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Abstract
THERMOPLASMONIC E PHOTOINACTIVATION OF VIBRIO CHOLERAE

by
Mingran Liu

Vibrio Cholerae is considered an important human pathogen causing worldwide
health problem and commonly exists in aquatic reservoirs. Photoinactivation of 405
nm light and photothermal disinfection by near infrared lasers have been investigated
on various types of bacterial species with a notably high killing efficien. This work
combines the photoinactivation of 405 nm light with plasmonic enhanced photothermal
effect on the surface of an Al nanoantenna disk array. A significant cell reduction of
Vibrio Cholerae was found after 20 min illumination with almost 99.99% of bacteria

inactivated which suggests potential use for clinical and medical applications.
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Thermoplasmonic Pathogen Inactivation of 405
nm Light: Combining Photodynamics with

Photothermal Effect

1. Introduction

Vibrio Cholerae, a gram-negative comma-shaped human pathogen, usually infects
aquatic reservoirs and water supply[1-4]. It causes watery diarrhea by secreting a toxin
once it colonizes in the intestine. It causes a fast progressing infection that is often fatal
due to dehydration from severe diarrhea[5, 6]. Researchers have estimated that roughly
four million people are infected by vibrio cholerae annually and about 120,000 people
die from related infections every year[7]. During 2016, 132,121 cholerae cases from
38 different countries were reported to World Health Organization[8] (WHO). Vibrio
cholerae is a global threat to public health, and there is an urgent need for development

of disinfection techniques.

An effective way to control micro-organism including bacteria and pathogens is
thermal inactivation through protein denaturation in cell structures. Previous studies
have observed ceased cell reproduction and roughened cell morphology of
Staphylococcus epidermidis bacteria at 60 °C on a Peltier plate[9]. Comparing the

temperature treatments at 37 and 45 °C, a 100-fold higher cell colony reduction has



been observed[9]. Irradiation of infrared light (IR) or near-infrared light (NIR) can
deliver heat by triggering a molecular transition to a higher vibrational energy level.
Reported studies have demonstrated thermal inactivation of bacteria in root canals[10-
12] using near-infrared (975 nm) laser irradiation. However, particularly high laser
powers on the order magnitude of a million watts per square centimeter are needed to
achieve approximately 30 °C temperature elevation [10]. As for photothermal
inactivation of vibrio cholera, there is no study reported in literature. One study has
demonstrated a 95.5% decrease in bacteria count after growing the bacteria at 47 °C for
10 min compared to growing them at 30 °C [13]. Even when the growing temperature
was reduced to 42 °C, an approximately 90% decrease in bacteria count was still
observed. These results suggest that vibrio cholerae is extremely sensitive to
temperature, and less heat would be required to attain similar thermal inactivation
efficiencies compared to the other bacteria species[7, 9, 14]. Photothermal effect based
thermal inactivation could be a very efficient and effective approach in the disinfection
of vibrio cholera. Since less heat may be needed, this would reduce the illumination
light intensity even further relative to the intensity used in [ref 10-12]. Hence, it might
not be necessary to use a laser for the inactivation of vibrio cholera as less light intensity
would be needed. Lasers are not ideal for heat generation since they could raise safety
concerns for the users such as causing severe or permanent skin or eye injuries. This
especially true for infrared laser that emits invisible radiation, which causes sluggish
‘eye aversion response’ putting users at higher risk for eye damage. Furthermore, it

requires precise optical alignment, focusing, or collimation components and laser



stabilization systems, making it less adaptable for practical applications or field use. In
contrast, light-emitting diodes (LED) pose significantly less potential harm, while
power output of LEDs could be sufficient for thermal inactivation purposes when
combined with thermoplasmonic heat generation. Another feasibility provided by LED
is that small sized LED can always be well-prepackaged without any associated optics,
which allows for a more flexible fixture design than laser could offer. More importantly,
LED distributes power more evenly and maintain power more stably over a larger
exposure area compared to lasers that requires stabilization systems and optics to
concentrate power in a tiny focused region. Therefore, LED could be an alternative
light source for heat generation that is well suited for thermal inactivation/sterilization

of bacteria with a minimal amount of energy required.

