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The lack of effective virucides that can eradicate viruses under mild conditions that do not harm mammalian
cells or high value biologics poses risks for the food, health care, and pharmaceutical industries. Here, we
examine plasmonic nanoreactors that contain the photocatalyst [Ru(bpy)s]°* localized in the evanescent
electric (E-) field of a silver nanoparticle (AgNP) as a selective virucide. The AgNP is passivated by a lipid
coating and functionalized with annexin V to target and bind enveloped viruses with surface-exposed
phosphatidylserine and localize the light-driven reactivity of the plasmonic nanoreactor virucide (PNV) in
the proximity of the virus to enhance inactivation efficacy and minimize collateral damage. The lipid
coating prevents premature Ag* release under “dark” conditions and minimizes cytotoxicity. Upon

illumination at 470 nm, plasmon-enhanced excitation of [Ru(bpy)sl**

induces photoreactivity and
generates reactive oxygen species (ROS) that damage the bound virus and increase the permeability of
the lipid coating around the AgNP, facilitating the release of Ag* ions. Using murine leukemia virus (MLV)
as a model, annexin V-functionalized PNVs achieved over 85% viral inactivation after 30 minutes of
illumination with 470 nm light (65 mW cm™2) at a 1:1 virus: PNV ratio, with no measurable cytotoxicity
in mammalian host cells. These results demonstrate that PNVs combine light-activated reactivity with
targeting to achieve potent, selective virucidal activity under mild conditions, paving a path to

safeguarding biologics and cell cultures against viral contamination.

Introduction

Viral contaminations of food, biologics, or growth media pose
significant health and economic risks in the food industry, health
care settings and pharmaceutical manufacturing and motivate
the development of effective virucides.** Although effective
“broadband” chemical and physical antiviral strategies have been
established, many of these strategies apply harsh conditions that
not only inactivate virus contaminants but also deteriorate
sensitive samples.>” For instance, monoclonal antibodies are
sensitive towards treatment with heat, irradiation, or reactive
chemicals and require currently sterilization via ultrafiltration,
which is expensive and prone to induce aggregation.®**° There has
been a growing interest in the field of nanotechnology in recent
years to engineer nanomaterials for applications at the molecular
level with the goal to target and inactivate cell-free virus particles
highly selectively with minimal collateral damage to cells or
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valuable biologics.**** Different strategies for nanoparticle (NP)-
mediated inactivation of virus particles have been explored,***
including perturbation of viral envelope proteins or capsid
structures through binding interactions with NPs,***® inhibition
of viral replication,” photochemical degradation through semi-
conductor NPs**?* or photosensitizer loaded NPs,** and dena-
turation of viral components through photothermal and
photodynamic effects® associated with plasmonic nano-
materials.”*”” In some cases, a combination of AgNPs and wide-
bandgap semiconductor nanostructures has been found to be
beneficial for achieving viral photoinactivation under visible light
illumination.”® These previous studies demonstrated efficacy
against enveloped viruses, including SARS-CoV-2,"?% Zika,' West
Nile,* dengue,” HIV,” and influenza® virus. In this study, we
describe the development of discrete hybrid nanostructures of
noble metal nanoparticles and molecular photocatalysts that
generate increased chemical reactivity upon light illumination.
Furthermore, selective targeting of these light-activated plas-
monic nanoreactors to the virus particle using annexin V -
phosphatidylserine (PS) interactions maximizes the reactivity-
based virucidal effect while simultaneously minimizing collat-
eral damage.

The plasmonic nanoreactor design is based on silver nano-
particles (AgNPs) encapsulated in a lipid coating that binds

Nanoscale Adv, 2026, 8, 885-895 | 885


http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00784d&domain=pdf&date_stamp=2026-01-31
http://orcid.org/0000-0003-2990-3054
http://orcid.org/0000-0003-2550-5331
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00784d
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA008003

