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The film studied in this work contains gold nanorods (AuNRs) of 32 nm length and 16 nm
diameter and gold nanostars (AuNSs) of 50 nm of diameter, in combination with crystal violet
dye (CV). The surface plasmon resonance (SPR) of the nanoparticles used in the film was
mathematically simulated and characterized to understand difference SPR between the
particles. Their effects on plasmonic coupling with the dye, thus the production of reactive
oxygen species (ROS) and consequently the activity of the film against bacteria were studied.
The films showed great antimicrobial activity against gram negative bacteria (E. coli) in 4 h of
light exposure, when modified with AuNSs, it could kill E. coli in 5 orders of magnitudes (5-
log) and the one modified with AuNRs could kill with 4 order of magnitudes (4-log). While
maintaining partial activity against gram positive bacteria (S. aureus), i.e. being able to kill in
2.5 orders of magnitudes by the film containing AuNSs and 3 orders of magnitudes by those
containing AuNRs. The differential response of gram (-) and gram (+) bacteria to the ROS
generated by the films, would allow more targeted approach for specific bacterial species, for
example, surfaces of bedpans or common contact surfaces (handles, handrails etc.) that are

contaminated principally by gram (-) or gram (+) bacteria, respectively.
INTRODUCTION

The increased occurrence of infections caused by drug resistant bacteria has caused a
worldwide drain of resources for the health systems around the world. In the 2013 alone, in the
US there were 2 million of reported cases of infections from resistant bacteria leading to 23000
causalities and costed 55 billion USD.! While in the European Union, during the 2017, they
caused 33000 causalities and a total burden on the health system of 1.1 billion EUR.? A current
strategy to fight this kind of infections is to improve the capability to disinfect the
environments, especially if exposed to high concentrations of drugs, as for example medical
equipment and surgical theatres.®> Routine disinfection methods, e.g. wiping with detergents
and disinfectants, they are not completely effective and require a constant effort to maintain an
acceptable sterility level.*> During terminal sterilization procedures, high intensity contactless
disinfection methods are used to improve on the performances of the routine sterilization. But
these methods require high energy treatments (UVB, UVC)® or the use of chemicals (hydrogen
peroxide, chlorine releasing agents, chemical fogging)’® which shorten the lifetime of the
surfaces in the sterile environment and limit the access to the area while in use.’

A different approach to obtain sterility is the development of antimicrobial surfaces or films.
These kind of surfaces/films, when activated, generate a continuous antimicrobial effect that

progressively eliminates the bacteria on their surface.'® Some types of antimicrobial films are
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able to kill bacteria by slowly releasing active substances (e.g. antibiotics, enzymes or metal
ions).” A drawback of this kind of surfaces is that exposing the bacteria to small doses of the
antimicrobial agents protracted in time can trigger the development of bacteria resistance and
loose efficiency with time.!! Some instead, require laser light or UV lamps to be activated, thus
reducing their convenience as alternative to the terminal sterilization.!>!3

More recently a variety of light activated polymer films have been developed, exploiting
spherical gold nanoparticles (< 5 nm) to catalyze the production of radicals from a proximal
photosensitizer dye. These films require no laser but need at least 6 h of light exposure to reach
3 to 4 order of magnitudes of bacteria reduction.'* Introducing rod shaped gold nanoparticles
(gold nanorods), instead of spherical particles, inside the polymeric matrix boosted the
production of oxygen reactive species (ROS) throughout plasmonic coupling with the
photosensitizer dye. The resulting film was able to double the bacterial reduction efficiency,
i.e. achieving 3-4 order of magnitudes of E. coli reduction in only 3 h of exposure to white
light.!s

To further increase the antimicrobial efficiency, in this work, for the first time, gold nanostars
(AuNSs) were introduced in the polymeric matrix containing crystal violet, with the attempt to
boost the amount of ROS generated. The electromagnetic distribution caused by the surface
plasmon resonance (SPR) along the shapes of anisotropic AuNSs was characterized by
mathematical simulation and empirical study. For comparison and to better understand the
importance of anisotropic plasmonic coupling to produce the antimicrobial effects, rod shaped
gold nanoparticles (AuNRs) were also studied.

The films containing AuNSs or AuNRs were tested against E. coli as an example of gram
negative bacteria. For the first time, a polyurethane film containing anisotropic Au
nanoparticles and crystal violet dye were tested for its anti-bacteria function against S. aureus
as example of gram positive bacteria.

The detailed study of the chemical-physical properties of the nanoparticles embedded in the
film and their interaction with the dye was performed to better understand the efficiency of the
ROS production of the films and how it affects the activity of the film against different types
of bacteria.

1. MATERIAL AND METHODS

The full list of the reagents used in this work have been reported in the supporting information
(Section S1).

1.1. Synthesis of and Characterization Gold Nanorods (AuNRs)
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AuNRs were prepared using a modified version of the seed mediated synthesis in which the
growth of the particles was driven by the presence of surfactant in solution.'® This synthesis
utilized the formation of CTAB micelles in the growth solution as a mould to induce the growth
of nanorods with controlled aspect ratio.!” The seeds preparation was conducted by adding 0.6
mL of ice cold 10 mM NaBHj4 solution, to 10 mL of a solution containing 0.25 mM HAuCly
and 0.1 M of CTAB under fast stirring. The solution was then incubated for at least 1 h to
obtain uniformly sized seeds throughout the Ostwall ripening process.'® The growth solution
was prepared by mixing 5 mL of 1.4 mM of HAuCls, with 75 pL of 10 mM AgNOs and then
adding 5 mL of 0.2 M of CTAB followed by 0.25 mL of 1.25 M NaBr and 10 pL of
concentrated HCI (37% w/w). The synthesis was then completed by adding 105 pL of 79 mM
L-ascorbic acid followed, after 30 s by 60 pL of seeds solution. The solution was then incubated

overnight at 30 °C to allow a consistent growth of the rods.

