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ABSTRACT: With the emergence of multidrug resistant bacteria, photothermal therapy has been
proposed as an alternative to antibiotics for targeting and killing pathogens. In this study, two
M13 bacteriophage polymorphs were studied as nanoscaffolds for plasmonic bactericidal agents.
Receptor-binding proteins found on the pIIl minor coat protein targeted E. coli bacteria with F-
pili (F" strain), while a gold-binding peptide motif displayed on the pVIII major coat protein
templated Au nanoparticles. Temperature-dependent exposure to a chloroform-water interface
transformed the native filamentous phage into either rod-like or spheroid structures. The
morphology, geometry, and size of the polymorphs, as well as the receptor-binding protein and
host cell receptor interaction were studied using electron microscopy. Au/template structures
were formed through incubation with Au colloid, and optical absorbance was measured. Despite
the closely packed Au nanoparticle layer on the surface the viral scaffolds, electron microscopy
confirmed that host receptor affinity was retained. Photothermal bactericidal studies were
performed using 532 nm laser irradiation with a variety of powers and exposure times. Bacterial
viability was assessed using colony count. With the shape-modified M13 scaffolds, up to 64% of
E. coli were killed within 20 min. These studies demonstrate the promise of i-form and s-form

polymorphs for the directed plasmonic-based photothermal killing of bacteria.

1. INTRODUCTION

With the advance of multidrug resistant (MDR) bacteria, antibiotics are losing their potency.
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli), and Pseudomonas aeruginosa (P.
aeruginosa) are a few examples of known pathogens that have developed antibiotic resistance
through genetic mutations.'~ The development of novel long-term approaches to combat

pathogenic microbial cells is necessary. Photoinduced inactivation of bacterial infections is a



promising pathway, as the method is immune to development of antibiotic resistance.* In this
approach, light-absorbing nanoparticles are delivered to the target, and irradiated. Through
localized surface plasmon resonance (LSPR), photons absorbed by these particles generate heat,
which is then transferred to nearby pathogenic microbial cells, permanently damaging the cell
membrane and causing cell death. In particular, gold nanostructures ranging from particles to
rods to clusters have been successfully utilized as photoabsorbing agents.>” These particles are
non-toxic, chemically inert, and tunable over a wide range of absorption wavelengths from
visible to infrared.®’ Illuminated by a coherent light source with power in the tens of milliwatts
range, these noble metal absorbers have demonstrated rapid (< 30 min) photothermal killing of
various MDR bacteria, thus establishing the potential of this methodology as a highly potent
therapy.'%1?

To impart specificity and aid in targeting, gold nanostructures are frequently functionalized
with antibodies.>!%!3-15 Highly selective binding between antibody and antigen facilitates
concentration of photoabsorbing agents on the MDR bacteria surface, increasing photothermal
bactericidal effects and minimizing injury to surrounding tissue.!® Such precision recognition is
critical for effective and efficient bacteria elimination. Despite widespread use, there are
considerable challenges associated with antibody conjugation. Production of antibodies requires
the use of animal models, making the process undesirably expensive and time-consuming.”
Furthermore, antibodies are notoriously unstable, exhibiting sensitivity to temperature, pH, and
ionic strength.'® In order to ensure active structures with an orientation compatible with antigen
binding, specific handling conditions must be maintained and harmful chemical conjugation

strategies avoided.