Open Access Article. Published on 16 December 2025. Downloaded on 6/16/2026 8:34:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances
tris(bipyridine)ruthenium(u) [Ru(bpy);]** and positions the
photocatalyst in the evanescent field of the AgNPs. AgNPs
support a localized surface plasmon resonance (LSPR) that
overlaps with the metal-to-ligand-charge-transfer (MLCT) band
in [Ru(bpy)s]*" in the range between 450 nm to 480 nm.>?°
Resonant excitation of the AgNP core of the plasmonic nano-
reactors facilitates a plasmon-enhanced excitation of the
molecular photocatalyst, which results in increased photo-
reactivity.’* In its excited, long-lived triplet state, [Ru(bpy)s]** is
simultaneously a good oxidizer and reducer and can also
generate reactive oxygen species (ROS) including single O,,
superoxide anions and hydroxyl radicals.>***=* If ROS are
generated selectively in the proximity of virus particles, virus
particles are preferentially affected by the generated chemical
reactivity while the effect on bystander cells is limited due to the
short diffusion lengths of ROS that lie between 5 nm in the case
of the hydroxyl radical and 300 nm for the superoxide anion.***”
We implement in this study plasmonic nanoreactor viru-
cides (PNVs) that target murine leukemia virus (MLV) as
a model system for enveloped viruses, to examine the antiviral
effect of these nanostructures with and without targeting
functionality and characterize the mechanisms underlying viral
inactivation. We chose MLV as a model to represent potential
contaminations of the bioreactor feed material by viruses shed
by rodents, which is a problem in the fabrication of biologics. In
the absence of light illumination, the plasmonic nanoreactors
show a high degree of cytocompatibility, but light illumination
triggers the generation of ROS by [Ru(bpy);]** that facilitates the
release of virucidal Ag" ions*®* from the NP core through
increased permeability of NP lipid coating and promotes
damage to the targeted virus particles via multiple mechanisms.
The PNVs demonstrate >85% virus inactivation after 30 min of
470 nm illumination under benign conditions for a virus : PNV
ratio of 1: 1, which confirms the potential of targeted plasmonic
nanoreactors for the selective inactivation of enveloped viruses
in sensitive applications at relatively low concentrations.

Results and discussion

Assembly and characterization of plasmonic nanoreactor
virucides (PNVs)

The structure of the investigated PNVs (Fig. 1A) is similar to that
of plasmonic nanoreactors previously introduced as antibacte-
rials.***" The main difference is that we included annexin V
within the lipid coating surrounding the NPs as a specific tar-
geting functionality for enveloped viruses. The lipid coating
around the 60 nm AgNP in this design serves three main
purposes: (1) it is designed to provide cytocompatibility,
passivate the AgNPs, and minimize the leakage of Ag" ions
under dark conditions (Z.e. no light illumination). (2) It provides
a matrix for [Ru(bpy);]**, which has been predicted to enrich at
the lipid/water interface around the NPs.” (3) Functionalized
lipids in the coating allow the integration of viral targeting
functionalities, such as annexin V, into the NP surface.
Annexin V binds to phosphatidylserine (PS),**** a phospholipid
that is localized to the inner leaflet of healthy mammalian cells
but is exposed in the outer leaflet of virus particles and virus-
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Fig.1 (A) Scheme of PNVs. (B) Bright field STEM image of the PNV with
EDX mapping of Ag and Ru. The EDX contrast was enhanced by
a factor of 4 using ImageJ. The scale bars are 10 nm. The red arrow
highlights the lipid coating. (C) UV-vis spectra of L-AgNPs,
[Ru(bpy)s®*, and PNVs.

infected host cells.**** The presentation of PS in the outer
leaflet of enveloped viruses provides the basis of a selective
targeting by annexin V-functionalized NPs.

PNVs are assembled in a “one-pot” synthesis by combining
colloidal 60 nm Ag NPs with an aqueous mix of [Ru(bpy);]** and
lipids in the presence of 1-octadecanethiol.** The lipids used in
this work were comprised of DPPC (dipalmitoyl phosphatidyl-
choline), cholesterol, 18:1 PA (1,2-dioleoyl-sn-glycero-3-
phosphate), and DSPE-PEG(2000)-azide (1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[azido(polyethylene glycol)-
2000]) in a molar ratio of 29:15:5: 1. The main ingredient of
the lipid coating, DPPC, is a zwitterionic saturated lipid that
prefers rigid packing, but the addition of cholesterol increases
the fluidity of the membrane-like coating. 18:1 PA is a nega-
tively charged unsaturated lipid that improves the colloidal
stability of the NPs but also increases the susceptibility of the
lipid coating to ROS. Peroxidation of the unsaturated lipids is
expected to destabilize the lipid coating***¢ and enhance the
permeability for Ag" ions. DSPE-PEG(2000)-azide was included
to facilitate the covalent attachment of annexin V (see below).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Peak plasmon resonances, hydrodynamic diameters, and {-potentials for all experimental conditions, controls and intermediate