Figure 1: The Wellman Center for Photomedicine utilized blue light with 407 ~ 420
nm wavelength for acne treatment: (A) before and (B) after blue light illumination
[15]



Light-induced anti-infective effect: Production of ROS
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Figure 2: Inactivation kinetics of ROS in microorganisms[16]

Pathogen inactivation of blue light has recently attracted wide attention due to its
broad therapeutic application and antimicrobial efficacy[17]. The Wellman Center for
Photomedicine at Massachusetts General Hospital utilized photoinactivation with blue
light (407 ~ 420 nm) for acne treatment by illuminating blue light directly on a patient’s
face. As a result of this illumination, a marked clinical improvement was observed
before and after the treatment shown in Fig. 1[15]. Moreover, few studies have also
reported that efficacy and effectiveness of using blue light in photo-inactivating
pathogens such as Propionibacterium acnes on face (407 ~ 420 nm) [18-20],
Helicobacter pylori in stomach (405 ~ 408 nm) [21-23] and different types of oral

bacterial species (400 ~ 500 nm) [24, 25]. The antibacterial mechanism of blue light



was investigated and recent studies discovered that blue light actually induces oxygen-
dependent photo-excitation of porphyrins in exposed micro-organisms[15, 26, 27]. The
generated porphyrins react with oxygen or cell components, producing reactive oxygen
species (ROS) through a photodynamic process. The produced ROS causes oxidative
damage to the cell membrane by disrupting cytoplasmic content and cell walls[27].
Recent work[28] has demonstrated that blue light around 400 ~ 500 nm wavelength
inhibited reproduction of aggregates of Streptococcus mutans bacteria cells by the
photo-excited ROS, an 80% reduction in cell population was observed after 10 min
exposure at an intensity of 11.4 mW/mm?. Although the blue light used in this paper is
effective in generating ROS to induce a significant biocidal effect on microbial cells,
antimicrobial blue light (aBL) within a certain wavelength is limited for use in occupied
environments as it poses a serious light exposure associated hazard for human health[27,
29]. However, in the regions of 440 and 480 nm, blue light causes side effects on human
health associated with photoretinitis and influences mood and circadian rhythms[27].
In contrast, 405 nm, a particular wavelength of violet-blue light, is well below the
wavelength of blue light and above the wavelength of ultraviolet. 405 nm light not only
has no adverse impact on human body, but also shows significantly antimicrobial
efficacy against a wide range of bacterial pathogens[15, 26, 27] (Fig. 2 from ref. 24).
Researchers have demonstrated that the illumination of 405 nm light on Staphylococcus
aureus bacteria for 7.5 hours resulted in approximately 87% reduction in bacteria

population with about 0.2 mW/mm? light irradiance[30]. However, such exposure



times are impractically long. The antimicrobial efficacy could be enhanced if thermal

and photonic inactivation mechanisms are integrated.

Visible Light

Ultraviolet Infrared

(uv)

(IR)

300nm 400nm 500nm l 600nm 700nm
[ 400-700nm: photodynamic therapy using photosensitisers
480 nm: absorption by retinal pigments affecting circadianrhythm
440 nm: peak sensitivity for blue light hazard; photoretinitis

405 nm: peak germicidal activity via photoexcitation of porphyrins; oxidative damage

+ UVA-B 280-400nm: germicidal activity via protein damage; skin reddening (erythema); carcinogenic

UV-C 260-270 nm: peak germicidal wavelength range;: DNA damage: mutagenic

Figure 3: Electromagnetic spectrum of the light, the highlighted regions are the
critical wavelengths with antibacterial effect and corresponding safety issues[27]

