV-Vis spectrometer (Lambda 25, PerkinElmer).
The treated silicone coupons were placed onto the light wavelength detector and their

absorbance spectra were determined in a range of 400 - 800 nm.

2.5. XPS and XRF Analysis. X-ray photoelectron spectroscopy (XPS) was used to investigate
the [Auzs(Cys)1s] within the treated silicone coupon or on its surface. The existence of gold
was investigated after 0, 200 and 400 s of Ar ion sputtering. X-ray fluorescence spectroscopy
(XRF, 15-watt Epsilon 4, Malvern Panalytical) was used to investigate the number of
[Auzs(Cys)1g] clusters inside the treated silicone. The polymer sample (& 7.0 cm x 0.04 cm)

was placed into hollow of XRF and it was scanned for 15 min.

2.6. Leaching Test. The stability of silicone containing crystal violet and [Auzs(Cys)1s] was
investigated. The sample (1.5 cm x 1.5 cm x 0.04 cm) was placed in 5 mL of DI water for 20
days. To investigate leaching of crystal violet from the treated silicone, UV-Vis absorbance
spectrum of the DI water was periodically obtained. Microwave plasma atomic emission
spectroscopy (4210 MP-AES, Agilent Technologies) was employed to determine the
concentration of Au in the DI water solution. After dipping the treated sample in 5 mL of DI
water for 20 days, the solution was evaporated, and the solid obtained after evaporation was
digested in 0.5 mL of aqua regia (HCI:HNOs 3:1 v:v). After digestion, the sample was diluted
by DI water (final volume of 5 mL, water:aqua regia 9:1 v:v), and the gold content was

determined via MP-AES.

2.7. Steady State Photoluminescence Spectroscopy. Photoluminescence (PL) spectra of
control and treated polymers were measured using a photoluminescence spectrometer

(FluoroMax, Horiba Scientific). A laser source with a wavelength of 574 nm was employed for



irradiation of the treated silicone and fluorescence was measured over a wavelength of 620-

820 nm.

2.8. Time-Resolved Photoluminescence Spectroscopy. Time-resolved photoluminescence
(PL) spectroscopy was operated using a time-correlated single photon counting (TCSPC)
apparatus (DeltaFlex, Horiba Scientific). Pulsed 574 nm excitation by a laser diode (NanoLED-
570) was used and fluorescence was measured at a wavelength of ~710 nm (Picosecond Photon

Detection Module, PPD-900, Horiba Scientific) for 100 ns.

2.9. Statistical Analysis. Statistical T-test of experimental data was conducted by SPSS

statistics (IBM Corporation).
3. RESULTS AND DISCUSSION

In [Auzs(Cys)1g] synthesis, Au concentration in the precursor solution containing cysteine,
chloroauric acid and NaOH was 10 mM, the molar ratio of Au-to-cysteine was 1:1.5 and the
pH of the solution was maintained at 12. The color of the precursor changed from yellow to
dark brown after passing through the reactor. The experiments were carried out at 60, 80 and
100 °C with different reaction (residence) times to determine an optimal condition of
[Auzs(Cys)ig] synthesis. As shown in Figure 2a), the UV-Vis absorbance features of
[Auzs(Cys)1g] gradually formed at 60 °C over 10 min of reaction time. The UV-Vis spectrum
showed absorbance peaks at 450, 550, 670 and 770 nm, which agrees with the spectrum of
[Auzs(Cys)is] from previous literature 2. At 80 °C, the absorption peaks of [Auzs(Cys)1s] were
clearly observed at 3 min. Subsequently, the absorbance at 670 nm stayed almost constant, but
that at 610 nm gradually increased with reaction time, suggesting decomposition of
[Auzs(Cys)1g] (Figure 2b). At 100 °C the spectrum features of [Auzs(Cys)1s] were observed
after 1 min. However, the peaks gradually disappeared with increasing reaction time (Figure
2¢). Since the absorbance peak at 670 nm is related to the amount of [Auzs(Cys)is] in the
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solution ® 2627 the absorbance of each spectrum at 670 nm was plotted in terms of the reaction
time. As shown in Figure 1d, the reaction at 80 °C produced higher concentration of
[Auzs(Cys)1s] than that at 60 and 100 °C. Thus, it was concluded that [Auzs(Cys)is] clusters are
most efficiently synthesized at 3 min reaction of the precursor in the reactor at 80 °C, because
the clusters could be rapidly synthesized while minimizing decomposition. To determine the
robustness of the continuous system for [Auzs(Cys)is] synthesis, an 8 h continuous synthesis
experiment was carried out at optimal conditions, i.e., 3 min reaction time at 80°C. The solution
from the reactor outlet was collected at intervals of 2 h and its absorbance spectrum was
measured using a UV-Vis spectrometer. UV-Vis spectra (Fig. 2e) show that the quality of
[Auzs(Cys)1g] synthesized during 8 h operation was constant. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) confirmed that [Auzs(Cys)1s]

clusters were <1 nm in diameter (Fig. 2f).

