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Abstract

Bacterial, viral and fungal infections pose serious threats to human health and well-being. The
continuous emergence of acute infectious diseases caused by pathogenic microbes and the rapid
development of resistances against conventional antimicrobial drugs necessitates the development
of new and effective strategies for the safe elimination of microbes in water, food or on surfaces,
as well as for the inactivation of pathogenic microbes in human hosts. The need for new
antimicrobials has triggered the development of plasmonic nano-antimicrobials that facilitate both
light-dependent and - independent microbe inactivation mechanisms. This review introduces the
relevant photophysical mechanisms underlying these plasmonic nano-antimicrobials, and provides
an overview of how the photoresponses and materials properties of plasmonic nanostructures can
be applied in microbial pathogen inactivation and sensing applications. Through a systematic
analysis of the inactivation efficacies of different plasmonic nanostructures, this review outlines
the current state-of-the-art in plasmonic nano-antimicrobials and defines the application space for
different microbial inactivation strategies. The advantageous optical properties of plasmonic nano-
antimicrobials also enhance microbial detection and sensing modalities and thus help to avoid
exposure to microbial pathogens. Sensitive and fast plasmonic microbial sensing modalities and
their theranostic and targeted therapeutic applications are discussed.

1. Introduction

Microbes, especially selected types of bacteria, viruses, and fungi, can be pathogenic and
cause infectious diseases in humans. For instance, bacterial pathogens Mycobacterium
tuberculosis and Vibrio cholerae are responsible for tuberculosis and cholera, respectively.
These diseases continue to infect millions of people every year worldwide and are associated
with high fatalities rates. Viruses also cause a series of life-threatening and rapid-spreading
infectious diseases. The global COVID-19 pandemic has provided a dire example of the
significant burden viruses can inflict on public health systems. Even the common seasonal
influenza, caused by various viral genera of Orthomyxoviridae, leads to hundreds of
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thousands of fatalities worldwide each year. In addition, some fungal infections are
considered emerging global health threats. Candidiasis caused by yeast species can induce a
life-threatening infection if it becomes invasive.?

Inactivation of food, water or surface-borne microbial pathogens is important to prevent
microbial infections. To that end, different physical sterilization techniques are available,
including UV illumination, gamma irradiation, autoclaving, as well as chemical sterilization
through ozone, chlorine, formaldehyde, hydrogen peroxide, alcohol or other chemicals.3 On
the other hand, antimicrobial drugs have been developed for a selective inactivation of
pathogens, in particular in human or mammalian hosts. Antibiotics, as an example, are
utilized for bacterial inactivation commonly through impeding the peptidoglycan cell walls
synthesis, DNA replication or protein synthesis processes.*® Similarly, antifungal
microbicides perturb the synthesis of fungal cell components like membrane sterols or cell
wall glucans, leading to cell death.28 Antiviral drugs typically function by inhibiting key
steps of the viral infection, such as viral entry, reverse transcription (for RNA viruses), DNA
integration or viral release from host cells. As antimicrobial drugs target specific molecular
structures or mechanism of the microorganisms, they act selectively on the target microbes
and have a much weaker effect on other organisms, which facilitates their use for treating
microbial infections in humans or animals.

Although conventional antimicrobial approaches can achieve an effective inactivation of
microbes, they also face numerous important challenges. Physical and chemical sterilization
approaches can be energy intensive at large scales, while chemical sterilization approaches
can have detrimental environmental effects.” Furthermore, the use of high energy radiation
or reactive chemicals is precluded in some applications, for instance, for inactivating
microbial pathogens in solutions containing valuable biologics that are sensitive to
denaturation. For antimicrobial drugs, emergence of resistances in bacteria, fungi and
viruses is becoming increasingly prevalent and threatening. The complex challenges faced
by conventional antimicrobial strategies motivate the development of new strategies that are
more energy effective, environmentally benign, and more resilient to the development of
microbial resistances.

The need for alternative antimicrobial strategies has generated great interest in nanomaterials
as nano-antimicrobials.>8 Different nanocrystals and mesoporous nanostructures have been
utilized as nanocarriers for antimicrobial chemicals.%-11 Selected photosensitizer
nanoparticles (NPs),1213 metal-organic frameworks (MOFs)14.15 and covalent-organic
frameworks (COFs),16:17 and semiconductor nanocrystals such as nitrides8, chalcogenides,
19.20 and oxides including TiO5,21:22 Zn0,23.24 BiVVO,,25:26 perovskites,27:28 etc. have all
been shown to sustain photocatalytic inactivation of microbes upon photoexcitation. Photo-
generated electron-hole pairs in these systems can initiate chemical reactions with H,O or
0, and result in the generation of reactive oxygen species (ROS) including peroxides (0,%7),
singlet oxygen (10,), superoxides (O5-~) and hydroxyl radicals (-OH), which can induce
oxidative stress and irreversible damage in microbial pathogens.2126:29 |n general, these
nano-antimicrobials have demonstrated great efficacy against various pathogen types, yet
some important challenges and limitations still exist. For one, many of the semiconductor
antimicrobials possess wide bandgaps (Eg), such as anatase TiO (Eq = 3.2 eV) or ZnO (Eg =
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3.0 eV), which require excitation in the UV, and can cause collateral damage to mammalian
cells and biomolecules through non-specific photochemical reactions. Besides, despite some
progress in enhancing the charge separation in nanoscale systems through doping,39-31
heterostructure formation, 182528 or dye sensitization,32:33 rapid charge recombination and
lack of specificity in photoreactivity still fundamentally limits the effectiveness of
photocatalysis for pathogen inactivation.

Plasmonic metal NPs sustain coherent oscillations of surface charge density, referred to as
localized surface plasmon (LSP) resonance (LSPR), which can be tuned to offer large
optical cross-sections outside of the spectral range of strong molecular electronic
absorptions. They are, thus, of great interest for enhancing the efficacy and specificity of
light-driven antimicrobial effects, and are the topic of this review. The optical properties of
plasmonic metal NPs are highly dependent on the composition, size and shape.3#3% This
tunability allows harvesting of a broad range of the electromagnetic spectrum from UV to
IR. Photoexcitation of LSPRs can result in a series of photophysical responses, including
strong electric (E-) field localization,3%:36 ballistic “hot” electron generation,3738 heating,3°
and nanocavitation.4041 These light-induced responses, in turn, drive a variety of
antimicrobial effects based on plasmonic photocatalysis, photothermal therapy, or plasmonic
shockwave generation among others (Figure 1). These photo-responses are complemented
by light-independent antimicrobial effects that derive from the nanoscale size of the NPs,
their surface properties, or their chemical composition. Some of the light-dependent and -
independent mechanisms can occur simultaneously, potentially facilitating a synergistic
enhancement of microbe inactivation, and decreasing the likelihood of microbial resistance
development. Intriguingly, some plasmonic nano-antimicrobials have shown promise against
multiple pathogens classes (e.g. viruses and bacteria) under conditions that are not harmful
for mammalian cells or biologics.#? Pan-microbial efficacy, selectivity and decreased
likelihood for microbial resistances make plasmonic NPs a promising class of nano-
antimicrobials. The large optical cross-sections, E-field enhancement, and increased local
density of optical states at the plasmon resonance3243:44 are also of interest for providing
unique sensing and imaging capabilities, such as through plasmon-enhanced fluorescence
imaging,#>~48 surface-enhanced Raman spectroscopy (SERS),4%-52 LSPR sensing,3%4 or
plasmon coupling microscopy.>>-61 Plasmonic nano-antimicrobials are, consequently,
desirable theranostic tools that enable pathogen inactivation and simultaneous monitoring of
the inactivation process through plasmon-enhanced microscopic or spectroscopic
approaches.

In this manuscript, we review the photophysical properties of plasmonic nano-antimicrobials
and their applications for microbial pathogen inactivation and sensing. We categorize the
plasmonic nano-antimicrobial effects into light-dependent and -independent inactivation,
and controlled delivery and release pathways. The specific mechanisms of each pathways
are discussed, and their antimicrobial efficacies for the tested pathogen types are compared.
Finally, we review detection and quantification strategies of various pathogen types enabled
by plasmonic NPs. These strategies help to avoid infections, facilitate a quantification of the
efficacy of any antimicrobial strategy, and enable diagnostic and theranostic applications of
plasmonic nano-antimicrobials.
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Microbial Pathogens and Inactivation Metrics

2.1 Microbial Pathogens

Bacteria, viruses, and fungi are the three major classes of microbial pathogens that this
review focuses on. Bacterial pathogens are prokaryotes, and can generally be categorized
into Gram-positive and Gram-negative species based on the Gram staining test.3:62 Gram-
positive species typically contain a thicker peptidoglycan cell wall on top of a plasma
membrane, whereas Gram-negative species possess an additional outer lipid membrane layer
on top of a thinner cell wall and the regular cell plasma membrane (Fig. 2A). This extra
membrane makes Gram-negative species generally more resilient against molecular or
nanoscale biocides. Teichoic acids are present on the cell wall of Gram-positive species,
while lipopolysaccharides are found on the outer membrane of Gram-negative bacteria.
These compounds, together with anionic phospholipids in membrane structures, render both
types of bacteria negatively charged. The effect of nano-antimicrobials is usually tested on
both types to assess the generality of the antibacterial strategy. Mollicute bacteria, such as
acholeplasma and mycoplasma, are a special type of bacteria that lack cell wall structures.53
Therefore, small molecule antibiotics that target the inhibition of the synthesis of cell wall
components are ineffective against these bacteria.

Infections by drug-resistant bacterial strains, such as methicillin-resistant Staphylococcus
aureus (MRSA), are difficult to treat with conventional antibiotics. These species represent,
therefore, good test platforms for plasmonic nano-antimicrobials. Bacterial strains with
metal-reducing capabilities, such as Arthrobacter sp.,5* are also important test targets for
metal-based plasmonic systems, since ions released from plasmonic metal NPs can have a
considerable antibacterial effect. In addition to suspensions of planktonic bacteria, bacterial
spores or colonized bacteria in biofilms are also highly relevant targets for inactivation
studies. Bacterial spores are dormant forms of bacteria that are highly resistant to
microbicides, and can be re-activated and induce infections.5%:66 Biofilms are ubiquitous on
a wide range of surfaces and can impact human health if present, for instance, in oral cavity,
wounds or on medical implants.367 As shown in Fig. 2B, biofilms contain bacterial cells
encapsulated by an excreted extracellular matrix (ECM) consisting of polysaccharides,
lipids, proteins and nucleic acids. The ECM provides bacterial pathogens with an additional
degree of structural stability and resistance against conventional chemotherapy with
antibiotics,57:68 which necessitates the development of new and more effective inactivation
strategies.

Fungi are eukaryotic microorganisms and can take on either single-celled growth pattern, or
multicellular growth patterns in which the individual cells are connected through filaments
called hyphae.89 Some fungal species produce mycotoxins and/or induce severe infection in
humans. Yeasts, such as Candidaand Cryptococcus, are examples of fungi that can cause
severe and systematic infections.”® There is currently only a very limited number of
microbicides, based on polyenes, azoles or echinocandins, available against invasive
mycoses.28 Similar as in bacteria, drug resistances can also evolve in fungi, as known from
some Candida species and yeast Saccharomyces cerevisiae.8 " Candida auris, in particular,
has recently attracted significant attention as new multidrug-resistant “superbug”.2 Viruses
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can be categorized into many different classes based on their structure, nucleic acid
composition (DNA versus RNA), host types and infection mechanisms. Since the chemical
and physical responses of plasmonic nano-antimicrobials typically act on the surface of the
viruses, classification of virus based on the surface structure into enveloped and non-
enveloped viruses is most relevant in the context of this review. Non-enveloped viruses
contain nucleic acids surrounded by a capsid shell primarily made of proteins, and include
species such as adenovirus, norovirus and poliovirus. Enveloped viruses, such as
coronavirus, Ebola and human immunodeficiency virus (HIV), possess an extra outer coat of
glycoproteins and lipids around the nucleocapsid (Fig. 2C). Viruses are not unique to
mammal hosts. Bacteriophages are viruses that reproduce in bacteria. Since they are
relatively easy to generate in large quantities, bacteriophages have been included in multiple
virus inactivation studies. High mutation rates render some virus species highly resistant to
conventional antiviral drugs within a relatively short period of time.”273 There is,
consequently, a need for new antiviral strategies that are effective against a broad range of
virus species.

2.2 Quantification of Pathogen Inactivation

The most common approach for quantifying the reduction in bacterial and fungal loads in
inactivation studies is by calculating the decrease in the Colony Forming Units (CFUs)
concentration (CFUs/mL) on a decadic logarithmic (logyg) scale. CFUs is a measure of the
number of viable bacterial or fungal cells that are able to form a visible colony when plated
on an agar plate. The log reduction value (LRV) describes the reduction in the load of a
treated pathogen sample (C)) relative to a no-treatment control (Cp) in CFUs/mL:42

Co
LRV =logg a Eq.(1)

In the case of bacteria, a LRV = 3 is generally considered a bactericidal effect.”

The optical density at 600 nm (ODggg) provides an alternative measure for determining the
concentration of a bacterial suspension through application of the Lambert-Beer law. This
method is, however, less sensitive and not applicable at low microbe concentrations or in the
presence of plasmonic NPs with strong optical cross-sections. In addition, fluorescently
labelled bacteria or fungi can also be used to assess the inactivation efficacy. Their
fluorescence intensity can be feasibly quantified by plate reader or flow cytometry.”>76

Viral loads are quantified as plaque-forming units (PFUs). PFU is a measure of the number
of viable viruses that lyse host cells and form a plaque. Similar as for bacteria and fungi,
viral inactivation can be quantified in LRVs by comparing the reduction in viral load of a
treated group (C) relative to that of a non-treated group (Cp) on a logarithmic scale.

