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ABSTRACT: The COVID19 pandemic has brought global attention to
the threat of emerging viruses and to antiviral therapies, in general. In
particular, the high transmissibility and infectivity of respiratory viruses
have been brought to the general public’s attention, along with the need
for highly effective antiviral and disinfectant materials/products. This
study has developed two distinct silver-modified formulations of redox-
active nanoscale cerium oxide (AgCNP1 and AgCNP2). The formulations
show specific antiviral activities toward tested OC43 coronavirus and
RV14 rhinovirus pathogens, with materials characterization demonstrat-
ing a chemically stable character for silver nanophases on ceria particles
and significant differences in Ce3+/Ce4+ redox state ratio (25.8 and 53.7%
Ce3+ for AgCNP1 & 2, respectively). In situ electrochemical studies
further highlight differences in formulation-specific viral inactivation and
suggest specific modes of action. Altogether, the results from this study
support the utility of AgCNP formulations as high stability, high efficacy materials for use against clinically relevant virus
species.
KEYWORDS: nanoceria, cerium oxide, respiratory virus, coronavirus, antiviral, nanomedicine

Theevolving SARS-CoV2 pandemic has led to a surge in
fundamental and applied virus-related research. In
particular, the high infectivity of the SARS-CoV2

virus, leading to the COVID-19 disease in humans, has inspired
substantial research effort into the specific pathology mecha-
nisms and of the specific structure(s) of the virus.1−3 The
pervasive impact of the COVID-19 pandemic has typified the
threat of respiratory viruses as highly transmissible and with high
rates of infectivity. Such viruses remain a constant threat to
human populations, with novel variants emerging annually due
to widespread human infection. The specificity of virus
interactions makes targeting through pharmaceutical interven-
tion simultaneously more tractable and less practical. As an
example, the presence of a glycan shield, a field of glycan
moieties on the spike protein surface (coronaviruses), protects
binding sites from nonspecific interaction.4−6 Complex features,
such as this, coupled with the growing threat of antibiotic/
antimicrobial drug resistance, makes the synthesis of small
molecule therapeutics contraindicated.7,8 Additionally, the
growing number of variants emerging makes the value of a
high specificity inhibitor species equally problematic.

The use of metal and metal oxide nanomaterials has been
studied in various antibacterial/antiviral applications, with a
broader basis for pathogen toxicity. Transition metal-based
materials have shown exceptional broad-spectrum antibacterial
activity as well as antiviral efficacy.9−11 Further, these
formulations are substantially less susceptible to deactivation
through physical and chemical conditions as compared to small
molecule and biologic agents. In particular, silver has been a
staple among such elements in medical and personal products:
conferring strong antimicrobial activity. While these materials
have seen broad application due to their availability and
presence in existing consumer products, their use is still limited
by their stability in targeted applications.
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The utility of metallic nanoparticles, such as silver-based
materials, arises from their electron transfer reactions, leading to
material ionization and decomposition.12,13 Further, the ionic
strength environment and higher temperature can lead to
corrosion. Corroding of active materials leads to their
inactivation and loss of charge transferability. However, taking
cues from catalytic science, metallic nanoparticles may be
stabilized by incorporating reducible cerium oxide support
structures.
Cerium oxide nanomaterials have shown substantial bio-

medical efficacy in literature: functioning largely to produce/
ameliorate reactive oxygen species through redox cycling
(interconversion between Ce3+ and Ce4+ states in physiological
conditions), oxygen vacancy loss/formation, and interaction
with biochemical substrates/O2.

14−17 The related set of
chemical reactions produced by nanoscale cerium oxide has
been compared to native enzyme behavior and collectively
considered enzyme-mimetic activities. For this reason, ceria and
other redox-active nanomaterials have been referred to as
nanozymes or artif icial enzymes.18 The oxide and reducible (i.e.,
able to form stable oxygen vacancies) chemical character of ceria
permits its function in biocorrosive environments and to
stabilize less redox-stable phases, such as biocidal transition
metal nanomaterials in harsh catalytic environments.19−24

In the presented study, two distinct formulations of silver-
modified cerium oxide nanoparticles are produced, character-
ized, and tested for antiviral efficacy. Microscopy and photo-
electron spectroscopy show clear differences in the redox state
composition of cerium, the size of formulation particles, and the
presentation of silver phases with respect to ceria matrix.
Electrochemical and bandgap measurements provide insight
into the nature of silver phases along with providing evidence of
their stabilization by the cerium oxide phase. Antiviral efficacy
was determined for two types of human respiratory viruses
(nonenveloped RV14, enveloped OC43), with AgCNP

formulations showing specific antiviral activities. In situ
electrochemical impedance spectroscopic methods were
performed and corroborate the specificity of AgCNP
formulation/virus-type interactions over incubation periods.
From this data, along with results from a designed analogous
system, we determine general modes of action for describing
antiviral activities for both high-efficacy virus/AgCNP for-
mulation pairs.

RESULTS AND DISCUSSION

Materials Synthesis and Colloidal Character. Silver-
modified cerium oxide formulations (AgCNPs) were synthe-
sized in two distinct formulations (AgCNP1, AgCNP2), each
utilizing different chemical reactions specific to aqueous silver.
Several considerations were taken into account in designing the
reported formulations with respect to silver incorporation with
ceria and in biomedical performance; detailed in Supporting
Information (SI) Figure S1. AgCNP1 was synthesized via a
previously developed, two-step procedure by our group (Figure
1A).25

Briefly, a solution containing AgCNP-like, silver-modified
nanoceria, and silver secondary phases are formed via a-forced-
hydrolysis reaction. The product materials are washed with
dH2O and subsequently treated with ammonium hydroxide (as
etchant as well as phase transfer complex: mediating aqueous
dispersion of dissolved silver, (Ag[(NH3)2OH]aq), followed by
another washing step. AgCNP2 utilizes the stability of silver ions
toward oxidation by H2O2 (Figure 1B). Specifically, cerium and
silver nitrate dissolution followed by H2O2 addition leads to
selective oxidation of Ce3+ over silver and the evolution of
metallic silver phases on the ceria surface. The distinct synthesis
conditions of these particles suggest a potentially disparate
particle character AgCNP1. Where appropriate, results for
AgCNP (AgCNP1 and AgCNP2) formulations were compared

