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ABSTRACT: In response to the growing clinical challenge of combating souR
biomaterial-associated infections (BAIs), antibacterial modifications of bio- Vil

materials have emerged as a promising alternative. One approach harnesses 2% * % . Gold nanorod
the photothermal properties of plasmonic nanoparticles to achieve a light- i i Sl et i

activated antibacterial activity through localized heating. This study evalu- \ Y J AMP

ates a combined antibacterial strategy based on the photothermal heating »

of solid-supported gold nanorods and the antimicrobial peptide (AMP) NIR o
808 nm Live bacteria

RRPRPRPRPWWWW-NH,. The antibacterial activity of the solid- Vi

supported gold nanorods under near-infrared (NIR) irradiation and of -

the AMP was evaluated individually and in combination against . Dead bacteria

Staphylococcus aureus. Combining the photothermal heating of the gold
nanorods with the AMP resulted in an enhanced antibacterial efficacy,
achieving 98% reduction compared to the untreated control. Interestingly, the material characteristics and irradiation parameters gov-
erning the photothermal heating strongly influenced the activity of the combined system. This effect was observed even at low gold
nanorod surface coverage (~15%), largely preserving the inherent surface properties of the biomaterial. Additionally, bacterial cyto-
logical profiling provided insight into the mode of action of the solid-supported gold nanorods and the AMP. The findings highlight
key characteristics of this combined antibacterial strategy that are relevant for the development of improved biomaterials to combat
BAIs.

KEYWORDS: gold nanorods, antimicrobial peptides, photothermal therapy, near-infrared light, biomaterial-associated infections

Enhanced antibacterial efficacy

1. INTRODUCTION or drug-eluting surfaces that actively eradicate bacteria on and
in the immediate vicinity of the biomaterial.»®

One type of antibacterial modification strategy utilizes the
photothermal properties of plasmonic nanoparticles by immobi-
lizing them onto the material surface, thereby obtaining a light-
activated antibacterial effect through localized emission of heat.®
A common choice of plasmonic nanoparticle is gold nanorods,
owing to their tunable plasmon resonance frequency in the
near-infrared (NIR) region known as the first biological win-
dow (750-900 nm).” Light within this frequency range exhibits
optimal tissue penetration® and thus enables extracorporeal
excitation and heat generation. Several studies, including previ-

The development of antibacterial modifications of biomaterials
has emerged over recent decades as a promising response to
the significant clinical challenge posed by biomaterial-
associated infections (BAIs). BAIs originate from bacterial
adhesion to the biomaterial surface, which, following bacterial
proliferation and biofilm formation, develop into hard-to-treat
infections. The severity of these infections stems from the abil-
ity of biofilm-growing bacteria to evade the immune response
and from their high tolerance to conventional antimicrobial
agents like antibiotics." The issue is further complicated by
the increasing occurrence of antimicrobial-resistant patho-

gens,z’3 rendering progressively more treatment options ineffec-

tive. In the development of antibacterial modifications of Received: March 19, 2026
biomaterials, the aim is to provide the biomaterial itself with Revised:  May 27, 2026
antibacterial properties, thereby enabling local prevention or Accepted: May 28, 2026

treatment of infections. A range of strategies has been employed
for this purpose, including making anti-adhesive surfaces that
prevent initial bacterial colonization, as well as contact-killing
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ous work from our research group, have demonstrated a strong,
broad-spectrum antibacterial activity of materials based on
solid-supported gold nanorods,”~'* highlighting their potential
as an alternative or complement to conventional treatment of
BAIs. For these systems, the antibacterial activity is commonly
attributed to membrane disruptive effects caused by the photo-
thermal heating.m_15 However, little is known about how the
antibacterial activity of these materials is influenced by the pres-
ence of antimicrobial compounds in suspension. Since systemic
administration of antibiotics is common in the management of
BAIs, for example, as preoperative prophylaxis and in treatment
of prosthesis-related infections,'® understanding the combined
antibacterial effect is of high relevance.