The presence of the surfactant electrostatically stabilized the nanorods, by forming a positively
charged double layer and granting a shelf-life of more than 6 months on a benchtop at room
temperature. The stability was confirmed comparing the intensity and the position of lateral
and longitudinal of SPR nanorods after 6 months on benchtop (Figure S1, Supporting
Information (SI)). Prior to use for preparing the polymer film, this surfactant had to be
eliminated and exchanged by sodium citrate. This is to improve the biocompatibility of the

19-21 and to increase the electrostatic interaction between the nanorods and the

nanoparticles
positive charged photosensitizer dye in the polymer matrix. The particles used as control for
the simulations were instead stabilized with thiol-PEG-OMe. This polymer was used to form
a neutrally charged layer while avoiding to interfere with the electrical field surrounding the
particles.

CTAB was removed from the solution using centrifugation cycles (14000 rpm, 7 min using
Mikro 220R Hettich centrifuge) to collect the particles into a pellet, which was redispersed
with a series of washing solutions: water for the first passage, sodium polystyrene sulfonate
(PSSNa 0.15% w/w) for two cycles*? and finished with two cycles using a solution containing
electrostatic (citNa 20 mM) or steric (thiol-PEG-OMe 15 uM) stabilizers, which granted a
shelf-life of at least 2 months if stored at 4 °C, after which the solutions formed visible

aggregates.!>?324

The absorption spectra of the nanorod dispersions were acquired using a Biotek Synergy 2,

plate reader. Size and aspect ratio of the nanorods was determined using ImageJ software® on
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at least 10 TEM images, each containing from 50 to 300 nanoparticles. All the images were

acquired using a Philips CM300 FEG TEM operating at 300 kV.
1.2. Synthesis and Characterization of Gold Nanostars (AuNSs)

AuNSs were prepared using a different modification of the seed mediated synthesis compared
to AuNRs. In this synthesis 10 mL of 0.25 mM HAuCl4 were acidified with 10 uL of 1 M HCI.
To the solution was then added: 100 pL of seeds solution, 100 pL of 3 mM AgNOs3, 50 pL of
100 mM ascorbic acid and after 30 s, 1.74 mL of 7 mM CTAB to stabilize the newly formed
nanostars.?® The seeds used as initiator for the nanostars growth were citrate stabilized spherical
gold nanoparticles with average diameter 13 nm synthesized by the tri-sodium citrate
reduction: 0.5 mL 1 wt% citrate solution was added to a boiling solution of HAuCl4 (9.5 mL,
0.5 mM).?” To obtain nanostars stabilized with thiol-PEGOMe, 1.74 mL of 15 uM thiol-
PEGOMe was added to the growth solution instead of CTAB.

After 30 min from the addition of the stabilizer the particles dispersion was washed by
centrifugation (6000 rpm), for 4 min, at 30 °C using MIKRO 220R Hettich centrifuge and
redispersed with water. Samples coated with thiol-PEG-OMe were stable after the first
centrifugation while the batches using CTAB required the same series of washing procedure
used for the citrate stabilized AuNRs. These cycles of centrifugation were performed at 6000
rpm for 4 min followed by twice redispersion with 0.15% w/w PSSNa and by stabilization with
20 mM sodium citrate. The quality of the batches was assessed with the same set of

characterisations used for AuNRs.
1.3. Preparation of the Antimicrobial Films

The polymeric matrix backbone of the antimicrobial film was 1 mm thick polyurethane (PU).
It was stable in physiological condition and possessed a low adhesion coefficient quality that
made it commonly used for medical application such as catheters, bandages and common touch
surfaces of medical devices.?®? The as-prepared metal nanoparticles were loaded in the PU
film throughout the swelling-encapsulation-shrink method.'* This method uses 15 mL of a
solution containing 9:1 acetone to nanoparticles dispersion (1.5 O.D.; approximatively 0.65
mM of Au’, the optimum concentration based on our previous study') to swell 30 cm?
polymeric matrix. The swelling process required an overnight incubation under moderate
magnetic stirring, in order to obtain a uniform deposition of the particles. The swollen polymer

was collected from the acetone solution and washed with bi-distilled water. The remaining
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organic solvent in the film was evaporated by drying the polymer with a benchtop extractor for

3hat35°C.

The last step of the film preparation was completed introducing the photosensitizer dye, CV,
in the polymeric matrix. The diffusion of CV in the polymer was induced by immersing the
film in an aqueous solution of 1 mM (0.41 mg/mL) dye, near to the saturation concentration
(2.5 mM at 25 °C), for 48 h under moderate stirring (250 rpm, magnetic stirrer). As described
in literature'*, and from our own tests showed that the dye diffused in the polymer was strongly
bound and did not leak out after 300 h exposure to aqueous solutions. Visual assessments
(macroscopic change in colour of the polymeric film) and acquiring UV-visible spectra of the
polymeric samples were performed (with a Biotek synergy 2 plate reader) to assure the

successful preparation of the film.
1.4. Antimicrobial Activity Test

Samples of 1 cm? of the film were used to test the efficiency against model gram negative and
positive bacteria. E. coli (ATCC25922) and S. aureus (ATCC6538) were used to simulate the
gram (-) and gram (+) population on medical surfaces. The tests were performed in an
environment with controlled humidity, by resting a microscope slide containing the film
samples, on the water surface (2 mL) in a 10 cm petri dish, then inoculating the film tiles with
25 uL solution containing 10% cfu/mL of bacteria. Thus, obtaining an initial bacterial load of
2.5x10° cfu/cm?. The lamp used for the test was a 28 W Wattmiser GE lamp, a commercially
available neon lamp commonly used in public building and able to generate a light intensity of
11.7 klux. The test was performed on multiples samples of antimicrobial film in triplicates for

a minimal amount of repetitions of 12 for every conditions.