Figure 1. Syntheses for AgCNP1 and 2. Formation of AgCNP1 occurs via multiple-step synthesis beginning with a forced hydrolysis and
followed by a postsynthesis digestion process (A) to remove secondary silver phases evolved during AgCNP formation. Addition of 1NNH4OH
postsynthesis leads to selective dissolution of silver phases due to chemical affinity of silver for amine formation (as Tollen’s reagent;
[Ag(NH3)2]

+).Washing before and after the postsynthesis process removes residual chemical species/reagents. AgCNP2 (B) are formed via the
specific reaction chemistry between silver and hydrogen peroxide. At acidic pH’s, free solid silver phases undergo oxidation: disfavoring the
formation of secondary nanomaterial phases. AgCNP2 is aged, in situ, and dialyzed to remove unreacted components. AgCNP1 dispersions are
yellow-colored and become turbid at higher concentrations, while AgCNP2 solutions are completely translucent and clear. Visible differences
between the formulations are ascribed to the larger particle sizes (greater Mie scattering) in AgCNP1 relative to AgCNP2 (∼50 nm v. Twenty
nm, respectively, via TEM imaging), and to differences in silver-ceria interface character (AgCNP1: poly crystalline particles of silver and ceria
crystallites; AgCNP2: silver-ceria binary particles).
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against pure, related nanoceria formulations (CNP1 and CNP2,
respectively).
Dynamic light scattering measurements are collected in Table

1 and relate a greater particle size for AgCNP1 particles (42.2 ±

4.6 nm) compared to AgCNP2 (31.6 ± 2.4 nm). Further, zeta
potential measurements indicate a greater surface potential for
AgCNP2 over AgCNP1 (24.1 ± 1.3 and 22.4 ± 0.9 mV,
respectively). Particles from each synthesis were observed to
demonstrate distinct fundamental and functional material
character.
Formulation Particle Crystallinity and Faceting. As

shown in Figure 2A X-ray diffraction (XRD) pattern of AgCNP1
sample, six major peaks indexed as (111), (002), (022), (113),
(133), and (024) are related to cubic CeO2 (ICSD 55284),
along with low intensity peaks for metallic silver (ICSD 44387).
The intensity of the (111) peak is relatively strong, as expected
from related syntheses.25,26 Peak broadening is clearly visible
and apparent from the full-width half-maximum value 3.318 θ
for (111) (fitted by Pseudo-Voigt function), in line with
previous observation.25 Scaling of major diffraction peak widths
compared to unmodified samples, observed in our earlier study,
were also observed in the current study. Additionally, (022)
intensity is significantly greater than that of the (111) for
AgCNP2 (Figure 2B), in contrast with typical observations and
with AgCNP1. According to Zhang et al., the (200) plane,
despite having higher surface energy, can be formed when
oxygen vacancy density reaches 50% within the facet, fulfilling a
zero-dipole moment condition.27 Additionally, the surface-
dipole and related under-coordination can be mitigated by
adsorption of solution components.28 In the case of our
synthesis, surface hydration will be pronounced, with hydrox-
ylation being especially favored for [200]. Differences in surface
faceting between each formulation suggest potential differences
in catalytic activities and chemical reactivities.
Surface Chemistry Analysis. Figure 2C shows the XPS

survey spectra of both AgCNP formulations. High resolution
spectra of Ce 3d, Ag 3d (Figure 2D, and O 1s spectra (SI Figure
S2) are acquired to highlight variations in particle chemical
character.
The Ce 3d envelope (3d3/2 and 3d5/2) (Figure 2D) revealed

characteristic mixed valency (Ce3+/Ce4+) with peaks identified
as vo, v′, uo and u′ related to Ce3+ and peaks described as v, v″,
v‴, u, u″, and u‴ to Ce4+ oxidation states.29 The relative
concentration of Ce3+ in each formulation has been estimated
using the integrated peak area ratio [IPARi = ACe3+/total area,

where ‘A’ represents the summation of Ce3+-related peak
areas].30

Per this equation, AgCNP1 samples possess 22% and
AgCNP2 60.9% of cerium as Ce3+. Ag 3d spectra (Figure 2D)
collected for both formulations exhibited a doublet (3d3/2 and
3d5/2) centered at 368.2 and 374.2 eV, related to metallic Ag
(Ag0).31−33 In addition, a doublet at 367.5 and 373.2 eV ascribed
to Ag+ is observable only for AgCNP1 (with 73.8% of silver in
Ag0 state).31−33 The observed proportion of Ag0 states suggest
that silver is predominantly metallic, in agreement with the
previous report31−33 In the case of AgCNP2, the Ag 3d spectra
are comprised of only Ago metallic state peaks centered at 368.2
eV (Ag 3d5/2) and 374.3 eV (Ag 3d3/2).31−33 It is worth
emphasizing that the full-width half-maximum value for metallic
Ag0 in the Ag 3d peak is increased in both formulations (∼1.25
eV) compared to pure silver (∼150 nm diameter particles)
nanopowder (∼0.76 eV) (SI Figure S3). This change can be
ascribed to decreasing silver-phase dimensions and related
confinement effects, as well as decreased final state electronic
screening.34

