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Abstract: A rapid photothermal bacterial inactivation technique has been
developed by irradiating near-infrared (NIR) light onto bacterial cells
(Escherichia coli, Bacillus subtilis, Exiguobacterium sp. AT1B) deposited
on surfaces coated with a dense, random array of nanoporous gold disks
(NPGDs). With the use of cell viability tests and SEM imaging results, the
complete inactivation of the pathogenic and heat-resistant bacterial model
strains is confirmed within ~25 s of irradiation of the NPGD substrate. In
addition to irradiation control experiments to prove the efficacy of the
bacterial inactivation, thermographic imaging showed an immediate
averaged temperature rise above 200 °C within the irradiation spot of the
NPGD substrate. The light-gated photothermal effects on the NPGD
substrate offers potential applications for antimicrobial and nanotherapeutic
devices due to strong light absorption in the tissue optical window, i.e., the
NIR wavelengths, and robust morphological structure that can withstand
high instantaneous thermal shocks.

OCIS codes: (250.5403) Plasmonics; (240.6680) Surface plasmons; (350.5340) Photothermal
effects; (120.3890) Medical optics instrumentation; (170.1610) Clinical applications.
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1. Introduction

The risks of contracting a hospital-acquired (nosocomial) infection has long been a real threat
and the rate can be as high as 13.5% in certain countries [1, 2]. Among the major causes of
high risks of bacterial infection are the type of patient’s disease, surgical procedures, and
urinary tract infections [3]. The most important trait of a disease-causing bacterium,
responsible for the nosocomial infections, is its antibiotic resistance. This adaptation allows
the bacteria to survive treatment with antibiotics and, frequently, results in fatal diseases to
patients [3]. Considering pathogenic bacteria continuously evolve to be resistant to an
increasing number of commercial antibiotics, it is essential to develop reliable and effective
methods to inactivate bacterial viability and proliferation. Exposure to high temperatures is a
well-known method for this purpose, commonly used to disinfect laboratory tools and medical
instrumentation using standard sterilization equipment such as dry ovens or autoclaves. These
methods are effective, however, they require long sterilization durations (several minutes to
hours) [4]. To overcome this limitation, a simple coating of various gold nanoparticles have
been pursued as an alternative approach with the potential for in situ sterilization.

Due to its effective light absorption, gold nanoparticles had been extensively studied to
generate photothermal heat for therapeutic applications such as cancer therapy [5, 6] and the
inactivation of harmful bacterial activity [7—10]. The particular advantages of certain gold
nanoparticles (i.e. nanoshells, nanorods) are its near-infrared (NIR) plasmonic resonance. NIR
light as an excitation sources is relatively safe for body tissues at controlled power conditions
with excellent penetration depth for biological tissue, which makes it a good choice for
localized heating for in situ applications [11, 12]. Photothermal conversion of absorbed NIR
light results in an overall temperature increase to the surrounding medium of low thermal
conductivity. Gold nanoparticles were shown to induce thermal inactivation of different types
of bacteria such as Escherichia coli, Pseudomonas aeruginosa, Staphylococcus aureus and
Bacillus subtilis [7, 13, 14]. In the majority of these studies, heat damage to the bacterial cell
wall was the primary cause of cell death [15]. Once the cell wall is damaged, many essential
functions such as substance transport, ATP synthesis, and other cell maintenance processes
are significantly compromised.