structures

Sample Resonance peak (nm) Hydrodynamic diameter (nm) Zeta potential (meV)
AgNP @ 448 60.5 + 0.4 —24.3 £ 2.5
L-AgNP ® 455 62.5 + 1.6 —29.6 £ 7.1
L-AgNP + ANXV ¢ 449 92.5 + 2.0 —-17.1+£1.3
L-AgNP-azide d 447 76.0 = 0.4 —14.9 £ 0.3
L-AgNP-azide @ ANXV ¢ 450 89.2 + 2.0 —11.6 £ 0.3
L-AgNP-Ru/ 449 68.4 + 1.1 —9.6 £ 2.1
L-AgNP-Ru + ANXV ¢ 454 1115 £ 2.4 —11.1 £ 2.9
PNVs " 450 73.9 + 0.8 —9.1 4 0.9
PNVs @ ANXV ! 452 97.7 £ 2.9 —12.6 £ 0.3

“ Citrate capped AgNP. ? Lipid-coated AgNP. ° Lipid-coated AgNP mixed with annexin V (ANXV). ¢ Lipid-coated AgNP containing azide ligands.
¢ Lipid-coated AgNP covalently functionalized with annexin V. / Lipid-coated AgNP with bound [Ru(bpy);]*". ¢ Lipid-coated AgNP with bound
[Ru(bpy)s]*" mixed with annexin V. * Lipid-coated AgNP with bound [Ru(bpy);]** and containing azide ligands. ' PNVs with covalently bound

annexin V.

High-resolution transmission electron microscopy (HRTEM)
images of individual PNVs and energy dispersive X-ray spec-
troscopy (EDX) element maps recorded in scanning TEM
(STEM) mode (Fig. 1B) confirm that the AgNPs are encapsulated
by a membrane-like lipid coating and contain [Ru(bpy)s]*".
Microwave Plasma Atomic Emission Spectroscopy (MP-AES)
yielded average concentrations of Ag and Ru of 937.1 +
156.2 ppb and 10.0 + 1.8 ppb, respectively, for the hybrid
material. We also measured UV-visible (UV-vis) spectra of the
hybrids, which confirmed that the plasmon resonance of the
AgNPs and the MLCT of [Ru(bpy);]*" overlap (Fig. 1C). Table 1
summarizes peak plasmon resonances, hydrodynamic diame-
ters, and {-potentials for all investigated experimental condi-
tions, controls, and relevant intermediate structures.

Introducing targeting functionalities into PNVs

PNVs were assembled containing DSPE-PEG(2000)-azide in the
lipid coating for the covalent attachment of DBCO-
functionalized annexin V via strain-promoted azide-alkyne
cycloaddition (SPAAC).**** The scheme of the reaction is pre-
sented in Fig. 2A. Annexin V has a total of 22 lysine
residues,*~***> allowing an easy incorporation of DBCO through
sulfo-NHS ester chemistry. Matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS) validated the
successful introduction of DBCO into annexin V (Fig. 2B). The
mass increases from 35 746 m/z for annexin V to 36 800 m/z,
which indicates that most annexin V molecules react with two
DBCO-sulfo-NHS ester molecules (532.5 g mol ). The tail of the
product peak at higher masses reflects a sub-population of
annexin V with more than 2 DBCO-sulfo-NHS molecules bound.
The DBCO-functionalized annexin V was combined with PNVs
to achieve cross-linking by SPAAC. The resulting annexin V-
functionalized PNVs had a hydrodynamic diameter of 97.7 +
2.9 nm, a {-potential of —12.6 &+ 0.3 meV, and a peak plasmon
resonance of 452 nm.

We validated the successful crosslinking of the DBCO-
functionalized annexin V with the DSPE-PEG(2000)-azide on
the metal NPs through enzyme-linked immunosorbent assay
(ELISA) for PNVs as well as for lipid-coated AgNP (L-AgNP) that

© 2026 The Author(s). Published by the Royal Society of Chemistry

lacked [Ru(bpy);]** (Fig. 2C). In both cases, the cross-linking
results in a large increase in detected annexin V, confirming
a successful introduction of the targeting functionality into the
NP surface with no apparent negative effect associated with the
presence of [Ru(bpy);]*".