Particle Morphology and Dry Size. The structural
characteristics of AgCNPs were studied using high-resolution
transmission electron microscopy (HRTEM). As shown in
Figure 2E AgCNP1 particles are uniform, spherical, and 15−20
nm in size. Figure 2E (inset) clearly shows that the Ag-particles
(black dots) were decorated as ∼2 nm crystallites on individual
CeO2 nanoparticle surfaces (∼20 nm in diameter with 3−5 nm
primary crystallites) (ceria phase: 21.2 ± 4.1 nm; silver phase:
2.7 ± 1.6 nm). The HR-TEM image from Figure 2F shows
crystallites with estimated interplanar spacing 0.233 and 0.326
nm (determined via Inverse Fast Fourier Transform (IFFT)
analysis) corresponding to the (111) planes of Ag and CeO2,
respectively. The selected area electron diffraction patterns of
AgCNP1 (Figure 2G) show halo-like patterns, indicating
nanocrystalline nature. Inconsistent with the greater silver
amount observed for AgCNP2 relative to AgCNP1 by ICPMS
(Table 1), the morphological features of AgCNP2 particles from
HRTEM (Figure 2H) show particles defined by clear ceria and
silver phases (ceria phase: 4.84± 0.78 nm; silver phase: 14.66±
2.84 nm). It should be noted that ICP-MS values determined
silver content is distinct from the value determined in XPS
(Figure 2D). Specifically, mass spectrometry provides the total
silver content in a sample, whereas XPS details the content near
the material surface (<5 nm) as a consequence of the technique/
method. Therefore, elemental analysis of a material will be
skewed in representing composition: effectively over-represent-
ing components at the material surface (i.e., silver surface
phases). An additional HRTEM image focusing on a single
CeO2 (∼5 nm in size) (interplanar spacing: 0.326 nm of (111)
for cubic ceria) with Ag (∼5 nm in size) (interplanar spacing:
0.234 nm, for (111)) nanoparticle (Figure 2I,J) revealed a well-
resolved interface between the two material phases. Additional
TEM images are provided in SI Figure S4 for both formulations.
Given the wealth of material characterization data for our
AgCNPs and related control samples, many conclusions may be
drawn specific to each formulation.

Silver-Modified Nanoceria Proposed Formation
Mechanism. In another study, it was observed that
incorporation of silver onto ceria substrate led to cerium site
reduction and, in most tested instances, an oxidation of silver
atoms localized at the ceria−silver interface for larger
clusters.35,36 The ability of ceria to hold silver in a positive
oxidation state was observed experimentally in the same study as

Table 1. Physicochemical Properties of AgCNP
Formulations

AgCNP1 AgCNP2

Ce3+:Ce4+ (%Ce3+) (%) 25.8 53.7
[Ag]/[Ag+Ce] by XPS (%) 16.9 14.6
SOD Activity (% Inhibition) 97.9 99.2
Hydrodynamic Diameter (nm) 42.2 ± 4.6 31.6 ± 2.4
Zeta Potential (mV) 22.4 ± 0.9 24.1 ± 1.3
ICPMS Ce concentration (ppb) 342.5 ± 2.3 299.2 ± 1.3
ICPMS Ag concentration (ppb) 24.1 ± 1.03 74.9 ± 1.21
Ecorr (mV) 465.386 217.374
Icorr (μA) 0.027 0.013
Betaa (mV) 681.7 617.0
Betac (mV) 269.2 21.8
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well as in similar investigations.35,37 Authors in another
experimental study note the formation of a silver oxide layer
separating metallic silver from ceria phases, which undergoes
reduction over time under calcination.38 Additionally, it was
found in experimental and computational investigations that
Ag+-species could substitute for cerium atoms at/near the
surface of ceria substrates: lowering oxygen vacancy formation
energy.36 In our study, little difference was observed for Ce3+

surface fraction relative to pure phase ceria particles synthesized
by similar methods (data not shown), though the fractions were
significantly different between AgCNP formulations
(AgCNP1:25.8, AgCNP2:53.7%). The absence of greater
Ce3+-fraction suggests that the formation of silver surface phases
do not impart a significant reduction of cerium. However, it was
observed in a computational study that interaction of silver with
ceria is significantly more favorable at vacancy sites.35,36 These
interactions occur with silver coordinating to Ce3+-sites forming

a physical complex.36,37 Interestingly, experimental studies have
also shown an increase in surface vacancy density leads to an
increased silver nanoparticle number density at the material
surface, at fixed silver concentration. It has been stated in several
studies that Ag+ are effectively pinned to oxygen vacancies, in
support of the observed modulation in silver nanoparticle
density.35 Similarly, we observe a high number density of silver
nanoparticles at AgCNP1 particle surface, which shows a Ce3+

fraction within the range measured in the referred study (0 to
∼30%). Additionally, XPS measurements (Figure 2D) show a
Ag+ signal contribution which may be ascribed to silver atoms
substituted into the ceria phase surface. It has been noted in
many studies that such substitutions can lead to high catalytic
activity, due in part to decreasing oxygen vacancy formation
energy noted above.35,39 Alternatively, Ag+ may arise from
formation of a thin silver oxide interlayer separating silver and
ceria phases, similar to that observed by Aneggi et al. The