We recently characterized the photothermal properties of newly developed nanoporous
gold disks (NPGDs) and its ability to promote light-gated multi-stage molecular release [16].
Upon the excitation with incident light, localized surface plasmon resonance (LSPR) of the
NPGD nanoparticles enhances the local electric field within its nanoporous networks. The
LSPR results in radiative and non-radiative decay mechanisms that have been utilized for
several applications such as Raman and fluorescence enhancement, biomolecular sensing, and
NIR-gated photothermal processes [16—19]. Being tailored to strongly absorb NIR light,
irradiated NPGDs were shown to induce nearly instantaneous temperature increase from the
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irradiated spot and across the random array substrate, delivering thermal shocks into the
surrounding medium [16]. With sufficient heat generated from the NPGD arrays towards the
bacteria, real-time inactivation within a few seconds of irradiation can be achieved,
considerably shorter than on nanoparticle arrays demonstrated in recent studies [9, 10, 20, 21].
Another advantage of NPGD arrays as a reliable light-gated photothermal substrate for direct
bacterial inactivation is that it does not require additional surface modifications for preventing
particle aggregation in solution typical in dispersed nanoparticles. Moreover, using the
optimal irradiation conditions, the nanoparticles maintain a consistently high photothermal
conversion efficiency without morphological changes in its nanostructure [16, 22]. In other
words, NPGD arrays can undergo multiple photothermal cycles without the loss of efficiency,
a critical feature for preventing recurring bacterial proliferation in situ. The NPGD array can
also be employed as a fixed antibacterial substrate for disinfecting contaminated liquid flow
systems. Hence, these characteristics of the NPGD random array make it a robust and rapid
antibacterial platform suitable for various biomedical applications.

A vast majority of the nosocomial infections are caused by either Gram-positive (Gram + )
or Gram-negative (Gram -) bacteria [3]. The bacteria used in this study are: Escherichia coli
MG 1655 (Gram -) and Bacillus subtilis 102 (Gram + ), and a thermophilic Exiguobacterium
sp. strain AT1b (Gram + ) [23, 24]. The rationale for the selection of these microorganisms
was to use different groups of bacteria with different cell wall structures and heat resistance to
investigate the effectiveness of the photothermal inactivation method using NPGD random
arrays. In this study, E. coli MG 1655 was selected because it is a surrogate for other
pathogenic E. coli strains that can be inactivated at temperatures <60 °C [25]. B. subtilis is
able to survive temperatures over 50 °C and Exiguobacterium sp. AT1b can grow in
temperatures of up to 55 °C [23, 26, 27]. With the diversity of thermal tolerance of these
bacterial samples, the versatility range of the thermal inactivation method using the NPGD
array is evaluated for its applicability for other potentially pathogenic and heat-resistant
bacterial species. In this study, the destructive effects of the photothermal bacterial
inactivation on NPGD array are reported using cell viability tests, thermographic imaging and
scanning-electron microscopy (SEM). In relation to previous studies on inactivation methods
using nanoparticle arrays, our results show the strong potential of NPGDs for instantaneous
(~seconds) disinfection of nosocomial bacteria in situ.

2. Experimental section
2.1 Nanoporous gold disk fabrication

NPG disks (400 nm in diameter, 75 nm thickness, and 13 nm average pore size) were
fabricated according to methods in recent published studies [17, 28]. The fabrication of
substrate-bound NPGD arrays initiates with DC sputtering of a 120 nm thick film of Au: Ag
(30: 70) alloy over the glass coverslip (~165 um thick). A monolayer of 600 nm polystyrene
(PS) beads was then deposited on the surface of the alloy film. To shrink and isolate the PS
beads, oxygen plasma-etching was employed, followed by Ar plasma-etching to induce alloy
disk formation on the glass surface. The remaining PS beads on top of the alloy disks were
removed by dissolution in chloroform. The disks were dealloyed in 70% nitric acid for 1 min,
followed by DI water wash for 2 min. This nanoparticle array on the glass coverslip is
referred to as the “NPGD substrate” in the subsequent text.