Metal nanoparticles are capable of generating heat efficiently in the presence of
electromagnetic radiation[31]. Typically, this process becomes significantly enhanced
in the regime of plasmon resonance since the heat generated inside the nanostructure is
correlated with light absorption, which leads to a strong localized heating in metallic
nanoparticles[32]. Shape and organization of nanoparticles also contributes to
plasmonic resonant photothermal heat generation as recent studies demonstrated. For
instance, a specific structure of diabolo antenna was designed and revealed higher
heating efficiency than a normal complementary bow-tie antenna due to Babinet’s
principle[33]. Moreover, localized heating in confined volumes vyields high local
temperature in the regime of certain designed plasmonic nanostructure such as
nanocrystal trimer[34] and four-member homogeneous quadrumer[35]. More
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importantly, these studies suggest that heat generation can be further improved by
engineering the nanoparticle structure in a matrix, especially in the regime of
continuous-wave (CW) illumination, since the heat generation process also involves
resonant coupling into plasmon modes besides absorption of incident photons[31].
Instead of localizing heat generation within a single nanostructure, plasmonic resonant
heating in a nanoparticle array is of particular interest in recent studies and shows a

more optimized thermal effect [36, 37].

In this study, the photothermal inactivation of vibrio cholerae using 405 nm LEDs
on an Al nanoantennae array was investigated and compared with the efficacy on a
conventional glass slide. Our nanoplasmonic device showed a significant photothermal
efficacy of almost 100% on an Al nanoantennae array after only 10 min illumination.
This revolutionary design constructs a novel nano-photonic and nano-photothermal
therapy against vibrio cholera, promising for antibacterial treatment and more potential

applications.

2. Experimental Setup and Method

2.1 Chamber Design

A cylindrical chamber was designed in order to load bacterial suspension for light
exposure. The chamber was assembled by sandwiching a slide between two acrylic
slabs and tightening with screws on four corners of the slabs. A circular hole (area of

the circle 285 mm?) was cut through the middle of two slabs for two purposes: (1) the



upper slab creates a volume of approximately 1.38 mL for the chamber (2) the lower
slab yields an optical path for exposing light directly on bottom of the slide. In
particular, this chamber doesn’t contain any lids for closure with the purpose of
pipetting accessibility. In addition, a homemade enclosure was prepared for supporting
the chamber and a circular area of 285 mm?was made in order to create an optical path

for light exposure.

2.2 405 nm LED

The high-intensity narrow-spectrum (HINS) 405 nm Solis™ LED system (Thorlabs
Inc, Newton, NJ, USA) consists of an array of 12 individual LEDs in a matrix
(arrangement of LEDs is shown in Fig. 4) was utilized for illumination of bacteria. The
system emits violet-blue light with a peak output at 405 nm (spectrum is shown in Fig.
4) with 14 nm bandwidth at full-width half-maximum (FWHM). The power (3.1 ~ 7.1
W) of the LED can be tuned using an LED driver with six fixed scale bars. The
irradiances of the LED with respect to these six different power levels were measured
and calculated at a distance of approximately 3 cm (the distance between the slide and
LED) using an optical power meter (Thorlabs Inc, Newton, NJ, USA) and listed in
Table 1. A maximum irradiance of 2.5 mW/mm? was used for exposure of bacteria.
This LED includes a collimation optics in a lens tube with a large clear aperture &48.3
mm (&1.90"), which is much larger than the radius (9.525 mm) of custom-designed
and manufactured chamber. The normalized intensity of the LED between #9.525 mm
is shown (Fig. 4). This LED features passive cooling instead of an internal fan in order
to eliminate vibrations that would normally degrade exposure quality in the experiment.
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Each diode is mounted to a heatsink inside of a 127.8 mm > 127.8 mm x 162.0

mm vented housing to efficiently dissipate heat.

Table 1: Optical Irradiance of 405 nm LED

Scale 1 2 3 4 5 6 7 8
Irradiance
25 2.064 | 1.185 | 0.665 | 0.2925 | 0.135 [ 0.0525 | 0.01
(mW/mm?)
(a) Solis Pin Code

in Connection
LED Cathode
LED Cathode

P
1
00 :
[3 | Not Used
4 LED Anode
\ 5 LED Anode
| [ | LED Anode
° ° ° ° | 7 LED Anoce
) 8 LED Cathode
9 LED Cathode
° ° ° [10 | Not Used