With many conventional antibiotics losing their efficacy due
to the increased occurrence of antimicrobial-resistant patho-
gens, there is a growing interest in alternative classes of antimi-
crobial compounds, one of which is antimicrobial peptides
(AMPs). AMPs constitute an essential component of the innate
immune defense of most multicellular organisms and have gar-
nered considerable attention as alternatives to antibiotics owing
to their broad-spectrum activity against bacteria, viruses, and
fungi.'”'® Their activity is attributed to some key structural fea-
tures, including a small size, net cationic charge, amphipathic
nature, and ability to form defined secondary structures.'® The
bacterial targeting ability of AMPs stems primarily from their
net cationic charge, enabling electrostatic interaction with
anionic moieties on the bacterial envelope.'” This electrostatic
interaction, together with the amphiphilicity of AMPs, can
induce disruption of the bacterial membrane integrity.
However, the mode of action of AMPs is not restricted to such
membrane-disruptive mechanisms as they may also target cell-
internal processes like cell division, DNA or RNA synthesis,
and protein folding.'®

Enhanced antibacterial activity has been reported when com-
bining AMPs with photothermal heating from gold nanorods,
both for AMPs functionalized onto the nanoparticles,'~**
and where AMPs and gold nanorods are co-dispersed within a
hydrogel matrix.**> Thus, combining the bactericidal effect of
AMPs with the photothermal heating of solid-supported gold
nanorods presents a promising strategy for combatting BAIs.
In the present study, we evaluated the antibacterial activity of
photothermal heating generated from solid-supported gold
nanorods combined with the cationic AMP RRPRPRPRP
WWWW-NH, (RRP9W4N). This AMP has previously been
employed by our research group for covalent attachment onto
hydrogels, producing materials with prominent broad-
spectrum antibacterial activity.>*~*® In addition, this work inves-
tigated the mechanisms underlying the antibacterial activity of
this combined system by studying the interaction between the
gold nanorods and the bacteria cells using electron microscopy,
as well as assessing the mode of action through bacterial cyto-
logical profiling.”

2. RESULTS AND DISCUSSION
2.1. Material Characterization

In this study, two populations of gold nanorods were evaluated.
From the Vis-NIR absorption spectra of the gold nanorod sus-
pensions, shown in Figure 1A, the longitudinal plasmon reso-
nance peaks of the gold nanorods were determined to be 840
and 870 nm, respectively. To distinguish between the two gold
nanorod populations, they are hereafter referred to as AuNR840
and AuNRS870. In Figure 1A, the position of the employed
808 nm NIR laser is also indicated, showing the extent of over-
lapping with the resonance bands of the respective nanorod
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Figure 1. (A) Normalized Vis-NIR absorption spectra of the two populations of gold nanorods (AuNR840 and AuNR870) in aqueous suspensions,
showing the longitudinal resonance peaks at 840 and 870 nm, respectively. (B) Vis-NIR absorption spectra of AuNR840 and AuNR870 supported on
glass substrates, measured in air. SEM micrographs of (C) AuNR840 and (D) AuNR870 supported on glass substrates, showing the uniform distri-

bution of nanorods on the substrate surfaces.
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populations. In previous work by our group, TEM analysis has
been performed for gold nanorods synthesized using a corre-
sponding synthesis procedure, with slight variations of the con-
centrations to tune the aspect ratio of the nanorods, showing
their rod-like nanostructure and fcc single-crystalline nature.”
A TEM micrograph of gold nanorods synthesized with the same
procedure as AuNR870 is shown in Figure S1. Additionally, our
group has published work where the properties of the solid-
supported gold nanorods were studied in detail with XRD,
showing their single-crystalline characteristics and the strong
orientation of the nanorods on the support, as well as studying
their photothermal characteristics under NIR irradiation.>**!

The gold nanorods were surface-attached to glass substrates,
and the materials were characterized by Vis-NIR spectroscopy
and scanning electron microscopy (SEM). The Vis-NIR absorp-
tion spectra of the gold nanorods supported on glass, measured
in air, are shown in Figure 1B, where the retention of the two
characteristic plasmon resonance peaks can be observed. The
blue-shift of the longitudinal peaks from 840 nm and 870 nm
to 740 nm and 790 nm, respectively, is caused by the difference
in refractive index of the medium surrounding the nanorods,
transitioning from water to the glass-air interface. SEM micro-
graphs of AuNR840 and AuNR870 supported on glass are shown
in Figure 1C,D, respectively, demonstrating a uniform distribu-
tion of nanorods over the substrate surface. The surface coverage
of gold nanorods was determined through image analysis of SEM
micrographs as the projected area covered by particles. The
AuNR840 samples exhibited a surface coverage of 13%, while
the AuNR870 samples had a surface coverage of 15%.

To estimate the temperature increase upon NIR irradiation of
the solid-supported gold nanorods, the photothermal heating was
evaluated using thermal imaging. AuNR840 and control (bare
glass) samples were placed onto Mueller—Hinton agar plates,
and thermal images were recorded before and after 30 s NIR irra-
diation at 4.7 W cm™2. The results are shown in Figure S2. Based
on the thermal imaging, the average temperature increase
(n = 3) for the solid-supported gold nanorod samples was
approximately 30 °C, reaching a maximum temperature around
55 °C, whereas the glass control samples exhibited an increase
of about 2 °C under identical irradiation conditions.