2.2 Bacterial growth conditions

The bacterial strains used in the present study were E. coli MG 1655, B. subtilis 102 and
Exiguobacterium sp. AT1b [23, 24, 29]. For all three microorganisms, tryptic soy broth (TSB)
was used as the growth media (Oxoid Ltd., Hampshire, England). Phosphate-buffered saline
tablets (0.01 M, pH = 7.4 at 25 °C, 0.0027 KCl, 0.137 NaCl, Fisher Scientific, USA) were
used to prepare the bacterial phosphate buffer saline solution (PBS) [30]. An isolated bacterial
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colony was grown in 5 mL of TSB overnight at 35 °C. After which, the bacterial culture was
centrifuged at 10000 g for 10 min, and the bacterial pellet was washed once and resuspended
in PBS buffer. The optical density (OD) of the resulting suspension was adjusted to 0.50 at
600 nm, which corresponds to a concentration of about 10° to 10 colony forming units per
milliliter (CFU/mL).

2.3 Scanning electron microscopy (SEM)

SEM images of the fabrication process of the NPGD substrate can be found in recent papers
published [17, 28]. Top and oblique SEM views of the NPGD nanoparticle arrays are shown
in Fig. 1. To resolve the bacterial cells on the NPGD substrate using SEM, the bacteria-NPGD
samples were prepared using a bacterial fixation procedure previously described [31]. Briefly,
the bacteria-NPGD samples were fixed using 2% glutaraldehyde solution in 0.05 M sodium
cacodylate buffer. The samples were incubated for 30 min at room temperature and then for
60 min at 4 °C with 300 pL of the glutaraldehyde-cacodylate buffer. The samples were
washed by incubating for 10 min with 300 puL of 0.05 M sodium cacodylate buffer for three
times. Then, the cells were incubated with 1% osmium tetraoxide for 30 min. The samples
were then washed three times with 0.05 M cacodylate buffer as previously described.
Dehydration was performed by placing 300 pL of ethanol of incremental concentrations (25,
50, 75, 95 and 100% v/v) for 15 min before draining and adding the next ethanol solution.
After treating with 100% ethanol, the samples were immersed in propylene oxide (100%) for
15 min. The samples were sputter-coated with a 50 nm thick Au film. The samples were then
analyzed with a field emission gun scanning electron microscope (FEI XL-30 FEG SEM,
Philips).

2.4 NIR exposure and thermal imaging

The 785 nm laser source was generated from a continuous-wave (cw) Titanium:sapphire laser
(Spectra-Physics 3900S) pumped by a diode-pumped solid-state 532 nm laser (Spectra-
Physics Millennia X). Thermal maps were acquired from irradiated samples using an infrared
thermographic camera (A320G, FLIR) recording 16 bit 320 x 240 pixel images at 60 Hz
acquisition frame rate (16 ms temporal resolution limit). The camera has an uncooled focal
plane array microbolometer with a spectral range of 7.5 to 13 pm and a temperature
sensitivity of 50 millikelvins. Temporal plots of local temperature on the irradiated spot of the
sample were recovered from thermal imaging videos using FLIR ResearchlR software.

2.5 Bacterial cell irradiation

For each bacterial sample, four pieces of glass coverslips (~16 mm?) were prepared and two
of them were coated with NPGDs. The glass coverslips were attached to the bottom of the
well of single cavity glass slides using a two-sided adhesive tape. A 50 pL drop of the
bacterial suspension in PBS was placed on each of the four coverslips and incubated for 45
min. The samples were subsequently covered with another glass coverslip, to keep the PBS
solution from evaporating during the irradiation process. The coverslips were then irradiated
(thermal run) with a 3-mm 785 nm laser spot (600 mW) for 5, 10, 15, 20, 25 and 30 s. The
laser spot size was measured using optical images of the beam profile on a CMOS camera
with calculations based on the 1/¢” approximation. Aside from the thermal run, three separate
control experiments were performed for each bacterial strain. One glass coverslip without
NPGDs was not irradiated to test the life expectancy of the bacterial strains inside the covered
glass slides (control 1). Another coverslip with NPGDs was not irradiated to test its toxicity to
the bacterial strains (control 2). Lastly, one coverslip without NPGDs was irradiated to test
the effect of irradiation on cell viability (control 3). The schematic in Fig. 2 provides an
overview of the thermal run and control experiments. The samples for the thermal and control
experiments were equilibrated for 20 min before the irradiation and cell viability
measurements.
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2.6 Cell viability assay