Because of the drawbacks associated with conjugated antibodies, a number of alternative
strategies for imparting biological specificity have been explored.!”>! Among these is the use of
viral receptor-binding proteins. These biomolecular structures interact with bacterial host cell
receptors with an affinity and specificity comparable to that of antibodies with antigens.?** Yet,
unlike antibodies, phage-based receptor-binding proteins are readily adaptable for low-cost,
large-scale manufacturing via bacterial host infection and robust under a wide range of
environmental conditions.!??*?° Bacteriophage with well-characterized life cycles and proteomes
are of specific interest as photothermal bactericidal agents. Among these is the M13, a
filamentous bacteriophage. The capsid of this combinatorial phage display workhorse is
comprised of five structural proteins (pIlL, pV, pVII, pIX, and pVIII), each of which can be
modified to display a variety of functional motifs. Notably, the pIII minor coat proteins, located
at the proximal end of the virus, and the pVIII major coat proteins, found along the length of the
virus body, are most commonly used for display.?® Native receptor-binding proteins on the plII
can be used in conjunction with one or more of the other structural proteins to simultaneously
target E. coli with F-pili (F' strain) and template nanoscale cargo.?”-*® During infection, receptor-
binding proteins complex with bacteria cell receptors on F-pili. These hair-like appendages then
retract, transporting the bacteriophage to the bacterial membrane. Because the plll is modular
with well-understood structure and function, phage host range can be readily expanded.?®3°
Chimera, incorporating binding-receptor proteins from other filamentous phage, have
successfully targeted not only N* and I strains of E. coli, but also Vibrio cholerae, P.
aeruginosa, and Xanthomonas campestris.*>** This targeting versatility, spanning both human
and plant pathogens, highlights the potential of the M 13 bacteriophage to be used as a

photothermal bactericidal agent for not only E. coli, but also a much broader range of bacteria.



While the length (~ 1 um) of the M 13 filamentous bacteriophage does not provide the desired
spatial intimacy between photoabsorbing agents and target pathogens for plasmonic
photothermal bactericidal agents’!, intermediate (i-form) and spheroidal (s-form) polymorphs are
more promising. When exposed to a chloroform-water interface, the filamentous form of the
M13 contracts, mimicking the structural changes associated with host cell infection. At low
temperature (< 4°C), intermediate rod-like structures a few hundred nanometers in length are
formed.>??* At room temperature, spheroids tens of nanometers in diameter are created. These
unique polymorphs have been primarily studied within the context of host infection, and have
been largely neglected as nanotemplates. Yet, the described geometric transformation shortens
the distance between viral binding-receptor proteins and templated photoabsorbing agents,
making these polymorphs potentially viable scaffolds for plasmon-induced inactivation of
bacteria.

This work investigates the directed killing of bacteria using geometrically modified M13
bacteriophage as nanoscaffolds for plasmonic photothermal agents. Here, the viral capsid served
two simultaneous functions. Native receptor-binding proteins found on the pIII minor coat
protein targeted F™ E. coli bacteria, while a gold-binding peptide motif displayed on the pVIII
major coat protein templated plasmonic Au nanoparticles (NPs). A simple temperature-
dependent chloroform treatment was used to convert gold-binding M13 filaments into i-form and
s-form polymorphs. Electron microscopy was used to assess template morphology, geometry,
and size, in addition to nanoscaffold receptor-binding protein and host cell receptor interaction.
Nanoparticles were assembled in a dense layer on the template surface forming Au/template
nanostructures. Electron microscopy revealed that these nanostructures retained affinity for

bacterial host receptors; however Au/s-forms complexed with E. coli at a higher frequency and



more intimately than Au/i-forms. The photothermal bactericidal effects of the Au/templates
were evaluated under 532 nm laser illumination for a range of times and power densities. While
both nanostructures displayed bactericidal properties, more bacteria cell death was observed for
Au/s-forms under the same illumination conditions. These studies are an initial illustration of the
combined targeting specificity and photothermal bactericidal properties of gold-decorated M13 i-
forms and spheroids. Given the genetic programmability of the pIII to expand targeting of
receptor-binding proteins to a variety of MDR pathogens and of the pVIII to incorporate affinity
peptides for a range of photoabsorbing agents, these dual-purpose nanoscaffolds have

tremendous potential as a effective therapy for MDR bacterial infections.

2. EXPERIMENTAL DETAILS

2.1. M13 transformation and E. coli interaction. An M13 bacteriophage with a gold-binding
peptide, VSGSSPDS,** displayed on each of approximately 2700 copies of the pVIII major coat
protein found along the viral length was selected and studied as a scaffold for photothermal
antibacterial agents. The gold-binding phage was transformed from its filamentous form to its
spheroidal polymorph as previously described.?® Briefly, the phage was dispersed in 100 pL tris-
buffered saline (TBS, 50 mM Tris-HCI, 150 mM NaCl, pH 7.5) at a concentration of 108 pfu/uL
and vortexed with an equal volume of chloroform (99.8%, ACROS Organics) for 5 vortex/rest (2
s/13 s) cycles at room temperature. Post transformation, 95 pL of the chloroform was removed
and air was gently blown over the sample for 15 s to ensure removal of residual chloroform. M13
filaments were transformed to i-forms using a similar approach at reduced temperature.*® 3’ Prior

to mixing, phage and chloroform solutions were allowed to cool to 0°C over a period of 2 min.