2.2. In Vitro Antibacterial Activity

The in vitro antibacterial activity against Staphylococcus aureus
(CCUG 10778) was evaluated using an agar plate model,

adapted from a previously described protocol.” The antibacte-
rial activity of the solid-supported AuNR840 and AuNR870
samples upon NIR irradiation for 30 s at 4.7 and 5.4 W cm™,
respectively, in the absence and presence of 3.125 puM
RRPIW4AN AMP, is shown in Figure 2A. Bare glass samples
were used as controls. Representative images of the samples
from the agar plate model are shown in Figure 2B. The NIR
laser intensities employed for AuNR840 and AuNR870 were
adapted to achieve comparable antibacterial efficacy, wherein a
higher intensity was used for the AuNR870 samples, which
exhibited lower absorbance at 808 nm (Figure 1A).

The minimum inhibitory concentration (MIC) of
RRPIWA4N against S. aureus CCUG 10778 has previously been
determined to be in the range of 6-12 pM.**** In the present
study, a sub-MIC concentration of 3.125 pM was employed,
which resulted in a significant antibacterial activity, correspond-
ing to an antibacterial efficacy of 68% relative to the untreated
control, without completely inhibiting bacterial growth. Both
AuNR840 and AuNR870 samples demonstrated significant
antibacterial activity upon NIR irradiation, attributed to the
photothermal heating of the gold nanorods, yielding antibacte-
rial efficacies of 89 and 88%, respectively, relative to the
untreated control. Moreover, the bactericidal effect from the
photothermal heating of both populations of solid-supported
gold nanorods was significantly greater than that observed for
RRPY9WA4N alone. Additionally, when comparing the antibacte-
rial activity of RRPOW4N alone with the activity when com-
bined with NIR light, no significant differences were detected
(Figure S3). As such, the slight temperature increase caused
by NIR irradiation in the absence of gold nanorods (around
2 °C, Figure S2) did not enhance the antibacterial activity of
RRPOW4N.

Importantly, the gold nanorods did not affect bacterial viabil-
ity in the absence of NIR light, and the NIR light alone showed
no effect in the absence of the gold nanorods (Figure S3). Both
observations are consistent with the results reported in our pre-
vious publication investigating similar solid-supported gold
nanorod materials.” In this previous study, it was also demon-
strated through SEM analysis that the gold nanorod-
functionalization remained largely unaffected after the in vitro
antibacterial activity evaluation. This indicates that the gold
nanorods have a good stability on the glass substrates.
However, as the long-term stability is a critical parameter for
the potential clinical translation of the materials, these aspects
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Figure 2. (A) Antibacterial activity against S. aureus (CCUG 10778) of solid-supported AuNR840 and AuNR870 on glass, irradiated with NIR light
for 30 s at 4.7 and 5.4 W cm”, respectively. Blue bars represent untreated bacterial suspension, and orange bars represent the presence of 3.125 pM
RRPYW4N. Data are presented as the average CFU cm ™2 for nine samples (n = 9) and the error bars denote standard deviation. Statistical signif-
icance was determined with pairwise two-sample t-tests assuming unequal variance. Significance level: p < 0.0S. (B) Example pictures of the samples
from the agar plate model. The black solid lines indicate the samples’ perimeter, and the dashed lines encircle the sampling area.
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should be investigated in substantially greater detail in future
studies.

When studying the combined effect of NIR-irradiated solid-
supported gold nanorods and RRP9W4N, the results diverged
between the AuNR840 and AuNR870 samples. For AuNR840
irradiated at 4.7 W cm™2, no significant enhancement of the
antibacterial activity was observed in the presence of
RRP9W4N (Figure 2A). In contrast, for AuNR870 irradiated
at 5.4 W cm™ a significant increase in the antibacterial activity
was demonstrated in the presence of RRPIW4N. Specifically, in
the presence of 3.125 pM RRP9WA4N, the antibacterial efficacy
of the NIR-irradiated AuNR870 samples increased from 88 to
98%. Similar to what has been shown for AMP-functionalized
gold nanorods in suspension,'®~>* it appears that the antibacte-
rial efficacy can be enhanced when combining the photothermal
heating from the solid-supported gold nanorods with
RRPIWA4N. However, the specific material characteristics and
laser irradiation parameters that determine the extent of photo-
thermal heating are critical in such a combined system, as dem-
onstrated by the divergence of the results between the
AuNR840 and AuNR870 samples. These findings clearly illus-
trate the importance of controlling both the gold nanorod syn-
thesis, which determines the nanorod size, shape, and aspect
ratio, and the surface attachment, which together governs the
plasmonic properties that, in turn, influence the magnitude of
the combined antibacterial effect of the solid-supported gold
nanorods with the AMP.