Figure 2. Materials characterization. (A and B) shows XRD patterns of .silver-modified/-decorated CeO2 nanoparticles (AgCP1 and 2) showing
major peaks belonging to CeO2 (ICSD 55284) and minor peaks belonging to silver metal (ICSD 44387) signifying abundance of cerium oxide
phase with traces of silvermetal; (C) XPS survey of AgCNP1 and 2, (D)Deconvoluted Ce (3d) spectrum of AgCNP1 and 2 can be distinguished
according to their oxidation states (Ce3+, shown in blue color; Ce4+, shown in green color) and Ag (3d) envelope shows both metallic (Ag0) and
oxidized (Ag+) silver in AgCNP1, whereas only metallic silver-related signals are observed in AgCNP2. (E) HRTEM image of AgCNP1 showing
spherical particles (size∼20 nm) enriched with Ag nanoparticles (ceria phase: 21.2± 4.1 nm; silver phase: 2.7± 1.6 nm). (F)HRTEM image of
AgCNP1 showing crystallites with lattice fringe d-spacings of approximately 0.326 and 0.233 nm (determined by Inverse Fast Fourier
Transform (IFFT)) relating to the individual (111) planes of Ag andCeO2, respectively. (G) SAEDpatterns related to AgCNP1 confirm particle
crystallinity, with crystal planes determined and noted in the image, (H) Low magnification HRTEM micrograph showing general size and
morphological character of AgCNP2 particles. (I) Higher magnification, HRTEM images of AgCNP2 particles highlight the observed two-
phase character of individual particles: with 5 nm ceria particles in single interface with comparably-sized silver particles (ceria phase: 4.84±
0.78 nm; silver phase: 14.66 ± 2.84 nm). (J) Distinct lattice fringes in SAED patterns confirm crystallinity of AgCNP2 particles. (K) Tafel
analysis for AgCNP1 and 2 showing distinct corrosion potentials for each formulation (465.386 and 217.374 mV, respectively). Measured Ecorr
values are substantially more noble than pure silver (−150mV, determined experimentally) suggesting a stabilization of silver phases by cerium
oxide with AgCNP1−250 mV more noble than AgCNP2. Further, the in situ formation of each component may improve the registry (or
generally lower interfacial energy) and thereby charge transfer at/across the interface, producing a more cathodic Ecorr value. (L) Nyquist
representation of AgCNP1 and 2 from 10 Hz to 100 kHz; particles demonstrate near identical character at high frequency: ascribed to the
common buffer/electrolyte character used in each testing and the insulating characters of the particle films.
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absence of Ag+ peak in AgCNP2 spectra may occur due to the
significant peak broadening seen in XPS spectrum (Figure 2D),
preventing the resolution of the peak. Further, the greater
number density of silver phases observed on AgCNP1 surfaces
would lead to a greater total interface area, as compared with the
relatively small interfacial area produced by the larger more
distinct silver phases of AgCNP2 (leading to a substantially
lower Ag+ signal). Interestingly, AgCNP2 particles show large
silver nanophases in interface with comparably sized ceria phases
(Figure 2H) and even greater fraction of Ce3+ relative to
AgCNP1. While this degree of reduction was not produced in
other studies, some have utilized higher fractions of silver.35 In
these studies, highly reduced ceria surfaces preferentially
nucleated silver with silver phases spreading across the surface.
For AgCNP2, it is reasonable that the high fraction of Ce3+-sites
allowed facile coalescence or surface diffusion of silver adatoms
leading to the evolution of observed silver phases. Alternatively,
stabilization of Ag+ by solution peroxide may also limit
adsorption at the ceria surface: leading to slow growth of

ceria-coordinated silver phases from solution. Peroxide
stabilization of Ag+ may also explain the lack of Ag+ peaks in
the XPS spectrum: preventing its availability for substitution
into ceria during particle formation.

Bandgap and Conduction Band Level Measurements.
Conduction band position and bandgap were determined via
Tauc analysis (Table 1) and ultraviolet photoelectron spectros-
copy (UPS) (additional discussion for Tauc plot SI Figure S5,
UPS valence band analysis SI Figure S6). In each case, materials
from both formulations were observed to have narrower
bandgaps, determined through Tauc analysis/plotting, as
compared to pure control syntheses (2.81 v. 2.88 for AgCNP1
and 3.53 v. 4.12 eV for AgCNP2). AgCNP2 bandgap (−0.7 eV)
narrowing relative to the pure nanoceria sample is not well
understood, though is likely influenced by absorption signal
from the silver phase. UPS spectrum collected for AgCNP1,
interestingly, shows a significant intensity at the valence band
region (SI Figure S6). This level population is ascribed to the
presence of silver; potentially at the interfaces between ceria and

Figure 3. Effect of AgCNP on Virus Infectivity. (A, B) Samples of OC43 were incubated at room temperature for 6 h (A) or for the indicated
times (B) with buffer alone (blue bars and lines), or with 0.2 mg/mL AgCNP1 (green), CNP2 (yellow), AgCNP2 (red), or CNP1 (orange).
Remaining infectivity was determined by TCID50 assay. A sample taken prior to addition of nanoparticles is indicated as time 0. Values are the
mean of three independent samples, with error bars representing the standard deviation. Infectivity of OC43 virus showed high sensitivity to
AgCNP1, with lower sensitivity to AgCNP2. (C) 105 TCID50 units ofOC43were incubated at room temperature with buffer alone (blue bars) or
the indicated concentrations of AgCNP1. Remaining infectivity was determined after 5min or 4 h by TCID50 assay. Values are themean of three
independent samples, with error bars represent the standard deviation and show dose-dependent inactivation of OC43 infectivity. (D) 104 PFU
of OC43 was incubated with buffer alone or with 0.77 mg/mL AgCNP1 for 4 h at room temperature before determining remaining number of
plaques. Representative plaques and an intact monolayer are shown in the top panel. (E, F) Samples of RV14 were incubated at room
temperature for 6 h (E) or for the indicated times (F) with buffer alone (blue bars and lines), or with 0.2 mg/mL AgCNP1 (green), CNP2
(yellow), AgCNP2 (red), or CNP1 (orange). Remaining infectivity was determined by TCID50 assay. A sample taken prior to addition of
nanoparticles is indicated as time 0. Values are the mean of three independent samples, with error bars represent the standard deviation. (F)
Time-dependent inactivation of RV14 infectivity by AgCNP2, which is different from the sensitivity of OC43.
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silver phases, given the greater total energy (due, especially, to
strain and redox) of these phase components. Decreasing
bandgaps for each material, versus controls, and silver
introduction suggest potentially greater surface reactivity
beyond that of control ceria. Therefore, the activity of both
AgCNP formulations were assessed for ROS-scavenging/
generating activities.
Enzyme-Mimetic Character from Chemical Assay. ROS

generating/scavenging activity in ceria can be approximated as
their relative catalase- and SOD-mimetic activities. Assays for
each activity were conducted as a measure of the effects of silver
modification on these reactions/reactivities (and thereby,
potential viral disinfection activity). SOD-mimetic activity was
recorded for both AgCNP samples with each demonstrating
high scavenging activity (Table 1) (97.9 and 99.2% activity for
AgCNP1 and AgCNP2, respectively). Interestingly, silver
nitrate control similarly showed very high scavenging activity
suggesting silver incorporation may lend to the particles’ total
ability to scavenge radicals, along with the general observation
that nanoceria formulations having higher amounts of reduced
states (25.8 and 53.7% for AgCNP1 and 2, respectively) at their
surface tend to possess this activity. However, it should be noted
that theoretical and computational studies into silver-modified
ceria surfaces demonstrate localization of Ce3+ reduced states to
the ceria−silver interphase.36 It should therefore be noted that
AgCNP1 particles are observed to be highly poly crystalline with
silver crystallite phases studding the particle surface (Figure 2E).
It is likely a large fraction of Ce3+ are localized to the silver-ceria
interfacial regions (Figure 2F). Interestingly, despite observed
high SOD activity, AgCNP1 also demonstrates a marked
catalase activity (79.6%); with AgCNP2 showing negligible
activity. This contrasts with unmodified nanoceria, which show
inverse relationships between material catalase and SOD
activities. Further, silver nitrate control did not possess
significant catalase activity (data not shown). Given the
substantial activities in each assay for AgCNP1, it appears that
each phase in the material contributes activity: giving the
modified formulations greater functionality over each pure
phase material. The lack of catalase activity in AgCNP2 likely
arises from the high density of Ce3+ at the material surface in
interface with solution (due to limited total ceria−silver
interfacial area for particles). The observed enzyme-mimetic
activities for each formulation suggest their potential for use in
disinfection applications.
Electrochemical Characterization. Electrochemical