The phage/chloroform suspension was then vortexed at 0°C for 5 vortex/rest (8 s/ 5 s) cycles at
low power and chloroform was removed.

The E. coli K12 was used as a model system to assess interactions with transformed M13
phage. Both F' (K12 ER2738) and F~ (K12 HB101) strains were used as hosts in these studies.
Bacteria cultures were grown on a shaking incubator at 350 rpm in lysogeny broth (LB broth,
Lennox, Fisher BioReagents) at 37°C for 5 to 6 h or to mid-log phase. Tetracycline
hydrochloride (20 mg/mL, Genlantis) was added to the K12 ER2738 culture during growth. The
optical density was measured at 600 nm and the E. coli cell concentration was diluted to 2 x 10*
cells/uL. To allow attachment, a 25 pL. volume of i-form or s-form polymorphs was incubated
with 2.5 pL of the bacteria at 4°C for 90 min.

2.2. Gold binding on the M13 phage. To assemble Au/i-form and Au/s-form bactericidal
nanostructures, transformed viral templates were decorated with Au NPs. Equal volumes of Au
colloid (5 nm, 5 x 10! particles/uL, BBI Solutions) and viral templates (10® pfu/uL) were gently
vortexed, incubated for 10 min at 4°C, and used immediately.

2.3. Binding and bactericidal activity of viral-templated gold nanostructures. The
effectiveness of Au/i-form and Au/s-form nanostructures in binding to bacteria was evaluated
using E. coli K12 ER2738, an F* strain, at a concentration of 2 x 10* cells/uL. A 2.5 uL volume
of F" E.coli was added to 25 pL of viral-templated gold nanostructures (Au/i-form or Au/s-form)
for a final nanostructure concentration of 4.5 x 107 templates/uL or a 2250-fold excess of
Au/template. The solutions were incubated for 90 min at 4°C in the dark to allow bactericidal
agents to bind, and samples were prepared for TEM analysis. To assess the role of the F-pilus in
Au/i-form and Au/s-form attachment, similar experiments were performed with E. coli K12

HB101, an F" strain.



To evaluate Au/templates as photothermal antibacterial agents, the same binding procedure
was used to make duplicate solutions of each viral-templated gold nanostructure with F* E. coli.
Subsequently, one of each of the duplicate mixtures was transferred to an open polymerase chain
reaction (PCR) tube and exposed to continuous wave 532 nm laser illumination (Horiba
LabRam/AIST-NT AFM) with a spot size of 0.2 cm?. Both illuminated and unilluminated
solutions were diluted to ~ 4 x 102 cells in LB broth, plated on agar, and incubated at 37°C for 14
h. Bacteria colonies were counted, and E. coli viability (%) for both Au/i-forms and Au/s-forms
was calculated by normalizing the number of colonies on the illuminated plate to the number of
colonies on the unilluminated plate. The effect of a range of laser power densities (0, 100, 200,
and 300 mW cm?) and illumination times (0, 5, 12, and 20 min) on cell viability was explored.
To ensure that the viral-templated gold nanostructures and their nanoscale building blocks were
not fundamentally detrimental to bacteria (irrespective of 532 nm laser exposure), viability was
also determined for unilluminated control solutions of E. coli K12 ER2738 incubated with Au/i-
forms, Au/s-forms, i-forms, s-forms, and gold colloid. Experiments were repeated in triplicate.

The bulk solution temperature was measured at the maximum laser illumination dose for both
Au/i-forms and Au/s-forms using an infrared camera (OPTRIS PI160) with a spot size resolution
of 1.5 mm. The solution temperature measurements were performed before and after exposure to
300 mW/cm? continuous wave 532 nm laser illumination for 20 min.