After the irradiation procedure, the bacteria were immediately stained for cell viability assays.
The total amount of live and dead cells in the bacteria—NPGD substrate was determined using
the Live/Dead Baclight bacterial viability staining kit (Invitrogen). A 10:1 mixture of SYTO9
nucleic acid stain and propidium iodide (PI) were added to the solution on each slide. The
slides were observed and the images were taken in a BX-51 Olympus fluorescent microscope
equipped with a DP72 digital color camera and a 40x objective lens. The fluorescence was
acquired using dual band excitation and emission filter sets for fluorescein isothiocyanate
(FITC) and tetramethylrhodamine isothiocyanate (TRITC). Using Cell Sens Dimension
digital imaging software (Olympus), the percentage of inactive cells from each image was
determined and expressed as the percent of the ratio of the total number of inactive (red) cells
to the total number of bacteria (green) with a field of view (FOV) of 800 um? (100 pm x 80
um).

3. Results and discussion

First, we investigate the physical nanostructural features of the NPGD substrate to define its
suitability as a plasmonic heat source material. The NPG disks (400 nm in diameter, 75 nm
thickness, and 13 nm average pore size) were fabricated according to methods recently
published (see Experimental Section) [17]. The SEM images show the surface morphology
and monolayer distribution of the patterned NPGDs on the glass coverslip (Figs. 1(a) and
1(b)). The 90° oblique-view SEM images indicate uniform thickness (~75 nm) of the NPGDs
with an average diameter of 400 nm (Figs. 1(c) and 1(d)). With a monolayer coverage of
~50%, the NPGD nanoparticles are separated in between by the bare glass surface. The
uniform thickness and monolayer coverage of the NPGDs on the glass surface ensures
homogeneous heat transfer from the patterned nanostructure to the adjacent environment.
Moreover, the transmission extinction spectra of the NPGD substrate is shown in Fig. 1(e)
where the absorption maximum is at 1050 nm. In a previous study, we determined the
photothermal conversion efficiency for the NPGD substrate at 56% at the NIR wavelengths
(700-900 nm) [16]. Aside from the high penetration depth of NIR light for biological material
(tissue and bacteria), the laser wavelength used (785 nm) provides sufficient photothermal
conversion resulting to heat transfer to surrounding media due to the effective absorption of
NPGD array at this broad NIR wavelength range. Nevertheless, deeper tissue penetration can
be potentially achieved with similar photothermal efficiency using wavelengths ~1000-1200
nm [32].

2.0 e)

1.5

1.0

Extinction (a.u.)

400 600 800 1000 1200 1400
Wavelength (nm)

Fig. 1. Scanning electron microscopy (SEM) images of nanoporous gold disks (NPGDs) arrays
on glass at different magnifications: (a,c) 200,000x (scale bar ~200 nm) and (b,d) 100,000x
(scale bar ~500 nm) at top and oblique (90°) views, respectively. (e¢) Normalized extinction
spectra of NPGDs (disk diameter: 400 nm).
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Fig. 2. Schematic diagram of the thermal run and control experiments. Control 1: A non-
irradiated glass substrate was used to test the life expectancy of the bacterial strains inside the
covered glass slides. Control 2: A non-irradiated NPGD substrate was tested for its toxicity to
the bacterial samples. Control 3: One coverslip without NPGD was irradiated to test the effect
of irradiation on cell viability.