If the pathogen concentrations are known as function of time, empirical disinfection kinetics
can be determined using the Chick-Watson kinetics:
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C
loglo(a’)) = — kilx1"t Eq.(2)

where k;is the inactivation Kinetic constant, £is the time of the inactivation process, y is the
concentration of inactivating agent, and 7 is the reaction order.14

3. Localized Plasmons and Associated Properties of Plasmonic Nano-
Antimicrobials

3.1 Size, Shape and Composition-Dependence of LSPR and Optical Properties

The photophysical microbe inactivation mechanisms of plasmonic nano-antimicrobials are
enabled by their unique optical properties. The polarizability of a plasmonic NP is a
fundamental property for describing the NP response to incident light. Polarizability, a,
determines the polarization vector (P) of the NP as P = ege,aEq, where gpis the
permittivity of free space, e, is the dielectric function of the medium, and Eg is the incident
electric field. For spherical NPs, with particle diameter, @, much smaller than the
wavelength, A, of the incident light (d << A), the polarizability of a NP can be approximated
by the Clausius-Mossotti relation as:

E—Ep

a=4zR’
€+ 2¢,

Eq.(3)

where R is the NP radius, and e is the dielectric function of the metal. The LSPR occurs at
the Frohlich resonance condition, where a becomes maximum for the real part of e = —2¢,
7T Noble metal NPs fulfill this requirement in the visible range of the electromagnetic
spectrum. The expression of the NP polarizability in Eq. (3) can be generalized for non-
spherical NPs by addition of a shape factor, «:

£—&p

a=(1 +K)V£+K£m

Eq.(4)

where Vis the volume of the anisotropic NP.”8 For spheres, one finds x=2. The
polarizability of a particle determines absorption, scattering and extinction cross-sections,

Oaps, Oscat, Text: AS:

41 12
Oabs = k Im(a) — 6n (4 Eq.(5)
4 2
Oscat = g_n: o Eq.(6)
Oext = k Im(a) Eq.(7)
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It is evident from Equations (3)—(7) that the size, shape and dielectric function of the
plasmonic material all contribute to determining the polarizability and optical responses of
plasmonic NPs. These dependencies make it possible to tune the optical response of
plasmonic NPs across the UV-visible-NIR spectrum (Figure 3) through rational synthetic
strategies that control size, shape and composition of the NPs.34.79-81 The ability to control
LSPR frequencies through shape is particularly useful for many applications. For instance,
Au nanorods (NRs) support a longitudinal LSPR mode that can be red-shifted to the near
infrared (NIR) region by choice of a sufficiently high aspect ratio.82:82 As NIR radiation
possesses larger tissue or medium penetration depths than visible light, NIR-responsive
metal NPs are of interest for microbial inactivation applications in tissues or in medium.
42.67.84 Ay nanobipyramids are another example of metallic nanostructures whose optical
responses can be controlled through their aspect ratio. Epitaxial deposition of Ag onto Au
bipyramids (BPs) was demonstrated to be a rational strategy for either blue- or red-shifting
the LSPR of a given BP in a controlled fashion by altering the tip width and/or length of the
Au BPs.8586 A multitude of other plasmonic noble metal nanostructures were custom-
designed for specific antimicrobial applications. For instance, nanostructures with high
specific surface area, such as nanosheets,8” nanocorals8 or porous NPs!® have been
developed to facilitate light-induced phenomena at the interface between NP and ambient
medium; core-shell nanostructures®489 and electro-spun nanofibers®%:°1 also provide great
opportunities for the formation of heterostructures and the incorporation of antimicrobials.

The size of NPs is also an important parameter that determines the ratio between absorption
and scattering of individual plasmonic NPs. Baffou and Quidant performed a detailed
analysis of the size-dependence of the optical cross-sections for spherical metal NPs.3° The
authors revealed that for Au NPs with d < 90 nm, the peak absorption cross-section is larger
than the peak scattering cross-section, whereas for larger NPs (d > 90 nm) the peak
scattering cross-section is larger than the peak absorption cross-section. These and other
findings show that LSPR decay is dominated by radiative processes for large NP sizes, but
that plasmon decay by dissipation becomes more important as the NP size decreases.3* The
dependence of the plasmonic response on size, shape, and composition provides the
flexibility required to adapt the materials properties of plasmonic nano-antimicrobials to
pathogen inactivation applications via different mechanisms and against different microbial
species.

3.2 Photophysical Properties

3.2.1 Promoting Molecular Excitation and Emissions through Plasmonic E-
Field and Local Density of States Enhancement.—The excitation and decay of an
LSPR is associated with photophysical responses that can give rise to numerous light-
dependent antimicrobial effects of plasmonic NPs. One important property of the LSPR is
the generation of an intense local Electric (E-)field around individual NPs (Fig. 4A) that can
be further enhanced in the junction between NPs in clusters of near-field coupled NPs (Fig.
4B).36.92 This E-field enhancement has been applied to promote the photoexcitation of
fluorophores and the reactivity of photocatalysts or photosensitizers (PSs).% In this context,
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plasmonic NPs are utilized as efficient nanolenses that boost the photoexcitation rates and/or
photoconversion efficiencies of molecules localized within the localized E-field.
Fundamentally, these processes rely on an energy transfer from the excited plasmon to the
molecular adsorbates.

Localizing a fluorophore or a PS in the direct vicinity of a metal NP carries, however, also
the risk of a metal-associated rapid quenching of the photoexcited state. In the case of
quantum emitters, the distance-dependent quenching of the photoexcited state is well
characterized by both calculations and experimental studies.*6 Fig. 4C contains plots of
the excitation rate enhancement and quantum yield for a single dye molecule in the vicinity
of an 80 nm Au NP as function of separation. Importantly, the quenching efficiency drops
faster with increasing separation (indicated by the increase in quantum yield) than the E-
field mediated excitation rate enhancement,% resulting in an optimum separation for
fluorescence emission rate enhancement (Fig. 4D). In total analogy, we can expect that
pinning of a photoreactive PS to a plasmonic NP at an optimum separation represents a
viable strategy to enhance the formation of a reactive excited species and to boost the
associated photoreactivity. This hypothesis was tested in a series of studies,93:97-99 which
demonstrated that for NPs with sizes in the range of 40-67 nm, strong quenching of the
photoexcited states through the metal dominates at separations < 2 nm; whereas at distances
> 10 nm, the plasmonic E-field intensity is no longer strong enough to sustain evident
enhancement. These two thresholds define a working range of 2-10 nm for E-field enhanced
photoexcitation of photocatalysts, PSs, or quantum emitters with limited quenching.

LSPRs of plasmonic NPs increase the Local Density of electromagnetic States (LDOS) with
direct effects for the spontaneous decay of excited quantum emitters located in the vicinity
of the NP.3543:44 |n general, the spontaneous decay rate can be approximated by Fermi’s
golden rule as:%

2w 2
v = 3heg P‘ p(rm. @) Eq.(8)

where p is the local density of electromagnetic states, w is the transition frequency, p is the
transition dipole moment, and r, the location of the molecule. Enhanced radiative rates due
to the large LDOS associated with the LSPR represents a second enhancement mechanism
of photoluminescence in addition to the E-field-associated enhancement of excitation rates.

The E-field-enhanced photoexcitation of PSs and the associated gain in photoreactivity has
been exploited for the light-driven inactivation of microbes in plasmonic photodynamic
chemotherapy (section 4.1.1), while plasmon-enhanced fluorescence emission allows for a
sensitive detection of microbial pathogens (section 5.2).

3.2.2 Plasmonic Charge Carrier Production and Transfer.—Another mechanism
of plasmonic photoreactivity involves transfer of charge and energy from the metal to
adsorbate acceptor levels. Plasmonic charge transfers can take place through either indirect
or direct pathways. The former requires the generation of kinetically excited “hot” charge
carriers through a non-radiative decay of excited plasmons. This decay, referred to as
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Landau damping, generates hot electrons (™) and holes (h") (Figure 5, process (1)). Hot
electrons possess an energy distribution that resembles a Fermi-Dirac distribution at a much
higher temperature,37:38.100.101 which facilitates their transfer into higher-lying unoccupied
molecular orbitals or acceptor bands of semiconductors in direct contact with the NP,
resulting in a charge separation of the generated e~ and h' (process (2)). In the case of the
semiconductors, the Schottky barrier prevents a rapid recombination of excited e~ and h" in
the metal NP and increases the availability of the charge carriers to participate in subsequent
chemical reactions.3” Generation of kinetically excited charge carriers for indirect transfer
processes is in general favored by smaller plasmonic NPs with diameters (d) < 20 nm102 and
strong E-field intensity.103.104 The efficiency also depends on the imaginary part of the
dielectric function of the metal and increases in wavelength ranges where interband
transitions are accessible.105

LSPR-driven electron transfer can also occur through a direct transfer pathway, in which
electrons transfer to a higher lying adsorbate molecular level or semiconductor acceptor
band without the prior generation of an excited electron energy distribution in the metal (Fig.
5, process (3)). If the direct electron transfer results in the population of vacant adsorbate
molecular levels, it is referred to as Chemical Interface Damping (C1D).38.101.106 The
efficiency of CID is proportional to the probability that a surface-scattered electron is
transferred to the adsorbate (which depends on its chemical nature), as well as the Fermi
velocity, and it is inversely proportional to the effective electron path length, which depends
on the size and morphology of the NP.107-109

Both direct and indirect charge transfer can drive a variety of photocatalytic processes (Fig.
5, process (4)) for inactivation of microbial pathogens, such as through the generation of
ROS or other reactive microbicidal chemicals in aqueous media, which is of high relevance
to microbial pathogen inactivation applications. These possibilities are discussed in sections
4.1.1and4.1.2.

3.2.3 Photothermal Heating.—Dissipation of photon energy in plasmonic NPs can
result in the heating of the metal NPs and the surrounding media.110-112 |n a typical
plasmonic thermalization process with pulsed laser excitation of the LSP, the initial pulse
prepares an electron gas in a non-equilibrium state. The electron gas thermalizes rapidly into
a Fermi-Dirac distribution characterized by an electronic temperature within ~500 fs; this
electron thermalization step is followed by a phonon thermalization step, in which the
generated hot electrons relax through interaction with phonons of the metal with a time scale
of 1-3 ps; finally, a heat diffusion step transfers the energy from the metal into the
surrounding medium.3%111 The three steps can be considered to happen successively when
the pulse is short (< 0.1 ns), and/or the NP is small (d < 100 nm). With pulsed illumination,
the estimated temperature increase of the NP reaches a maximal value of:3?

OabsF

AT = Vome

Eq.(9)
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where Fis the fluence of the laser pulse; o4 V/ pmand care the absorption cross-section,
volume, mass density and specific heat capacity of the NP, respectively. In the case of
continuous-wave (CW) excitation, the temperature increase of the NP can be estimated as:3°

[0 Cabsl

AT = PArxgR, - ﬂ47l'K‘sReq

Eq.(10)
q

where Qs the absorbed light power given by the product of o5 and incident irradiance (1);
B is a geometrical correction factor; xsis the surrounding medium’s thermal conductivity,
and Req is the equivalent NP radius. For spherical NPs, B=1 and Rg=R. It is evident from
this equation that small NPs with large absorption cross-sections are potentially more
efficient heat sources.

3.2.4 Photonic Responses.—In addition to the light-induced responses described
above, the photonic properties of plasmonic NPs can also trigger unique hydrodynamic
responses in an aqueous medium, such as nanocavitation and nanocavitation-mediated
shockwave generation. It is well-known that tightly focused lasers with sufficient power can
induce cavitation through photoionization of the dielectric medium at the focal spot of the
laser.113 Recombination of the formed plasma can trigger a shockwave and initiate
cavitation-induced bubble nucleation, followed by an expansion of the bubble and its
collapse.114 Importantly, under pulsed resonant excitation, plasmonic NPs aid the formation
of shockwaves (Figure 6). As plasmonic NPs focus the incident light into nanoscale volumes
with greatly increased E-field intensities, their presence reduces the incident fluence
required for inducing cavitation. In addition to the E-field enhancement, another factor that
favors plasma formation around a metal NPs is the optically driven kinetic excitation of the
conduction band electrons. If the electronic temperature of the NPs after a pulsed excitation
is sufficiently high, for instance, to overcome the work function of ~ 5 eV for 5-75 nm Ag
NPs,115 the hot electrons can be ejected from the metal and increase the free carrier
concentration of the plasma until it reaches the threshold of 1029-1021 cm~3 required for
cavitation.114 The effect of E-field induced shockwave formation is distinct from the
thermally induced plasmonic bubble formation mechanisms, in which the heat generated by
an irradiated NP results in an evaporation of the surrounding medium.#1:116 The choice of
the wavelength and fluence of the incident laser, as well as the E-field enhancement,
absorption and thermal emission properties of the NPs are key factors that determine the
efficiency of plasmonic shockwave generation.40:117

4. Pathogen Inactivation Mechanisms of Plasmonic Nano-Antimicrobials

The optical, photoreactive/catalytic, photothermal and photonic properties of plasmonic
nanostructures outlined in section 3 form the basis for multiple light-induced plasmonic
microbe inactivation pathways. In addition to these light-driven processes, plasmonic NPs
can also have antimicrobial effects that derive from their small sizes or chemical properties
independent of the plasmon resonances. When irradiated, light-dependent and -independent
mechanisms can coexist and may synergistically enhance the total antimicrobial efficacy of
the plasmonic NPs. Some antimicrobial strategies also utilize the plasmonic responses to
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obtain actively controlled release of microbicides in rational delivery platforms. These three
inactivation pathways will be reviewed and discussed in this section.