The molecular composition of [Auzs(Cys)1s] was investigated by electrospray ionization mass
spectrometry (ESI-MS). As shown in Figure 3a and 3b, one group of intense peaks at m/z
~2361.4 was observed and the peak at m/z 2361.4 (peak #1) was accompanied with a group of
small peaks (#2-12). Analysis of isotope pattern at peak #1 confirmed that peak interval of 1>C
and 3C was 0.33 indicating [Auzs(Cys)1s-3H]®" generation (Figure 3c). The small peaks (#2-
12) correspond to [Auzs(Cys)ig] dissociated with H+ or coordinated with Na+, K+ or Cs+
which are common contaminant ions in ESI-MS 282°, Another group of [Auzs(Cys)1s] peaks
were observed at m/z ~ 1808.6 indicating 4- charged gas phase ions. Based on the optical
density of the clusters at 670 nm and molar adsorption coefficient from literature 26-?’ the yield

of the [Auzs(Cys)1s] was estimated to be ~95%.

In contrast with synthetic methods that use NaBHa as a reductant for Au nanoclusters synthesis,

gaseous CO can be readily removed from the reaction solution through venting and it could
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prevent potential boron contamination when using NaBHa. In [Auzs(Cys)1s] synthesis, cysteine
reduces Au (III) ions to Cys-Au (I) complexes in solution at room temperature and increasing
the pH of the solution with NaOH results in enhancement of the reduction ability of CO 26 %,
Auio-15 nanoclusters form from Cys-Au (I) through CO reduction and then Auzs nanoclusters
develop through further growth via Ause.2s nanoclusters 2. In previous work, use of CO as
reducing agent showed that high purity [Auzs(Cys)is] can be synthesized with high yield
(~95%), but 24 h reaction time was employed to obtain the thiolated Au nanoclusters 2631, Our
continuous synthesis method showed that CO reduction of Cys-Au (I) within the reactor at
elevated temperature significantly accelerated the production of [Au2s(Cys)1g], and that 3 min
residence time of the precursor at 80 °C was optimal, demonstrating that our experimental
conditions produce high purity [Auzs(Cys)is] ~500 times faster than previous study 6. The
small diameter of the membrane reactor (~1 mm) allows for efficient temperature control and

CO mass transfer, helping to intensify the [Auzs(Cys)1s] synthesis.

To determine the photobactericidal enhancement by [Auzs(Cys)ig], silicone containing
[Auzs(Cys)1g] and CV was produced through a swell-encapsulation-shrink process. When
silicone is immersed in the swelling solution for 24 h, the polymer swells and crystal violet
molecules and [Auzs(Cys)1g] nanoclusters penetrate within the polymer matrix. After removal
from the solution, the polymer shrinks resulting in CV and [Auzs(Cys)1s] being encapsulated
inside the silicone. To characterize the penetration process of CV into silicone, samples were
prepared with various encapsulation times and then were thinly sliced. The side section of
sliced samples was imaged and analyzed using ImageJ. Figure 4a shows CV profiles within
the silicone with increasing encapsulation time. At the beginning, penetration of crystal violet
was higher near the surface, while CV diffused throughout the polymer with increase of
encapsulation time. CV diffusing through the polymer reached saturation by 24 h. Figure 4b

shows XPS spectra of [Auzs(Cys)1g] treated silicone after 0, 200 and 400 s of Ar ion sputtering.
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A double peak at 87 and 83 eV, which corresponds to Au 4fs;; and 4f7;, was obtained at the
surface and within the polymer bulk indicating successful encapsulation of [Auzs(Cys)1g] into
the silicone. XRF analysis indicated that ~6.49 x 10 [Auzs(Cys)1s] clusters/cm?® were present
within the silicone samples produced by 24 h encapsulation. Figure 4c exhibits UV-Vis
absorption spectra of the silicone pieces over the wavelength of 400—800 nm. [Au2s(Cys)1s]
treated silicone did not show any change of the absorbance spectrum compared to the control.
However, the CV treated silicone samples had a main absorption at 595 nm with shoulder peak
at 540 nm. The main absorption of the polymer containing CV&[Auzs(Cys)1s] was 1.7 times

higher than the silicone with CV only.