2.3. Interaction between Gold Nanorods and S. aureus

To investigate the interaction between the solid-supported gold
nanorods and S. aureus in the absence of NIR light, electron
microscopy was used. Titanium substrates were employed in
these investigations owing to their superior conductivity com-
pared to glass, and the samples had a gold nanorod surface cov-
erage of 10%. A monolayer of S. aureus was cultured on the
surfaces, and following fixation, bacterial attachment was visual-
ized using SEM. As seen in Figure 3A, the cells resembled hard
spheres resting on the surface with limited physical contact, sur-
rounded by gold nanorods evenly distributed on the surface.
The small contact area between the cells and the substrate
found during SEM analysis was confirmed with TEM analysis.
TEM micrographs at different magnifications showing cross
sections of the interaction between AuNR870 on titanium and
S. aureus are shown in Figure 3B—D. The dark layer covering
the bacterial cells corresponds to a 100 nm chromium layer,
sputter coated to protect the surface during TEM specimen
preparation, while the irregularities visible in the center of the
cells are likely artefacts caused by damage from the high-
voltage electron beam. As no contrasting agents were used in
the TEM specimen preparation, no internal cell structures are
visible.

TEM micrographs revealed that the cross section of the con-
tact area between the bacterial cells and the material surface was
limited to the order of a few hundred nanometers. Based on the
micrographs, it is reasonable to assume a circular contact area
with a diameter in the range of 100—300 nm, which corresponds
to each cell being in contact with 1-8 gold nanorods (details are
provided in the Supporting Information). Surprisingly, despite
the low number of nanoparticles in direct contact with the bac-
teria, the gold nanorods exhibited strong antibacterial activity
upon NIR irradiation (Figure 2), highlighting the efficiency of
this photothermal approach. However, it should be noted that

Figure 3. Electron microscopy study of the interaction between gold
nanorods supported on titanium and S. aureus. (A) SEM micrograph
visualizing two S. aureus cells on AuNR870. (B—-D) TEM micrographs
at different magnifications showing the interaction between the bacte-
rial cells and the gold nanorods, with (D) showing a higher magnifica-
tion of the interface of the leftmost bacterial cell in (B). The dark top
layer represents the sputtered 100 nm chromium coating, and the ligh-
ter circular structures represent bacterial cells in cross section. No
intracellular structures are visible, as the TEM specimen preparation
was conducted without the use of contrasting agents. The dark ellip-
soids beneath the bacteria correspond to the supported gold nanorods,
indicated by white arrows at selected locations.

biological specimens are known to deform or shrink during
preparation for electron microscopy and that the actual contact
area could be slightly underestimated.>® Nonetheless, these
findings highlight the potential of this system as an antibacterial
modification strategy that minimizes influence on the biomate-
rials’ innate surface characteristics. This is of relevance as bio-
material surfaces are typically designed to interact favorably
with the biological environment in which they are intended to
function. Together with the localized antibacterial activity of
the NIR-irradiated solid-supported gold nanorods, demon-
strated by the ability of bacteria to recolonize the samples from
regions outside the irradiated area (Figure 2B), these findings
show promise for minimizing adverse effects on surrounding tis-
sue cells. However, to fully evaluate the biocompatibility of the
proposed antibacterial surface modification strategy, further
in vitro studies using eucaryotic cells, and preferably also
in vivo studies, are required.