4.1 Light-Induced Inactivation Pathways

4.1.1 Plasmonic Photodynamic Chemotherapy.—Plasmonic Photodynamic
Chemotherapy (PDCT) involves the use of plasmonic NPs as efficient nanoantenna to
generate intense E-fields (see section 3.2.1) for a resonant enhancement of the excitation of
photosensitizers, such as tris(bipyridine) Ruthenium(I1) ([Ru(bpy)3]?*),118 rose Bengal
(RB),%798 toluidine blue O (TBO),1° hematoporphyrin, 120121 among others, for ROS
production and other microbicidal effect. As shown in Figure 7, PS molecules undergo
photoexcitation into a reactive excited state, which can relax via multiple charge or energy
transfer processes. The plasmonic NPs can significantly enhance the photoexcitation rates of
the PSs and thus boost their photoreactivity. One important requirement for an efficient
resonant plasmonic enhancement of the photoexcitation process is the spectral overlap
between the LSPR and the PS absorption band. Such overlap exists between Ag NPs and
[Ru(bpy)3]?* at 420-450 nm,118 Ag nanocubes and RB at 480-550 nm,% as well as the
LSPR of Au NRs and verteporfin at 700 nm.89 Plasmonic enhancement factors for the
absorption between 10 and 35 have been reported in these systems.?3:97:98 Thjs significant
enhancement facilitates a reduction of the PS concentration required to achieve an
observable microbicidal effect in microbial pathogen inactivation studies from micromolar
concentrations in studies using only “free” PSs,122.123 to nanomolar or even sub-nanomolar
concentrations of PS in plasmonic PDCT studies.84118.119 This improvement could limit the
cytotoxicity and collateral damage caused by the photoreactive PSs to mammal cells in
potential /n vivo applications.84124

One important consequence of the plasmon-enhanced excitation of PSs in aqueous
suspensions during PDCT is the generation of ROS, which can induce irreversible structural
damage to microbial pathogens and which are molecular drivers of microbial inactivation in
the PDCT mechanism. ROS production can be achieved through two distinct sensitized
photo-oxidation pathways, known as Type | or Type Il reactions (Fig. 7).12° Type | reactions
involve direct one-electron transfer from PS to O,, and can lead to formation of radicals or
radical anions, such as the superoxide anion (O,-7).118.126 The superoxide anion can, in turn,
lead to the production of H,O5, which is an important precursor of another ROS, hydroxyl
radicals (-OH), through the metal -catalyzed Fenton reaction.12” Type I reactions involve
the generation of singlet oxygen (105) through energy transfer from the excited PS to
oxygen.¥’

ROS production in PDCT pathogen inactivation studies can be detected directly through
photoluminescence measurements.%”:98:128 Heyne and coworkers obtained evidence of
plasmon-enhanced ROS formation in hybrid systems that combine Ag nanospheres or
nanocubes with RB through measurement of a time-resolved 10, luminescence signal at
1275 nm both before and after incubation with bacteria (Fig. 8A).97:98 The authors observed
increased luminescence intensity for the hybrid system (red) compared to an etched control
(blue) with no metal core. The generation of 105 led to an efficient reduction of the
concentration of both Gram-positive and Gram-negative bacteria with an LRV = 6-7 within
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a period of 2—4 hours of visible illumination. Additionally, ROS production in the plasmonic
PDCT mechanism can also be directly probed and quantified through fluorescent sensor
dyes, such as singlet oxygen sensor green agent!19.129 and dichlorofluorescin diacetate
(DCFDA).130.131 Ky er al. observed a 13% increase in the fluorescence intensity for a Au
NRs-enhanced TBO system labelled with singlet oxygen sensor green agent when compared
with free TBO after 2 min of 632 nm illumination (Fig. 8B), indicating an enhancement in
ROS production by the plasmonic structure.11® Importantly, this increase in ROS production
led to a 21% increase in inactivation efficacy of MRSA.

The role of ROS in PDCT pathogen inactivation has also been characterized through indirect
measurements. One approach is the quantification of the effect of ROS scavengers on
plasmonic nano-antimicrobials. For instance, sodium azide (scavenger for 10,) and
Mn(l11)tetrakis(4-benzoic acid)porphyrin chloride (MNnTBAP) (scavengers for O,-~) were
observed to reduce the antibacterial effect of a hybrid Ag/[Ru(bpy)s]?* photoreactor system
against Gram-positive bacteria by more than three orders of magnitude (Fig. 8C),118 which
indicated an inactivation through 10, and O,-~-mediated pathways. Other types of ROS
scavengers, such as p-benzoquinone (for O,-7), tert-Butanol (for -OH), L-histidine (for 10,)
and catalase (for peroxides) have also been used for the same purpose.132-134 The
photocatalytic decomposition of dye molecules, such as 9,10-anthracenediylbis(methylene)-
dimalonic acid (ABDA),8498 represents another effective indicator for singlet oxygen
production. ABDA has been used to monitor changes in 10, concentration in the presence of
plasmonic nano-antimicrobials composed of Au NRs@SiO, core-shell nanostructures
incorporating indocyanine green (ICG) (Fig. 8D) or verteporfin as PSs under resonant
illumination conditions.84:89 The decrease of ABDA absorbance at 262 nm provided
experimental evidence of 10, formation.

The ROS produced in PDCT can induce a series of irreversible damages to microbial
pathogens, for instance, through peroxidation of cell membrane lipids or cell wall
components. Unsaturated membrane components such as sterols and unsaturated lipids are
particularly susceptible to lipid peroxidation and can generate cytotoxic peroxidation
products, including lipid hydroperoxides, aldehydes, ketones and/or alcohols.135:136
Simulations performed for different monounsaturated lipid species have shown that
peroxidation initiates at the phospholipid head group and then proceeds to the lipid tail
within the lipid bilayer.13” These peroxidation processes can cause major changes in the
pathogen membrane morphology, fluidity and permeability,135138.139 and negatively affect
the structural stability and osmotic pressure of the pathogen membrane. The generated ROS
can also induce structural damage to pathogen surface proteins and nucleic acids in the cell
interior.140 All of these factors contribute to the inactivation of microbial pathogens in the
PDCT mechanism.

Table 1 summarizes the pathogen types, plasmonic architectures, PSs, illumination
conditions as well as LRVs reported in PDCT microbial inactivation studies. PDCT has
proven effective for a broad range of bacterial and fungal pathogens. Microbicidal effects
with LRVs > 3 have been achieved for both pathogen classes within 1 hour of illumination.
The LRVs for Gram-positive bacteria (Enterococcus faecalis, Arthrobacter sp.,
Staphylococcus epidermidis) were generally higher than those of Gram-negative species (£.
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coli, P. aeruginosa), and were found to reach LRV = 6—7 within minutes in some cases.
118,120 This systematic difference is consistent with a stronger resilience of Gram-negative
species due to the presence of an outer membrane (see section 2.1). Another notable
observation is that, with a few exceptions,®”141 S. aureus or the drug-resistant MRSA
generally had LRVs below 3 in PDCT studies,119:121.129.142 |ower than for other Gram-
positive strains. One possible explanation is that the antioxidant defense mechanisms of
various Staphylococcal strains, and in particular, MRSA, can reduce the efficacy of PDCT-
induced oxidative stress.143144 Although PDCT with “free” PSs have been applied for viral
inactivation,145:146 to the best of our knowledge, PDCT has not yet been tested against
viruses. Yet we expect that at least for enveloped viruses, PDCT should be an effective
inactivation strategy given the susceptibility of the lipid envelope to ROS.

4.1.2 Charge Carrier-Induced Photocatalytic Microbial Pathogen Inactivation.
—The generation of ballistic hot charge carriers from plasmonic nanostructures (see section
3.2.2) is able to initiate photocatalytic reactions that can be utilized in a diverse range of
applications, such as in organic photosynthetic reactions'4® and for energy conversion and
storage applications.?9150 Relevant in the context of the current review is the demonstration
of a charge carrier-induced plasmonic photocatalytic (PC) inactivation of a series of
microbial pathogens. The reported studies for PC inactivation were performed either with
plasmonic NPs only, or with heterostructures containing both plasmonic and semiconductor
components. For the former case, facile photocatalytic production of e~ and h" by Ag and Au
NPs has been reported to inactivate Gram-negative bacteria, 2. aeruginosaand E. coli;151:152
Hot carrier PC inactivation with only plasmonic NPs suffers, however, from a rapid
recombination of charge carriers within the NPs. Recombination typically occurs much
faster than any photocatalytic reactions of the hot carriers, and the lifetimes (<) of
photoinduced hot electrons are inversely related to the size of the NPs. A relaxation time of
© = 1-2 ps has been observed for Au NPs with a diameter of d = 3.5 nm,153 whereas for
larger NPs (d= 15-25 nm) simulations predict t = 0.1-1 ps.102

One strategy to overcome the rapid recombination of photo-induced charge carriers in the
metal NPs is to separate them over a Schottky barrier in metal-semiconductor
heterostructures (Fig. 5). Due to their spatial separation, the reactive charge carriers can then
exist long enough to induce chemical reactions that result in the inactivation of microbial
pathogens. Bian et al. measured lifetimes of T = 10 ns for excited electrons produced in Au/
mesocrystalline TiO,.1%4 In a more extreme case where photogenerated electrons were
trapped in oxygen vacancies of a Au/TiO, system, T up to a few minutes were measured.15°
Strong and rapid microbial pathogen inactivation was observed for plasmonic Schottky
junctions. Liga et al. reported LRV = 7 for bacteriophage MS2 irradiated in the presence of
Ag/TiO, hybrid structures within 2 min.156 The hybrid structure achieved an almost 5
orders-of-magnitude improvement in bacteriophage inactivation over the TiO,
nanostructures without metallic component. Plasmon-driven charge separation across
Schottky junctions in metal-semiconductor heterostructures can also facilitate the
inactivation of microbial pathogens at much longer wavelengths than is possible for wide-
bandgap semiconductor components alone. For instance, efficient visible light pathogen
inactivation was achieved with Ag/TiO,,132.156.157 or Ag/ZnO158-160 heterostructures,
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complementing the intrinsic UV response of the wide-bandgap semiconductors. When
semiconductors with visible light response were hybridized with plasmonic components, the
resulting heterostructures achieved a broadband response, covering almost the entire visible
range of the electromagnetic spectrum.25131.161.162 Broad absorption bands in the visible
are particular useful as they can enable microbial pathogen inactivation with ambient light.

In addition to heterostructures comprising plasmonic nanomaterials and inorganic
semiconductors, combinations of noble metal NPs with carbon-based conductors have also
been explored for microbial pathogen inactivation. Xin et a/163 and Shi et a/164 achieved
the coupling of Ag NPs to reduced graphene oxide (rGO) and carbon nanotubes (CNTSs),
respectively, to engineer enhanced charge transfer and separation. Due to their excellent
photocatalytic properties, these hybrid materials achieved an efficient inactivation of £. coli
with LRVs = 6-8 within tens of minutes of visible light illumination from a Xe lamp. As
summarized in Table 2, in general, Schottky junction or other heterostructure-based systems
achieve stronger microbial PC inactivation effects (LRVs > 5) than individual metal NPs
(LRVs = 1-2). This can be attributed to (1.) the coexistence of intrinsic photocatalytic
performances of the individual components as well as synergistic effects facilitated by the
heterostructures; and (2.) the extended lifetimes of the generated reactive charge carriers and
the resulting higher and more versatile photocatalytic reactivity sustained by the
heterojunctions.

The excited e™ and h' produced in the PC inactivation mechanism can generate various redox
products through reactions with water, oxygen or other compounds of the ambient medium.
Similar as in PDCT, pathogen inactivation through PC can involve ROS generated by a Type
I direct charge transfer process, such as the electron-mediated reduction of O, into O,-~ or
the hole-mediated oxidation of hydroxides to form -OH.199.162 ROS formation through
charge transfer-mediated PC mechanisms has been confirmed through photoluminescence
spectroscopyl°8.163 or with ROS probe molecules.161:162 For instance, 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) has been used as a radical trapper for O,-~ generated from a Ag
NPs/graphitic-C3N,4 system through Type | charge transfer to oxygen.161 Six signature peaks
of the DMPO-O,-~ adduct were detected through Electron Paramagnetic Resonance (EPR).
Nitroblue tetrazolium and p-phthalic acid have also been used to monitor ROS production
through UV-vis absorption spectroscopy,162 as reactions of both compounds with ROS leads
to a decrease in their respective optical absorption signatures. ROS generated by plasmonic
nanostructures through the PC pathway are highly reactive and cause irreversible structural
damage to bacterial and fungal membranes, cell walls or intracellular components,158 as
well as to viral envelopes, capsid protein structures and/or nucleic acids.1%6

Hot holes generated by irradiated plasmonic nanostructures through the PC pathway can
react with other molecules than water, oxygen, or hydroxide anions to generate additional
reactive species with antimicrobial effect. Hou ef a/. demonstrated the formation of reactive
BrO through oxidation of bromide (Br~ + h' — Br0) and observed successful £. coli
inactivation in a Ag/AgBr/TiO, system.132 The authors reported LRV = 7 for £. coli after
110 min white light illumination with an applied bias of 0.6 V (vs. Saturated Calomel
Electrode). This bias was unable to drive the bacteria inactivation on its own, but it
facilitated a hot hole-mediated oxidative process and contributed to a higher inactivation
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efficiency for the hybrid system. In a different study, hot holes were also reported to oxidize
Ag to Ag* for subsequent ion release and inactivation of bacteria.131

The work performed so far has shown that PC inactivation is efficient for a broad range of
microbes, including Gram-positivel31:165 and - negativel32.158 pacteria, non-enveloped
viruses,90:91.156 and fungil®6, achieving high LRVs (>6) for all of these pathogen types
(Table 2). This pan-microbial effect can be attributed to the robustness of the photocatalytic
inactivation process, especially for heterostructure-based systems. Although in some cases
PC achieves LRVs of several orders of magnitude within minutes, in general, the treatment
time to achieve a particular level of microbial inactivation is longer for PC than for PDCT.
The difference in required treatment time may be attributed to several factors. The plasmon-
enhanced photoexcitation of molecular PSs in PDCT could generally occur faster and are
more efficient than the charge carrier excitation and transfer in PC. The larger size of the
reactive centers in semiconductor-metal heterostructures when compared to molecular PSs-
based hybrid systems could also contribute to a less efficient ROS generation due to the
smaller specific surface area, slower diffusion and lower charge localization. Another
potential drawback of the PC approach, in particular when metal-semiconductor
heterostructures are used, is a lower level of control over the onset of the inactivation
process, as several studies reported LRVs of 1-2 for these structures against bacterial
pathogens even in the dark.1%9.167 This light-independent inactivation is related to the
ground-state reactivity of the materials, and is likely to cause collateral damage to healthy
cells in potential /n vivo therapeutic applications.