1 EEPROM (Data) /'O

[
|

\
\

12 EEPROM (Data) Ground
Male 12 Pin Neutrik MiniCON Connector
(b) c
SOLIS-405C Spectrum Typical Far-Field Intensity @ 700 mm Distance
1.0

- 1.0 >
— 4 -~ 1
7] (2]
C 0.84 c 0.8 1
[ (] |
e e
c [ :
= 0.6 = 06
F F -
= 04 - N |
= 04 = 0.4 4 |
£ £ |
o 0.2 o 0.2 1
= zZ 1

1

0-0 v T v L) 0,0 T L w i v
360 380 400 420 440 460 150 100 .50 0 50 100 150
Wavelength (nm) Position (mm)

Figure 4: (a) arrangement of LEDs (b) spectral width of LED (c) typical far field
intensity of LED



2.3 Numerical Simulation

The optical and thermal simulations were carried out using Lumerical’s FDTD
solutions and DEVICE (Lumerical, Inc.). The periodic boundary conditions are in the
x and y directions. The incident beam is set to propagate through the positive z-
direction. The scaling factor in the heat source was set to 605, which corresponds to
the optical input power (irradiance > area) of 605 mW in the FDTD simulation. The
convective boundary condition of nanoantenna array in DEVICE was defined as the
interface of water and Al in order to model the heat loss at the top of the surface through

convection.

2.4 SEM Imaging of Bacterial Morphology

Sample fixation was performed by immersion in 3% glutaraldehyde buffered with
0.1M (1X) PBS at room temperature for 1 hour. Samples were then washed twice in
DI water for 10 s followed by air dry rinse. A graded ethanol solution (25%, 50%, 75%,
90%, 100%, 100%) was employed for serial dehydration over 10 min. Critical point

drying (CPD) was carried out for 1 hour.

2.5 Live/Dead Imaging

Using the BacLight Live/Dead kit, a mixture of equal parts component A and
component B were mixed thoroughly, and 3 pL were added per 1 mL of DASW to
make a diluted dye solution. After light exposure the DASW buffer in the chamber was
discarded. The slide was removed from the chamber and 350 pL of the dye solution

was gently pipetted onto the slide and incubated at room temperature in the dark for 30
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minutes. The dye droplet was manipulated to cover the attached bacterial region of the
slide. Following this, the dye solution was removed, and the slide was submerged five
times in DASW. One drop of mounting oil was placed on the slide, and then covered
by a coverslip. Images were taken on UCSC Microscopy Facility’s ZEISS Axioimager
using the GFP fluorescent channel for the SYTO9 dye and the mCherry fluorescent

channel for the propidium iodide.

3. Bacterial Cell Recovery Test

In order to figure out the best way to collect bacteria from the surface after a 1 hour
attachment, we investigated the recovery methodology for our experimental use and
two experimental tests were performed. Firstly, pipetting time for recovery was
investigated. An overnight culture (GFP-tagged strains) was diluted 1/100 into 2% LB
and 1 mL of this bacterial suspension was pipetted into the chamber for a 1 hour
incubation at room temperature in the dark. Subsequently, the supernatant bacterial
liquid was aspirated and the chamber was gently washed by PBS twice. Following the
gentle wash, the chamber was refilled with 1 mL of PBS followed by aggressive
pipetting to detach all the cells from the surface. Different pipetting times were set as
30, 60 and 90 seconds for comparison. A cross-sectional pattern was utilized in order
to pipette the entire surface of the recovery area. The recovered bacterial liquid was

then serially diluted in PBS and track plated on LB agar plates in triplicate. The
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supernatant bacterial liquid and the liquid of the second gentle wash were also serially
diluted and track plated. Enumeration of the surviving bacterial cells was accomplished
by manually counting viable colonies on the plate. The results from the Table 2 show
that 90 seconds of PBS pipetting detached more cells than those of 30 and 60 seconds.
Although there are around 6.0x10° CFU’s in the second wash, compared to the results
of PBS pipetting, there is a 2 orders of magnitude difference in CFU’s. Therefore, the
PBS gentle wash before aggressive pipetting shouldn’t have impact on quantifying

surface-attached cells.