2.4. Transmission electron microscopy. Transmission electron microscopy (TEM, Tecnai
T12) was used to characterize the shape and dimensions of transformed viral templates, evaluate
the ability of i-form and s-form polymorphs to bind E. coli F-pili before and after incubation
with Au NPs, and count Au/i-forms and Au/s-forms on the bacteria surface. In addition, electron

microscopy was used to determine the role of the F-pilus in attachment of Au/templates to E.



coli. For these studies, 5 pL. of sample was pipetted onto a formvar/carbon-coated copper grid
(Ted Pella, Inc.) and incubated for 5 min. The grids were then rinsed twice with deionized water,
stained with 2% uranyl acetate for 30 s, and wicked dry with filter paper. TEM images of the
samples were analyzed using ImageJ software. A segmented line function was used to measure
the length and width of the templates. Structures with an aspect ratio between 3 and 25 with
lengths between 80 and 300 nm were defined as i-forms, whilst geometries with aspect ratios < 3
were denoted as spheroids.*

2.5. Ultraviolet-visible (UV-vis) spectroscopy. Optical absorbance spectroscopy (Evolution
60, ThermoFisher) was used to measure M 13 bacteriophage and bacteria concentrations, the
absorbance spectra of the Au/i-forms and Au/s-forms, and to estimate the number of gold
nanoparticles per template. OD269 and ODeoo were used to measure the concentrations of
filamentous phage and bacteria, respectively, according to previously published procedures.?®
The absorbance of viral-templated gold nanostructures and 5 nm Au colloid was measured from
200 to 1000 nm using a quartz cuvette with a 10 mm optical pathlength. Prior to UV-vis
measurements, the Au colloid was diluted in TBS to achieve a final Au NP concentration similar
to that used in viral-templated gold nanostructure assembly. Finally, to approximate the global
number of Au NPs per template, solutions of assembled Au/i-form and Au/s-form bactericidal
nanostructures were centrifuged at 50 rcf for 30 min, leaving unbound Au NPs suspended within
the supernatant. The absorbance of the unbound particle solution was measured, as well as the
absorbance of the Au colloid without viral templates. The difference between the two
absorbance measurement peaks was used to calculate the number of NPs per template.

Measurements were taken on three independent samples and averaged.



3. RESULTS AND DISCUSSION

A schematic overview of Au/i-form and Au/s-form bactericidal nanostructure assembly, F* E.
coli targeting, and subsequent killing of bacteria via photothermal lysis is shown in Figure 1.
Brief chloroform exposure was used to convert the native filamentous form of the M13 gold-
binding bacteriophage to i-form and s-form polymorphs. The transformation temperature
dictated the template geometry, with low temperature (0°C) and room temperature processes
yielding rods and spheroids, respectively. Due to the thousands of gold-binding peptide fusions
displayed on pVIII major coat proteins, viral-templated gold nanostructures were created through
the simple addition of 5 nm Au NPs to the transformed phage solution. These inactive, gold-
decorated, morphologically transformed phage successfully targeted F* E. coli through F-pili
binding. Retraction of F-pili assisted delivery of bactericidal nanostructures to the cell surface.
Once these gold clusters were adjacent to the cell membrane, 532 nm laser illumination was used

to photothermally kill the bacteria.
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(a)

Figure 1. Schematic illustration of the (a) gold-binding M13 filamentous phage, (b) transformed
phage templates (i-form and s-form), (¢) Au NPs decorating the Au/i-form and Au/s-form, (d)
targeted binding and delivery of photothermal antibacterial agents to cell surface via E. coli F-
pili, and (e) destruction of bacteria by laser illumination. The five copies of the pIII minor coat

proteins located on the proximal tip of the virus, on which the receptor-binding proteins are
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found are shown in yellow. The approximately 2700 copies of the pVIII major coat protein that

comprise the capsid body are shown in blue.