4.1.3 Photonic Shockwave Inactivation of Microbial Pathogens with
Femtosecond Pulsed Lasers.—Femtosecond (fs) pulsed laser treatment is an emerging
sterilization technology which has been determined effective against a broad range of
microbial pathogen types.168-171 Tsen and co-workers who performed many of the early
benchmark studies attributed the inactivation to an impulsive stimulated Raman scattering
(ISRS) process.168:172.173 practical challenges for the photonic microbial inactivation
through fs-pulsed laser irradiation include the need for high fluences, especially for
operational wavelengths in the NIR. The fs-pulsed laser inactivation studies performed with
NIR illuminations so far used laser power densities ranging from hundreds of MW/cm? to
tens of GW/cm? and typically required long exposure times on the order of an hour or
longer.172.173 py|sed laser irradiation in the UV can mitigate the need for long exposure
times for some pathogen types.170171.174 The increased inactivation efficacy with fs-pulsed
UV lasers can be attributed to the UV-driven photochemistry on the surface of or inside
microbial pathogens. The exposure of biological samples to high energy UV photons can,
however, also be problematic in some applications, since important groups of biomolecules
(DNA, RNA, and proteins) have electronic absorption bands in the UV. Irradiation of
biological samples with high energy photons creates a high risk for collateral photo-
damages.

The antimicrobial effect of fs-pulsed NIR lasers, whose photon energy does not overlap with
molecular absorptions, is generally weak without any plasmonic enhancement. At sub-
GW/cm? laser power densities, NIR lasers barely induced any noticeable inactivation effect
on either murine leukemia virus (MLV) or non-enveloped bacteriophage ¢X174 (Fig. 9A,
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B).42:86.172 Even for high power densities > 100 GW/cm?, the inactivation of $X174 was
still very low at long illumination times of 120 min.88 However, their antimicrobial efficacy
can be significantly increased in the presence of resonant plasmonic NPs. Au NRs and Ag-
coated Au bipyramids (BPs) with plasmon resonances in the NIR irradiated with fs-pulsed
800 nm light were highly effective against Gram-positive and Gram-negative bacteria,
mollicute bacteria, as well as enveloped and non-enveloped viruses.86 The plasmon
enhanced fs-pulsed irradiation technique was successfully tested against MLV (LRV = 3.7
within 10s, Fig. 9A), bacteriophage $X174 (LRV > 7 within 1 min with BPs, Fig. 9B),
E.coli (LRV > 4 within 30 min), Bacillus subtilis (LRV = 3 within 20 min), and
Acholeplasma laidlawii (LRV = 6.7 within 30 min). Importantly, a non-resonant illumination
of plasmonic NPs controls barely yielded any inactivation, which confirms a strong
wavelength dependence of the photonic inactivation process.*2:86

The significant gain in inactivation for fs-pulsed NIR irradiation in the presence of resonant
plasmonic NPs has been attributed to a plasmon-enhanced generation of shockwaves.41:114
As introduced in section 3.2.4, the efficient nanolens properties of plasmonic NPs reduce the
fluence threshold required for laser-induced cavitation and shockwave generation.40:42
Several experimental observations made in fs-pulsed NIR pathogen inactivation studies that
were successfully enhanced by plasmonic NPs support the model of a shockwave-mediated
microbe inactivation mechanism. First of all, the detection of ultrasonic waves (Fig. 9C),*2
and fs-laser illumination-induced bubble formation (Fig 9D, see also supplemental video 1)
are direct indications of laser-induced cavitation. Secondly, structural damage to the
pathogens after pulsed laser inactivation with plasmonic NPs were observed, including the
perforation and fragmentation of $X174 virus particles.174 In the case of MLV, structural
damage to the viral envelope resulted in a loss in viral fusion capability and infectivity.2
These observations point toward a significant mechanical force as provided by a shockwave
mechanism. Furthermore, some experimental findings indicate that a direct contact between
NPs and pathogens is not necessary for an effective plasmonic enhancement of fs-pulsed
pathogen inactivation, suggesting a remote interaction mechanism as in the case of a
shockwave.*2 Lastly, scavenger experiments revealed that ROS, which play a central role in
PDCT and PC inactivation mechanisms, do not account for the observed pathogen
inactivation observed for pulsed lasers in the presence of resonant NPs.42

The antimicrobial effect of the plasmon-enhanced photonic inactivation approach is
particularly impressive considering that the same experimental conditions did not induce a
measurable decrease in the viability of mammalian cells (Chinese hamster ovary cells,
CHO) (Fig. 9E), or cause structural damage to monoclonal antibodies as indicated by
comparable absorption spectra before and after illumination (Fig. 9F).86 This selectivity was
attributed to a high frequency (/.e. short wavelength) cut-off frequency defined by the NP
size. The effective wavelength associated with the cut-off frequency can be engineered to be
larger than the physical dimensions of molecules and biologics, leading to a small local
gradient, and producing only small forces for objects (molecules, NPs, biologics) smaller
than the threshold wavelength. For larger mammalian cells with typical sizes of tens of
microns, the shear force associated with the shockwave distributes over a larger area,
diminishing its effect. Many microbes (virus, yeast and bacteria cells), however, lie in the
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size range between approximately 20 — 1000 nm, in which shockwaves can be expected to
be particularly effective.

4.1.4 Plasmonic Photothermal Inactivation.—Photothermal therapy is a commonly
used strategy for localized inactivation of cancer cells in a tumorl75-176 as well as for the
inactivation of bacteria and other pathogen species. Pathogenic bacteria are usually
mesophilic and can thrive between 33-41 °C.177 Higher temperatures can induce the
denaturation of proteins and inhibition of cellular functions.112 Bacterial and fungal spores
are able to endure higher temperatures.55:66 Viruses, in particular non-enveloped viruses, can
also be more resilient to heat-induced inactivation than bacteria, occasionally requiring
temperatures up to 60 — 95 °C for effective (LRVs > 3) inactivation.1”8 Photothermal heating
of plasmonic NPs and their immediate environment to temperatures above the thresholds
that induces microbial pathogen inactivation provides a light-controlled strategy of
plasmonic photothermal (PPT) sterilization (Table 3). PPT inactivation has been
demonstrated to be particularly effective against bacteria, such as £. coli, S. aureus and
MRSA, reaching LRVs > 7 in some cases for both CW visible illumination and pulsed laser
illumination.179-181 Although PPT inactivation has also been demonstrated for heat-resistant
bacteria, such as B. subtilis or thermophilic Exiguobacterium,*82 and non-enveloped viruses,
like bacteriophages MS2 and PR772,134.183 the overall efficiency of inactivation is much
lower in these cases.

Various types of plasmonic metals, including Aul34.179.182-185 gnq A 180,186,187 yjth
distinct shapes and sizes have been used to achieve enhanced PPT heating. The large
absorption cross-sections of the plasmonic NPs effectively increased the absorbed heat
power (Q) and enhanced the antimicrobial effect in these studies (see Eq. (9), (10)). An
increased specific surface area of the plasmonic NPs can also be beneficial, as it leads to
more efficient thermalization of the ambient medium. Zheng and colleagues designed two-
dimensional Pd@Ag nanosheets for efficient NIR-induced heating and PPT inactivation.8’
10 min irradiation of the nanosheets with 808 nm laser led to an increase in temperature by
19 °C in the ambient medium as well as an efficient release of bactericidal Ag*, resulting in
a complete killing of S. aureusand E. coliat 107 CFUs/mL. In another work, Quidant and
coworkers achieved efficient PPT heating and inactivation of S. aureus biofilms grown on
surgical meshes that were coated with citrate-stabilized Au NRs.87 After illumination with a
810 nm CW laser (0.435 W/cm?) for seconds, a temperature increase of 150 K/(W/cm?) was
achieved. The authors monitored the biofilm inactivation process through fluorescence
imaging of bacteria stained with a live/dead viability staining kit. The recorded confocal
images confirm that the laser illumination leads to a decrease in viable (green) cells and an
increase in dead (red) cells (Fig. 10 A-D). A quantitative analysis revealed a LRV = 1-2 for
S. aureus at the mesh surfaces after treatment (Fig. 10E). Considering the high resilience of
biofilms against conventional microbicides, PPT inactivation strategy shows potential as
sterilization strategy for surgical implants.

Engineering plasmonic nano-antimicrobials with different shapes can also broaden the
absorption band and facilitate efficient PPT heating by a wider range of excitation
wavelengths. Poletti ef a/. designed Au nanocorals that sustain large absorption and
photothermal responses from the visible region of the spectrum (568 nm) to the NIR (1000
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nm).88 A temperature increase of 15 °C was measured for different lasers in aqueous
suspensions. Porous nanostructures have also been found useful for tuning both optical and
PPT properties.181:182 Nanoporous Au nanodisks were shown to possess LSPRs in the NIR
and to provide larger absorption cross-sections and broader peak widths (Full Width at Half
Maxima, FWHM ~ 400 nm) than non-porous Au NPs.182 The porous Au nanodisks
achieved a temperature increase of 75 °C on glass upon CW NIR laser illumination, which
resulted in a LRV = 1-2 within 30 seconds for various bacteria. PPT effects obtained for on
versus off-resonance excitation have been compared in a study with DNA aptamer-
functionalized spherical Au NPs (LSPR in the green) and Au NRs (longitudinal LSPR in the
NIR) using 808 nm CW laser illumination with a power density of 1.1 W/cm?2.184 The
resonant excitation in case of 1 nM Au NRs achieved a temperature increase of 29.8 °C in an
aqueous PBS suspension after illumination for 2 min, which exceeded the temperature
change induced by the same concentration of nanospheres by more than 20 °C. Notably, Au
NRs provided an efficient inactivation of MRSA (LRV = 1-2) after 2 min. In contrast,
spherical Au NPs achieved almost no decrease in CFUs.184 These measurements confirm
that an efficient PPT effect requires a resonant excitation of the LSP.

Nanocomposites formed between plasmonic metals and broadband absorbers is another
commonly used strategy to boost PPT efficiencies. The NIR light-response and
photothermal effect of rGO was reported by Dai and coworkers in 2011.175 The combination
of rGO with NIR-responsive plasmonic metals, such as Au NRs, can increase light
absorption and heating efficiency. Szunerits and coworkers conjugated rGO through
polyethylene glycol (PEG) chains to Au NRs and demonstrated an increase in temperature
of 49 °C with pulsed laser illumination.1”® The authors achieved LRV = 7 for £.coliin only
10 min of illumination. Ag NPs have also been composited with rGO for antibacterial
applications.180.187 Although the temperature increase in both cases were lower than for Au/
rGO, efficient sterilization was still observed after visible light inactivation for a longer
period of time (LRV = 7 for £. coliafter 30 min).187 Other carbon-based absorbers, such as
carbon black, have also been used in combination with plasmonic metals.134183 An increase
in temperature of > 18 °C was observed for a Au NRs-carbon black composite after 30 min
of illumination with a sunlight simulator. This temperature increase achieved an efficient
inactivation of both bacteria (£. coli, LRV = 5) and viruses (bacteriophages, LRV > 1.3), and
facilitated the implementation of a flow-through photothermal reactor for water purification.

4.1.5 Comparison of Light-Induced Inactivation Mechanisms of Plasmonic
Nano-Antimicrobials.—All four light-induced inactivation mechanisms reviewed in this
manuscript, PDCT, PC, photonic shockwave, and PPT inactivation, have shown
antimicrobial efficacy against at least two classes of pathogens. This pan-microbial efficacy
is desirable for many applications as it facilitates the simultaneous inactivation of multiple
pathogens. Intriguingly, the photonic inactivation strategy based on fs-pulsed irradiation of
plasmonic NPs demonstrated the broadest effect against different pathogen types, 4286 while
at the same time it generated no detectable collateral damage to mammalian (CHO) cells or
antibodies as selected biologics, presumably due to a size-selectivity of the underlying
shockwave inactivation mechanism.86 This selectivity could pave a path to new broadband
sterilization technologies with minimal collateral damage to biologics and mammalian cells.
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It is challenging to achieve the same level of selectivity with PDCT, PC and PPT
mechanisms, since these pathways rely on the generation of reactive species or
hyperthermia, which can affect pathogens and healthy cells alike. The lack of specificity in
these approaches can, however, be mitigated to some degree by an active targeting of the
plasmonic NPs to microbes in order to localize the effect to the pathogens (see section 5).