2.4. Bacterial Cytological Profiling

To gain insight into the mode of action of AuNR840 in combi-
nation with RRP9W4N, we employed bacterial cytological pro-
filing (BCP), a phenotypic analysis method that allows the
assessment of several cell parameters in a single assay. In this
study, we used a BCP variant that combines four specific fluo-
rescent dyes: DAPI to visualize DNA, SytoxGreen to assess
membrane integrity, FM4-64 to visualize changes in membrane
morphology, and DiSC;S$ to assess the membrane potential.****
S. aureus (CCUG 10778) was exposed to AuNR840 alone, in
combination with RRPYW4N, or together with the pore-
forming antibiotic nisin, which serves as a positive control in
the assay.>**> Samples were subsequently irradiated with NIR
light at an intensity of 47 W cm™ for 30 s or left untreated
as controls.
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Figure 4. Bacterial cytological profiling of S. aureus (CCUG 10778) treated with AuNR840, AuNR840 treated with RRPOW4N, or AuNR840 com-
bined with nisin, with or without exposure to NIR light at an intensity of 4.7 W cm ™ for 30 s. (A) Treated cells were transferred to agarose patches
containing DAPI for DNA staining, SytoxGreen to report large membrane pores, FM4-64 for staining cell membranes and visualizing changes to
membrane morphology, and DiSC,S to report membrane potential. Scale bar is 2 pm. (B) Quantification of DiSC,S fluorescence from microscopy
images. DisC,S$ is a voltage-sensitive dye that accumulates in cell membranes with an intact membrane potential. If cells depolarize, the dye dissociates
from the membrane, resulting in a decrease in fluorescence signal.*® The graph shows pooled data from three biological replicates. Red lines indicate
the median. Statistical significance was determined using a one-way nested ANOVA. (C) Quantification of SytoxGreen uptake from microscopy
images. SytoxGreen is a DNA-binding dye that does not penetrate intact membranes; however, upon formation of membrane pores large enough
to allow passage of the molecule, it diffuses into cells, producing a bright DNA signal.>”** The graph shows pooled data from three biological rep-
licates. Red lines indicate the median. Statistical significance was determined with a one-way nested ANOVA.

Both non-irradiated and irradiated samples treated with the
AuNR840 and nisin combination showed characteristic pheno-
types indicative of membrane pore formation. Thus, cells
appeared smaller and less phase-dense in phase contrast images
(Figures 4A, S3B,C), showed clear FM4-64 foci representing
membrane domain formation (Figure 4A), displayed strongly
reduced DisC,5 fluorescence consistent with membrane depo-
larization (Figure 4A,B), and demonstrated clear SytoxGreen
uptake, confirming the occurrence of large membrane pores
(Figure 4A,C).

In contrast, the samples exposed to AuNR840 alone or in
combination with RRP9W4N showed no evidence of major
membrane disruption, either with or without NIR exposure.
Cells showed no signs of cell lysis in phase contrast images
and appeared similarly sized and phase-dense as cells exposed
to AuNR840 alone without irradiation (Figures 4A, S$4B,C).
Consistent with this, cells showed no SytoxGreen uptake and
no membrane aberrations in the FM4-64 staining
(Figure 4A,C). This finding was surprising, as previous studies
on RRPO9W4N have shown membrane disruption, albeit at a
much higher concentration of 30 pM (2.5 to S-fold MIC).*

These observations led us to hypothesize that lower concentra-
tions of RRP9W4N, while still bactericidal, do not induce pore
formation but rather act through an alternative mechanism.
Interestingly, both non-irradiated and irradiated samples treated
with RRP9W4N showed a reduction in DAPI intensity
(Figure S4A), a phenotype typically associated with DNA dam-
age and nucleoid fragmentation.””*" Although this requires fur-
ther assessment in future studies, it is conceivable that the
addition of the AMP adds a DNA-damaging component to
the overall mode of action.

Furthermore, a heterogeneous depolarizing effect was
observed in the NIR-irradiated samples exposed to AuNR840
alone and in combination with RRP9W4N; however, this effect
was not statistically significant due to high variability between
biological replicates (Figure 4A,B). This trend may indicate that
the photothermal heating caused by the NIR irradiation of
AuNR840, with and without RRP9W4N, can affect the cell
membrane to some extent without inducing membrane pore
formation. This interpretation is supported by previous studies,
which have shown that the photothermal heating of solid-
supported gold nanorods'®'® and of gold nanorods in
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suspension””***3 can cause membrane-disruptive effects on

bacterial cells. Nevertheless, additional studies are required to
validate and clarify the specific impact on membrane integrity.

3. CONCLUSIONS

This study explored the combined antibacterial activity of the
photothermal heating generated by the solid-supported gold
nanorods together with the AMP RRP9WA4N. Upon NIR exci-
tation, the solid-supported gold nanorods demonstrated a sig-
nificant bactericidal effect against S. aureus, despite the low
number of nanorods in direct contact with the bacterial cells.
When the photothermal heating of the solid-supported gold
nanorods was combined with RRP9W4N, enhanced antibacte-
rial efficacy was demonstrated, depending on specific material
characteristics and laser power. Investigation of the mode of
action of NIR-irradiated solid-supported gold nanorods and
RRPOW4N using bacterial cytological profiling revealed that
the treatments did not cause major membrane disruption, either
individually or in combination. The RRP9W4N AMP showed
indications of causing DNA damage, whereas NIR-irradiated
solid-supported gold nanorods produced a heterogeneous
membrane depolarizing effect.