Geometrically-transformed, gold-binding M 13 bacteriophage were studied with TEM as
templates for bactericidal nanostructures. The distinctive morphologies of the M 13 i-form and s-
form polymorphs are shown in Figure 2 and Figure 3, respectively. As a point of comparison, a
few images of gold-binding filaments have been included in the Supporting Information (Figure
S1). The average length of this viral mutant is 912 + 14 nm.* As revealed in Figure 2, gold-
binding M13 i-forms displayed a tube-like structure with one closed, rounded tip of slightly
varying curvature and one open, flat or flared end. The morphology is consistent with other low
temperature M 13 transformation studies.>®3” In these reports, the flared end was identified as the
location through which DNA is extruded during infection and site of the pIIl minor coat
protein.*®*%3° The average length of the gold-binding i-forms was 161 + 33 nm (Figure S2). This
represents a 5.7-fold decrease in length compared to the filamentous form. It is interesting to
note that the average gold-binding i-form length is significantly less than the 250 nm length
measured for the wild-type i-form.?* This difference may be a simple function of transformation
conditions. Alternatively, it could be associated with differences in pVIII-pVIII interactions
within gold-binding and wild-type phage attributable to the peptide fusion. Additional
investigation is necessary to discern the source of disparity. As illustrated in Figure 3, using
electron microscopy, gold-binding s-forms appeared as round, but slightly deflated or distorted
spheroids with an average size of approximately 60 nm. Deviations from spherical geometry
were attributed to drying effects associated with sample preparation, and have been reported by a

number of other authors***!. In some cases, a small opening could be seen in the wall of the
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spheroids. Other studies have linked this hole to the release of viral DNA, and consequently to

the plII position.>** Spheroid size and morphology were consistent with our previous studies

135

which described the room temperature transformation of gold-binding phage in detai

. Electron micrographs of goldbiding M13 bacteriophage i-forms exhibiting (a) a

Figure
range of observed morphologies and (b-e) the characteristic hollow, rod structure with one
closed, rounded tip and one open, flared end. Samples were stained with 2% uranyl acetate. (a)

Scale bar: 500 nm; (b-¢) Scale bar: 100 nm.
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Figure 3. Electron micrographs of gold-binding M 13 bacteriophage s-forms showing (a) a range
of observed morphologies, in addition to the hole in the viral wall (b-c) with and (d-g) without
extruded DNA present. Yellow and white arrows designate the viral wall opening and the
released DNA, respectively. Samples were stained with 2% uranyl acetate. Scale bar: (a-c) 100

nm; (d-g) Scale bar: 50 nm.

In order for the genetically modified i-forms and s-forms to successfully target bacterial cells,
the receptor-binding protein on the pIIl must be both exposed to the environment and maintain
affinity for the intended pathogen. The i-form of the wild-type f1 bacteriophage, another Ff
filamentous virus, has shown evidence of anti-pIII antibody decoration.?” Yet, there have been no
direct reports of i-form or s-form plIl complexation with F-pili. To assess template-host
interactions, chloroform-treated phage templates were incubated with F™ E. coli at 4°C to
facilitate attachment of phage to bacteria. Figures 3a and 3b show the transformed viral
templates bound to the tip of a hair-like appendage protruding from the surface of the bacterial
membrane. In Figure 4a, the adsorption occurred at the flared end of the i-form; while in Figure

4b, the adsorption occurred adjacent to an opening in the s-form capsid. The adsorption of the
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viral templates at both locations supports pIll complexation, as prior reports confirm that this
minor coat protein is found at these morphological locations®®#?, Furthermore, it indicates that
the function of the receptor-binding protein is unaffected by the transformation procedure, as it is

this portion of the minor coat protein that enables host cell receptor complexation.*?

(a)

Figure 4. Gold-binding M 13 bacteriophage (a) i-form and (b) s-form adsorbed to tip of E. coli F-
pili. The associated E. coli K12 ER2738 cell is shown in the bottom right corner of each image.

Samples were stained with 2% uranyl acetate. Scale bar: 100 nm.

Transformed gold-binding M 13 bacteriophage were decorated with Au NPs to serve as
photothermal antibacterial agents. Viral-templated gold nanostructures are shown in Figure 5.
More examples of the nanostructures are shown in Figure S3 and S4. Colloidal Au NPs were
bound to i-forms and s-forms in a disorganized, but tightly-packed arrangement which replicated
the morphology of the underlying scaffold. Using UV-vis absorbance spectroscopy, an estimated
111 £ 17 NPs per s-form and 99 &+ 21 Au NPs per i-form were found, yielding a fusion
peptide:nanoparticle ratio significantly larger than 1:1. The optical absorbance of Au colloid,
Au/i-forms, and Au/s-forms are shown in Figure 6. The LSPR or peak visible absorbance of the
unbound 5 nm Au NPs was 520 nm. In comparison, the resonance peaks of the Au/i-forms and
Au/s-forms were redshifted 28 and 30 nm, respectively. In addition, notable peak broadening