Finally, the binding of annexin V-functionalized PNVs to
MLVs was verified by transmission electron microscopy
(Fig. 2D, E and S1). Only for annexin V-functionalized PNVs
a strong localization of AgNPs on MLVs or membrane debris
from the host cell is observed, while PNVs that lack annexin V
show a random distribution with no preferential association
with MLVs or membrane debris.

Switching between cytocompatibility and reactivity through
resonant excitation

For many applications, it is desirable that the nanoreactors lack
reactivity and do not create ROS or release substantial concen-
trations of cytotoxic Ag" ions unless they are bound to their viral
target and activated by optical excitation to maximize the anti-
viral effect and minimize any Ag' cytotoxicity related side
effects.>**® One intended function of the lipid coating around
the AgNP of the PNV is to insulate the NP core, reduce its
cytotoxicity, and increase its overall cytocompatibility. This was
experimentally tested by comparing the viability of Rat-2 cells
after incubation with citrate-stabilized AgNPs and lipid coated
PNVs (Fig. S2). The lipid coating profoundly reduced the
number of dead cells when compared with AgNPs, suggesting
that the lipid coating passivates and stabilizes the AgNP core in
PNVs.

Ilumination at the plasmon resonance is expected to trigger
the generation of ROS through excitation of [Ru(bpy);]*" and to
activate PNVs for virucidal applications. To validate this
concept, we quantified ROS generation for L-AgNP without
[Ru(bpy);]*" and PNVs as a function of 470 nm illumination
time using dihydrorhodamine 123 (DHR123) which is converted
by ROS into the fluorescent rhodamine 123 (Fig. 3A).°”*® The
PNV sample exhibited a substantial increase in the rhodamine
123 fluorescence signal over the L-AgNP baseline within the first
10 min of illumination, confirming that the [Ru(bpy)s;]*" in the

Nanoscale Adv., 2026, 8, 885-895 | 887
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(A) Functionalization of the PNV (PNV@ANXV) for annexin V-mediated targeting of MLV. Structure of annexin V (UniProt ID: PO8758) was

obtained from the AlphaFold Protein Structure Database.*’=%° (B) MALDI-MS of the annexin-V (red) and the DBCO-functionalized annexin-V
(Blue). (C) Number of annexin V/NP determined by ELISA for (left to right) L-AgNP mixed with annexin V, PNVs that lack [Ru(bpy)s]*, PNVs that
lack azide groups, and complete PNVs. (D) TEM image of MLV. (E) TEM image of MLV containing two bound PNV@ANXYV particles. Samples in D
and E were treated with a 2% uranyl acetate solution. Scale bars are 10 nm.

PNV is a source of ROS generation. A change in the AgNP core in
PNVs with AuNPs resulted in a decrease in rhodamine 123
generation by ~50% after 5 min of illumination (Fig. S3A). L-
AgNP and L-AuNP that lack [Ru(bpy);]** show low ROS genera-
tion both under 470 nm illumination and in the dark. PNVs

888 | Nanoscale Adv., 2026, 8, 885-895

(with a AgNP core) illuminated at 420, 450, or 470 nm demon-
strated the strongest ROS generation at 470 nm (Fig. S3B).
ROS generation may also initiate lipid peroxidation and
destabilize the lipid coating of PNVs.*#*® A degradation of the
passivating PNV lipid coating would expose the AgNP core and
could lead to increased Ag' ion release.”® We evaluated the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Comparison of ROS generation by PNVs and the L-AgNP
control using a DHR123 assay. All samples were illuminated using
a 470 nm LED with 15 mW cm™2 (B) UV-vis spectra of citrate stabilized
AgNPs as function of time after addition of 10 vol% of 1 M sodium
thiosulfate solution. (C) Normalized peak absorbance of L-AgNP and
PNV samples that were illuminated with 470 nm LED light (65 mW
cm™?) as a function of time in the presence of sodium thiosulfate. The
samples were illuminated for 60 min before time t = 0 when sodium
thiosulfate was added.

stability of the PNV lipid coating before and after illumination
with 470 nm light with an irradiance of 65 mW cm™ 2 using
a AgNP dissolution assay. Sodium thiosulfate can dissolve
citrate-stabilized AgNPs in the presence of oxygen,**** and this
process can be monitored by UV-vis spectroscopy (Fig. 3B).
Importantly, L-AgNP that lack [Ru(bpy);]>" were stable after
addition of sodium thiosulfate when illuminated at 470 nm for
60 min, indicating that the lipid coating protects the AgNP core
(Fig. 3C). Likewise, PNVs that have not been illuminated at
470 nm were also stable against treatment with sodium thio-
sulfate. However, upon photoexcitation at 470 nm a dissolution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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of PNVs is detected by UV-vis spectroscopy (Fig. 3C). Overall,
these observations indicate a light-induced ROS generation and
subsequent degradation of the lipid coating. The induced lipid
damage increases the permeability of the protective coating of
PNVs and results in overall reduced protection against AgNP
dissolution.