measurements (Figure 2 K,L) were performed to determine
the activity of silver phases in the AgCNP formulations along
with their susceptibility to electron transfer processes. AgCNP1
evidenced a larger Tafel potential (Table 1) than AgCNP2
(465.4 vs 217.4 mV, respectively), suggesting a greater stability
toward electron transfer and a more noble oxidation character.
Interestingly, AgCNP1 demonstrated a Tafel current twice the
value observed for AgCNP2 (0.027 and 0.013 μA, respectively).
These values are relatively low, suggesting high electrochemical
impedance and overall stability for silver phases in each
formulation. However, greater current value for AgCNP1 at
higher potential may be understood from XPS spectra wherein a
fraction of sample silver content was found in positive oxidation
state. Penetration of Ag+ into the ceria surface/subsurface as a
partly oxidized silver/ceria interlayer would increase the Tafel
potential (i.e., have a stabilizing effect on the silver phase) while
simultaneously improving registry of the phases at their
interphase, improving charge transfer as Tafel current.36

Significantly greater anodic β-values over cathodic observed in
Tafel analysis (Table 1) for both samples suggest electron
transfer at Tafel potentials are kinetically favored by oxidation.
Literature data corroborate the stabilization effects (positive
overpotential) of the ceria phase for both formulations with
AgCNP1 posing a significantly greater effect (relative over-
potential: ∼250 mV).35,36 Further, measurements with silver
nitrate suggest silver from AgCNP particles do not undergo
significant, spontaneous dissolution (absence of related redox
peak). Release of silver ions is noted in other studies to effect a
general toxicity toward biological systems.

Selective Inactivation of Two Human Respiratory
Viruses with AgCNP1 and AgCNP2. To determine the
extent to which nanoceria and AgCNPs can inactivate human
coronavirus OC43, reactions were prepared to include 105

infectious units (TCID50) of virus/mL (Figure 3A). 105

TCID50/mL input virus was determined as time zero infectivity.
OC43 incubation with buffer alone resulted in ∼1 log loss of
infectivity (Figure 3A), consistent with prior work on the
stability of coronaviruses in aqueous solutions. The slight
instability of enveloped RNA viruses contrasts with the finding
that the infectivity of nonenveloped Rhinovirus was stable in
aqueous solutions.40 After a 6 h incubation, the buffer alone
control reactions had 104 TCID50/ml remaining infectious
virus. The unmodified nanoceria formulations had little effect on
virus titer with reactions remaining at ∼5 × 104 TCID50/mL.
Strikingly, AgCNP1 treatment resulted in complete inactivation,
whereas AgCNP2 reduced infectious virus titer to ∼103
TCID50/mL. A time-course study was conducted with
reactions prepared as described above. Infectious virus was
determined after incubation for zero, 2, 4, and 6 h (Figure 3B).
As early as 4 h, AgCNP1 treatment reduced OC43 virus titer
from 105 TCID50/mL to <102 TCID50/mL. Taken together,
these data suggest AgCNP1 was highly effective at inactivating
coronavirus OC43 and that AgCNP2 had a modest capacity for
inactivation. Additionally, studies into the continued disinfec-
tant activity of both formulations were collected as virus
rechallenge studies (SI Figure S7). In considering the relative
efficacy of each particle formulation toward a given virus species
as inactivation by log-value reduction, U.S. EPA (Environmental
Protection Agency) standards of > log(3) reduction were used
as a benchmark of significant activity. Results from these studies
suggest a catalytic/regenerative activity for the particles:
showing virus inactivation at similar rates to those observed in
the initial incubation.
We next determined the extent to which nanoceria and

AgCNPs can inactivate the human respiratory pathogen
rhinovirus 14 (RV14), a nonenveloped icosahedral RNA virus.
(Figure 3E) 6 × 105 TCID50/mL input RV14 virus was
determined and represented as time zero. After 6 h incubation,
buffer-alone reactions retained the input infectivity of 6 × 105

TCID50/mL. Unmodified nanoceria formulations had little
effect on RV14 infectivity. Importantly, AgCNP1 treatment
reduced infectious virus titer to 5 × 102 TCID50/mL, whereas
AgCNP2 treatment resulted in complete inactivation of
infectious virus. In a time-course study, incubation of 6 × 105

TCID50/mL of RV14 with buffer alone showed no loss of
infectivity over a 6 h incubation (Figure 3F). In contrast, there
was a very rapid loss of RV14 infectivity to undetectable levels by
2 h incubation with AgCNP2. Incubation with AgCNP1 showed
slower inactivation of RV14 compared to AgCNP2, with virus
titer being reduced to ∼102 TCID50/mL after 6 h. Taken
together, these data demonstrate AgCNP formulations can
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inactivate RV14 infectivity, with AgCNP2 having a more potent
anti-RV14 effect. In comparing the specific antiviral activities for
these virus/particle systems, we see up to 2 orders of magnitude
decrease in active material concentration, at comparable
concentrations, for AgCNPs relative to common organic
disinfectant agents.
In Situ Bioelectrochemical Impedance Spectroscopy