The bactericidal activity of treated silicone was tested against Staphylococcus aureus 8325-4,
a representative Gram-positive bacterium, in the dark and in white light. As shown in Figure
S2, the intensity of the white light (Osram L58W/865 Lumilux) ranged from 200 to 429 lux
(0.03 to 0.06 mW/cm?) and the emission wavelength of the light source ranged from 400 to
800 nm. Figure 5 shows the bactericidal activity of the treated silicone in the dark and white
light. In the dark, no reduction in viable bacteria number was apparent on any of the treated
polymers compared to the control. After 6 h irradiation with white light, there was no reduction
in the number of viable bacteria on the polymers containing either CV or [Au2s(Cys)1g] alone.
However, silicone containing CV and [Auzs(Cys)1s] showed a significant reduction (P<0.01)
in the number of bacteria to below the detection limit (<102 CFU/mL) after 6 h irradiation with

white light, which equates to > 4.29 log reduction in viable bacterial numbers.

Previous study reported that negatively charged [Au2s(Cys)1g] did not induce reactive oxygen
species (ROS) but it showed an intrinsic bactericidal activity®2. This might be because the
negatively charged nanocluster acts as a radical. However, the negative charged nanocluster

can be neutralized through air oxidation®3. In this study, negatively charged [Auzs(Cys)is]
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which was incorporated into silicone did not show bactericidal activity in dark. This can be
explained by the fact that as negative charged [Auzs(Cys)1s] nanoclusters encapsulated into
silicone are exposed to air, the nanoclusters are neutralized resulting in a loss of their

disinfection feature.

With respect to photobactericidal activity, crystal violet has been known for inducing visible
light active photocatalysis®®. When crystal violet molecules are exposed to visible light, the
molecules transform to a triplet state from a ground state via an excited singlet state!® 343°,
Through photochemical reaction type-I or/and type-11, CV molecules in a triplet state induce
ROS generation leading to bacteria death!3 1% 343% |n this study, crystal violet treated polymer
did not show any bactericidal activity in white light. However, addition of [Au2s(Cys)1g] into
the treated polymer activated potent bactericidal activity in identical conditions. To determine
the interaction between CV and [Au2s(Cys)1s] in white light, steady state photoluminescence
(PL) spectroscopy and time-resolved PL spectroscopy were used. Figure 6a shows the PL
spectra of control, polymers with CV only and [Auzs(Cys)1g] only. Upon illumination at ~574
nm, silicone containing CV only exhibited a PL spectrum with a peak at ~688 nm, while
compared to control, silicone with [Auzs(Cys)1g] only did not show a distinctive spectrum,
indicating that [Au2s(Cys)1s] within the silicone might not be photoexcited, as further supported
by a phosphorescence study of silicone with [Auzs(Cys)1g] only (Figure S3). Figure 6b shows
time-resolved PL decay of control and treated silicone samples. Upon 574 nm laser excitation,
the PL decay was measured at a wavelength of 710 nm. The curve of silicone containing
[Auzs(Cys)1g] only was similar to that of control. The polymer with CV only showed a longer
PL lifetime than that of control and silicone with [Auzs(Cys)1g] only after the laser excitation.
After [Auzs(Cys)1g] addition into CV treated silicone, the PL lifetime of the silicone became
shorter, indicating that some excited electrons in CV flow to [Auzs(Cys)1s]. It is suggested that

after light illumination, photoexcited electrons within CV transfer to [Au2s(Cys)1g], which acts
13



as electron receptor, and as electrons accumulate on [Auzs(Cys)1s] they interact with molecular

oxygen, resulting in redox reaction enhancement 3738,

To investigate the stability of the treated silicone, CV and [Au2s(Cys)1s] leaching from the
polymer was evaluated and cyclic testing of photobactericidal activity was performed. A
silicone sample containing CV&[Auzs(Cys) 18] was immersed in DI water and CV leaching
was regularly measured using a UV-Vis spectrometer (Figure S4a). The release of
[Auzs(Cys)1g] from the polymer was measured after 20 days immersion. The concentrations of
gold and CV in the DI water that leached from the polymer was ~0.24 and ~0.06 ppm
respectively, indicating that the leaching was minor. In the cyclic photobactericidal test, three
samples were tested with a S. aureus 8325-4 suspension containing ~10° CFU/mL.
Photobactericidal test on each sample was performed five times and at each time, any changes
in photobactericidal activity of silicone with CV&[Auzs(Cys)1s] was determined. As shown in
Figure S4b, at the beginning, the silicone sample showed potent photobactericidal activity with
99.9 % reduction of viable bacteria. After two cycles, the bactericidal activity was slightly

reduced but the sample still showed a photobactericidal effectiveness of between 82 to 91%.