Viral inactivation through PNVs

We examined the virucidal effect of PNVs by quantifying the
reduction in MLV infectivity under different experimental
conditions. The absorbance spectrum of PNVs shows a broad
resonance that peaks at 452 nm with a width of approximately
100 nm. We first evaluated the baseline virucidal effect of
different LED lamps with emission wavelengths between 420
and 470 nm that are available to excite the PNVs (Fig. 4). These
experiments were performed at room temperature. After 15
minutes of illumination with 65 mW cm™2, 420 and 450 nm
emitting LEDs achieved a viral inactivation of 53% and 44%,
respectively (Fig. 4A and B). Even with a reduced fluence of 15
mW cm™? the 420 nm LED still achieves a viral inactivation of
36%. In contrast, 30 minutes of illumination with a 470 nm LED
at 65 mW cm > provides a baseline viral inactivation of less
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Fig. 4 Viral inactivation obtained with LEDs emitting at 420, 450, or
470 nm. (A and B) Dependence of viral inactivation on optical fluence
under (A) 420 nm or (B) 450 nm illumination. The illumination time was
15 min. (C) Effect of illumination time on viral inactivation obtained
with a 470 nm LED with a constant fluence of 65 mW cm™2. All results
are based on at least triplicate measurements.
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than 20% (Fig. 4C). Since our interest in this work is based on
characterizing the effect of PNVs, we chose this condition for
our experiments to minimize the contribution from light-driven
viral inactivation.

Avoiding excitation wavelengths far in the blue spectrum is
also beneficial for avoiding photodamage and related collateral
effects in future applications of PNVs. Noble metal NPs have
large optical cross-sections, and dissipation in the NPs can
result in thermal effects. The calculated® temperature increase
for an individual NP under the continuous wave (CW) illumi-
nation conditions applied here is, however, very low. Even for
a solution of the highest NP concentration used in this work, 5
x 10° particles/175 uL, the available heating rate is insufficient
to produce a significant increase above ambient temperature
when heat transfer is taken into account. We therefore do not
consider photothermal effects to be relevant for virus inactiva-
tion under the chosen experimental conditions.

The virucidal effect of annexin V-functionalized PNVs and
selected controls under 470 nm LED illumination is summa-
rized in Fig. 5A. We included the following samples in these
experiments: virus control, virus + L-AgNPs (5:1 ratio), and
virus + PNVs at two different virus : PNV ratios (5:1,1:1). Forall
samples viral inactivation was evaluated without illumination
(dark) and with 470 nm illumination. Both the virus control and
virus + lipid-coated AgNPs show no measurable inactivation in
the absence of illumination after an incubation time of 30 min
(Fig. 5A). The PNVs show a moderate inactivation of 13% after
30 min in the dark. After 30 min of 470 nm illumination, the
virus and virus + L-AgNP controls show an inactivation of 14%
and 15%, respectively, which results from the 470 nm light
effect discussed above. Importantly, the illuminated PNV
samples achieve a significantly higher (p < 0.01) viral inactiva-
tion of 59% and 86% for virus:PNV ratios of 5:1 and 1:1.
Considering a net light effect of ~13%, the targeted PNVs ach-
ieve a gain in viral inactivation of approx. 45% and 72%. These
increases in virus inactivation are substantial when one
considers the applied virus : PNV ratios and may indicate that
the annexin V-functionalized PNV binds to multiple virus
particles and thus enhance their effect. PNVs that were not
functionalized with annexin V only achieved an inactivation of
13%. The difference in the much higher (p < 0.001) inactivation
levels for annexin V functionalized PNVs underlines the
importance of virus targeting for the efficacy of the PNVs.