n Centrifuge

&

J=0000

Iv I| |I I| |I I| I| I| |I
O/N Culture  9.9mL 2% LB PBS  0.01% 0.005% 0.001%
PBST PBST  PBST

Incubate @ RT Incubate @ RT
for 5 min for 5 min
— - ‘

Figure 5: Illustration of pipetting time experimental protocol

The recovered slides were observed by fluorescence microscopy for tracking the
remaining GFP-tagged bacterial cells on the surface after aggressive pipetting. As
shown in Figure 6, the remaining bacteria cells are dramatically decreased following

30 s pipetting. However, there is no such significant change in 60 and 90 s pipetting.
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This suggests that 90 s pipetting is sufficient for the bacterial cell recovery and can be

applied in our illumination experiment.

Table 2: List of bacterial recovery results

Second | 30 secs of 60 secs of 90 secs of
Supernatant
wash pipetting pipetting pipetting
CFU/mL | 1.0-2.0x10" | 6.0x10° 1.0x107 1.3x10’ 1.65x10’

Table 3: List of results of different concentration of PBST

0.01% 0.005% 0.001%
Source Initial PBS
PBST PBST PBST
9 7 7 7 7 6
CFU/mL | 3.9x10" | 1.47x10 | 1.13x10 1.13x10 1.08x10 9.6x10

In order to investigate the detachment effect associated with detergent, PBS and its
mixture with Tween-20 of various concentrations (so-called PBST) were employed for
pipetting. Three different concentrations of 0.001%, 0.005% and 0.01%(v/v) Tween-
20 were added into 1 mL PBS respectively and followed the same recovery procedure
as above for 90 s pipetting. The 2% LB diluted culture was mixed with either PBS or
PBST in order to test if Tween-20 affects viability of V. cholerae. The results in the
Table 3 suggest that Tween-20 aids removing cells from the surface as increasing

Tween-20 concentration improves the recovery of cells. However, we’ve found that

13



there is a significant cell loss when Tween-20 is used. Tween-20 adversely impacts cell
viability of V. cholerae. Hence, we decided to use 90 seconds of pipetting with PBS for

viable cell recovery from the surface.

Initial 30s pipetting

60s pipetting d 90s pipetting

Figure 6: The fluorescence imaging of the surface with initial bacteria and after (a)
30, (b) 60 and (c) 90 s pipetting

Table 4: List of results of Tween-20 viability test

2% LB without 0.01%

2% LB with 0.01% Tween 20
Tween 20

CEU/mL 2.23x10’ 1.6x10’

14
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Figure 7: Hlustration of Tween-20 viability test

4. Simulation and Characterization Results of

Thermoplasmonics

To investigate the optimization of photothermal properties of Al nanoantenna disk
array, steady-state temperature profile induced by 405 nm continuous-wave (CW)
illumination was simulated. At first, the optical absorption was analyzed by FDTD
Solutions (Lumerical, Inc.). The incident light beam was set at the bottom of the
nanoantenna array propagating through the glass and optically excited Al nanoantenna
under the heating beam with 2.5 mW/mm? irradiance. The total input power was
subsequently scaled as 1 mW for the entire array while the input power for a single
nanoantenna was acquired by the scaled input power 1 mW divided by the number of
nanoantennas in the region of illuminated area. This area was considered circular with
a diameter of 19.05 mm. The incident beam was focused on this area, resulting in
nanoantennas being heated in this vicinity. Then the temperature increase induced by