During the exposure time, the samples were covered with a coverslip to limit the loss of
humidity and increase the contact of the solution with the polymer. When the exposure time
for a given sample was achieved, film tiles and coverslips were placed in a 50 mL centrifuge
tube and washed using 2 mL of a sterile solution of 0.9% w/w of NaCl to collect the surviving
bacteria. The resulting solution was diluted to a suitable concentration (calculated from the
initial concentration of bacteria) and plated on nutrient agar plate. After overnight incubation
of the plates at 35 °C, the colonies formed by the bacteria were counted and their number was

used to estimate the efficiency of the system.*°

1.5. Confirmation and Assessment of the Production of ROS
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The amount of ROS generated by the film was estimated exploiting the property of sodium
fluorescein of having a reproducible fluorescence quenching when exposed to light and to loose
quickly fluorescence intensity when the exposure to free radicals converted it to the oxidized
form.>!"* The fluorescein quenching was used in this work to quantify the ROS production of
the films."

The test was performed on a solution containing 0.13 uM (50 pg/mL) of sodium fluorescein
alkalinized with 5 mM NaOH.*!*? This solution was exposed to light for 1 h on the surface of
the film in a similar set up with the antimicrobial tests. The fluorescence intensity of the
samples exposed to light on the modified polymer (PU/CV, PU/citNa-AuNRs/CV and
PU/citNa-AuNSs/CV) was compared with the intensity of the solution exposed on the
unmodified (control) polymer (PU). The concentration of quenching agent in solution was
calculated using the difference of fluorescence intensity between samples and controls
according to the Stern-Volmer equation,** reported in the discussion part. During the emission
of fluorescence, fluorescein decay from the excited state of triplet to a stable singlet state. In
alkaline conditions and in presence of ROS the excited form of fluorescein was oxidized to a
less fluorescent form, thus reducing drastically the fluorescence emission. Both the solutions
exposed to the modified film and the control were tested at the same time, excluding the
interferences caused by the experimental conditions and the regular photobleaching of the
solution.*3® To confirm the results obtained throughout the Stern-Volmer equation, a
calibration curve was prepared by exposing fluorescein solution to light for 1 h (11.7 klux),
and then adding to it increasing concentrations of H>O: (1, 5, 7.5, 10, 12.5 mM).

H,0: in alkaline condition existed in equilibrium with two radical forms (‘OOH, -OH)*” and
was used to simulate the effect of the ROS generated by the film during the light exposure. The
fluorescein solutions were tested after overnight incubation because the quenching process
depended on the impact between activated fluorescein and one of the radical forms of H>0,.333*
The fluorescence measurements were performed with a Biotek plate reader using the same
conditions reported in our previous work F. Rossi (2019).1

1.6. Simulation of the SPR of the Nanoparticles

The simulations were performed with a Lumerical finite-difference time-domain (FDTD)
software, capable of mathematically calculating the solutions for the Maxwell equation of
nano-plasmonic objects, in a tri-dimensional space.’® The FDTD method subdivided the

environment of the simulation in cubic three-dimensional regions and assign to them properties
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as material, refractive index, polarization and used to map the response of the system to a

phenomenon progressing in time (as the resonance of electrons in a particle).

The size of these spatial subdivisions depended on the size of the object studied and by the
definition necessary to obtain good quality results. For a typical FDTD experiment the side of
the cubic volume was between 1/10 -1/20 of the size of the objects analysed, for the simulation
used in this article, the sides of the volumetric unit were of 1 nm of length. Using small volume
units allowed to simulate nanoparticles with complex shapes, stars and rods, and their
stabilizing agents. To improve the visualization of the electrical field generated by the SPR of
the particles, the space surrounding the particles, was consider filled with a uniform polarizable
media, water with refractive index 1.33 and the particles were considered as stabilized sterically
with a thin layer of thiol-PEG-OMe to avoid all the electrostatic interaction not derived from
the resonance of the electrons. The stabilizing layer was considered thin enough to not interfere
with the environment to be simulated (images of the simulation boxes reported in Figure S2,
SI). The nanostructures are modelled as gold material. Simulations boundary conditions are
carried out using perfectly matched layers (PML). The simulated systems were tested after the
excitations with two different wavelengths, named x and y, these source inputs were plane

waves of polarized light comprised from 400 nm to 900 nm of wavelength range.

2. RESULTS AND DISCUSSION
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2.1. Characterization of As-Prepared AuNRs and AuNSs
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Figure 1. Characterization of AuNRs and AuNSs: A) TEM picture

of AuNRs 75k magnifications, B) TEM picture of AuNSs 23.5k

magnifications and C) UV-visible spectra of citNa-AuNRs (a) and

citNa-AuNSs (b).
The as-prepared gold nanorods (AuNRs) have an average length of 31.8 £ 6.4 nm and 16.1 +
3.7 nm in diameter, resulting in an average aspect ratio of 2.1 + 0.2. The gold nanostars
(AuNSs) have a star like structure with a central core of 35.6 = 7.9 nm from which several
spikes emerge. These spikes could vary in length and thickness, with an average value of 16.1
+ 5.1 nm with a base diameter that could vary between 5 — 10 nm and a tip diameter of 1 to 3
nm. The size of AuNSs (core and spikes) could be approximated to 60 nm sphere, but they
possessed a much larger surface area and SPR intensity. The Au NSs has the bulk of the mass
concentrated in the core, which has similar size with the length of AuNRs. The physical
dimensions of the particles were extrapolated by the analysis of a collection of TEM pictures
(Figure 1, A and B), analysed with ImagelJ software (TEM images with lower magnification
in Figure S3, SI). The UV-visible spectra of both AuNRs and AuNSs were acquired to control
the quality of the batches (Figure 1, C). AuNRs had two intense and defined surface plasmon
resonance (SPR) absorption peaks at 520 nm and 620 nm. The absorption peak at the shorter

ACS Paragon Plus Environment



oNOYTULT D WN =

ACS Applied Bio Materials

wavelength was generated by the lateral SPR of AuNRs, while the second at 620 nm was
connected to the longitudinal SPR. The AuNSs instead had an intense and broad absorption
peak from 620 to 780 nm, due to the complex interaction between the resonance of the star

core and the electrical field of the spikes and from the wide dispersion of spike dimensions.
2.2. Nanoparticles SPR Simulation

The influence of the SPR on the absorption peaks of the particles and the effect on the electrical
field surrounding them was mathematically simulated in order to predict their intensity of their
plasmon coupling with the dye. As reference for the simulations, samples stabilized with thiol-
PEG-OMe were prepared and analysed with UV-visible. Compared with the samples stabilized
with citNa, the absorption peaks of the samples stabilized with thiol-PEG-OMe were red-
shifted of approximately 10 nm (Spectra of the particles with different stabilization costings in
Figure S4, SI).