Another advantage of the photonic shockwave inactivation strategy is that, compared to
other light-induced pathways, it requires relatively short irradiation times. Irradiation times
< 1 min have been shown to lead to an efficient inactivation (LRVs > 3) of the tested
pathogens. This efficiency forms a promising basis for potential /n vivo pathogen
sterilization applications for the treatment of acute microbial infections. A general drawback
of the plasmon-enhanced shockwave inactivation strategy is, however, the requirement of fs-
pulsed NIR lasers, whereas PDCT and PC can be implemented with lower power visible
light sources, which makes them more readily applicable in on-demand sterilization
applications with low power consumption and potentially utilizing ambient sunlight.

One feature that all light-dependent inactivation pathways have in common is that they can
cause significant structural damage to microbial pathogens. ROS or other reactive species
associated with PDCT or carrier-induced PC pathways lead to damages of bacterial cell wall
components as well as of cytoplasmic membrane lipids and sterols, and thus cause changes
to the surface morphology of these pathogens.129.140.158 The high reactivity associated with
the generated reactive species can result in a perforation of the cell surface after relatively
short inactivation times of a few minutes by low-power CW illumination sources (Fig. 11A,
B),118.167 whereas a complete rupture of the pathogen is possible with longer illumination
times under similar illumination conditions (Fig. 11C).16° Likewise, fs-pulsed irradiation of
NPs can cause detectable structural damage in viruses.#2:86:174 |n the case of enveloped
viruses, structural damage to bacteriophages and MLV particles has been detected by
dynamic light scattering measurements and nanopore measurements,1’4 as well as by TEM
micrographs after photonic shockwave inactivation (Fig. 11D).42

Since plasmonic NPs can simultaneously develop multiple antimicrobial photophysical
responses, “multimodal” inactivation pathways are possible in which multiple responses co-
exist and potentially sustain mutual enhancement. For instance, as energy dissipation can
lead to both increased temperature and hot electron generation, PPT and PC pathways can
co-exist. This has been demonstrated in metal/semiconductor heterostructures,181.186
Similarly, PDCT and PPT can coexist in metal/photosensitizer systems.89.119.129.139,190 The
rapid (10 min to 1 hour) and effective (LRVs>3) inactivation associated with the coexistence
of multiple inactivation mechanisms demonstrated in previous studies justifies the interest in
multimodal inactivation approaches for maximizing the efficiency of microbe inactivation.

4.2 Light-Independent Inactivation Pathways

Plasmonic nano-antimicrobials can also affect microbes and microbial infections through
light-independent mechanisms. This is because plasmonic NPs can have additional non-
plasmonic antimicrobial effects that derive either from their nanoscale size, surface charge
and surface affinity, or from light-independent chemical reactivity. These processes can
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occur separately, collectively, or in combination with light-induced pathways for a
synergistic gain in inactivation efficacy.

The best-known light-independent antimicrobial effect is the wound-healing effect of Ag,
which can be traced back to Hippocrates 400 B.C..191 In more recent times, additional
modes of light-independent microbe inactivation have been proposed for Ag and other
plasmonic nanostructures (Fig. 12A).5192 Firstly, the binding of NPs to pathogens surface
components through covalent, van der Waals, electrostatic interactions, and/or hydrogen
bonding can perturb important microbial functionalities. Ag and Au NPs can bind to thiol-
containing surface proteins, such as surface sensor proteins, and disrupt disulfide bonds and
damage cellular binding and sensing functionalities on pathogen surfaces.191 Ag NP binding
to cysteine residues in the envelope glycoprotein gp120 of HIV-1 has been observed to block
gp120/CD4-mediated virion binding, fusion and infection.193 It was demonstrated that Ag
NPs achieve a high percentage of fusion inhibition between HIV-1 envelope protein
expressing cells and CD4-presenting cells (Fig. 12B). In comparison, the well-known
antiretroviral drugs UC781, AZT and Indinavir, did not inhibit fusion in this cell-based
fusion mimicking assay.193 In another work, Broglie et a/. also attributed the inactivation of
non-enveloped norovirus by Au/Cu$S core/shell NPs to the binding of the NPs to the viral
protein capsid.194

Plasmonic nano-antimicrobials with rationally engineered surface ligands can target
important pathogen surface functions. Adhikari et a/. used polythiophene-conjugated Au
NPs (AuNP-PTh) for targeting Gram-negative bacteria species and to induce damage to the
outer cell membranes.195 Loss in membrane polarization and membrane damage were
observed in this work for £. coli after treatment with AUNP-PTh, as indicated by a
membrane potential-sensitive probe. The AUNP-PTh-induced membrane permeability
facilitated a synergistic enhancement of the antibacterial effect of the hydrophobic antibiotic
erythromycin and led to an effective inhibition of the growth of both planktonic bacteria and
biofilms.195 Stellacci and coworkers utilized thiolated mercapto-undecanesulfonic acid
(MUS)-capped Au NPs to mimic viral attachment ligands based on heparan sulfate
proteoglycans (HSPG) (Fig. 12C).19 Compared to known HSPG-mimicking linkers such as
3-mercaptoethylsulfonate (MES), MUS are longer and can sustain multivalent binding. The
MUS-functionalized Au NPs exhibit high binding affinity and, importantly, strong non-
reversible MUS-Au NP binding was demonstrated to cause local deformations of the viral
capsid. MUS-Au NPs were effective in preventing the initial step of virus-cell binding for
both enveloped and non-enveloped viruses that rely on HSPG as viral attachment factor.196
Other capping ligands, such as thiolated amino-substituted pyrimidines, have been shown to
induce membrane damage to Gram-negative bacteria by perturbing Mg?* chelation and
sequestration.197

Surface charge-mediated electrostatic interactions represent another mode of pathogen
binding by plasmonic NPs. The charge of the NPs is an important factor that influences the
mechanism by which NPs can cross cell walls and membranes. Membrane reflectivity
profile characterizations indicate that positively capped Au NPs are more likely to penetrate
zwitterionic artificial bilayer lipid membranes than negatively capped Au NPs.198 The
surface charge of Au NPs has also been shown to affect the Gram-selectivity in bacteria
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inactivation. Grzybowski and coworkers explored the effect of different ratios of positively
and negatively-charged surface ligands on the antibacterial efficacy of Au NPs.199 The
authors demonstrated that Au NPs capped with a higher ratio of positively-charged ligands
are more effective against Gram-negative bacteria, whose surfaces are considered more
negatively charged due to the presence of lipopolysaccharides and phospholipids in bacterial
membranes.%2 NPs capped with a higher ratio of negatively-charged ligands were found to
favor interactions with and inactivation of Gram-positive bacteria (Fig. 12D).

Detrimental interactions between NPs and pathogens are not limited to surfaces, as NPs,
especially those with small diameter, can enter pathogens under some conditions. For
instance, Ag NPs with diameters between 1-10 nm were demonstrated to enter bacterial
cells where they can bind to and perturb intracellular components due to their high specific
surface area and surface charge.290

One other notable property of plasmonic metal nanostructures, particularly those from Ag, is
cation release through oxidative dissolution. Release of Ag™ from Ag NPs usually occurs in
two steps: (1.) formation of an oxide layer upon interaction with O, or H,0O; and (2.) cation
dissolution into the aqueous phase when the oxide layer interacts with protons.20 Oxidative
dissolution is spontaneous and can occur without any photoexcitation. Although the kinetics
of this process is slow in neutral pH, it can be accelerated by photocatalysts,131:132 or other
factors such as irradiation, lower pH, elevated temperatures, or applied voltage.87:118.201
Other plasmonic metals, such as Cu and Al and even Au, have also been observed to release
cations into the aqueous solution under specific conditions.128:202-204 The released cations
can directly bind to pathogen surface components and cause surface structural damage to the
microbial pathogens.194.205.206 Dye to their relatively small ionic radii, metal cations, such
as Ag+ and Cu?*, can enter bacterial cells through porins2%7 and perturb intracellular
processes, for instance, by denaturing enzymes and proteins. Metal cations have also been
found to synergistically interact with other antibacterial agents, such as molecular
antibiotics. Morones-Ramirez et a/. demonstrated that Ag* enhances the effectiveness of the
antibiotic vancomycin for sterilizing Gram-negative bacteria by increasing the membrane
permeability.191

The light-independent ground-state chemical reactivity of M(0)-M"* redox pairs can induce
oxidative stress in pathogens through formation of reactive species, such as ROS and SO,4-~.
These species can cause structural damage on the surface as well as in the interior of
pathogens.140.194.204,208,209 ROS formation associated with Ag NP binding to Gram-
negative bacteria strains of £. coliand £ aeruginosa was found to damage the bacterial cell
membrane, as indicated by a reduced negative surface charge of the bacteria.2%8 These
damages can lead to an increase in membrane permeability and leakage of cell contents and
impede normal cell metabolomic functions, such as ion uptake and osmosis. Eventually,
these effects can result in bacterial cell death,206-208.210

One important challenge associated with light-independent pathways of plasmonic NPs that
involve M™*-associated mechanisms is the development of microbial metal resistances.
Upregulation of various antioxidant genes as well as metal transport, metal reduction and
ATPase pumps-encoding genes have been observed in £. coli after treatment with Ag*
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released from Ag NPs embedded in a zeolite membrane.?!1 Increase in antioxidant enzyme
activity, for instance by catalases, and metal cation-reducing capability were also recorded in
MRSA after Ag* treatment.210

4.3 Plasmonic Nano-Antimicrobials for Delivery and Controlled Release of Microbicides

Plasmonic nanostructures and composite structures containing plasmonic NPs also represent
effective nanocarriers for antimicrobial drugs or biologics. Various composite structures
based on plasmonic NPs and polymers,19212 |ipid,118.213 core-shell 214215 or MOF1®
architectures have been designed to achieve an efficient loading with and delivery of
antimicrobials. It is, therefore, conceivable to enhance the antimicrobial function of
plasmonic nano-antimicrobials with microbicides contained in and released from the NPs.
Importantly, the photocatalytic and photothermal properties of plasmonic NPs discussed
above in the context of microbe inactivation can also enable unique mechanisms for
controlling the release of antimicrobials from plasmonic NP-based or -containing
nanocarriers. The combination of microbicides with plasmonic delivery platforms can
enhance the efficacy and selectivity of the antimicrobial effect of both components, and
potentially minimize “collateral damage” to healthy cells in /n vivo applications.

Plasmonic nano-antimicrobials have been combined with conventional molecular antibiotics
for bacteria inactivation applications. In these studies, the plasmonic NPs not only served as
carriers for delivery of antibiotics, but also enhanced the antibacterial effect of the
antibiotics.191.195.216.217 Detajled analyses revealed that the gain in efficacy in these studies
arises primarily from an increase of bacterial membrane permeability caused by metal NP or
cation binding. Wang et a/214 and Song er a/.?15 used mesoporous silica NPs (MSNs) with
Ag cores as carriers for levofloxacin (LEVO), a common antibiotics that functions through
inhibition of DNA gyrase and topoisomerase IV. Spontaneous release of LEVO and Ag*
from the NPs achieved an efficient inactivation of drug-resistant £. coliboth in vitroand in
vivo due to the Ag*-mediated increase in cell membrane permeability that enhanced uptake
of LEVO. Importantly, Wang et al. demonstrated an effective /n vivo treatment of £. coll-
induced peritoneal infection in mice (Fig. 13A).214 Mice treated with Ag NP
cores@MSNs@LEVO at concentrations of 160 pg/mL or above demonstrated the highest
survival rate compared to control groups (Fig. 13B, C), as well as a much reduced bacteria
load (LRV = 3) in the peritoneal cavity after 72 hours of treatment (Fig. 13D). Hematoxylin-
eosin (H&E) staining tests performed on the spleen and peritoneum of infected mice showed
enlarged lymphoid nodules (yellow arrows) and inflammatory cells (green arrows) after
infection. Both features diminished and dropped to normal levels within 72 hours after
treatment with Ag@MSNs@LEVO (Fig. 13E).

In a different work, Webster and colleagues synthesized a methoxypoly(ethylene glycol)-
poly(D)-(L)-lactic acid (MPEG-PDLLA) diblock copolymer polymersome embedding Ag
NPs in the hydrophobic regions and ampicillin in the hydrophilic region for the inactivation
of genetically-modified ampicillin-resistant £, coli (Fig. 14A).212 The authors found that the
Ag NP-polymersomes engage in hydrophobic interactions with the outer cell membrane of
E. coli, which results in Ag NP-induced bacterial membrane damage and disabling of drug-
resistance mechanisms based on membrane barrier effects or efflux pumps.

Nanoscale. Author manuscript; available in PMC 2022 February 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

An et al.