In our previous studies, continuous two-phase synthesis for [Auzs(Cys)is] (where CO first
saturated an organic segmenting fluid, and then transferred to the aqueous precursor solution)
and its photobactericidal enhancement was reported 2% *°, As shown in Figure S5, [Auzs(Cys)1s]
nanoclusters synthesized in the present study by the single-phase method showed higher
photobactericidal activity than those synthesized by the two-phase method in identical
conditions. This indicates that the single-phase synthetic method may produce higher purity
[Auzs(Cys)1g] than the two-phase synthetic method. Contrary to the single-phase method,

heptane was used as CO reservoir in the two-phase method because heptane has higher CO
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solubility than water?®. Although heptane was removed after [Auzs(Cys)is] synthesis, very

small quantity might have remained and affected the [Auzs(Cys)1g] purity in the solution.

Previous studies showed that addition of nanoparticles rendered UV-active photocatalysts
active under a longer wavelength of light and enhanced the photobactericidal activity of
polymers containing photosensitizers under white light 202> 40, However, use of an intense
white light or laser source was required to achieve potent bactericidal activity 202> 40, Au
nanoclusters do not have plasmonic behavior, and they have a discontinuous band structure
indicating a discrete energy level compared to Au nanoparticles 2. In this study, it was
observed that [Auzs(Cys)is] addition into CV treated silicone led to a potent bactericidal
activity (> 4.29 log reduction in viable bacteria) against S. aureus after 6 h exposure at low
white light flux. This indicates that the nanoclusters are a more efficient photocatalytic
enhancer than metal nanoparticles and it is expected that this combination can be applied for
indoor facilities because the intensity of white light in most indoor locations ranges from 200

to 1000 lux (0.03 to 0.15 mW/cm?) 442,

4. CONCLUSION

A continuous single-phase synthetic method for [Auzs(Cys)is] was developed in this study
using carbon monoxide as a reductant. Our method enables the robust production of high
quality [Auzs(Cys)1g] nanoclusters within 3 min. This is achieved by operating at elevated
temperature with a small channel membrane reactor. [Au2s(Cys)1s] addition into crystal violet
treated polymer successfully activated a potent photobactericidal activity at a low flux levels
of white light. Steady state and time-resolved photoluminescence spectroscopy showed that
after light irradiation, photoexcited electrons within crystal violet flowed to [Auzs(Cys)1g] in
the silicone. It is suggested that redox reaction from [Auzs(Cys)is] enhanced the

photobactericidal activity. This study demonstrates not only an efficient method for

15



[Auzs(Cys)is] synthesis which is fast, simple and scalable, but also the application of

[Auzs(Cys)1g] in photocatalysis research.
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Figure 2. UV-Vis absorbance spectra of [Auzs(Cys)1g] synthesized at a) 60, b) 80 and c) 100
°C with increasing reaction time, d) changes of absorbance of [Auzs(Cys)1s] clusters at 670 nm
at 60 °C, 80 °C and 100 °C with increasing reaction time, €) UV-Vis absorbance spectra of
[Auzs(Cys)1g] synthesized during an 8 h long experiment (reaction time: 3 min, reaction
temperature: 80 °C) and f) image of [Auzs(Cys)ig] taken by HAADF-STEM. White dots
indicate [Auzs(Cys)1g] nanoclusters.
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Figure 3. ESI mass spectra of synthesized [Au2s(Cys)1s]: a) full-range spectra, b) zoomed-in
spectra in the m/z range of 2360-2440 and c) isotope pattern of #1 peak
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Figure 4. a) Crystal violet (CV) distribution in thinly sliced silicone after 0.17, 0.5, 1, 18, and
24 h encapsulation time, b) XPS depth profile for analysis of gold inside a silicone sample with
CV&[Auzs(Cys)1s)]; Surface, Depth 1 and Depth 2 indicate measurements after 0, 200 and 400
s of Ar ion sputtering respectively, c) UV-Vis absorbance spectra of untreated silicone
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Figure 6. a) Steady state photoluminescence (PL) spectra of untreated silicone (Control),
silicone with [Auzs(Cys)1s] only and silicone with CV only (Aex = 574 nm). b) Time-resolved
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