2.2.1. SPR simulation of AuNRs

The spectra of the AuNRs samples were easier to simulate, showing only few nanometres of
deviation between the predicted longitudinal SPR and the spectra of the rods synthetized.

The inset is the near field distribution of the nanorods, excited by x and y polarization

and the perfectly matched layer (PML) boundary conditions were applied to the

Absorption (0O.D.)

350 450 550 650 750 850
Wavelength (nm)

Figure 2. Electrical field simulation for AuNRs (31.8
nm x 16.1 nm) stabilized with thiol-PEG-OMe.
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simulation. The y polarized light interacted with the lateral SPR resulting in a peak at
525 nm while the x polarized light interacted with the longitudinal SPR resulting in the
peak at 615 nm. The mesh size is 1/20 of the excited wavelength. The entity of the
electrical field was depicted in the graphical representation of the simulation as a bright
coloured area around the shape of the nanorods (Figure 2).

Crystal violet has two convoluted peaks at 520 and 590 nm respectively. The absorption peaks
of CV fitted exactly in the area of the spectra between the two SPR peaks of the AuNRs
partially overlapping with both the lateral SPR and the longitudinal SPR (Figure S5, SI). It has
been shown from previous work that the electrostatic interaction brings the dyes and the
AuNRs together.!” The overlapping between the absorption of the SPR peaks of AuNRs
indicated by the simulation and the dye absorption confirm that all the components of the
spectra, can participate in the plasmonic coupling with the dye. Thus, when located in close

proximity inside the polymeric matrix boost the ROS production of the antimicrobial film.

2.2.2. SPR Simulation of AuNSs
The spectra obtained by the simulation of AuNSs was more difficult to interpret. The spectrum

of the AuNSs showed a broad peak between 620 to 780 nm.

0.8 4

0.6 - ] °

Absorption (0.D.)
[=]
K

0.2 4

0 T T T T
400 500 600 700 800 900
Wavelength (nm)

Figure 3. Simulation of the SPR of the electrical field around AuNSs with 35.6
nm core with 16.1 nm spikes, stabilized with PEG. A) Model of the nanostar
used in the simulation; B) Graphical representation of the potential fluctuation
of the electrical field on the surface of the particles; C) Simulated spectrum of
the nanostars dispersion.
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The simulations instead indicated the presence of multiple peaks, generated by the resonance
of the electrical field surrounding the various features of the nanostar structure (e.g. core,
spikes). The first simulation in Figure 3 C, represents nanostars with the average core size and
spike length obtained by TEM (aspect ratio core: spikes = 2.1). The application of x and y
wavelengths to AuNSs, with aspect ratio 2.1, resulted in two resonance peaks. The first for the
fluctuation of the electrical field on the entire spikes systems (690 nm, excited by x
polarization) and the second at 900 nm, excited by y polarization, which represent the situation
in which the electrical field is mostly concentrated on the tips of the spikes (Figure 3 B). This
last peak near 900 nm does not show on the absorption of the AuNSs in solution. The first
simulation was able to present the position of the main peak, but it couldn’t completely account
for the spectra of the AuNSs in solution. The first simulation was able to describe the position
of the main peak, but it couldn’t completely represent the spectra of the AuNSs in solution.In
order to see which part of the absorption spectrum was due to the resonance of the core and
which to the spikes another simulation for AuNSs with aspect ratio between core and spikes

5:1. This simulation was divided into two spectra: 1) for the spikes (Figure 4 A) and ii) for the

core (Figure 4, B).
A
17 E/ill ) BB |
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S o8 A : o QT i -
= —— '
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Figure 4. Electrical field resonance simulation for AuNSs (50 nm core
with 10 nm spikes) stabilized with PEG A) simulated spectra of the
spike system and B) simulated spectra of the core C) model of the
AuNSs used for the simulation.

The insets are the near field distribution of the spike and core excited by x and y polarization.
The application of both x and y polarized light to the model resulted in the appearance of three
peaks in the spectrum shown in Figure 4A and a peak for the AuNSs core in Figure 4B. The

simulation modelled on AuNSs with aspect ratio 5:1 identified four possible resonances: 1) the
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resonance of the spikes as single objects (428 nm), ii) the electrical field along the length of
the spikes (585 nm) and iii) the resonance of the core at 534 nm (which is comparable with the
resonance of a spherical particle of the same size) and iv) the resonance of the entire spikes
system at 658 nm. The resonance of the core and of the single spikes were excited by the x
polarization while the resonance on the length of the spikes and of the entire spikes system was
excited by the y polarization wave.

The spectrum of the as-prepared AuNSs acquired experimentally (Figure 1, C) showed a single
broad peak between 620 nm to 780 nm, with maximum centred at 700 nm. The peak showed
by the real sample contained, convoluted all the single components identified by the
simulations (Figure S6, SI) with the only exception of the peak at 900 nm which did not
correspond to the range of absorption of the real sample. While the predominant component of
the spectrum, according to the simulation was the resonance of the electrical field on the entire

spike system, identified by the peaks at 658 nm and 690 nm in the two simulations.