Page 23

The versatile photophysical properties of plasmonic nanostructures enable unique
mechanisms for controlling the microbicide release from plasmonic NP-based carriers. E-
field-enhanced photoreactivity, for instance, represents one strategy of visible light-induced
release. A hybrid plasmonic photoreactor design containing photosensitizer [Ru(bpy)s]%*
integrated into a membrane around a Ag NP core has been proposed as E-field-enhanced
nano-antimicrobials (Fig. 14B).118 The hybrid photoreactors facilitate a light-controlled
photoreactive release of Ag* and [Ru(bpy)3]* to inactivate both Gram-positive and -
negative bacteria through PDCT and light-independent Ag™ reactivity. The photoreactors
were shown to be biocompatible and possess no observable inactivation effect in dark.
Visible light illumination triggers, however, the plasmon-enhanced photoreactivity of
[Ru(bpy)s]?*, initiates the generation of ROS and induces the peroxidation of the
photoreactor lipid architecture. These processes led to a permeabilization of the lipid
membrane around the Ag NP (Fig. 14C) and resulted in the release of both Ag* and
[Ru(bpy)s]2* into the surrounding medium, where they can synergistically interact to
inactivate bacteria. Importantly, the rate of release of reactive compounds from the hybrid
NPs was shown to depend on the composition of the lipid architecture. A higher
concentration of unsaturated lipids or cholesterol in the Ag NP encapsulating membrane
favored membrane peroxidation and a higher rate of cation release (Fig. 14D). This
plasmonic photoreactor concept was demonstrated to achieve LRVS > 7 for Gram-positive
Arthrobacter sp. (Fig. 14E) and LRV =~ 4 for Gram-negative £. coli after 1 hour of low
power (9.76 mW/cm?) visible light illumination. Importantly, this hybrid system also
achieved an effective inactivation of Arthrobacter sp. biofilms.

Controlled release has also been initiated in some cases by pathogen-induced chemical
signals. Zhang and colleagues designed a bacterial toxin-triggered bactericide release
pathway from vancomycin-encapsulated liposomes decorated with chitosan-modified Au
NPs.213 The chitosan-Au NPs effectively prevented the fusion of liposomes and undesirable
release of loaded vancomycin in the absence of bacteria. However, in the presence of
bacteria, the secreted bacterial toxin inserted into the liposome to form pores that led to the
release of antibacterial drug for an effective inactivation of MRSA. Another effective
pathogen-induced release pathway involves secretion of hyaluronidase (Hyase) by bacteria
and the resulting selective degradation of HA scaffolds assembled around NPs in close
vicinity of a bacterial target. To exploit this effect, a Ag-infused PCN-224 MOF architecture
with HA coating (PCN-224-Ag-HA) was designed for the inactivation of MRSA (Fig. 14F).
15 1n the absence of the bacteria target, the negatively-charged HA prevents release of the
cation, whereas damage to the HA coat layer induced by Hyase initiates release of
microbicidal Ag*, as indicated by Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES) measurements (Fig. 14G). The PCN-224-Ag-HA architecture
achieved an efficient inactivation of MRSA /n vitro after visible light illumination with a
halogen lamp for 15 min (Fig. 14H). The NPs also demonstrated an effective healing of
MRSA infected wounds in mice.
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5. Plasmonic Nano-Antimicrobial-Enabled Pathogen Sensing for
Diagnostic and Theranostic Applications

The large optical cross-sections and E-field localizing properties of plasmonic NPs facilitate
new microbe inactivation strategies, and can, at the same time, be utilized for enhancing
pathogen imaging and sensing capabilities. The possibilities to enhance optical microscopy
and spectroscopy in the vicinity of plasmonic NPs and to use the strong optical signal of the
NP plasmon as transducers provide sensitive microbe detection and quantification
modalities. These pathogen sensing modalities cover a broad range of microbe species, and
are typically fast, sensitive and non-invasive. They generally require little or no sample
preparations and rely on signal amplification mechanisms rather than sample amplification.
These approaches represent important alternatives to conventional detection and
quantification strategies for microbial pathogens or their components, such as enzyme-linked
immunosorbent assay (ELISA) and quantitative polymerase chain reaction (qPCR).218.219
Sensitive detection modalities that are selective, easy and fast facilitate an early detection of
pathogen contaminants in food and water and on surfaces, and can thus make an important
contribution to preventing dangerous infections. Furthermore, the ability to simultaneously
detect, quantify and inactivate microbes with plasmonic NPs paves the path to targeted
therapeutic or theranostic applications of nano-antimicrobials.

5.1 Surface Enhanced Raman Spectroscopy for Pathogen Sensing

Surface Enhanced Raman Spectroscopy (SERS) utilizes the strong E-field-enhancement
provided by oligomers or clusters of plasmonic NPs to amplify Raman signal intensities,
which scale with the fourth power of the E-field.36:51.220 Tip-Enhanced Raman
Spectroscopy (TERS) is a special form of SERS which rasters an E-field enhancing probe
over a sample of interest using an Atomic Force Microscope. This approach achieves a local
enhancement of Raman scattering intensity and facilitates the acquisition of spatially
resolved SERS spectra.221-223 SERS can be used to characterize the intrinsic vibrational
modes of microbes in a label-free manner, or to detect molecular vibrational SERS labels
with high signal intensities and spectral precision. In both cases, SERS characterizations and
the detection processes are fast and non-invasive.

SERS spectra recorded on nanostructured plasmonic metal substrates have shown great
promise for the reliable identification and discrimination of microbial pathogens in a label-
free fashion.50:51.224.225 premasiri er al. discovered strong contributions from metabolites of
purine degradation, such as adenine (correlated with S. aureus NCTC 8325), hypoxanthine
(E. faecalis ATCC 29212) and xanthine (A. baumannii ATCC 17978) in the SERS spectra of
different bacteria.226 Popp and colleagues also utilized the plasmonic enhancement provided
by Ag colloid-based microfluidic chips for the detection and discrimination of nine £. coli
strains.227 However, as the chemical composition of microbial pathogens is complex,
specific peaks cannot necessarily be attributed to one molecular group due to a spectral
overlap of multiple compounds. Consequently, chemometric data analyses and machine
learning methods, such as hierarchical cluster analysis (HCA)228.229 and principal
component analysis (PCA),50:51.224,230 are commonly used to identify spectral patterns and
to identify differences between bacteria samples. These analytical methods have been
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combined with SERS measurements on colloidal plasmonic NPs,227:231 aggregated NP
films,229.232 rationally designed Au NP arrays®0:51.233 and Ag cylindrical nanotrough
networks?24 for effective detection and discrimination between different types of bacteria. In
the latter case, SERS spectra (Fig. 15A) and PCA (Fig. 15B) revealed significant differences
in the Raman signatures of (1.) £. coliK12 (red) or its derivative DH 5a E (blue) from (2.) a
different type of £. colistrain BL21 (DE3) (green). Wu et al. utilized vancomycin-
functionalized Ag NR arrays as SERS substrate for the detection and identification of six
food-borne bacterial pathogens in mung bean sprouts samples.239 The intensity of the ring
breathing and N-H wagging mode of adenine as well as a PCA analysis of the bacteria
spectra were used to distinguish between different species. The measured peak intensities
were utilized to determine the concentrations of pathogens. Limit of Detection (LOD) = 100
CFU/mL was achieved within 4 hours, including the time required to process the food
samples and to perform the Raman data acquisition.

A combination of SERS spectroscopy and deep neural network model analyses has been
successfully used to assess the bacterial susceptibility to antibiotics.234 The ability to rapidly
differentiate susceptible and resistant bacterial strains is extremely useful for preventing
excessive administration of antimicrobial drugs, and for monitoring antimicrobial processes.

Label-free SERS sensing has also been utilized for the detection of bacterial spores. As an
example, SERS signatures in the 300-2000 cm™! spectral range were used to detect single
optically trapped Bacillus spores and to differentiate between two different Bacillus
stearothermophilus spore strains.23% TERS in combination with PCA has also been applied
for Raman imaging of B. subtilis spores.22! The imaging studies revealed that the spores
contain relatively large concentrations of amino acids tyrosine and cysteine.

The spectral fingerprints of different viral222:225.236 or fungal237 species have been recorded
with regular Raman spectroscopy, SERS or TERS. The Popp group monitored the TERS
signatures of tobacco mosaic viruses (TMV) with a spatial resolution of less than 50 nm,
allowing acquisition of molecular vibrational information at single virus level.222 Ray and
colleagues demonstrated effective detection of non-enveloped rotavirus22® and enveloped
mosquito-borne flaviviruses,238 including West Nile virus (WNV) (Fig. 15C) and Dengue
virus (DENV) (Fig. 15D), with antibody-conjugated Au NPs. For the flaviviruses, they
determined that the amide band at 1680 cm~1 and the —~CH, deformation band at 1450 cm~1
are unique to WNV, whereas the skeletal mode at 420 cm~! and CH3 rocking modes at 950
cm~1 are unique to DENV. These bands were used for the quantification of the viral particles
and an LOD of 10 PFU/mI was achieved.

In addition to utilizing the intrinsic Raman signatures of pathogens for detection and
identification, Raman labels like Cy3,238 malachite green isothiocyanate (MGITC),231.239 4.
mercaptobenzoic acid (4-MBA),240 etc. have also been combined with plasmonic NPs to
generate highly selective SERS pathogen detection modalities. Multiple molecular
recognition mechanisms have been proposed to facilitate the specific binding of Raman
labels to pathogens or pathogen-associated molecules. One notable example is the use of
nucleotide base pairing between target strands of pathogenic nucleic acids and single-
stranded DNA or RNA-modified plasmonic NPs. Mirkin and coworkers utilized
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complementary base pairing between (1.) single-strand DNA targets, (2.) probe strands
conjugated to Ag SERS substrates, and (3.) single-strand nucleic acid modified Au NPs
containing a specific Raman tag (Cy3) for target detection via SERS.238 A successful
binding event results in the SERS enhancement of the signals from the Raman tag, which
can be calibrated to quantify the binding. As nucleic acids define the genetic information
that are unique for each pathogen species and strain, this approach provides a basis for an
accurate and sensitive detection and identification of pathogens. Li ef a/. designed Ag
nanorice cores@MGITC Raman label@SiO, shell nanostructures for detection of Hepatitis
B Virus (HBV) DNA (Fig. 15E).239 The composite nanostructures were conjugated to the
reporter DNA oligonucleotide, and significant SERS enhancement was achieved through
annealing of the MGITC-tagged probe strand to the target strand immobilized on a Au
nanoarray. The SERS intensity of the MGITC 1335 cm™1 band was monitored and calibrated
to achieve a LOD of 50 aM. The high sensitivity of the approach made it possible to
distinguish the target DNA from DNA strands with a single base mismatch.

In addition to base-pairing between complementary nucleic acids, other recognition
mechanisms based on antibody-antigen binding?4? or formation of coordination bonds241
were also successfully implemented to bind Raman reporter tags to NPs and to generate a
SERS signal. Wang et a/. utilized boronic acid-containing 4-mercaptophenylboronic acid (4-
MPBA)-modified Ag NPs to complex the peptidoglycans in the bacterial cell wall.24! Both
the SERS signatures of 4-MPBA and the intrinsic fingerprints of £. co/iand S. aureus were
identified in the recorded SERS spectra. The authors demonstrated a high SERS sensitivity
(102 CFU/mI) for both species with high reproducibility. Notably, the 4-MPBA-modified Ag
NPs also exhibited good antibacterial properties. A reduction of the bacterial load by 97%
was demonstrated, which indicates potential for the theranostic treatment of bacterial
infections.

5.2 Plasmon-Enhanced Fluorescence for Pathogen Sensing and Targeted Therapeutics

As introduced in section 3.2.1, plasmonic E-field and LDOS enhancement can lead to an
increased emission of quantum emitters located in the hot spots around plasmonic
nanostructures.?4-96 Such enhancement effects have been exploited for fluorescence (FL)
microbial pathogen sensing with a wide range of fluorescent labels, including dye
molecules,%495.242 flyorescent proteins,243.244 carbon nanotubes, 24> quantum dots (QDs),
246-248 and others. Similar to SERS sensing with Raman-active tag molecules, plasmon-
enhanced FL sensing requires the combination of the plasmon-enhanced transducer with a
molecular recognition element to generate a functional sensor. Recognition strategies such
as electrostatic interaction, 24 nucleic acids base pairing,242 as well as antibody?24%:250 or
other forms of protein binding?44248 have been applied, and sensing of various bacteria and
virus species were achieved with LODs ranging between 10 — 100 CFUs/mL or PFUs/mL.
E. Y. Park and coworkers designed immunofluorescence sensors based on antigen-antibodies
interactions.2°0 The authors achieved a selective co-binding of CdSeTeS QDs and Au NPs as
source of fluorescence and as enhancement factor, respectively, on influenza HIN1 virus
surfaces (Fig. 16A). The authors observed a linear increase of photoluminescence intensity
as a function of virus particle concentration (Fig. 16B), which enabled LODs of 0.03 pg/mL
in water and 0.4 pg/mL in human serum. In two other reports from E. Y. Park’s group, the
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reduction in FL intensity due to virus binding-induced steric hindrances was utilized for
detection purposes. CdSeTeS?%! or CdZnSeS/ZnSeS246 QDs were conjugated to Au NPs
through an intermediate peptide linker, which also contained aspartic acid moieties with
carboxyl groups. The latter allowed the conjugation of monoclonal antibodies against anti-
influenza virus A/H1N1 hemagglutinin protein (Fig. 16C). Binding of virus particles to the
antibodies increased the steric hindrance and the average length of the peptide linker, which
reduced the plasmonic enhancement of the FL intensity from the QDs. This decrease was
calibrated to determine the virus concentration (Fig. 16D), resulting in a LOD of 17.02
fg/mL for HIN1 virus and 12.1 fg/mL for norovirus-like particles.