Cell viability under the previously defined virus and virus +
PNV infection conditions was simultaneously evaluated
through lactate dehydrogenase (LDH) assays (Fig. 5B). For the
virus control (no treatment) and L-AgNP incubation, infection
results in approximately 50% cell death in the absence of
470 nm illumination. For the PNV samples the cell death rate
increases to 57 and 63% at 5: 1 and 1: 1 virus : PNV ratios. Upon
illumination with 470 nm LED light, the cell death drastically
decreases to 23% and 5%, for PNV samples with virus: PNV
ratios of 5:1 and 1: 1, respectively. These changes had a statis-
tical significance of p < 0.001. In contrast, the cell viability
decreases by < 6% for the virus control, and it remains nearly
unchanged for the L-AgNP sample with illumination. These
striking differences exclude a decrease in host cell viability as
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Fig. 5 (A) Virus inactivation observed under £470 nm illumination for
virus control, L-AgNPs, PNVs (5: 1 virus: PNV) and PNVs (1:1 virus:
PNV). (B) LDH measurements for host cells under same experimental
conditions. (C) Virus inactivation observed under +£470 nmillumination
for virus control and PNVs (5:1 virus: PNV) after addition of NaNs.
Illumination time was 30 min with 65 mW cm™2. All results are based
on at least triplicate measurements.

a cause for the observed drop in viral load observed with PNV
treatment and provide further evidence of a viral inactivation
induced by targeted PNV under resonant illumination.

Addition of the singlet O, scavenger NaNj; (Fig. 5C) reduced
the viral inactivation obtained with PNVs under resonant illu-
mination, confirming that the light-driven generation of ROS is
an important factor in the observed virus inactivation.®*** The
baseline level of virus inactivation was increased in the presence
of NaNj (see virus + NaNj condition), which is attributed to the
cytotoxicity of the azide.

Conclusion

We have examined the virucidal effect of plasmonic nano-
reactors that localize their light-driven reactivity to enveloped

© 2026 The Author(s). Published by the Royal Society of Chemistry
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viruses by targeting of PS in the viral membrane and demon-
strated a viral inactivation of up to 86% with MLV as the test
case. The PNV design is based on a hybrid nanostructure design
that contains a passivating lipid coating around a AgNP core.
The lipid coating provides a matrix for the localization of the
photocatalyst ([Ru(bpy);]**) in the evanescent field of the AgNP
to achieve plasmon-enhanced, light-driven ROS generation.
Furthermore, the AgNP also allows a combination of photo-
catalyst and virus-targeting recognition elements. In this work
annexin V was used to target PS, which is present in the outer
leaflet of enveloped viruses but restricted to the inner leaflet of
healthy mammalian cells. PNVs targeting viral membranes
through annexin V can affect MLVs through multiple channels.
The ROS generated in direct proximity of the virus can damage
viral functions. The ROS can also act on the lipid coating of the
PNV itself that contains unsaturated lipids and trigger damage
that subsequently increases the permeability of the membrane-
like coating. The “local” release of Ag" ions from AgNPs bound
to the virus target constitutes an additional virucide that further
enhances the antiviral effect. Due to the passivating surface
properties of the lipid coating of the AgNPs, the cytotoxicity of
the plasmonic nanoreactors to healthy host cells was overall
low. Targeting of PNVs to enveloped viruses provides a potential
path for their selective inactivation even in the presence of
mammalian cells. This approach is particularly relevant for bi-
opharmaceutical processes that utilize cell-based bioreactors,
which are susceptible to virus contamination.

Experimental section
Preparation of the DBCO-annexin V crosslinker

The Tag-free human annexin A5 reconstitute of protein
(annexin V, Acro biosystems) was added in 100 mmol of sodium
bicarbonate (NaHCO3, Sigma Aldrich) to reach a final concen-
tration of 17.4 pumol. 20 pL of annexin A5 solution was then
mixed with 4 pL of 0.83 mM dibenzocyclooctyne-sulfo-N-
hydroxysuccinimidyl ester (DBCO-sulfo-NHS ester, Sigma
Aldrich) solution in 0.5x PBS. The mixture was incubated for 24
hours at 4 °C. After the incubation, the mixture underwent
dialysis in 0.5x PBS for 48 hours.