The absorption of CV in the polymer overlapped completely with the SPR resonance of the
AuNSs core and with the resonance of the field along the length of the spikes (Figure S6, SI)
and partially with the resonance on the entire spike system. The large overlapping between the
spectra explained the plasmonic coupling between dye and particles and consequently the

increase of ROS production for a film containing both.
2.3. Characterization of the Antimicrobial Films

As described in the experimental section the particles were embedded in PU film using the
swell-encapsulation-shrink method while the dye was introduced successively. Both the stages
of the film preparation were characterized by macroscopic changes, that could be tracked by
visual observation. Particularly, the film was light yellow and transparent before the process.
It turned to faint green-blue after introducing the nanoparticles and finally intense blue-purple
with the dye introduction. The change of colour caused by the dye was visible throughout the
whole thickness of the polymer confirming that the nanoparticles embedded in the film were
all exposed evenly to the dye. Using UV-visible spectroscopy, it was possible to assess in
details the film preparation results and to gain further insight in the interactions between the
CV and the nanoparticles when both the components were introduced in the polymeric

matrix.*’

2.3.1. Characterization of the Nanoparticles Embed Films
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The nanoparticles embedded in the film gave the polymer a faint green-blue colour. The
characteristic absorption peaks of the gold nanoparticles from the UV-visible spectra of the
particle embedded films (Figure 5) revealed the presence of the particles, despite of minor
aggregation phenomena that radically modify the SPR resonance of the nanoparticles.*'**> The

spectrum of the unmodified polymer was subtracted from the spectra of the films containing
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Figure 5. UV-visible spectra of a) PU/citNa-AuNSs,
b) PU/citNa-AuNRs, c) PU, d) subtraction curve
between PU/citNa-AuNSs and PU, and e) subtraction
curve between PU/citNa-AuNRs and PU.

Au nanoparticles, the differences between the spectra were reported in the subtraction curves
PU/citNa-AuNSs — PU (Figure S, d) and PU/citNa-AuNRs — PU (Figure 5, e). Particularly,
the introduction of nanoparticles in the film increased the light absorption in the range between
400 and 500 nm with peaks at 440 nm for nanorods and 450 nm for nanostars. The increase of
the absorption at shorter wavelengths was present for both types of nanoparticles, this
absorption peak was not present for the particles in solution (Figure 1, C) and it was generated

only when the nanoparticles are in the solid matrix. At longer wavelength the film modified
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with the different types of nanoparticles had different absorption peaks. Films containing
AuNRs showed two peaks at 540 and 650 nm, characteristic of these type of particles (Figure
5). The AuNRs embedded in the film were red-shifted of approximatively 20 nm. The shift
was connected to the change of the dielectric constant of the environment surrounding the
particles from water to the polymer, a similar condition to the AuNRs stabilized with thiol-

PEG-OMe used in the simulations in which the red-shift was only 10 nm.

Embedded nanostars instead, generated a broad increase of the absorption between 550 and
950 nm, with bumps indicating convoluted peaks at about 540 nm and 652 nm, the two
wavelengths suggested by the simulation as peaks for the spherical core and the spike system,
respectively. In contrast with the AuNSs in solution, the particles embedded in the polymer
showed a higher absorption at longer wavelengths, that may be connected with the peak of the
SPR for the electrical field concentrated on the tips of the nanostars spikes, that was identified
by the simulation (900 nm, Figure 3, C) and not present for AuNSs dispersed in water. After
the diffusion in the film, CV maintained a similar absorption profile as it is in solution, i.e. two

intense peaks partially overlapping, as it is in solution (Figure 6, curves a and b, respectively).
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Figure 6. UV-visible spectra of a) 35 uM CV solution in water, b) 1
mM CV diffused in PU for 48 h (PU/CV film), c) PU/citNa-AuNSs/CV
film, d) PU/citNa-AuNRs/CV film and e) PU alone.

But when it is in the film the two peaks were red-shifted by 14 nm and the intensity ratio
between them changed from 1.46 (590/540 nm, as in solution) to 1.28 (604/554 nm in polymer).
The changes in the spectrum of CV depended to the change in environment surrounding the
dye molecules, from a polar media (water) to non-polar in solid state (film) (Figure 6, a and b).

The spectra of CV diffused in films containing metal nanoparticles was slightly different to the
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dye alone (Figure 6, curves ¢ and d). Specifically, the intensities of absorption peaks were
reduced to certain degree depending on the type of particles; while the position of the peaks
was red-shifted for about 12 nm compared to the dye in water and blue-shifted for about 2 nm
compared to the dye alone in PU film, regardless the type of particles embedded. More
precisely in presence of AuNRs the absorption peaks of CV decreased of intensity by 19%
(Figure 6, d) while at the same time the plasmonic coupling between the nanorods and the dye
increased the absorption at lower wavelength. While the presence of AuNSs reduced the peaks
of CV by 7% and increased the absorption at shorter wavelength to a lesser amount compared
to the nanorods (Figure 6, ¢) and at the same time generated an increase of absorption between
640 and 660 nm. The changes in the absorption spectra of the film containing particles and dye,
in comparison to the sum of the components* of the film showed how the plasmonic coupling
between the components of the film modify the energy absorption of the system and
consequently the energy available to formation of ROS. The dye concentration in the film at
the end of the incubation was estimated to be 0.345 mM, equal to 14.05 pg/cm?. This quantity
was calculated using a UV-visible calibration curve of the absorption of CV in water (Figure
S7 and Section S2, SI). This value of dye concentration was deemed optimal for the preparation
of the film, because it was comparable (about 1:1 ratio) with the theoretical amount of gold
nanoparticles introduced in the film (0.323 mM, 6.35 pg/cm?) during the swell/shrink process,
thus granting the best interaction between two components in the film. (The calculation of
AuNRs concentration from 1.5 mL of 1.5 O.D. = 0.65 mM Au’ can be seen in Section S3 of
the SI).%°

2.4. Estimation of the ROS production

As a measure of the efficiency of the plasmonic coupling between the embedded dye and
particles, their production of ROS was measured. The production of ROS was calculated using
the Stern-Volmer equation®® comparing the fluorescence of the solutions after 1 h incubation
with PU with the solution incubated on the modified film.

Iy

7 =1+ Tokq [Q]
Where Iy, and I were the fluorescence intensity of the solution after the exposure to light on
unmodified polymer and the analysed film, respectively. 1o was the fluorescence decay rate at
25 °C in absence of a quencher (3.6 ns) and kq was constant of quenching at 25 °C for a process

)'36

involving only two molecules (fluorescein and ROS According to the equation the
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production of the film modified with CV was of 3.03 + 0.60 mM of ROS, that increased to 5.24
+ 0.02 mM or 5.92 £ 0.26 mM with the introduction of PU/citNa-AuNRs/CV or PU/citNa-
AuNSs/CV, respectively.