The proposed approach serves as an on-demand antibacterial
strategy that can be externally controlled through NIR irradia-
tion, which minimizes exposure of surrounding tissues to anti-
microbial stress and provides spatial and temporal control.
The pronounced antibacterial activity demonstrated for the rel-
atively low surface coverage of gold nanorods highlights the effi-
ciency of this photothermal approach, where bacterial
inactivation is primarily achieved through thermal damage.
The dual-action strategy realized by combining the photother-
mal heating of the gold nanorods with the AMP demonstrated
a significant enhancement of the antibacterial effect, originally
hypothesized to stem from the fact that both components target
the bacterial envelope. However, the findings from the BCP
study suggested a more multifaceted mode of action, involving
several concurrent membrane-associated and intracellular stress
responses, rather than solely pore formation. Altogether, the
findings of this study provide initial insight into the mode of
action of this combined system and demonstrate the potential
of using photothermal gold nanorods in combination with
AMPs to obtain an effective antibacterial modification strategy
for biomaterials while minimizing alteration of the original
material surface characteristics.

4. EXPERIMENTAL SECTION
4.1. Gold Nanorod Synthesis

Gold nanorods were synthesized according to a previously published
procedure”” based on a protocol by Scarabelli et al.** In brief, a gold
seed suspension was prepared in a 30 °C water bath by mixing 4.7 mL
of 100 mM hexadecyltrimethylammonium bromide (CTAB) solution
with 25 pL of SO0 mM gold(III) chloride (HAuCl,) solution. Once
the mixture was homogeneous, 300 pL of 10 mM sodium borohydride
solution was added under vigorous stirring. The prepared seed suspen-
sion was then kept at mild stirring at 30 °C until use. For the gold
nanorods with a longitudinal resonance peak at 840 nm (AuNR840),
a growth solution was prepared in a 30 °C water bath by mixing
60 mL of 100 mM CTAB solution with 1.14 mL of 1 M hydrochloric
acid solution and 600 pL of S0 mM HAuCl,. After stirring for approx-
imately 10 min, 720 pL of 8 mM silver nitrate solution was added,
followed by 600 pL of 110 mM L-ascorbic acid solution. For gold

nanorods with a longitudinal resonance peak at 870 nm (AuNR870),
the growth solution was prepared correspondingly, except that the sil-
ver nitrate concentration was adjusted to 10 mM and the ascorbic acid
concentration to 100 mM. Finally, 144 pL of the prepared seed suspen-
sion was added to the growth solution, thoroughly mixed, and then left
undisturbed at 30 °C for 1 h and 50 min. The synthesized gold nano-
rods were purified by three successive centrifugations with redispersion
in ultrapure water.

4.2. Surface Attachment of Gold Nanorods

Gold nanorods were attached to the surface of glass substrates (round
coverslips, #1.5, 13 mm diameter, VWR) according to previously pub-
lished protocols.”*® This attachment relies on electrostatic interactions
between the cationic gold nanorods, which commonly have a zeta
potential of around 30-50 mV depending on the CTAB concentration
in the surrounding suspension,” and an anionic glass substrate.
Briefly, the glass substrates were rinsed with ethanol (95%) followed
by ultrapure water and then dried in a flow of nitrogen gas. The sub-
strates were subsequently immersed in concentrated nitric acid (65—
67%) overnight (18-19 h). The following day, the substrates were
thoroughly rinsed with ultrapure water before being immersed in a
gold nanorod suspension for S h, allowing for the electrostatic attach-
ment of the cationic, CTAB-stabilized gold nanorods to the anionic
glass surface. The as-prepared gold nanorod suspensions were diluted
with ultrapure water to reach an absorbance of 0.35 at 400 nm. After
S h, the gold nanorod suspension was exchanged to ultrapure water,
after which the samples were immersed in ethanol (99.5%) and
allowed to air dry. For the investigations of the interactions between
the solid-supported gold nanorods and the S. aureus bacterial cells
using electron microscopy, the AuNR870 were attached to titanium
substrates (9 mm diameter, 2 mm thickness). The titanium samples
were prepared similarly to the glass samples, except that instead of
immersion in nitric acid, the titanium substrates were cleaned by
UV/O, treatment for 1S min prior to immersion in the AuNR
suspension.