With the use of a thermal imaging camera, the heat propagation from the region directly
irradiated by the NIR beam is visualized as a temperature distribution map across the NGPD
sample. The NIR irradiation of the bare NPGD substrate (exposure time: 30 s) generated local
maximum temperatures (T,,,x) above 200 °C on the nanomaterial surface (Figs. 3(a)-3(c)). To
evaluate the heat transfer from the irradiated NPGD substrate to the surrounding media, 50 uL
of PBS buffer solution (same volume of bacterial solution used in the irradiation experiments)
was sandwiched between the NPGD substrate and the glass coverslip. The thermal
measurements were collected from the glass coverslip placed on top of the wet NPGD
substrate. A Tp.x of ~100 °C was recovered from the irradiated portion of the sample (Fig.
3(d)). We note that the actual local temperature on the NPGD surface is expected to be higher
compared to the local temperature measurement. The lower temperature of the glass coverslip
on top of the wet NPGD substrate resulted from the heat diffusion from the nanostructure to
the surrounding materials: PBS aqueous solution, glass and air. From Fig. 3(b), the
temperature elevation rate for the first 3 s of irradiation is 26 and 67 °C/s for the sandwich
(NPGD/water/glass/air) configuration and the bare NPGD surface, respectively. The initial
rate for the bare NPGD demonstrate the average temperature elevation from the irradiated
spot of the substrate. The difference in the initial rate of the two experiments can be correlated
to heat transfer rate from the NPGD surface to the surrounding medium. The average
temperature elevation in the aqueous solution can be estimated from these initial rates (~50
°C/s), suggesting that a temperature of more than 100 °C after 3 s of irradiation can be
reached in the aqueous layer where the bacterial cells are immersed. The LSPR-tunability of
the NPGD material in the NIR range permitted optimized photothermal conversion resulting
to efficient localized heating propagating from the irradiated region [16, 33, 34]. Within a few
seconds (<20 s), a local temperature maximum of ~95 °C is achieved with bacteria physically
attached on the NPGD surface (Fig. 3(e)). Again, we note that the temperature at the NPGD
surface is expected to be higher than on the glass surface where the temperature
measurements are taken. Thus, the required temperature conditions (>100 °C) to effectively
inactivate the bacterial population through cell wall damage and protein denaturation are
achieved upon irradiation in the presence of the bacterial cells on the NPGD substrate.
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Fig. 3. Thermal imaging measurements of the NPGD substrate. (a) Temporal temperature
profile of the irradiated portion of the NPGD substrate with (b) zoomed-in portion (dotted
rectangular area) for the temperature rise portion demonstrating thermal transfer rate from
NPGD to the water/glass interface. Thermographic image of the temperature distribution of (c)
bare NPGD substrate (black curve) and (d) the NPGD substrate with PBS buffer solution
sandwiched with another blank glass coverslip at 30 s of irradiation exposure. Using the same
irradiation conditions, these samples were exposed without the bacteria present on the NPGD
surface. The dotted circle represents the irradiated spot (diameter: 3 mm) on the sample while
dotted square represents the area on the glass containing the NPGD array. (e) Temporal
temperature profile within the irradiated spot and (f) thermal image of the glass surface on top
of the NPGD substrate with E. coli bacteria deposited on the surface after 20 s of irradiation
exposure. Dotted circle represents the irradiated portion of the NPGD substrate. Scale bar is 3
mm.