of AgCNP Disinfectant Activity. The substantial disinfectant
activities demonstrated by both formulations to specific virus
species, suggest distinct modes of action. In order to probe the
character of each, EIS was performed for AgCNP1/OC43 and
AgCNP2/Rhinovirus (Figure 4). Herein, the impedance is
measured with the data fit to simple circuit diagrams with circuit
elements representing physicochemical components/processes.
In recent years, the technique has been applied to the study of
changing cell character upon physical or chemical stimula-
tion.41,42 Among these studies, conditions wherein the cell
membrane character changes are the most often investigated. A
simple interpretation of cell−substrate EIS data is given by the
ECIS model of Giaever and Keese wherein impedance

components are deconvoluted as resistance to charge flow
between biological components, as well as from regions between
these components and the electrode substrate, and cell
membrane capacitance.43,44 In studies of cell health, these
model components are diagnostic: with each changing upon
introduction of toxic agents (e.g., as membrane pore-formation,
retraction of focal regions, membrane oxidation).44 Further,
these responses are necessarily frequency-dependent with
specific frequency bands identified for specific biological
processes. In identifying changes to impedance spectra over
time in the presence of test agents (e.g., AgCNPs), specific
biochemical processes may be identified.44

In the presented study, test case impedance spectra were
distinct from each other over the incubation periods (2 h for
RV14 and 4 h for OC43) from the virus studies above (Figure
4): in support of the observed particle/virus dependence in virus
inactivation studies (Figure 3). For AgCNP1 (Figure 4 A,B),
spectra were collected over the 4 h disinfection period (SI
Figures S8 and S9 for fitted equivalent circuit diagram values/
diagrams at initial and final time points, respectively). The

Figure 4. In situmeasurements of AgCNP-Virus interactions via impedance spectroscopy. First row (A−C) incubation of AgCNP1 with OC43,
enveloped coronavirus; second row (D−F) related to AgCNP2 incubation with nonenveloped rhinovirus measured at regular time intervals of
30min (total 2 and 4 h for Rhinovirus andOC43 virus incubations, respectively). Impedance data (A,B; D,E) plotted in the Bode representation
with (A,D) relating impedance magnitude to frequency and (B,E) relating phase to frequency for each formulation/virus pairing. AgCNP1/
OC43 interaction shows a common impedance v. frequency character (A) for initial and final time points and (B) shows a characteristic,
apparent shift in phase to higher frequencies (+Δlog(0.4) Hz) with increased incubation time. AgCNP2/Rhino impedance v. frequency (B)
shows a decreasing trend in impedance for frequencies above 100 Hz with increasing incubation time. Phase v. frequency shows distinct
character for the final time point relative to initial time point and to the character observed for AgCNP1/OC43 (B). The initial curve form has a
feature centered at ∼ log(0.9) Hz which appears to broaden leading to features at log(0.5) and log(2.0) Hz. Circuit fittings for each particle-
virus pair (C and F for AgCNP1/OC43 and AgCNP2/Rhinovirus, respectively) reflect the specific interactions between particle formulation
and certain tested viruses. Circuit models for all spectra show elements and connectivity/topology common for all measurements (highlighted
in dotted box) reflecting solution resistance (buffer character), electrode charge transfer resistance, and resistance/capacitance character of a
biological dropcast film. The circuit diagram portions common for all measurements are represented in several bioimpedance models (e.g.,
Giaever-Keese and Hayden cell layer models). The specific character/action of tested AgCNP-virus pairings are apparent in the highlighted
circuit regions. Specifically, variation in phase/frequency over time for AgCNP1/OC43 (B) denotes capacitive behavior suggesting particle
interaction with the virus surface (modulation of capacitive/electrical double-layer). In contrast, AgCNP2/Rhinovirus phase/frequency
measurements (E) show a change in circuit diagram composition over time: suggesting evolution of an emerging system feature with a specific
time constant and a frequency-dependent character. The observed behavior can be represented by a constant phase element (f, tfinal) reflecting a
concurrent, frequenct-dependent change in real and imaginary impedance. The observed behavior can be related to chemical changes in the
Rhinovirus film layer occurring at the virus surface: modulating capacitive (i.e., double-layer) character while effecting an increased resistance
character (e.g., protein oxidation).
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spectra show a near-consistent impedance character with
differences in magnitude only being evident at high frequencies
(decreasing with time; 100 Hz to 100 kHz). There is a clear,
time-dependent shift in phase “peak” (i.e., spectrum feature;
apparent peak) to a lower frequency (frequency shift: -Δ0.4
decades/Hz from ∼1.2 decades/Hz). These results are limited
to the α-dispersion region; we expect spectra changes to be
associated with ionic diffusion, especially in the cell membrane,
and physical interactions with the cell membrane.45 AgCNP2
(Figure 4D,E) shows a similar initial spectrum character (SI
Figures S10 and S11 for the fitted equivalent circuit values/
diagram at initial and final time points, respectively). However,
with increasing incubation time, the spectrum becomes more
complex: appearing as two observable ‘peaks,’ ascribed to a time-
dependent process not observable at early incubation times. In
fact, the peak at 0.5 decades/Hz appears as a shift to lower
frequencies of the “peak” in the initial spectrum, while the peak
centered at 2.0 decades/Hz is completely distinct. Differences
between these spectra corroborate the disparate particle−virus
interactions and suggest the presence of an additional element in
the related equivalent circuit diagram. Given the observed

change in phase/frequency values, data suggests a constant
phase element component (impedance being dominated by
resistance at increasing frequencies). Spectra fittings demon-
strate these characters with a common diagram construction for
all test cases, save for the variable elements (shown as colored
regions in Figure 4 C,F), particular to specific AgCNP and virus
interactions at defined time points. The variable elements being
fit as a parallel resistor and capacitor for AgCNP1/OC43 and as
a constant phase element for AgCNP2/RV14, as suggested by
the phase vs impedance character. In particular, the parallel
elements fit to the time-dependent behavior of the AgCNP1/
OC43 interaction change in value from high resistance (387.8
Ω) and moderate capacitance (24.7 μF) to significantly lower
values of each (23.8 Ω and 6.3 μF). In particular, the resistance
value changes precipitously with incubation. The results
together corroborate the proposed particle/virus interaction
leading to changes in membrane integrity/permeability;
decreasing resistance related to the permeability and capacitance
to the lowered membrane density and physical interaction with
the oxide nanoparticle. The constant phase element variable
component of RV14:AgCNP2 is a frequency-dependent