was observed. Measured optical absorbance was a consequence of coupled plasmon modes from
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the tightly-packed Au NPs on the scaffolds and the resonance of unbound Au NPs.*6 The
broad absorbance associated with the Au/i-forms and Au/s-forms peaked near 548 nm and 550
nm, respectively, such that these structures were well-suited for 532 nm laser activation of
photothermal bactericidal properties. This activation wavelength is outside of the high
transparency, near-infrared windows of human tissue (650 — 850 nm and 950 — 1350 nm) and,
therefore, is not compatible with applications that require deep light penetration.*’” Nonetheless,
it may be useful for non-treatment based or near-surface tissue treatment applications such as the
detection of food pathogens*® or in the dispersion of bacterial biofilms*’ . Furthermore, because
gold-binding peptide affinity is independent of nanoparticle shape and size, the activation
wavelength for this approach can be tuned through particle selection. As demonstrated in Figure
S5, both the gold-binding i-form and s-form polymorphs were also able to template large
anisotropic particles with a longitudinal absorption peak at 800 nm, allowing for the future
expansion of photoactivation wavelength range.

@ (b)

Figure 5. Gold-binding M 13 bacteriophage (a) i-form and (b) s-form decorated with 5 nm Au

NPs. Several unbound NPs were also observed. Scale bar: 20 nm.
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Figure 6. UV-Vis absorbance spectra of 5 nm Au NP colloidal solution, as well as Au NPs

assembled on gold-binding i-form and s-form M 13 bacteriophage.

The high density of gold colloid on the capsid surface necessitated additional investigation to
confirm that complexation via receptor-binding protein adsorption was still achievable. Viral-
templated gold bactericidal nanostructures were gently mixed with a culture of F* E. coli at 4°C.
As shown in Figure 7, Au/i-forms and Au/s-forms were found both complexed with the tip of the
extended F-pili and adjacent to the cell surface. Au/i-forms were attached to the cell membrane
of approximately 50% of E. coli (N = 40). Au/i-forms experienced considerable agglomeration,
frequently binding to F-pili as aggregates of several i-forms rather than as individual
nanostructures. Nonetheless, the rather loose aggregates of Au/i-forms, several hundred
nanometers in size, appeared to be transported to the cell surface by F-pili retraction. As shown
in Figure S6, the overall proximity of the Au/i-forms to the E. coli was highly variable. Some

agglomerates were in intimate contact with the cell surface, while others were in an extended
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conformation with only a small point of contact and the bulk of the Au/i-form aggregate
structure far from the surface.

In contrast, Au/s-forms were not as prone to agglomeration (Figures 7b, 7d and S7). About
79% of E. coli displayed surface-bound Au/s-forms (N = 38); 61% presented individual or small
ensembles of up to three spheroids, while large agglomerates were seen on the remaining 18%.
Drawn to the E. coli surface by F-pili, individual and ensembles of Au/s-forms were typically in
close contact with the cell, whereas agglomerates were in a less compact, more expanded
configuration. The percentage of surface-bound Au/s-forms is consistent with reports of f1
bacteriophage, a Ff class bacteriophage closely related to the M13, incubated with F* E. coli at
0°C*. In those studies, 77% of E. coli had f1 attached to at least one pilus.

It is interesting to note that, at reduced temperatures (< 25°C), the dynamic elongation and
retraction of F-pili is slowed or inhibited!*2. Instantaneous observations, such as those produced
by electron microscopy, show a fraction of E. coli without F-pili °%32-*_ For example, an in
depth study of F-pili activity described a range of 0 to 12 per cell when E. coli K12 was
incubated at 0°C™°. Likewise, in a separate investigation, an average of 0.7 F-pili per cell was
reported for chilled E. coli K1232. While this condition is transient at physiological temperature,
low binding temperatures prolong the existence of these pili-free F* bacteria likely artificially
suppressing Au/template binding rates compared to higher temperatures.