15



the optical absorption was calculated by thermal modeling in DEVICE (Lumerical,
Inc.). To take the collective effect into account, the scaling factor of the heat source
was set to 605 which corresponds to the optical input power (irradiance ><area) of 605
mW in the FDTD simulation. The convective boundary condition of nanoantenna array
was defined as the interface of water and Al in order to model the heat loss at the top
of the surface through convection. The temperature profile was calculated and mapped
for different Al nanoantennas with various radius (24 to 48 nm) and periodicities (300
to 202 nm). The results of the thermal simulation show that the nanoantenna yields a
significant temperature increase of 46 °C with a radius of 34 nm with 262 nm
periodicity in the array. This establishes our design rationale as the strongest optical
absorption and photothermal conversion occurs in the plasmonic structures with
dramatically suppressed radiative losses. For nanoantenna arrays without optimized
radiative couplings, radiative losses lead to diminished photothermal heat generation
as shown in Figure 8. Following a series of FDTD simulations and analytical analysis,
we demonstrated that the maximum heat generation occurs at 405 nm for structures

with 34 nm radius and 262 nm periodicity.
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Figure 8: The FDTD and DEVICE simulation of Al nanoantenna array. The optimal
heat generation occurs at r=34 nm and p=262 nm
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Figure 9: Experimental temperature measurement using thermal camera on the
surface of bare glass (blue line) and nanoantenna array (red line)

Following our FDTD analysis, we experimentally determined the photothermal
property of Al nanoantenna disk array with 405 nm illumination. The thermal probing
of an optimized nanoantenna array slide was performed to assess the temperature
elevation in response to the time increase and was compared to the performance of a
normal glass slide. To do so, a high-intensity narrow-spectrum (HINS) 405 nm Solis™
LED system (Thorlabs, Inc., Newton, NJ, USA) consisting of an array of 12 individual
LEDs in a matrix was utilized for illumination. This system emits violet-blue light at a

peak output of 405 nm (irradiance = 0.25W/cm?) with a 14 nm bandwidth at full-width
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half-maximum (FWHM). For exposure, the sample slide was positioned above the LED
system at a distance of approximately 3 cm on a homemade exposure platform. 1.3 mL
volume of Deionized (DI) water was subsequently dropped by a syringe directly on the
surface of the sample slide so it could be held within an area of about 1 ><1 inches due
to the surface tension. Then the sample slides were exposed and optically heated with
continuous-wave (CW) illumination with irradiance of 0.25W/cm? for 60 min in total.
The heat transfer from the irradiated sample slides to surrounding media (DI water)
was evaluated by measuring temperature on the surface of the slides using FLIR One
(FLIR® Systems, Inc.) thermal camera at intervals of 2 min. A significant temperature
enhancement of about 25 °C compared to pre-exposure condition of room temperature
20 °C is found in nanoantenna array slides as shown in Figure 10. This temperature
elevation stems from thermoplasmonic contribution of plasmonic nanoantenna and
non-radiative decay processes in the presence of reduced radiative losses in the
illuminated region. Our experimental measurements validate our proposed localized
surface plasmonic resonances (LSPRs) design rationale. In comparison with a normal
glass slide, we observed that the nanoantenna array requires a prolonged time
(approximately 50 min) to reach the steady state condition, a clear indication of
enhanced heat generation requiring longer time span to reach thermal equilibrium of
with the ambient through heat dissipation. While normal glass slides take only 20 min
to reach thermal equilibrium. As a result of enhanced heat generation, nanoantenna
arrays shows a dramatic temperature increase within the 10 mins. In fact, almost 10 °C

of temperature increase within only 2 min exposure is observed. We observed
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temperatures as high as 38.2 °C within 10 mins. This indicates strong nanoplasmonic

heat generation that might be exploited for bacterial photothermal inactivation.

5. Evolution of Temperature Increase with Power

Temperature measurements of nanoantenna arrays and bare glass slides under
various heating beam powers were performed using the same thermal probing
methodology and setup in Figure 9. The slides were optically heated with eight
different LED powers from 2.4 mW to 605 mW and the temperature was monitored
with a FLIR One (FLIR® Systems, Inc.) thermal camera after 20 min illumination. The
resulting temperature versus different heating beam powers were recorded in Figure 10.
Under an LED intensity of 2.5 mW/mm?, linear dependence between temperature and
power results in a temperature increase of 5.2 °C and 23.13 °C on bare glass slides and
nanoantenna array slides, respectively. The significant temperature changes on the
surface of nanoantenna array with respect to glass surface experimentally validates our
proposed design rationale which demonstrates that the current density in the

nanoantenna array generates much more heat than bare glass.
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Figure 10: Evolution of temperature increase versus LED power

6. Bacterial Inactivation Efficiency

In order to verify the antimicrobial capability of nanoantenna disk array illumination
on V. cholerae, the cell viability assay was performed to assess the inactivation
efficiency of nanoantenna array slides after 405 nm exposure and compared to bare
glass slides. For experimental use, O1 El Tor A1552 V. cholerae (wild type) were
grown aerobically in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1%
NaCl, pH 7.5) at 30C. LB agar contained granulated agar (Difco) at 1.5% (wt/vol).