In order to validate the antimicrobial properties of the NPGD irradiation on living
bacteria, the cell viability assay (see Experimental Section) was performed on irradiated
NPGD samples with bacterial cells deposited directly on the nanostructure surfaces. In this
task, we investigated the NIR irradiation time required to inactive three different bacterial
strains. For the samples at t = 0 s, the cell inactivation was determined immediately upon
addition of live cells to the NPGD substrate. After 25 s of exposure, the heat generated was
able to inactivate 100% of all bacterial cells investigated (Fig. 4). E. coli, as expected, was
most vulnerable to the treatment, with 100% inactivation at 5 s of irradiation. B. subtilis and
Exiguobacterium sp. required 25 s to obtain 100% cell inactivation. These results show that
this potential sterilization method is efficiently fast compared to the traditional methods (i.e.
use of steam-autoclaves and dry-heat ovens) that take about several minutes to hours [4].
Previous studies using power densities in the range of 0.01-0.10 W/mm? show that bacterial
inactivation on gold nanostructure arrays required longer irradiation times (1-10 min) [9, 10,
20, 21]. In our study, we used a power density of ~0.085 W/mm?” which allowed us to
inactivate all three types of bacteria cells after 25 s of NIR irradiation on the NPGD substrate.
The calculated optical energy to inactivate 50% of the bacterial cells (threshold energy) varies
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for each bacterial type. Based on the time-dependence of inactivation in Fig. 3, the
Exiguobacterium sp. required the most optical energy for all three bacterial types. Taking into
account the photothermal conversion efficiency, bacterial density and disk coverage of the
substrate, the threshold optical energy estimated for E. coli, B. subtilis and Exiguobacterium
sp. are 6, 18 and 30 mJ/mm’, respectively. The power density required to induce
morphological changes is 0.125 W/mm® as published in a previous study regarding annealing
of NPG disks. At the exposure time and power density conditions used in the study, the NPG
disks maintain its morphological features under the irradiation steps used for inactivation [22].
Hence, these results suggest that the irradiation power used on NPGD substrates can be
specifically adjusted to further reduce the exposure time, shorter than any photothermal
inactivation method on nanoparticle arrays recently reported [9, 20, 21, 35]. Moreover, at the
power densities used in the experiment, the NPGD substrate can be subjected to multiple
irradiation procedures since it can withstand high instantaneous temperature increase without
morphological changes [22]. The preservation of photothermal efficiency of NPGDs after
repeated exposures is an essential property for disinfection applications that requires
continuous inactivation of recurring bacterial proliferation in situ. The efficacy of the method
can be further improved by employing NPGD with LSPR peak aligned with the irradiation
wavelength. For example, we showed that a higher temperature rise can be obtained at 900
nm, which is closer to the LSPR peak at 1100 nm [16].
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Fig. 4. Percentage of dead cells of E. coli MG 1655, B. subtilis 102 and Exiguobacterium sp.
AT1b on NPGD substrate when exposed to laser (785 nm, 0.085 W/mm?2) for 0 to 30 s.

Based on the time-dependent cell viability in Fig. 4, the irradiation of NPGD for 25 s
resulted in total inactivation of the three bacterial strains. To investigate whether the light-
triggered localized temperature elevation from the NPGD substrates were the cause of the
bacterial inactivation, control experiments were performed. An overview of the experiments is
provided in the schematic in Fig. 2. The first control experiment provides a baseline count of
dead cells in the bacterial population. This control involved adding the suspension of bacterial
cells to a bare glass slide without exposure to NIR irradiation. As expected, the number of
dead cells were minimal since the samples were prepared with freshly grown bacterial
cultures (Fig. 5). Any of the consequent bacterial death is a result of the characteristic life
expectancy of the microorganisms in PBS buffer inside the glass slides during the
experimental procedure.
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Fig. 5. Cell death counts (at time: 25 s) for the bacterial strains: E. coli MG 1655, B. subtilis
102 and Exiguobacterium sp. AT1b. Three separate control experiments were performed for
each bacterial strain. *Statistical significant difference between the thermal run and the
controls was tested by one-way ANOVA and Tukey test (p<0.001). Refer to Fig. 2 for specific
experimental configurations.

The second control experiment involved the NPGD substrate with live bacterial deposits
that was not irradiated with the NIR source. This control aimed to determine whether NPGD
substrates had inherent antimicrobial properties. The results showed that the cell viability was
insignificantly affected by the NPGD substrate as seen from the small numbers of red-stained
cells observed (Fig. 6 and Fig. 8, Appendix).

a) E. Coli b) B. Subtilis
Thermal run Thermal run
Control 2 Control 2

Fig. 6. Total (green) and dead (red) cell count images of (a) E. coli K-12 and (b) B. subtilis
cells on the surfaces of NPGDs showing viability dependence on NIR irradiation. Thermal run:
bacteria cells on NPGD exposed to NIR for 25 s; Control 2: bacteria cells on NPGD without
NIR exposure. The field-of-view of the image covers an area of 800 pm? (100 pm x 80 pm) of
the sample.