Preparation of PNVs

PNVs were prepared through a modified one-pot self-assembly
method. A lipid mixture containing chloroform solutions of
58 mol% DPPC, 10 mol% 18:1 PA, 30 mol% cholesterol, and
2 mol% of DSPE-PEG(400)-azide(Avanti Polar Lipids) was mixed
with a 2 mol% methanol solution of [Ru(bpy);]Cl, (Sigma
Aldrich). The mixture was then rotary evaporated at 32 °C and
desiccated for 3 hours. 2 mL of water was added to a round-
bottom flask containing the dehydrated lipid film, followed by
tip sonication for 5 min to form liposomes that contained
[Ru(bpy);]**. The liposomes were next mixed with 160 pL of
2 mg mL ' octadecanethiol (ODT, Sigma-Aldrich) ethanol
solution, followed by mixing with 1 mL of citrate stabilized
60 nm AgNPs (10'° particles/mL) (nanoComposix, NanoXact
Silver Nanospheres). The solution was incubated overnight to
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allow the formation of functionalized lipid-coated AgNP con-
taining [Ru(bpy)s;]”" and DSPE-PEG-azide. Finally, the AgNP
solution was washed by centrifugation (3500 g), followed by
storage at 4 °C.

Mass spectroscopy

The measurement was conducted on a Bruker Autoflex Speed
MALDI-TOF. The sample preparation started with dissolving
10 mg of sinapic acid in 1 mL of ethanol as the matrix. Then, the
protein sample was mixed with the matrix in a ratio of 1: 1, and
2 pL of the mixture was dropcast onto the sample plate.

ELISA

The experiment was performed with an Invitrogen Human
annexin V ELISA kit (Fisher Thermo). The kit comes with all the
chemicals used in this section. The 8-well strips coated with
monoclonal annexin V antibody were washed twice with PBS
with 1% Tween 20. A serial dilution of the human annexin V
standard (from 50 to 0.78 ng mL ') and a blank sample were
prepared for the comparison of counts of annexin V incorpo-
rated into the lipid membrane. The four experimental samples
consisted of L-NP-annexin V, L-NP-azide-annexin V, L-NP-Ru-
annexin V, and L-NP-Ru-azide-annexin V, as well as the super-
natants from the second washing. Each of the conditions
contains 10® of the particles. Each experimental well was
composed of 50% particles and 50% diluent by volume. 50 uL of
Biotin-conjugate anti-human annexin V antibody was added to
all wells and incubated at room temperature for 2 hours. The
wells were emptied and washed four times with PBS with 1%
Tween 20. Then, 100 pL streptavidin-HRP was added to all wells
and incubated at room temperature for one hour. The wells
were emptied and washed four times with PBS with 1% Tween
20 before a tetramethyl-benzidine substrate solution was added.
The reaction was stopped after 10 minutes by the addition of
1 M phosphoric acid stop solution. Optical densities at 450 nm
and 620 nm were measured using a microplate reader to
determine the concentration of annexin V.

Characterization of PNVs

Hydrodynamic size and ¢-potential measurements were per-
formed by using a Zetasizer Nano ZS90 (Malvern). In the
hydrodynamic size measurements, AgNPs were diluted to 100
uL of 10" particles per mL with Milli-Q water. Respectively, NPs
were diluted to 1 mL of 10 mM NacCl solution for the {-potential
measurement.

For the Microwave Plasma Atomic Emission Spectroscopy
(MP-AES) measurement, the particles were washed twice with
Milli-Q water and redispersed in 200 pL of Milli-Q water. In the
12-well plate, NPs were mixed with aqua regia at 60 °C over-
night. 1 mL of 2% HNO; was added to the 12-well plate to
redissolve the ions. The measurement was performed in an
Agilent 4210 MP-AES. Standards of Ag and Ru were made in 2%
HNO; from 10 ppb to 10 000 ppb.

Transmission Electron Microscopy (TEM) was performed on
aJEOL F200 TEM at 80 kV. Energy Dispersive X-ray spectroscopy
(EDX) was performed with a high-angle annular dark-field
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detector in Scanning Transmission Electron Microscopy (STEM)
mode and a JEOL EDAX detector with Oxford instruments Aztec
software. Samples were prepared on cooper/carbon TEM grids
(Tedpella Inc.). 20 pL of functionalized lipid-coated AgNPs were
dropcast onto the grids and incubated for 30 minutes in a water-
saturated environment followed by removal with a Kimwipe.