Figure 5. Electrochemical model of in situ AgCNP-virus interactions. Incubation of AgCNP1 and AgCNP2 with OC43 enveloped coronavirus
and nonenveloped Rhinovirus, respectively, show distinct physicochemical interactions as differences in electrochemical impedance spectra
over respective incubation times (AgCNP1/OC43:2 h, AgCNP2/Rhinovirus: 4 h). The noted differences are represented as cartoons for each
of AgCNP1/OC43 (A; spectra character dominated by physical interaction between particles and virus membrane producing greater capacitive
character) and AgCNP2/Rhinovirus (B; phase shift in capacitive element to lower frequencies and evolution of resistive character due to
protein oxidation, surface alteration). Simplified, model electrochemical systems were designed and tested as analogs of AgCNP:virus systems
to isolate/confirm proposed antiviral mechanisms (∼100 nm liposomes representing coronavirus membranes and bovine serum albumin
(BSA) globular proteins representing the solution-interfacing capsid proteins of nonenveloped Rhinovirus). Incubation of liposome-modified
electrodes with AgCNP1 reproduces the phase/frequency shift (C) observed in the original particle-virus system (Figure 4B) and reflected in
the fitted circuit diagram (F). The oxidative mechanism for AgCNP2/Rhinovirus was first approximated electrochemically through in situ
oxidation of BSA films by a xanthine oxidase-acetylacetate reactive oxygen species-producing system (D) and compared against BSA films in the
presence of AgCNP2 (E). Impedance spectra for each are comparable to that seen in Figure 4E for AgCNP2/Rhinovirus: suggesting a dominant
chemical/surface oxidation mechanism for the particle/virus system. Spectral changes for each test system are represented through circuit
diagram fitting as (G) with the diagram reflective of that seen for AgCNP2/Rhinovirus (Figure 4F).
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element that models an imperfect dielectric. In the case of this
system, increasing incubation term leads to an increasingly
resistive (initial value: R5 = 99.44 Ω, C4 = 6.73 μF; final value:
Q2 = 83.5 μF·s/a, a2 = 0.60) character for the model dielectric,
from the initial character similar to that seen for OC43 (SI
Figure S8). In order to better interpret and assign the observed
in situ character to specific physicochemical process, a physical
model was developed, and relevant control reactions studied.
Developing a Physical Model of Bioelectrochemical

Impedance Spectroscopy. Analog systems were produced
with respect to RV14 and OC43 virus systems to identify the
specific antiviral mechanisms produced during in situ EIS
measurements. Therefore, two distinct systems were produced
to model the dense protein structure of the RV14 surface
(bovine serum albumin, globular protein) and the enveloped
surface of OC43 (liposomes, commonly used as virus-mimetic
vectors/virus-like particles). All measurements were performed
in identical electrolyte conditions as those for the in situ
measurements to control for solution-based impedance
contributions and with the vius analog materials immobilized
on a glassy carbon electrode. Liposomes were synthesized to the
approximate dimensions (∼120 nm) of the OC43 coronavirus
to appropriately model physical interaction with AgCNP. In
each case, the behavior of the analog material seemed to reflect
the behavior observed for the related virus, with the
corresponding AgCNP formulation dependence. In Figure 5,
it is notable that the fitted spectra lead to equivalent circuits
similar to the in situ data. For the Liposome/AgCNP1 system
(Figure 5 A,F), we observe the variable elements are a parallel
resistor and capacitor with this character retained over the
incubation period (SI Figure S12 shows fitted equivalent circuit
values/diagram; SI Figure S13 shows control Liposome/
AgCNP2 measurement). However, we see the values of these
elements change over the incubation period resulting in a related
phase shift (frequency shift: Δ0.6 decades/Hz). Related fitted
materials for the BSA/AgCNP2 system (Figure 5 E,G) occur
and relate to the RV14/CNP2 in situ data (SI Figure S14 shows
equivalent circuit values/diagram). However, we see that the
spectra in the analog system are less defined (i.e., peak-like
features are less resolved) than those seen in the virus system.
The slight variation in character can be ascribed to the small-
scale differences among the systems (e.g., BSA globular structure
versus RV14 dense, multi-protein surface). However, spectra
suggest that the specific virus/particle and virus/analog
interactions are similar. Given the evolution of additional
resistive characters in the models, we determined to identify any
specific chemical changes occurring. Therefore, an oxygen
radical-generating system, known to induce lipid peroxidation
through the simultaneous, proportional production of super-
oxide and H2O2, was used as a positive control for the activity
(control measurements of liposome/xanthine: xanthine oxidase
and BSA/xanthanine:xanthine xxidase are collected in SI Figures
S15 and S16, respectively).
In these experiments, the effects of the positive control for

radical oxygen evolution were assessed via related changes in the
spectrum. It was observed (Figure 5B) that oxidation
reproduced the “additional peak” (centered at ∼1.9 decades/
Hz) observed in the RV14/AgCNP2 system for the BSA/
AgCNP2 spectrum (Figure 5C). The observed character was
also reproduced for the Lipo/AgCNP1 system (SI Figure S9),
confirming that the spectra character change in the viral system
does not originate from a chemical attack in AgCNP1
incubation.

The detailed methodology allowed time-dependent, in situ
measurements of virus-nanomaterial interactions. Given the
direct nature of this technique and its limited perturbation of the
biological system, it is reasonable that the results obtained
closely reflect the true nature of interaction. Further, the
frequency-dependent signal character allows deconvolution of
contributing process signals. However, future studies will focus
on providing precise characterization of these suggested
interactions via methods more traditional to virology studies,
such as imaging and gel electrophoresis.