The third control experiment aimed to investigate the effect of the NIR irradiation to the
bacterial cells. In this control, a bare glass slide with bacteria deposited on top was irradiated
with NIR light for 25 s (based on the complete inactivation of the three bacterial samples with
NPGD) before the viability of the cells was determined. The results showed that the NIR
irradiation, when applied alone, had statistically insignificant effect in cell viability. The
Exiguobacterium sp. viability assay images (Fig. 8, in Appendix) for the three control
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experiments suggest negligible bacterial cell death as compared to the thermal run. For the
different bacterial strains tested, the controls did not show statistical difference when
compared to each other. The one-way ANOVA and Tukey tests were applied to compare the
controls of each bacteria and the thermal run of the same bacteria. Controls and thermal runs
of different bacteria were not compared to each other. For the three bacterial strains, the
ANOVA p values were lower than 0.001 indicating statistical significant differences between
the samples. The controls did not present statistical significant differences when compared to
each other in any case (p>0.05). The thermal runs presented statistical difference to the
controls in all tested bacteria (p<0.01). These results indicated that the contact with the NPGD
and the exposure to the NIR source are not sufficiently harmful to inactivate the
microorganisms when applied separately. Therefore, the bacterial inactivation is mainly due
to the photothermal effects of the NPGD upon NIR irradiation.

Here, we determine whether the irradiated bacteria on NPGD at 25 s experienced cell
structural changes as a result of thermal inactivation. The SEM images of non-irradiated and
irradiated cells on the NPGD substrate are shown in Fig. 7. Humid heat is known to induce
protein denaturation, making it more effective in cell inactivation when compared to dry heat
where cells are inactivated mostly by oxidation of cell material [36]. Thus, keeping the
moisture in the system ensures that the process of sterilization of the surface would be faster
and more efficient. The protein denaturation of cell structures of E. coli, including the cell
wall components, can be completely achieved at 95 °C [37]. This phenomenon can be
observed in the irradiated E. coli sample (Figs. 7(b) and 7(c)) where its cell walls are wrinkled
and ruptured compared to those before irradiation in Fig. 7(a). For the irradiated samples of B.
subtilis (Figs. 7(e) and 7(f)), the outline of the cell wall is observable but appeared more
shrunken and hollow compared to the non-irradiated cell in Fig. 7(d). The thermophilic
Exiguobacterium sp. AT1b exhibited evident structural damage (Figs. 7(h) and 7(i)) where the
bacterial cell wall outline is barely noticeable for the irradiated cells. From these SEM images
gathered from the irradiated bacterial samples, the bacterial cell wall damage can be attributed
to thermal disruption from the nanoparticle array. The laser spot size used accommodates a
large surface dimension for heating multiple disks (3 x 10) at a single irradiation step. Based
on the SEM images in Fig. 7, the number of disks in contact with each cell for the three
bacterial types varies at 5-15 disks per cell. The average threshold optical energy per cell unit
can be estimated based on the time-dependent viability results in Fig. 4. For E. coli, B. subtilis
and Exiguobacterium sp., the calculated threshold optical energy per bacteria cell is estimated
at 10.5, 45.0 and 52.5 nJ, respectively. The Exiguobacterium sp. bacterium requires the most
optical energy per cell followed closely by B. subtilis, showing their higher thermal energy
tolerance compared to E. coli.

Although the latter two microbes (B. subtilis and Exiguobacterium sp. AT1b) are known
to have good thermal resistance and well-suited to resist harsh conditions, the temperatures
achieved were enough to induce substantial cell wall breakage leading to effective cell death.
These results demonstrate the applicability of the photothermal inactivation for a range of
bacterial species with varied thermal resistance.
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Fig. 7. SEM images of E. coli (a, b and c), B. subtilis (d, e and f) and Exiguobacterium sp.
ATIb (g, h and 1) cells deposited on the NPGD substrate. The bacteria in the images A, D and
G were not exposed to the NIR source. Cells captured in the images b, c, e, f, h and i were
exposed to the NIR source on the NPGD substrate for 25 s.