In addition to plasmonic enhancement of fluorescence, the quenching of luminescence
intensity by metal NPs at short separations has also been used to monitor pathogen
concentrations. Chen and coworkers synthesized Au NP-QD nanoclusters, in which the QD
photoluminescence signal was efficiently quenched by the small Au NPs (diameter < 10
nm). Binding of HBV in this study triggered the disassembly of the nanocomplex, resulting
in a strong increase in the luminescence signals of the QDs.252

As some fluorescent molecules are also effective PSs, simultaneous FL sensing and plasmon
enhanced PDCT inactivation can be applied as targeted therapeutics, as well as for the
theranostic treatment of microbial infections. Wang et al. utilized Ag NPs functionalized
with conjugated polyelectrolytes (CPs) composed of a backbone and hydrophilic side chains
to capture £. coli2*9 The LSP of the Ag NPs achieved an efficient increase in both FL
intensity and ROS generation of CPs. CPs sustain a radiative decay and fluorescence
emission at 427 nm, which can be enhanced by the Ag LSP upon binding with target
bacteria on the Ag NPs substrate. CPs can also sustain fluorescence resonant energy transfer
(FRET) between different CP ligand units, which is detected as an emission at 663 nm. As
the FRET emission is decreased upon pathogen binding due to less CPs aggregation, the
ratio between FL emission intensity at 427 nm and at 663 nm can be used as metric for
bacteria binding. The authors successfully tested the detection capabilities of the sensor with
E. coliin the range of 10° — 108 CFUs. Moreover, generation of ROS and PDCT-induced
bacteria inactivation with LRV = 2 after only 5 min of low power (20 mW/cm?) white light
irradiation were also reported in this work. Importantly, the FL sensing of ROS formation
can also provide an effective approach to monitor and track the plasmonic PDCT
inactivation efficacy (see section 4.1.1).97:98.129 |n particular, the works of Heyne and
colleagues with Ag NP or nanocube-enhanced Rose Bengal demonstrated both strong
distant-dependent plasmonic enhancement of 10, luminescence and efficient killing of S.
aureus and E. coli, which paves the way to an efficient theranostic strategy against bacterial
infections.97.98

5.3 Microbial Pathogen Detection Based on LSPR and Colorimetric Sensing

Due to the refractive index dependence of the LSPR (see Equations (3), (4)), plasmonic NPs
functionalized with specific microbial recognition elements facilitate LSPR sensing of
pathogens. The binding of pathogen cells, viral particles, or molecules associated with the
microbes increase the local refractive index around the NPs23 and, consequently, induce a
red-shift of the LSPR peak.254-256 Therefore, the spectral shift is an important transducer for
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sensing purposes. For instance, the longitudinal plasmon mode of antibody-functionalized
Au NRs, whose LSPR was centered at 700 nm, showed a red shift of 6 — 20 nm after
addition of HBV as antigen, corresponding to an effective detection range of 0.01 — 1 IU/mL
(Fig. 17A).254 LSPR spectral shifts and associated colorimetric changes can also occur when
the plasmonic NPs aggregate due to interactions with microbes or microbial metabolites.
Nath et al. utilized dextran-coated Au NPs for bacteria (£. coli) detection in the presence of
concanavalin A (Con A) and carbohydrates.257 In the presence of low concentrations of
bacteria, large NP clusters were formed from dextran-coated Au NPs due to Con A-mediated
cross-linking of bacteria, dextran-coated Au NPs and carbohydrates, resulting in a detectable
(> 4 nm) spectral shift of the Au LSPR. In the presence of a larger concentrations of
bacteria, the carbohydrates were consumed by the bacteria, resulting in the formation of
smaller clusters and a smaller (2—-4 nm) shift of the LSPR peak. The work performed so far
illustrates the versatility of the LSPR as observable to monitor even low concentrations of
pathogens, which is highly beneficial for assessing the efficacy of antibacterial strategies.

In addition to inducing a spectral shift of the LSPR peak position, analyte binding to NPs
can also increase both absorption and scattering intensities, which can be calibrated and used
for sensing and quantification purposes.25°:258-260 Yoo et a/. and Lee et a/. used DNA
aptamer-conjugated Au-coated silica NPs and hollow Au spike-like NPs for bacteria and
avian influenza H5N1 virus detection.2%5:259 |n both cases, the binding of target pathogens
led to a measurable increase in extinction, which was calibrated to quantify bacteria with
LODs between 10 and 3x10% CFU/ml, or H5N1 virus hemagglutinin protein with
concentrations > 1 pM.

Some fungal and bacterial species have shown to assist the growth of various shapes of
plasmonic metal nanostructures from metal ions, which provides an alternative strategy to
detect and identify microbial pathogens through shape and optical properties of the
generated nanoparticles. The pathogen-induced formation of NPs with different shapes was
attributed to the reductive effect of enzymes such as reductases and the presence of various
macromolecular compounds or ligands for NP capping.2%1 Tian and colleagues applied this
approach for the colorimetric sensing of fungal species using a colloidal Au diagnostic
reagent.252 In the presence of the fungal target, the shape of the Au NPs quickly changed
from spheres into nanostars within 2 minutes through an unknown mechanism, leading to
huge changes in the absorbance spectra and manifesting a color change of the colloid from
red to blue (Fig. 17B). An LOD of 10 CFU/mL was achieved for the fungus Aspergillus
niger. Interestingly, the structural and colorimetric changes observed in this work were
specific to a few tested spore-forming fungi. Changes in the environmental conditions such
as salt concentration, or the presence of other types of microbes obstructed the unique shape
and colorimetric responses of the NP sensors.

5.4 Electrochemical Pathogen Sensing with Plasmonic Nanostructures

The electrical conductivity and electrocatalytic performance of plasmonic NPs also enables
an effective electrochemical (EC) probing of microbial pathogens. EC pathogen sensing is
typically accomplished through monitoring of the impedance before and after binding of
pathogen or pathogen components,258:263-265 and/or measurement of the current at defined
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potentials produced by chemical redox reactions associated with the binding process.266-270
Changes in impedance can be monitored by Nyquist plots measured from Electrical
Impedance Spectroscopy (EIS). The surfaces of microbial pathogens have low conductivities
and generate an increase in the charge transfer resistance (Ry) at the electrode-electrolyte
interface. The increase in resistance can be correlated with pathogen concentrations for
quantification purposes. Wang and colleagues observed a linear relationship between R of
a doxorubicin-conjugated Au NP-modified electrode and the CFUs of £. coli on a decadic
logarithmic scale: R=24.45 x logg CFU - 142.82 (R=0.998) (Fig. 17C).255 This calibration
enabled a detection limit of 150 CFU/mL with a signal-to-noise ratio threshold of 3. Similar
linear relationships between the R¢; from EIS measurements and the logig concentration
have been reported for the Zika virus envelope protein253 and single-stranded DNAZ264 of
HBYV on Au NPs-modified electrodes. The LODs were given as 10 pM and 1 aM,
respectively.

The selective binding of microbial pathogens, antigens or nucleic acids to plasmonic
nanostructures can initiate various catalytic or enzymatic reactions. These reactive processes
can in turn result in amperometric responses, which can serve as another type of
electrochemical signal for pathogens. This approach typically involves the combination of
plasmonic NPs with catalysts and reactants into reactive platforms. For instance, single-
stranded DNA strands conjugated to magnetic Fe,O3@Au core-shell NPs conjugated were
used as capture probes to bind specific target £. co/iDNA. The E. coli DNA subsequently
bound to another reporter probe strand that immobilized horseradish peroxidase (HRP) on
the NPs (Fig. 17D).267 The magnetic NPs were collected onto the electrode through
application of an external magnetic field, and the HRP was then used to catalyze the
reduction of hydrogen peroxide contained in the electrolyte, which resulted in a detectable
current. Stable electrochemical signals were obtained within a matter of seconds (Fig. 17D,
bottom left). An LOD of 0.01 pM of DNA target and 500 CFU/mL bacteria was
demonstrated within an incubation time of 2 hours. The LOD was further improved to 5
CFU/mL by increasing the incubation time to 4 h. This reaction was also utilized in another
study where antibody-conjugated rGO-Au@Pt nanocomposites were adopted to bind E. coli
antigens and to act as catalyst for the reduction of H,O,. The sensor achieved a LOD of 450
CFU/mL.266 Other examples of catalyzed reactions exploited as source for electrochemical
current include the electrochemical oxidation of disulfide bonds268 and the enzyme-
catalyzed reduction of p-aminophenyl phosphate to p-aminophenol.26% These reactions were
applied for the detection of Human Immunodeficiency Virus-1 (HIV-1) and avian leukosis
virus subgroup J (ALV-J), respectively. For the latter case, the current signal was further
enhanced through p-aminophenol-mediated Ag(0) deposition from Ag™.

5.5 Plasmon-Enhanced Photoacoustic (PA) Imaging

The photophysical properties of plasmonic nanostructures also provide a promising strategy
to enhance the contrast in photoacoustic (PA) imaging. PA imaging relies on the emission of
untrasound from plasmonic NPs or other photoacoustic contrast agents, and has been applied
in imaging mammal tissues and cancers in vivo.2"1272 |n the context of plasmonic nano-
antimicrobials, PA imaging has been utilized mostly to monitor bacterial inactivation. A Ag-
capped Au NR system was designed to monitor Ag* release in antimicrobial applications.2”3
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The Ag deposited on the Au core prevents an efficient NIR excitation and PA emission from
the Au NRs when the structure is intact, but the dissolution of Ag upon addition of a Ag
etchant initiates both the PA emission from Au NRs as well as an antimicrobial effect of Ag*
against MRSA. Au@Ag nanoplates have been used in theranostic applications to disinfect
E. coli-induced wounds in mice and to simultaneously monitor the wound healing through
PA imaging.185 The PA signals from the wounded mice treated with Au@Ag nanoplates
revealed a quicker wound healing than for Au nanoplate controls. This difference was
attributed to the photothermal and light-independent antimicrobial effect of the AU@Ag
nanoplates. In another study, Lu et al. exploited Au NPs functionalized with P1 peptides for
the treatment and PA imaging of S. aureus-induced wounds in mice.2”* The P1 peptide
facilitated the targeting of S. aureus cell walls with NPs. Hydrogen bonding between P1
peptide ligands also induced clustering of Au NPs for higher PA contrast. In general, direct
PA sensing of microbes is limited by the low intensities of PA emission from discrete NPs.
But NP clustering!85:274 or increased absorption by both the plasmonic NPs and the
surrounding medium?271:275 could provide potential experimental strategies to enhance the
contrast.

5.6 Summary of Plasmonic Nano-Antimicrobial-Based Microbe Sensing Strategies

Table 4 provides an overall summary of the LSP-enabled microbial pathogen sensing
techniques covered in section 5. LODs up to 10 CFU/mL or PFU/mL for microbes and/or
attomolar-scale concentrations for molecular microbial biomarkers have been accomplished
for various sensing modalities, including SERS, FL, LSPR and EC; while the PA strategy
have primarily been used for qualitative imaging and diagnostic applications. SERS, FL,
LSPR and PA have all demonstrated great promises for large-scale /n vitro as well as
potential /7 vivo sensing. In particular, SERS and TERS sensing of the intrinsic Raman
features of microbes or microbial components can allow for label-free sensing of the
pathogens with high sensitivity. Simultaneous microbe monitoring through SERS and FL,
and inactivation through PDCT, PC or additional have been achieved, facilitating a
theranostic application of the plasmonic nano-antimicrobials in treatment of microbe-
induced diseases.

6. Summary and Outlook

In this manuscript, we have reviewed the photophysical properties of plasmonic nano-
antimicrobials and their relevance to the detection, quantification and inactivation of
microbial pathogens. The studies performed so far show that plasmonic NPs are
instrumental in microbial inactivation through different pathways. Plasmonic NPs can
themselves sustain both light-dependent and -independent inactivation mechanisms, or
provide delivery and controlled release pathways for molecular microbicides. Furthermore,
as plasmonic nanostructures, in general, can also enable enhanced microbe detection and
identification, they provide unique opportunities to minimize exposure to microbial
pathogens. Plasmonic nano-antimicrobials that combine microbicidal and diagnostic
functionalities have also led to theranostic applications, in which simultaneous detection,
monitoring and inactivation of microbes are achieved.
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Table 5 compares the properties of plasmonic nano-antimicrobials with other antimicrobial
strategies, including conventional sterilization techniques such as UV treatment or
autoclaving, other nanoscale antimicrobials such as semiconductors and MOFs, molecular
antimicrobial drugs or antimicrobial peptides, and macroscale antimicrobial materials such
as antimicrobial coatings. Plasmonic nano-antimicrobials have proven effective against a
broad range of microbial pathogens. A microbicidal effect with LRVs > 3 was achieved for
Gram-positive, -negative and mollicute bacteria, enveloped and non-enveloped viruses, and
fungi within minutes to a few hours of treatment. Some plasmon-enabled inactivation
strategies, such as the plasmon-enhanced photonic shockwave inactivation, have shown
promise for the selective inactivation of microbes even in the presence of mammalian cells
and are, therefore, of significant interest for future /n vivo sterilization approaches.
Moreover, in some cases of PDCT, PC, PPT and NP-enabled controlled release, ambient
white-light illumination was shown to be sufficient to achieve efficient inactivation. These
observations underline the potential of plasmonic nano-antimicrobials to enable efficient
sterilization approaches with low energy consumption. As plasmonic nano-antimicrobials
enable different chemical and photophysical inactivation pathways, it is feasible to
implement strategies that utilize multiple mechanisms to achieve efficient synergistic
inactivation. Plasmonic nano-antimicrobials could also play an important role in mitigating
and controlling future pandemic diseases caused by microbes, for which effective
antimicrobial compounds are lacking. Plasmonic nano-antimicrobials also face some
important challenges. Utilization of light-dependent plasmonic anti-microbial inactivation
mechanisms requires efficient illumination of the NPs, which can be challenging in some /n
vivo applications if the sites of infections are not readily accessible. However, light-
independent inactivation and microbicide release mechanisms can be applied in a minimally
invasive manner without any external illumination, such as initiation of release processes by
chemical signals secreted by the microbes.1>:213 For those application that require light,
NIR-responsive materials such as nanorods or bipyramids#2:86 can be helpful due to the
larger tissue penetration depths at these wavelengths. Up-conversion strategies through
resonant energy transfers between NIR-responsive light donors and UV- or visible-
responsive materials have also been shown to allow for photoexcitation with higher
wavelengths.141 In addition, the use of optical fibers for efficient light delivery is widely
available and represent a minimally invasive procedure that can provide illumination in deep
tissues.