Defined artificial seawater was used in place of PBS during the live/dead imaging.[38]
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Over the course of bacterial attachment, overnight V. cholerae liquid culture,
inoculated from five single colonies, were diluted 1/100 in 2% LB (0.02% tryptone,
0.01% yeast extract, 1% NaCl, pH 7.5) and 1 mL of the diluted sample was pipetted
into the preassembled homemade glass slide chambers. These chambers contained
either a bare glass slide or a nanoantenna array slide. V. cholerae was then attached to
the surface for one-hour incubation in the dark. We selected one hour for attachment
as this has been proven to be an adequate time for an irreversible surface attachment of
a single monolayer bacteria [39]. 2% LB was employed to minimize cell growth as
previously done [40, 41]. Following attachment, the bacterial liquid was removed to
avoid bacteria reattachment and the chamber was gently washed with either PBS
(bacterial recovery) or DASW (live/dead imaging). The chamber was refilled with the
appropriate buffer to provide aquatic condition for bacteria and positioned above the
LED using the same exposure platform we stated before. Subsequently, the chamber
was exposed to 405 nm LED (irradiance = 2.5mW/mm?) for different duration times 5
(75 Jlem?), 10 (150 J/cm?) and 20 min (300 J/cm?) respectively. Following light
exposure, the PBS buffer in the chamber was pipetted aggressively for 90 s to detach
the all cells from the surface. Cross-sectional patterns were used to evenly agitate the
surface of the slide. The recovered bacterial liquid was then serially diluted in PBS and
track plated on LB agar plates in triplicate. The 1/100 diluted cell culture and the
bacterial liquid without subsequent light exposure were also serially diluted and track
plated. Enumeration of surviving colonies was performed the following day by

manually counting colony-forming units (CFU) on agar plate.
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Figure 11: lllustration of 405 nm LED exposure protocol, where T represents
treatment which means the surface is designed as nanoantenna array, C donates as

control which means the use of bare glass surface

Enumeration results have demonstrated a significant photothermal inactivation of V.
cholerae on nanoantenna array by 405 nm illumination. A remarkable bacterial
reduction of 4.5 logio CFU mL* was achieved in nanoantenna array slides following
20 min exposure. This results in 99.99% of bacterial cells inactivated by a localized
surface temperature of 43.2 °C induced by the enhanced surface plasmonic resonant
heat. In contrast, in experiments performed on bare glass slide, we only observed 0.5,
1.0 and 1.9 logio CFU mL? cell reductions after 5, 10, and 20 min illumination,
respectively. Similar cell reduction was also exhibited in nanoantenna array slide from
0 min to 5 min and could be explained with oxidative cellular damage by reactive
oxygen species (ROS) generated through a photodynamic process in bacterial
organisms [15, 26, 27]. This process was also mentioned in previous studies for various
bacteria species [24, 30, 42, 43]. By combining the photoinactive and photothermal

effects, our design rational shows a more rapid inactivation of almost 4.5 logio CFU
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mL* reduction of bacterial cells killed within only 20 min. This evidence validates our
plasmonic enhanced heat generation profile in the course of 10 to 20 min as the

temperature varies from 38.2 to 43.2 °C, which is lethally high for V. cholerae.
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Figure 12: SEM imaging of V. Cholerae on our designed Al nanoantenna array

24



a Light dose (J/cm?)