4.3. Characterization of Solid-Supported Gold Nanorods

The optical properties of the gold nanorods in suspension were evalu-
ated by Vis-NIR absorption spectroscopy using a Multiskan GO micro-
plate spectrophotometer from Thermo Scientific. After attachment of
the gold nanorods to the glass substrates, the optical properties of
the samples were evaluated by recording the absorption spectra in air
using a Hewlett Packard 8453 spectrophotometer. The gold nanorod
surface attachment to the glass and titanium substrates was character-
ized using a Zeiss Ultra 55 scanning electron microscope. Imaging
was performed in the secondary electron mode with an acceleration
voltage of 2.5 kV for the glass and S kV for the titanium substrates.
For one sample of each type, eight micrographs at 50,000X magnifica-
tion were acquired at different locations spread across the sample sur-
face. The surface coverage of gold nanorods (in percent) was
quantified by image analysis of the SEM micrographs and expressed
as the projected surface area covered by the gold nanorods. SEM was
also used to visualize monolayers of S. aureus cells cultivated on
solid-supported gold nanorods on titanium.

4.4. Thermal Imaging

Thermal imaging was performed using a Testo 871 s thermal imager to
evaluate the heating of AuNR840 supported on glass upon irradiation
with NIR light. The NIR laser used was acquired from BWT Beijing
Ltd., model DS3-.00 W, with a central wavelength of 808 + 3 nm.
The laser fiber optic was connected to an air-spaced doublet collimator
(F810SMA-780, Thorlabs) fitted with a 2X beam expander (GBE02-B,
Thorlabs). The laser power output was measured using an optical
power meter (PM160T-HP, Thorlabs), and the irradiance was calcu-
lated based on the measured beam area (details in the Supporting
Information). AuNR840 and bare glass control samples (three repli-
cates of each, n = 3) were placed on Mueller—Hinton (MH) agar
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plates, with the gold nanorods facing the agar. The laser collimator was
positioned 10 cm above the agar plates, and the samples were irradi-
ated for 30 s at an irradiance of 4.7 W cm™>. Thermal images were
recorded before and after irradiation.

4.5. In Vitro Antibacterial Activity Evaluation

The in vitro antibacterial activity was evaluated against S. aureus
(CCUG 10778), using an agar plate model adapted from a previously
published protocol.” Bare glass substrates were used as controls, and all
samples used in the antibacterial activity evaluation were sterilized by
exposure to UV light in a UV/Oj cleaner for 5 min. S. aureus was inoc-
ulated in tryptic soy broth (TSB) and incubated at 37 °C until an opti-
cal density (OD) of 0.55, corresponding to 10° CFU ml ™" was reached.
The suspension was then diluted to 7 X 10* CFU ml™" with
phosphate-buffered saline (PBS). A second suspension was prepared
in the same manner, supplemented with 3.125 pM of the RRP9W4N
AMP (RRPRPRPRPWWWW-NH,, M,, = 1930 g mol™’, purity >
90%, GenScript). The bacterial suspensions were streaked onto sepa-
rate Mueller—Hinton agar plates using cotton swabs, and the samples
were placed onto the plates with the functionalized side facing the bac-
teria. Relevant samples were irradiated with the NIR laser for 30 s at an
irradiance of 47 W cm™> for AuNR840, and 54 W cm™> for
AuNR870. A schematic illustration of the experimental setup is shown
in Figure 5. The plates were incubated at 37 °C for 16 h, whereafter the
number of bacterial colonies beneath each sample was quantified.
Colonies appearing at the outermost 1 mm perimeter of the samples
were excluded to avoid bacteria growing in from the edges to influence
the results. The antibacterial efficacy, in percent, was determined as:

A—B
Antibacterial efficacy = A X 100

where A is the number of colony-forming units per unit area (CFU
em™?) of the control group and B is the number of colony-forming
units per area of the test group. All sample groups were tested in trip-
licate, and experiments were repeated three times (n = 9). Data are
expressed as mean CFU cm > values with standard deviation.
Pairwise two-sample t-tests assuming unequal variance were used for
statistical analysis. Significant differences in bar charts are indicated
with letters. Groups sharing the same letter indicate that there is no sta-
tistically significant difference between the means, while groups with
different letters indicate that there is a statistically significant difference
between the means.