The results obtained through the Stern-Volmer equation were confirmed by comparing them
with a calibration curve obtained by adding to the solution exposed to light for 1 h of different
concentrations of H>O (12.5 mM, 10 mM, 7.5 mM, 5 mM, 1 mM). H»O, was used as source
of radical species because this molecule in the conditions of the experiment could decompose
or react with organic molecules and metal ions, generating radical species.** In the alkaline
condition used in the experiment, H>O> was relatively stable and interacted with the activated
state of the fluorescein converting it to the oxidized form which possessed a weaker
fluorescence intensity.*> The reaction between fluorescein and hydrogen peroxide was
relatively slow and required an overnight incubation to reach completion.*® The concentration
of ROS produced by the films according either according to the Stern-Volmer equation or the
calibration curve (Figure 7) were comparable: PU/CV 2.24 +1.93 mM (Figure 7, b), PU/citNa-
AuNRs/CV 5.32 £ 2.65 mM (Figure 7, c) and PU/citNa-AuNSs/CV 6.60 + 2.87 mM (Figure
7, d).
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Figure 7. Fluorescence intensity against the estimated concentration of
ROS by measuring the intensity of sodium fluorescein solution in the
presence of different concentration of a) H.O», b) PU/CV, ¢) PU/citNa-
AuNRs/CV, d) PU/citNa-AuNSs/CV.

The value obtained through the calibration curve (Figure 7, a), had a greater variability

compared to the results calculated using the equation. This was due to the accumulation of the
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errors on the points of the calibration curve with the error on the fluorescent intensity of the
samples. Independently from the method used to calculate the amount of ROS generated by
the film, the film samples containing anisotropic gold nanoparticles and dye showed a greater
ROS production than the samples modified only with CV. According to both methods used to
estimate the concentration of ROS generated, AuNSs were able to produce the largest amount.
A difference of 0.72 mM or 1.28 mM depending on the method used for the quantification.
Comparing the absorption spectra of CV and AuNSs were able to produce a larger amount of
ROS, could relate to the components of the SPR spectra involved in the overlapping. (Figure
S5). According to the simulations three of the SPR components of AuNSs overlapped with the
dye: 1) the resonance of the core, ii) the resonance of the spikes along their length, which both
overlap completely with the dye absorption and iii) the resonance of the spike system which
overlap partially (Figure S6). While the AuNRs had only two partial overlap of spectrum with
the dye absorption.

2.5. Antimicrobial activity

The activity of the film PU/citNa-AuNRs/CV and PU/citNa-AuNSs/CV was tested against a
concentration of 2.5x10° cfu/cm? E. Coli (Figure 8) or S. Aureus bacteria (Figure 9) for 1 h, 2
h, 3 h and 4 h exposure to light. The film was activated when exposed to a higher intensity light
compared to the normal working condition in a public building*’ that would only be applied
during sterilization processes or during operations which needs constant sterility as a surgical
procedure. Similar antimicrobial films reported in literature were able to resist for a month of
continuous light exposure,'* limiting the exposure of the film to high intensity light will extend

the life of the film to months of use.

Before discussing the results and the differential antibacterial action and efficiency toward the
gram negative and gram positive bacteria, we first discuss the essential difference of the two

types of bacteria cells.
2.5.1. Gram negative and gram positive bacteria.

The two species of bacteria differed in size and type of cellular membrane. E. coli is a gram
negative (gram (-)) rod like bacteria with average size of 0.25 um to 1.5 pm. It has a double
phospholipidic membrane which are separated by a peptidoglycan barrier and some nanometres
of interstitial space of a few nanometres reaching a total thickness for the external bacterial

barrier between 10 to 15 nm.*® The complexity of outer membrane structure of gram (-) bacteria
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makes them resistant against oxidative and chemical stresses, limiting the amount of harmful
substances reaching the internal and vulnerable parts of the bacteria. At the same time E. coli
is able to reduce the damages caused by the contact with ROS deploying a series of metabolic
processes and producing the superoxidase dismutase (SOD) enzyme to convert O»~ and H2O»,

which would be dangerous to the bacteria, to water and molecular oxygen.*’

S. Aureus instead is a spherical gram positive (gram (+)) bacteria with average diameter of 0.5
to 1 um. Gram (+) bacteria possessed only one thick external membrane composed by multiple
layers of peptidoglycans with structures composed of sugars and amino acids. This barrier
could vary in thickness between 30 to 100 nm. For gram (+) bacteria grown in harmful
environments this barrier could represent 60% of the actual mass of the bacteria.*® When
compared that on gram (-), the barrier of gram (+) bacteria was more permeable to chemical
species and more resistant to physical stresses. In order to compensate for the permeability of
their barrier S. aureus bacteria is able to deploy a combination of defence mechanisms to reduce
and contain the damages caused by the contact with ROS. One of these defences was the pale
yellow pigmentation of the bacteria, caused by the presence of carotenoids, molecules
possessing a large delocalized aromatic system capable of trapping radicals penetrating into
the bacterial barrier.’® At the same time S. aureus bacteria is overproducing enzymes able to
deactivate ROS and peroxides (SOD-A, SOD-M, catalase, peroxiredoxin and
flavohemoglobin) and to concentrate metal ions as iron, zinc, copper and manganese, in their
intracellular fluids. These transition metal ions were able to interact with free radicals and to
convert them into harmless compounds.’! The exposure of the bacteria on the polymer alone to
light for the longer time points (3-4 h), caused almost 1 order of magnitude reduction on their

population. Therefore, polymer only was used as a control for all later experiments.
2.5.2. Activity against E. coli