8 0 75 150 300

[ w/o nanoantenna array
I nanoantenna array -

Survival bacterial count (Log,, CFU/ml)

0
0 5 10 20
Exposure time (min)
b Light dose (J/cm?)
5 0 75 150 300
" [ w/o nanoantenna array 1

= 4r 4
E Bl w/ nanoantenna array
g L
e 3F
g
d -
[ =
o 2F
©
=}
‘o -
4

1 -

0 =X

0 5 10 20
Exposure time (min)

Figure 13: Killing efficiency of 405 nm on glass (blue bar) and nanoantenna array
(red bar) surface. (a) survival bacterial count (b) bacterial cell reduction
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The inactivation behavior and bacterial susceptibility on the surface of glass and
nanoantenna array were analyzed using a modified Weibull model.[30, 44-46] Based
on this statistical approach, the survival rate of bacteria is described as the number of
surviving bacteria at a specific light dose (irradiance > exposure time), N, divided by
the number of initial bacteria colonies, No. In this case, the bacterial inactivation
kinetics can be described using the following equation and satisfy a Weibull

distribution:

ye)
log,, [NﬁJ _ —o.4343(lj (1)
0 (04

where the scale parameter a correlates to the antibacterial times associated with the
bacterial population and was considered to indicate the bacterial resistance as a
response to the increased light dose. Coefficient  is the shape parameter and
determines the shape of Weibull distribution, which suggests the germicidal timeliness
of illumination depend on the light dose. For nanoantenna array surface, the value of
is larger than 1 (B = 2) during the first 10 min exposure indicating an accumulated
bacterial inactivation rate with an increase in the light dose. This can be explained by
the elevated temperature from approximately 33 to 38.2 °C in the period of 5 to 10 min.
At this point, the physiological state of V. cholerae was adversely impacted as the
temperature increase and the viability was dramatically decreased as 1.5 logio CFU mL"
!, However, only a 0.5 logio CFU mL* reduction was achieved over 5 min in absence
of the photothermal effect. On the other hand, in the case that f is smaller than 1 (B =
0.893), the rate of inactivation gradually decreases as an increasing light dose which

26



indicates a much higher inactivation rate at a lower light dose. This is exhibited by the
cell reduction from 5 (7 logio CFU mL™) to 20 min (3 logio CFU mL™t) where a lower
killing rate was obtained from 10 to 20 min compared to 5 to 10 min. The increased
temperature from 10 to 20 min may potentially inactivate the bacteria associated with
a heat resistance. In contrast, the value of B in bare glass slide is nearly 1 suggesting
that the pure 405 nm photoinactivation of V. cholerae on bare glass surface is not dose-
dependent. There was nearly a 0.5 logio CFU mL™? reduction on glass slide every 5 min
due to the exposure of 405 nm LED. This indicates that photoinactivation behavior of
405 nm for V. cholerae shows a relatively lower germicidal efficiency compared to that
of photothermal inactivation and one can potentially upgrade the killing efficiency by
combining the photoinactivation with photothermal effect. Live/Dead imaging shows
a significant antibacterial effect on the surface of Al nanoantenna array after 20 min
illumination. The green color and red color represents surviving cells and dead cells,

respectively.

live cells dead cells

Figure 14: Live/Dead imaging (a) before and (b) after 20 min 405 nm exposure
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7. Conclusion

A remarkable photothermal inactivation was achieved in nanoantenna array slides
following 20 min exposure resulting in 4.5 logio CFU mL™ bacterial cell reduction
based on enumeration. According to the bacterial counting, 99.99% of bacterial cells
were inactivated after 20 min exposure by a localized surface temperature of 43.2 °C
induced by the surface plasmonic enhanced heat generation. By combining
photoinactive and photothermal effect, the nanoantenna array surface shows a more
rapid inactivation compared to bare glass surface. Weibull model was utilized to
analyze the inactivation kinetics of 405 nm exposure of V. cholerae on glass and
nanoantenna surfaces. Compared to bare glass surface, results indicate that
nanoantenna array surface exhibits a much higher germicidal efficiency by combining
photoinactive and surface plasmonic enhanced photothermal effect. Live/Dead
imaging was performed to validate the killing efficiency of 405 nm on nanoantenna

surface after 20 min exposure.
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