4.6. Interaction between Solid-Supported Gold Nanorods
and S. aureus

Samples with AuNR870 supported on titanium were sterilized by expo-
sure to UV light in a UV/Oj; cleaner for S min. A single colony of
S. aureus (CCUG 10778) was inoculated in 4 mL of TSB and incu-
bated at 37 °C until an OD of 0.55-0.70 was reached. The bacterial
suspension was then washed by centrifugation at 4000 g for S min,
whereafter 1 mL of the bacterial pellet was redispersed in PBS to a total
volume of 5.5 mL. The bacterial inoculum was added to the AuNR870

NIR
808 nm

Gold nanorod

oug g WU AMP

S. aureus

Figure S. Schematic illustration of the agar plate model used in the
in vitro antibacterial activity evaluation.

samples and incubated at 37 °C for 30 min. After incubation, the sam-
ples were rinsed twice with 1 mL of PBS. Once S. aureus had been cul-
tured on the AuNR870-functionalized titanium, the samples were fixated
by immersion in 4% formaldehyde at 4 °C overnight (17-18 h).
Thereafter, they were stepwise dehydrated in an ethanol gradient
before being immersed in a 50 vol% solution of hexamethyldisilazane
(HMDS) in ethanol for 15 min. Lastly, the samples were immersed
in pure HMDS (99%) for 15 min, after which the liquid was removed,
and the samples were allowed to dry. For SEM characterization, the fix-
ated samples were sputter coated with a 5 nm gold layer. SEM imaging
was conducted with the sample at an angle, using acceleration voltages
between 3 and S kV. For transmission electron microscopy (TEM)
investigation of the gold nanorod-bacteria interaction, the titanium
samples were first sputter coated with a 100 nm protective chromium
layer. TEM specimens were prepared following a conventional
FIB-SEM lift-out protocol,*®*” using a FEI Versa 3D system equipped
with a mono-isotopic Ga (69 amu) ion source. A region of interest was
identified that contained a sufficient number of bacterial cells to be
included in the final specimen. A platinum strip, 2 X 10 jim, was depos-
ited using the instrument’s gas injection system, first by e-beam depo-
sition, followed by ion beam deposition until a thickness of greater
than 1 pM was obtained. Trenches were then milled around the plati-
num strip using a cleaning cross-section pattern, followed by a U-cut
underneath the lamella. An Omniprobe micromanipulator was posi-
tioned onto the lamella and attached by platinum deposition. The
lamella was cut loose and mounted onto a copper half-grid. It was sub-
sequently polished using ion beam milling at 30 kV with progressively
reduced currents from 100 to 10 pA, until it was sufficiently thin for
TEM analysis (< 100 nm). A SEM micrograph of a TEM-ready lamella
is shown in Figure S6. The TEM specimens were analyzed using an
FEI Titan 80-300 operated at 300 kV and imaged in brightfield
TEM-mode. Micrographs were analyzed using the Gatan Digital
Micrograph 3 software.

4.7. Bacterial Cytological Profiling

Sample preparation for bacterial cytological profiling was based on a
modified version of the agar plate model employed in the in vitro anti-
bacterial activity evaluation. All solid-supported gold nanorod samples
used for BCP were prepared with AuNR840 and sterilized by exposure
to UV light for S min prior to the experiments. S. aureus (CCUG
10778) was inoculated in TSB and incubated at 37 °C until reaching
an OD of 0.6. From this bacterial culture, three separate suspensions
were prepared by dilution with PBS to a final OD of 0.3: one untreated
(negative control), one supplemented with 3.125 pM RRPIW4N
AMP, and one supplemented with 10 pM nisin (positive control).
The three suspensions were incubated for 10 min before being
streaked onto separate MH agar plates. Two samples (AuNR840 sup-
ported on glass) were placed onto each agar plate with the nanorods
facing the bacteria, and one sample per plate was subsequently irradi-
ated at 4.7 W cm™> for 30 s. The samples were then removed from
the agar plates, and circular agar punches (8 mm diameter) were taken
from the regions underneath each sample. Bacterial cells from the
8 mm punches were transferred by stampin§ to 1.2% agarose patches
containing 10% MHB, DAPI (0.2 pg ml™ ), SytoxGreen (40 nM),
FM4-64 (0.2 pg ml™"), and DiSC,S (0.1 pM) to ensure sufficient
staining of the cells. The samples were sealed with poly-L-dopamine-
coated coverslips®® and immediately imaged using a Nikon Eclipse
Ti2 microscope equipped with a Photometrics PRIME BSI camera, a
CFI Plan Apochromat DM lambda 100X oil objective (N.A. 145,
W.D. 0.13 mm), a Lumencor Sola SE II FISH 365 light source, and
an Okolab temperature chamber set to 37 °C. Images were acquired
using NIS elements AR software version 5.21.03. The BCP experi-
ments were performed in three independent biological replicates.

4.8. Image Analysis of BCP

Fluorescence intensity parameters were analyzed using the Image]J plu-
gin Microbe].***’ Cells were detected in phase contrast images using
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the fit shape detection mode with circular settings. The area parameter
was adjusted to 0.2 to max, while all other parameters were kept at
their default settings. Statistical analysis was performed using
GraphPad Prism 10.6.1 as specified in the figure legends.
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