Despite the high density of Au NPs on the template surface and the formation of aggregates,
phage-bacteria complexes still formed between the receptor-binding protein and host cell
receptor, allowing for the post-transformation targeting of F* E. coli. As a control, untemplated
colloidal Au NPs were also incubated with F* E. coli. No large groups of Au NPs were observed

either in solution or bound to the bacteria (Figure S8).
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The template-host interaction mechanism was studied further using E. coli K12 HB101, a
strain lacking F-pili. Following incubation, significantly fewer bacteria were found with
complexed Au/templates; only 4% and 6% of F~ E. coli had Au/i-forms (N = 28) and Au/s-forms
(N =31) adjacent to the cell membrane, respectively. The diminished interaction between viral-
templated bactericidal agents and a host lacking F-pili corroborates our findings for chloroform-
treated phage templates prior to Au NP decoration. Au/template binding is largely dependent on

F-pili complexation.

Figure 7. Au/templates bound to F-pili via pIIl binding for (a) i-forms and (b) s-forms. Scale
bar: 200 nm. (¢) Au/i-forms and (d) Au/s-forms attached to the surface of E. coli demonstrating
retraction of F-pili with Au/templates. Scale bar: 500 nm. Insets: Magnified images of (c) Au/i-
forms and (d) Au/s-forms near cell surface. Scale bar: 100 nm. Samples were stained with 2%

uranyl acetate.
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The effectiveness of Au/i-forms and Au/s-forms as photothermal antibacterial agents was
assessed using 532 nm laser illumination. The two viral-templated gold nanostructures were
incubated with F" E. coli in the dark at 4°C for 90 min, then irradiated with coherent light for a
range of times and laser powers. As shown in Figure 8, dose-dependent cell viability was used to
quantify photothermal cell killing. Bactericidal effects were observed for both Au/templates.
Au/i-forms produced a slow, nearly linear decline in viability with both time and power density.
In contrast, Au/s-forms generated a trend with two distinct slopes. The bactericidal effects of
Au/s-forms slowed considerably after 10 min of laser illumination or with greater than 200
mW/cm? power density. Using the maximum dose studied (20 min, 300 mW/cm?), only 79 + 4%
and 36 + 5% of E. coli survived treatment with Au/i-forms and Au/s-forms, respectively.
Notably, little to no cell death was recorded for the control sample, which utilized gold colloid
alone; therefore, the presence of a viral template was critical to gold nanostructure bactericidal
performance. Moreover, strong bactericidal effects were only detected with laser illumination
(Figure S9).

The killing mechanism associated with the Au/templates was likely thermal damage or
disruption of the cell membrane caused by nanoparticle plasmonic heating.’>> While bulk solution
temperatures for Au/i-forms (Tinitiat = 17.91 £ 0.06°C; Thinar = 18.75 £ 0.05°C), Au/s-forms (Tinitial
=19.32 + 0.05°C; Tfinar = 19.5 £ 0.17°C), and Au NPs (Tinitiat = 19.60 + 0.04°C; Thinar = 17.98 £
0.16°C) did not measurably increase under 20 min, 300 mW/cm? illumination conditions, the
local temperature rise generated by thermalized LSPR electrons can be substantial. LSPR-
associated temperature increases are inversely proportional to the distance from the center of the
particle, achieving a maximum at the particle surface and declining rapidly within 10s to 100s of

nanometers.’®>’ For this reason, photothermal antibacterial agents that are not in close proximity
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to the target, such as the gold colloid used in the control sample, are not generally very effective.
Likewise, the comparatively low antibacterial activity of Au/i-forms can be ascribed to the
relatively large spatial separation of these nanostructures from the cell surface. Specifically, the
limited contact area of the Au/i-forms with bacteria, in conjunction with the reduced
complexation caused by template agglomeration likely diminished overall photothermal effects.
Moreover, the slowed bactericidal effects of Au/s-forms from 10-20 min and 200-300 mW/cm?
were attributed to the small percentage of E. coli with attached, but more remote agglomerate
configurations. The dose-dependence of Au/template bactericidal effects suggests that protracted
illumination time or increased power density can be used to capitalize on long-range heating
caused by distant agglomerates. In addition, photothermal cell killing may benefit from higher
binding incubation temperatures (37°C). Unlike lower temperatures, physiological temperature
supports constant, cyclic elongation and retraction of F-pili, potentially increasing binding
percentage over time by increasing attachment and reducing the time-integrated number of pili-
free F* bacteria®* %8,