The efficiency in inactivating a wide range of bacterial species (pathogenic, heat resistant
and thermophilic) makes the NPGD substrate a potential photothermal plasmonic platform for
antibacterial applications. Due to the uniform surface distribution of NPGDs in a random
array, the localized heat propagation from the irradiated spot ensures a controlled number of
multiple thermal contacts to the adhered bacterial cells [16, 22]. In addition, high-density
plasmonic hot spots on NPGD surface play the role of distributed nano-heaters. Together, the
NPGD substrate would provide a new micro-actuation mechanism [38]. Since the heat
transfer from the nanoparticle array to the surrounding medium are directly affected by the
physical properties of the NPGD substrate (i.e. array density, disk diameter and thickness,
pore size etc.), modifications in the NPGD fabrication can be employed to match heat transfer
requirements to specifically inactivate various bacterial species with specific thermal-
resistance characteristics. More importantly, by tailoring the nanoparticle dimensions to
optimize absorption of tissue-penetrating NIR light [16, 28], the photothermal conversion of
the NPGD substrate can be enhanced further to provide bacterial inactivation for in vivo
applications. The NPGD nanoparticles absorb strongly in the NIR region that allows
permeability for both surface and internal tissue photothermal-mediated bacterial inactivation
[16, 28]. Furthermore, compared to methods using dispersed nanoparticle solutions, the robust
2-dimensional nanoparticle arrangement of NPGD arrays make it suitable for expedient
isolation from bacterial samples, to allow multiple irradiations cycles on the same substrate.
Lastly, we showed in a previous study that, through its large surface area for molecular
coverage, the nanoporous network of NPGDs can act as a high capacity molecular payload
that can be later released through photothermal mechanisms [16]. The NPGD nanoparticles
can be suitably loaded with molecular therapeutic agents to provide added antimicrobial
effects. Photothermal inactivation of bacterial population using NPGD substrates provides
flexibility for heat generation requirements (broad temperature elevation range, instantaneous
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temperature increase, short sterilization time) to specifically address cell inactivation of
diverse sets of bacterial populations.

4. Conclusion

In summary, the NPGD substrate was tested in vitro to induce efficient bacterial inactivation
using the photothermal effect within a short period of time. With 25 s of NIR illumination, all
three bacterial types (Escherichia coli, Bacillus subtilis, Exiguobacterium sp. AT1B) were
photothermally destroyed by causing irreparable cellular damage, demonstrating the speed
and efficiency of NPGD substrate for inactivation of both pathogenic and heat-resistant
bacteria. In addition to our initial attempt to control pathogenic bacterial population using the
NPGD substrate, nanostructural modifications can further improve its photothermal properties
for bacterial inactivation. By fine-tuning the light irradiation properties (power, wavelength,
scanning area) and maximizing NIR light absorption of NPGD substrate through
nanofabrication techniques, the heat generated can be enhanced to penetrate biological tissues
suffering from bacterial infections [10]. The NPGD substrate can potentially serve as a
plasmonic microdevice for rapid in vivo bacterial inactivation with an advantage of a light-
gated mechanism for heat release.

Appendix

Thermal run Control 2

Control 1 Control 3

Fig. 8. Total (green) and dead (red) cell count images of Exiguobacterium AT1Db cells attached
NPGDs after exposure to NIR light.; Thermal Run: cells on NPGD exposed to NIR for 25 s;
Control 1: control cells on glass without NIR exposure; Control 2: control cells on NPGD
without NIR exposure; Control 3: control cells on glass exposed to NIR for 25 s. The field-of-
view of the image covers an area of 800 um?2 (100 pm x 80 um) of the sample.
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