As shown in Figure 8 the antimicrobial films containing both metal nanoparticles and CV dye
are activity against E. coli comparing the films not having the two components, and with
noticeable difference of activity per hour between the polymer modified with AuNRs or
AuNSs. From a starting point of 2.5x10° cfu of E. coli, PU films containing both rod shaped
nanoparticles (AuNRs) and CV (PU/citNa-AuNRs/CV) were able to reduce the bacteria
population of one order of magnitude after the first hour (1 log unit), 2.5 — 3-log unit by the 2
h timepoint, 3.5-log unit after the 3 h and 4-log unit after 4 h of exposure to light (Figure 8, e).
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Figure 8. Antimicrobial experiments result of the antimicrobial film against E.
Coli. a) PU, b) PU/citNa-AuNRs, c¢) PU/citNa-AuNSs, d) PU/CV, e) PU/citNa-
AuNRs/CV and f) PU/citNa-AuNSs/CV. All the results of PU/citNa-
AuNRs/CV and PU/citNa-AuNSs/CV were statistically different compared to
PU for the same time of exposure (p < 0.001)

PU Film samples containing nanostars (citNa-AuNSs and CV dye (PU/citNa-AuNSs/CV)
reduce 1-log unit after 1 h of light exposure, 2-log unit after 2 h, that stepped up to more than
4-log unit after 3 h and 5-log unit for the last time point (4 h) (Figure 8, f). The introduction of
different kinds of nanoparticles in the film changed the efficiency and the kinetics of the
antibacterial effect. AuNRs caused a quick reduction of the bacteria for the initial time points
(1-log unit after 1 h, 2.5 — 3-log unit after 2 h) to slow down for the two last time points. While
AuNSs generated a more limited antimicrobial effect for the first two timepoints which ramped
up to reach 5-log unit for 4 h of exposure. The results of PU/citNa-AuNRs/CV and PU/citNa-
AuNSs/CV for the last time point were close in value, because 5-log unit of reduction was near
to the limit of detection of the technique used to determine the amount of bacteria surviving.
As previously noted, exposing the bacteria to the light on unmodified polymer (PU) had an
effect on the bacteria population generating a measurable reduction only after 3 - 4 h of
exposure (=~1-log unit) (Figure 8, a). The film containing only nanoparticles had a limited
activity, reducing the bacteria population of a quantifiable amount only for longer time points
(1-log unit after 3 h and 1.5-log unit for 4 h for both AuNRs and AuNSs) (Figure 8, b and c).
While the PU polymer modified with the dye only (PU/CV, Figure 8, d) retained a greater
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activity than that only has metal nanoparticles (b & c), 1-log unit for 2 h of exposure, 1.5-log
unit for 3 h and 2-log unit for 4 h (Figure 8, d). This indicated the dye as the main source of the
ROS production. To confirm the importance of using nanoparticles which had a strong
anisotropy and SPR absorption overlapping to the absorption peaks of the CV (554 and 604
nm, when in the polymer), control experiments using spherical gold nanoparticles (AuNPs)
and nanorods with aspect ratio of 3 - 4 (max absorption at 784 nm) were performed. These
experiments were conducted on E. coli for 2 h of exposure, conditions that were used as
reference for the antimicrobial test. The first control was performed using AuNPs with average
diameter of 13 nm and stabilized with sodium citrate, max absorption 520 nm (UV-vis spectra
in Figure S8 of the SI). As expected from previous examples in the literature,'*> the
experiment did not revealed any improvement in the activity of the film compared to the sample
modified with the CV alone. The second control contained gold nanorods (aspect ratio of 3 - 4
and max SPR absorption of 784 nm, length 35 — 40 nm, diameter 9 — 12 nm, UV-visible spectra
in Figure S9 of the SI). The aim of this experiment was to confirm that the overlapping of the
spectra, was more important than the type of plasmonic resonance (lateral and longitudinal
SPR for rods) to induce the plasmonic coupling which drove the efficiency of the system. As
expected from the limited overlapping between the dye and particles absorption these samples
did not generate any increases of the activity of the film compared with the samples containing
the dye alone. Confirming the importance of compatible energy absorptions to trigger the
plasmonic coupling between the particles and the dye (summary of the antimicrobial activity
of these samples showed in the SI, Figure S10). The antimicrobial experiments and the controls
performed demonstrated there was correlation between the final reduction of the gram (-)
bacteria population and the production of ROS. Which resulted from the capability of the
particles to interact with the excited state of the dye by plasmonic coupling. Samples modified
with AuNSs produced the largest amount of ROS per hour and they had greater activity on
longer exposure times of all the tested samples. While samples modified with AuNRs were
able to produce slightly less ROS per hour and to kill less bacteria at the longer time points.
AuNRs had lower final antibacterial effect, but they were able to have a larger effect for the
shorter time points, thus suggesting that different particles had different profiles of
antimicrobial activity. Samples modified with CV that had much less activity than any of any

of the films containing particles due to limited ROS production.

2.5.3. Activity against S. aureus
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Comparing to E Coli, the activity of the antibacterial film on S. aureus was less effective and

less dependent on the amount of ROS generated by the modified films (Figure 9).
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Figure 9. Antimicrobial experiments result of the antimicrobial film against E.
Coli. a) PU, b) PU/citNa-AuNRs, ¢) PU/citNa-AuNSs, d) PU/CV, ¢) PU/citNa-
AuNRs/CV and f) PU/citNa-AuNSs/CV. All the results of PU/CV, PU/citNa-
AuNRs/CV and PU/citNa-AuNSs/CV were statistically different compared to
PU for the same time of exposure (p < 0.05).