In addition to the spatial intimacy with the target enabled by the receptor-binding protein on
the plll, the assembly of Au NPs on the viral template may have also boosted bactericidal
performance. Heating associated with an individual nanoparticle can be amplified, under
specific conditions, by modifying particle separation distance. An increase in local particle
density, electromagnetic coupling of nearby particles, and growth in effective particle size due to
cluster formation, all of which are potential byproducts of i-form and s-form polymorph viral

59,60

assembly, can trigger higher maximum temperatures and more effectively kill bacteria.
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Figure 8. Photothermal bactericidal effect of Au/i-forms, Au/s-forms, and Au NPs as a function
of (a) exposure time at 300 mW cm™ and (b) power density using an exposure time of 20 min.

Error bars represent the standard deviation over a triplicate data set.

Using laser fluence as a point of comparison, the plasmonic photothermal antibacterial activity
of gold-decorated M 13 i-forms and s-forms was on par with antibody-conjugated Au NPs
illuminated with coherent visible or near infrared light. Here, the greatest bactericidal effects

(Au/s-forms, 64% cell death) were achieved with 20 min of continuous wave 532 nm
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illumination at 300 mW cm™, or a fluence of 360 J cm™. Using popcorn-shaped Au NPs
functionalized with monoclonal antibodies and 1 W cm laser irradiation at 670 nm, Lin et al.
attained about 48 and 100% killing of Salmonella DT104 for irradiation times of approximately 5
and 30 min, respectively. This is a fluence equivalence of 300 and 1800 J cm™. Millenbaugh et
al. used antibody-conjugated Au NPs to photothermally kill S. aureus. After exposing the
bacteria suspension to a 532 nm pulsed laser (100 pulses with 5 J cm™ per pulse or 500 J cm™
fluence), a killing efficiency of 69% and 42% for methicillin-sensitive S. aureus and methicillin-
resistant S. aureus, respectively, was measured.'? Zharov et al. also demonstrated the bactericidal
effects of antibody-conjugated Au NPs on S.aureus using 532 nm pulsed laser light. Over 90%
of bacteria was killed after exposure to 100 pulses with 3 J cm™ per pulse or a total fluence of

300 J cm™2.3

4. CONCLUSION

In conclusion, we have examined M 13 gold-decorated bacteriophage polymorphs as
photothermal bactericidal agents for F* E. coli bacteria. The complexation of gold-binding i-
forms and s-forms was explored with and without a dense layer of surface-bound Au NPs. In
both cases, despite dramatic morphological changes from filament to rod-like or spheroidal
structures, receptor-binding proteins associated with the pIII minor coat proteins readily
complexed with host cell receptors. This finding was significant, as it not only facilitated
pathogen targeting for the photothermal bactericidal studies in this work, but also established the
potential utility of polymorph receptor-binding proteins as antibody alternatives. Interestingly,
due to template geometry and nanostructure agglomeration, we observed that Au/i-forms were

often in less intimate contact with the host cell surface. The photothermal bactericidal activity of
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the Au/template nanostructures was evaluated under 532 nm laser illumination. Au/i-forms and
Au/s-forms attained killing rates of 21% and 64%, respectively. The comparatively low
inactivation of E. coli noted for Au/i-forms was attributed to their reduced proximity to pathogen
surface. Nonetheless, the bactericidal activity of Au/s-forms was on par with many antibody-
conjugated Au NPs exposed to coherent light with similar fluence. These studies validate M 13 i-
form and s-form polymorphs as photothermal bactericidal agents. Although the applications for
visible laser illumination are limited to near-surface tissue treatment, the binding versatility of
the viral template allows different Au NP shapes and sizes to be used to tune plasmon
absorbance into the near-infrared enabling deep penetration of human tissue. In addition, the
modular nature of the filamentous phage receptor-binding proteins potentially significantly
extends the host range and utility of these remarkable dual-function nanoscaffolds for

photothermal lysis of pathogens.
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