Another challenge for plasmonic nano-antimicrobials, in particular in the case of PC or
PDCT inactivation pathways, is the generation of undesired collateral cytotoxicity by
plasmonic NPs, photosensitizers and/or photocatalysts. One strategy to minimize the
collateral damage is to further increase the plasmonic enhancement as well as the efficacy of
the inactivation mechanisms so that the required dosage of microbicidal components can be
further reduced. In addition, localizing the antimicrobial effect by selective pathogen
targeting, or passivating the plasmonic nanostructures by encapsulation in liposomes or
polymersome could also contribute to limiting the collateral damage of plasmonic nano-
antimicrobials.118.212.276

Finally, the development of resistance against metal cation-based inactivation strategies is a
concern for some types of plasmonic nano-antimicrobials. Several studies have reported
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altered gene expression levels or other cellular changes indicative of emerging resistances
against metal cations.210.211 These resistances can, however, be overcome by “multimodal”
inactivation strategies that combine M™*-associated light-independent mechanisms with
light-dependent mechanisms or rational microbicide delivery functionalities of the NPs.
Such strategies provide a more resilient microbicidal effect as they can affect multiple
structural or metabolomic aspects of the pathogens simultaneously.

To harness the full potential of plasmonic nano-antimicrobials, future work should focus on
further improving the efficacy of a broad range of diverse microbial pathogens in biological
medium, reducing the time required for complete inactivation, and limiting the collateral
damage by active targeting of the microbial pathogens or enhancing the selectivity of the
antimicrobial effects.
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Properties and Inactivation Mechanisms of Plasmonic Nano-Antimicrobials.
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Figure 2. Microbial Pathogens.
(A) Scheme of the cell wall and membrane structures of Gram-positive (left) and Gram-

negative (right) bacteria.
(B) SEM micrograph of a biofilm formed from Arthrobacter sp. mixed with Ag NPs.
(C) Scheme of the structures of enveloped (left) and non-enveloped (right) viruses.
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Figure 3. TEM Micrographs (top) and Absorbance Spectra (bottom) of Different Plasmonic

Nanostructures.

Color code: 40 nm (purple) and 80 nm (blue) Ag nanospheres; 40 nm (cyan), 60 nhm (green)
and 80 nm (yellow) Au nanospheres; Ag nanoplates (orange); and Au nanorods (red).
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Figure 4. Plasmonic E-Field Generation and Enhancement of Molecular Excitation and
Emissions.

(A, B) Calculated E-field intensity maps for a 60 nm Au NP monomer (A) and dimer (B).
Reproduced from Ref. 35. © I0P Publishing. Reproduced with permission. All rights
reserved.

(C, D) Calculated quantum yield g, excitation rate yexc and fluorescence emission rate yem
normalized with free-space values as a function of fluorophore-metal separation for 80 nm
Au NPs (C) and Au NPs with various diameters (D). Solid curves: MMP calculations,
dashed curves: dipole approximation. Reprinted figures with permission from [Anger, P.;
Bharadwaj, P.; Novotny, L. Physical review letters 96, 113002, 2006. https://doi.org/
10.1103/PhysRevLett.96.113002]. Copyright (2006) by the American Physical Society.
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Figure 5.
Mechanisms of Plasmonic Charge Carrier Production.
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Scheme of Plasmon-Enhanced Nanocavitation and Shockwave Formation under Resonant

Pulsed Laser Irradiation.
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Figure 7.
Scheme for Photophysical Processes in PDCT.
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Figure 8. Evidence for ROS Generation in PDCT.
(A) Time-resolved luminescence of 10, and biexponential fits at 1275 nm for hybrid

plasmonic nanoparticles (red) and an etched control (blue). Reprinted with permission from
Ref. 97. Copyright (2016) American Chemical Society.

(B) Fluorescence intensity of singlet oxygen sensor green staining for MRSA treated with
Au NRs-TBO system or just with TBO for 1 or 2 min. Reproduced from Ref. 119 with
permission from The Royal Society of Chemistry.

(C) Inactivation curves for Ag-[Ru(bpy)s]%* photoreactor system without (red, solid) or with
different ROS scavengers (dashed). Reprinted with permission from Ref. 118. Copyright
(2020) American Chemical Society.

(D) ABDA degradation curve with Au NRs@SiO, nanocomposites incorporating various
concentrations of indocyanine green. Reproduced from Ref. 84 with permission from The
Royal Society of Chemistry.
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Figure 9. Characterizations of Shockwave Inactivation Mechanism.
(A) Photonic inactivation of MLVs (V) with Au NRs (NR) and pulsed NIR laser

illumination in the presence of 1gG antibody (P). NS: non-significant difference; *:
significant level P < 0.05.

(B) Photonic inactivation of $X174 (V) with NIR pulsed laser and Au NRs or BPs. *:
P<0.05; **: P<0.005.

(C) Evidence of shockwave emission recorded by a photoacoustic transducer.

(D) Image of bubble formation during nanocavitation experiment using a 700 nm
Ti:Sapphire laser with 35 fs pulses and Au NPs. Bubble formation along the laser path is
highlighted by the red rectangle.

(E-F) Effect of shockwave inactivation of NIR laser and Au NRs on (E) mammalian cells,
and (F) monoclonal antibodies measured by UV-vis absorption spectrum of antibody before
or after different times of illumination.

(A, C) Reproduced from Ref. 42 under the CC BY 4.0 Creative Commons license.

(B, E, F) Reprinted with permission from Ref. 86. Copyright (2019) American Chemical
Society.
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Figure 10. Photothermal Inactivation of S. aureus Biofilm on Surgical Meshes by Au NRs.
(A-D) Fluorescence confocal microscope images at the mesh surfaces for no illumination

control (A, C) and group treated with 300 ms-pulsed NIR laser with fluence of 14 J/cm? (B,
D). A, B are a merge of bright field images with fluorescence images, and C, D are pure
fluorescence maps. (E) Proportion of alive bacteria at the mesh surface after treatment with
different laser fluences.

(A-E) Adapted with permission from Ref. 67. Copyright (2019) American Chemical Society.
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500 nm

Figure 11. Pathogen Structural Damages Produced by Light-Induced Inactivation Pathways of
Plasmonic Nano-Antimicrobials.

(A) SEM image of pore formation found on Arthrobacter sp. bacteria cell body after PDCT
treatment for 1 hour with Ag / [Ru(bpy)s]?* photoreactor nanocomposites and 430 nm LED.
Reprinted with permission from Ref. 118. Copyright (2020) American Chemical Society.
(B) SEM image of pore formation on £. coli cell body after PC inactivation with Ag/TiO,
composite film and UV LED for 5 min. Reprinted from Ref. 167, Copyright (2008), with
permission from Elsevier.

(C) TEM images of cell rupture of £. coliafter PC inactivation with Ag/TiO, nanohybrid
films and 405 nm LED for 0, 60 and 120 min. Reprinted from Ref. 165, Copyright (2016),
with permission from Elsevier.

(D) TEM image of structural damage to MLV after Au NRs-assisted photonic shockwave
inactivation 805 nm fs pulsed laser treatment for 10 seconds. Reproduced from Ref. 42
under the CC By 4.0 Creative Commons license.
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Figure 12. Light-Independent Inactivation Pathways of Plasmonic Nano-Antimicrobials.
(A) Scheme for light-independent interaction modes of plasmonic metal NPs with microbial

pathogens.

(B) Fusion assay mimicking gp120-CD4 binding based on HIV-1 Env-expressing HL2/3
cells and HeLa-CD4-LTR-B-gal cells. Reproduced from Ref. 193 under the CC BY 2.0
Creative Commons license.

(C) Scheme for the virucidal activity of MES-Au NPs and MUS-Au NPs. Reprinted by
permission from Springer Nature, Nature Materials. Ref. 196. COPYRIGHT (2017).

(D) Quantification of the antibacterial activity and Gram selectivity for 5.2 nm Au NPs with
different positive:negative ligand ratios. Reproduced from Ref. 199. © 2016 WILEY-VCH
Verlag GmbH&Co. KGaA, Weinheim.
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Figure 13. In vivo Evaluation of E. coli Infected Mice Peritoneal Wound Healing Effect of
Ag@MSNs@LEVO.

(A) Scheme of in vivo infection and treatment procedure.

(B, C) Mice survival rates after acute peritoneal infection and treatment with
Ag@MSNs@LEVO and control groups.

(D) Bacterial counts within the peritoneal cavity of mice after treatment with 160 ug/mL
Ag@MSNs@LEVO.

(E) H&E staining of histological sections including spleen and peritoneum of mice after
acute peritoneal infection and treatment with 160 ug/mL Ag@MSNs@LEVO. Extended
lymphoid nodules on spleen and inflammatory cells on peritoneum are respectively marked
with yellow and green arrows.

(A-E) Reprinted from Ref. 214, Copyright (2016), with permission from Elsevier.
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Figure 14. Delivery and Controlled Release Strategies Enabled by Plasmonic Nano-

Antimicrobials.

(A) Scheme and TEM micrograph of Ag NP-polymersome system for synergistic bacteria
inactivation of Ag and ampicillin. Adapted from Ref. 212 with permission from The Royal

Society of Chemistry.

(B-E) Light controlled release scheme (B), TEM micrographs before (top) and after 1-hour
(bottom) illumination with 430 nm LED (C), Ru release curves (D), and inactivation LRV
curves for Arthrobacter sp. (E) with a lipid-wrapped Ag-[Ru(bpy)s]2* photoreactor system.
Reprinted with permission from Ref. 118. Copyright (2020) American Chemical Society.
(F-H) Hyase-facilitated HA degradation and release scheme (F), Ag* release curve (G) and
inactivation curve of drug-resistant £. coli (H) by PCN-224-Ag-HA. Reproduced from Ref.
15. © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 15. SERS Sensing of Microbial Pathogens.
(A-B) Average normalized SERS spectra (A) and principal component analysis with 95%

confidential ring (B) of £. coliK12 (red), £. coli DH 5a E (blue) and £. coliBL21 (DE3)
(green). Reprinted with permission from Ref. 224. Copyright (2018) American Chemical
Society.

(C-D) SERS spectra of mosquito-borne flaviviruses WNV (C) and DENV (D). Reprinted
with permission from Ref. 236. Copyright (2015) American Chemical Society.

(E) Scheme of structure of Ag nanorice@MGITC@SiO2 as SERS sensor for HBV DNA.
Reprinted with permission from Ref. 239. Copyright (2013) American Chemical Society.
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Figure 16. Plasmon-Enhanced Fluorescence Sensing of Microbial Pathogens.
(A, B) Scheme (A) and photoluminescence calibration curve (B) of a Au-QDs

immunofluorescence sensor for detection of influenza HIN1 virus. Reprinted from Ref. 250,

Copyright (2017), with permission from Elsevier.

(C, D) Scheme (C) and photoluminescence calibration curve (D) of a Au-QDs composite
sensor for quenching-based detection of influenza H1N1 virus. Reprinted from Ref. 246.

Copyright (2020), with permission from Elsevier.

Nanoscale. Author manuscript; available in PMC 2022 February 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

An et al.

Page 64

A 104 . B INCUBATION TIME WITH FUNGI
—GNRs / ‘ -
GNRs-HBsAb  // TRy
0.8+ HBsAg added 4

s /
504 \-/\ -
< S - -
b Omin  O7 0.5 min 2 min
0.2 \ A 5001 soomm o

T T T T 1
400 500 600 700 800 800 o1 03

w0 0 60 700 700
Wavelength (nm) ‘Wavelength () Wavelength (nm) Wavelength (nm)

(@)

z (@)

Figure 17. LSPR and Electrochemical Sensing of Microbial Pathogens.
(A) shift of longitudinal resonance in Au nanorods (black), antibody-presenting nanorods

before (red) and after (green) HBV surface antigen (HBsAg) addition. Reprinted from Ref.
254, Copyright (2010), with permission from Elsevier.

(B) SEM images and absorbance spectra of Au NPs/nanostars diagnostic agents at different
incubation time with Aspergillus niger. Reprinted by permission from Springer Nature,
Analytical and Bioanalytical Chemistry. Ref. 262. COPYRIGHT (2017).

(C) EIS study of the binding of different concentrations of £. co/ito a Au NPs on ITO
electrode in 5 mM [Fe(CN)g]34~ electrolyte containing 0.1 M KCI. Insets: linear
relationship between Rt and logyo(CFU/mL) (top left) and the equivalent circuit (bottom
right). Reprinted with permission from Ref. 265, Copyright (2014) American Chemical
Society.

(D) Scheme of electrochemical detection of £. coliby a magnetic Fe,O3@Au NP sensor
through HRP-catalyzed hydroxide reduction. Reprinted from Ref. 267, Copyright (2011),
with permission from Elsevier.
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