Specifically, films modified with AuNRs and dye (PU/citNa-AuNRs/CV) reduced the
population of bacteria by 1-log unit after 1 h of exposure, 1.5-log unit for 2 h, 2.5-log unit for
3 h, and 3-log unit for 4 h. Films modified with AuNSs and dye (PU/citNa-AuNSs/CV) reduced
by 1-log unit for 1 h exposure, 1.5-log unit for 2 h, 2-log unit for 3 h and 2.5-log unit for 4 h.
Film containing only dye (PU/CV) reduced the bacteria population of 0.5-log unit in the first
hour, 1-log unit for 2 h and 2-log unit for 3 and 4 h. As stated previously, when exposing to the
experimental conditions the bacteria, they were reduced of a small number (less than 1-log) for
the longest time point (4 h). The films containing nanoparticles alone had only a minor effect
on the population of bacteria, being capable to reduce their population of only 1-log for the last
two time points regardless of the kind of nanoparticles used, with a result not statistically
different from the polymer alone p > 0.05. As discussed earlier, S. aureus, as a gram positive
bacteria, was not very susceptible to the ROS because of thanks to its thick bacterial barrier
and to the production of radical quenching molecules in its pigmentation combined with the
capability of manufacturing different types of enzymes able to decompose ROS. Our

experiment confirmed this notion by showing that S. aureus was also less sensitive to the
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increase of ROS caused by the introduction of anisotropic nanoparticles in the film. The
reduction of the gram (+) bacteria population did not seems as strongly correlated to the ROS
production as seen for the gram (-) bacteria. Against gram (+) bacteria CV alone seems more
efficient than against E. coli, while the film containing CV and AuNSs, which was producing
more ROS than any of the others had a lower impact on the activity of the film compared to
AuNRs. One possible explanation for this discrepancy between ROS production and activity,
could be connected to the different mechanism of action of ROS on gram (+) and gram (-)
bacteria. ROS killed gram (+) bacteria by damaging the DNA after passing through the pores
in the bacterial barrier. While their action on gram (-) depended on their ability to damage both
the layers of their bacterial membranes and thus causing the bacteria to burst.>> These
considerations suggested that the ROS generated by the film were not able to pass the
membranes and instead attacked the bacteria from outside. Another possible explanation could
be connected on the difference of energy absorption of the coupled plasmonic system dye-
nanoparticles for films containing AuNRs and AuNSs (Figure 6). The difference in the energy
of the light absorbed could result in a different composition of the ROS mixture generated by
the system. The film, produced ROS as a mixture of several types of reactive molecules (1O,
O3, ‘OH, ‘OOH, H20,, ‘COs3, ‘NO).>* The interaction between gold nanoparticles and dye
increased the energy available to produce ROS, resulting in a greater amount of ROS produced
(Figure 7) while it may also catalyse the formation of specific species, encouraging the
generation of ROS with a higher formation energy. As reported in literature different types of
bacteria were more vulnerable to specific types of ROS, for example gram (-) bacteria were
more vulnerable to ‘OH, ‘OOH radicals while gram (+) were more vulnerable to '0s, O3

species.>
4. CONCLUSIONS

In this work we have prepared polymer films embedded with anisotropic gold nanoparticles
and a photosensitizer dye. We have explored the effect of the plasmonic coupling of the
nanoparticles and the dye for a normal white light activated antimicrobial function against gram
(+) and gram (-) bacteria. Using mathematical simulations, the plasmonic resonances of gold
nanorods and nanostars was studied and validated with experimental results to understand the
importance of different SPR of the particles to the plasmonic coupling with the dye. The
interactions between the metal nanoparticles and the dye in the film lead to the ROS production
of the films that is responsible for their efficiency against gram (+) and gram (-) bacteria. The

antimicrobial film embedded with gold nanostars (AuNSs) was able to eliminate 5-log unit of
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gram (-) and 2.5-log unit of gram (+) in 4 h of light exposure, while the film with gold nanorods
(AuNRs) eliminated 4-log unit of gram (-) and 3-log unit of gram (+) in the same amount of
time. The introduction of AuNSs in the film, tried for the first time, showed a boost of the
antimicrobial activity against gram (-) bacteria of another order of magnitude compared to
AuNRs and an increase of the ROS production of at least 0.72 mM/h of exposure. When
comparing the experiments performed on gram (-) and (+) bacteria, we have identified a
difference on the action of ROS generated by films containing anisotropic Au nanoparticles,
concluding that the gram (-) bacteria is more responsive to the ROS production than gram (+)
bacteria. This observation provides strategies for future preparation of anti-bacteria films

targeting different specific types of bacterial species.
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Figure 1. Characterization of AuUNRs and AuNSs: A) TEM picture of AuNRs 75k magnifications, B) TEM picture
38 of AuNSs 23.5k magnifications and C) UV-visible spectra of citNa-AuNRs (a) and citNa-AuNSs (b).
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Figure 3. Simulation of the SPR of the electrical field around AuNSs with 35.6 nm core with 16.1 nm spikes,
stabilized with PEG. A) Model of the nanostar used in the simulation; B) Graphical representation of the
potential fluctuation of the electrical field on the surface of the particles; C) Simulated spectrum of the

nanostars dispersion.
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Figure 4. Electrical field resonance simulation for AUNSs (50 nm core with 10 nm spikes) stabilized with PEG
A) simulated spectra of the spike system and B) simulated spectra of the core C) model of the AuNSs used
29 for the simulation.
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Figure 5. UV-visible spectra of a) PU/citNa-AuNSs, b) PU/citNa-AuNRs, c) PU, d) subtraction curve between
PU/citNa-AuNSs and PU, and e) subtraction curve between PU/citNa-AuNRs and PU.
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Figure 7. Fluorescence intensity against the estimated concentration of ROS by measuring the intensity of
sodium fluorescein solution in the presence of different concentration of a) H202, b) PU/CV, c) PU/citNa-

AuNRs/CV, d) PU/citNa-AuNSs/CV.
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Figure 8. Antimicrobial experiments result of the antimicrobial film against E. Coli. a) PU, b) PU/citNa-
28 AuNRs, c¢) PU/citNa-AuNSs, d) PU/CV, e) PU/citNa-AuNRs/CV and f) PU/citNa-AuNSs/CV. All the results of
29 PU/citNa-AuNRs/CV and PU/citNa-AuNSs/CV were statistically different compared to PU for the same time of
30 exposure (p < 0.001)
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Figure 9. Antimicrobial experiments result of the antimicrobial film against E. Coli. a) PU, b) PU/citNa-
AuNRs, c¢) PU/citNa-AuNSs, d) PU/CV, e) PU/citNa-AuNRs/CV and f) PU/citNa-AuNSs/CV. All the results of
PU/CV, PU/citNa-AuNRs/CV and PU/citNa-AuNSs/CV were statistically different compared to PU for the same
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