Sodium thiosulfate dissolution assay

1 M dilution of sodium thiosulfate solution (Na,S,03, Sigma
Aldrich) was prepared in Milli-Q water. After functionalized
lipid-coated AgNPs were illuminated by the respective LED, 100
uL of sodium thiosulfate solution was added to 1 mL of func-
tionalized lipid-coated AgNPs. UV-vis spectroscopy was per-
formed using a Cary-5000 in the range of 300 nm to 600 nm. The
data were automatically generated by taking a scan of 30
seconds every 2 minutes.

ROS measurement

A 50 pL sample of nanoparticles was mixed with 30 uM di-
hydrorhodamine 123 (Med Chem Express) solution in DMSO
and diluted to a total volume of 150 pL with Milli-Q water. The
mixture was then illuminated by using a 470 nm LED with
a power density of 15 mW cm ™ 20 pL of liquid was taken out at
each time point and diluted to 400 pL. Fluorescence was
measured by using a Horiba Jobin Yvon FluoroMax 3 Fluorim-
eter (Ex: 485 nm, Em: 523 nm).

Virus preparation

Single round luciferase reporter murine leukemia virus (MLV)
was*® prepared with a pCL-Eco packaging plasmid and pLNC-
luc MLV reporter provirus construct plasmid. Virus-containing
cell supernatants were harvested 2 days post-transfection,
cleared of cell debris by passing through 0.45 pm filters, and
purified and concentrated by ultracentrifugation on a 20%
sucrose cushion (24 000 rpm and 4 °C for 2 h with a SW32Ti or
SW28 rotor (Beckman Coulter)). The virus pellets were resus-
pended in PBS, aliquoted, and stored at —80 °C until use.

Virus titering

Concentrated viral stocks were titered using the QuickTiter™
MuLV Core Antigen ELISA Kit (Cell Biolabs, Inc Catalog ID 130-
050-201). The viral particles per uL was calculated by multi-
plying the ELISA p30 ng uL " value by the constant: 1 ng p30 =
9.009 x 10 x 10° viral MLV particles.

Nanoparticle-mediated viral inactivation and infection assays

1 x 10" Rat-2 cells (ATCC CRL-1764) were seeded in 100 pL cell
growth media (DMEM+10% fetal bovine serum+5% penicillin/
streptomycin) 24 hours prior to MLV infection. For a virus:
particle ratio of 5:1, 1 x 10° particles of PNVs or L-AgNP
controls in 50 pL were mixed with 2.25 puL of MLV with
a concentration of 2.1 x 10° viral particles per pL and 0.5x PBS,
bringing the final volume of the mixture to 175 pL. The mixture
was incubated at 4 °C for 1 hour. Next, the illumination was
performed at room temperature using a 470 nm LED with 65
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mW cm 2 for 30 minutes unless otherwise stated. Following
inactivation, cell media was replaced with 50 uL of 20 pg mL™"
polybrene (Millipore) followed by 50 uL of a sample mixture.
The cells were spinoculated with a virus/nanoparticle mixture at
2300 rpm for 1 hour at room temperature and then moved to
a cell culture incubator for 2 hours before replacing all experi-
mental conditions with growth media. Cells were lysed at 48
hours post-infection, and cell lysates were used for quantifica-
tion of luciferase activity using a Promega Bright-Glo Luciferase
Assay System (Catalog ID PR-E2620) as a measure of MLV
infection establishment.

Cytotoxicity assay

Cell cytotoxicity was assayed by measuring LDH release in cell
supernatants and MTT metabolization in cells. LDH release was
assayed using the CytoTox 96® non-radioactive cytotoxicity
assay (catalog ID PR-G1780). MTT metabolization was assayed
by removing cell growth media and adding 100 uL MTT working
solution (5 mg mL™", Sigma Catalog ID M5655-500 MG) in
phosphate-buffered saline (PBS). Cells were incubated for 3-4
hours at 37 °C in a cell culture incubator. MTT working solution
was then replaced with 100 pL solubilization solution consist-
ing of a 1: 1 volumetric ratio of ethanol and DMSO. Absorbance
was read with a plate reader at 550-570 nm with a background
reading at 650 nm.

The viral inactivation (%) was determined based on the
luciferase counts. All inactivation experiments were performed
in triplicate. The inactivation is defined as percentage reduction
relative to the control: (1 - a/b) x 100. In this expression a is the
luciferase count for a specific condition and b is the count for
the virus only control without any treatment.
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