CONCLUSIONS
In the presented study, two formulations of cerium oxide
nanoparticles were produced with surfaces modified by silver
nanophases. Materials characterization shows that the silver
components in each formulation are distinct from each other
and decorate the ceria surface as many small nanocrystals
(AgCNP1) or as a two-phase construct of ceria and silver with
single interface (AgCNP2). Each synthesis further possesses
distinct mixed-valency characters, with AgCNP2 possessing a
more significant fraction of Ce3+ states relative to Ce4+ over
AgCNP1. The distinct valence characters and incorporation of
chemically active silver phases lead to high catalytic activities for
each formulation. AgCNP2 possesses high superoxide dismutase
(SOD) activity, while AgCNP1 possesses both catalase and
SOD-like enzyme-mimetic activities, ascribed to the catalase
activity of ceria and the superoxide dismutase activity from silver
phases. Further, electrochemical analysis demonstrates that
silver incorporated in each formulation is substantially more
stable to redox-mediated degradation than pure silver phases:
promoting an increased lifetime in catalytic applications.
Human respiratory viruses are a major public health concern

and impose a huge burden on the economy and the health care
industry. Here we show that AgCNP particles have selectivity in
their ability to inactivate members of two major human
respiratory virus families: AgCNP1 is potent against seasonal
coronavirus OC43 (enveloped RNA virus), while AgCNP2 is
potent against rhinovirus 14 (nonenveloped RNA virus). The
outer surfaces of these two viruses differ substantially:
coronaviruses have a relatively low density of protruding
glycosylated spike-proteins that are imbedded in a phospholipid
bilayer, whereas picornaviruses such as RV14 have a strictly
organized nonglycosylated protein-only shell with repeating
icosahedral symmetry.46 These viruses also have very different
steps in entry into cells to initiate an infection. Thus, the factors
that dictate AgCNP selectivity for inactivating an enveloped
versus nonenveloped RNA virus will require further biochemical
and structural studies in the future. Based on prior work with
serum-neutralization of other enveloped RNA viruses, these
mechanisms could include (1) disruption of lipid membrane
integrity, (2) protein denaturation at the virion surface, or (3)
encapsidation of virions within AgCNP adsorbates.47 Based on
in situ data (Figure 4) and the related model data (Figure 5), we
propose that the dominant physical interaction of AgCP1 with
the OC43 envelope is disrupting the lipid bilayer (observable in
electrochemical experiment as changes to resistive/capacitive
values), whereas the chemical reactivity of AgCNP2 with the
protein shell of RV14 inactivates the virion through denaturing
the proteins involved in receptor binding (as observed
experimentally as evolution of the equivalent circuit diagram
in in situ measurements). We present an approach to producing
potent and versatile antiviral particles that will have wide
applications for the treatment of other human pathogenic
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viruses, including SARS-CoV-2, Ebola virus, Nipah virus, and
enteroviruses, as well as emerging pathogens with pandemic
potential.

MATERIALS AND METHODS
AgCNP formulations syntheses. Two silver-modified cerium

oxide nanoparticle formulations were synthesized and referred as
AgCNP1 and AgCNP2. AgCNP1 was synthesized using a base-
mediated forced hydrolysis method. First, 1.74 g of cerium nitrate
hexahydrate was dissolved in 40 mL of dH2O under light stirring and
170 mg of silver nitrate dissolved in 10 mL of dH2O. The solutions
were mixed, the stir speed increased, and the solution was titrated with
10 mL of 0.4 M sodium hydroxide. From here, the solution was
washed3x with dH2O. Pellet was resuspended in dH2O and
ultrasonicated. Particle concentration (mass/volume) was determined
by dry weight (dried at 65 °C overnight). Stock particle suspension was
then ultrasonicated, as above, and diluted in 3% aq. NH¬4OH. Above
solution was then stirred for 24 h. Solution was washed, resuspended in
dH2O, and ultrasonicated in similar manner to earlier steps.
AgCNP2 particles: 109 mg of cerium nitrate hexa-hydrate (99.999%

purity) was dissolved in 47.75 mL dH2O in 50 mL square-cornered
glass bottle. 250 μL of 0.2 M aq. AgNO3 (99% purity) was added to the
cerium solution above with the solution vortexed. From here, 2 mL of
3% hydrogen peroxide was added quickly to the above solution
followed by immediate vortexing. Solution was stored in dark condition
at room temperature with the bottle cap loose to allow for release of
evolved gases; solutions were left to age in these conditions for up to 3
weeks (monitoring solution color change from yellow to clear).
Particles were then dialyzed (in cellulose dialysis tubing) in 2 L glass
beaker over 2 days in 2 L of dH2O changed every 12 h and stored in the
same conditions as for aging. Particles are ultrasonicated prior to any
further use.
Materials Characterization.Themorphology and dried size of the

nanomaterials produced in this study were determined using a Philips
Tecnai 300 kV HRTEM. All samples were first dried on holey carbon
TEM grids to at room temperature and then stored under vacuum.
Phase contributions to particle size were determined by measuring 25
particles from each formulations using the GATAN Micrograph
software. UV−vis spectrophotometry was performed using a
PerkinElmer spectrophotometer over a range of 220 to 800 nm. X-
ray photoelectron spectroscopy was used to characterize the materials
compositions as well as changes to their surface states. Additionally, UV
photoelectron spectroscopy was performed to characterize the valence
states of each sample as well to determine their bandgaps. X-ray
diffraction analysis was done using Empyrean Panalytical and used
XPert Highscore software for data analysis. CuKα (1.54 Å) radiation
was used for diffraction. ESCALAB-250Xi spectrometer at room
temperature in ultrahigh vacuum chamber (below 7× 10−9 mbar) using
a monochromatic Al−Kα radiation source, operating at a power of 300
W (15 kV, 20 mA). The spot size of the beam was 650 μm. C 1s peak at
284.6 eV was used as a reference for calibration. Avantage Peakfit
software was used to deconvolute XPS spectra. For reference XPS-
simplified spectra from Thermo Scientific Web site were compared
against the obtained spectra as well as comparisons to literature values.
Dynamic light scattering and zeta potential measurements were
performed in 0.1 M tris-Cl buffers (pH 7.5) using a Zeta-sizer Nano
from Malvern Instruments to determine the hydrodynamic diameters
and zeta potentials, respectively, of each AgCNP formulation. The
concentration of Cerium and Silver were measured using inductively
coupled plasma−mass spectrometry (ICP-MS). Agilent 7700X ICP-
MS instrument was used in Trace Evidence Analysis Facility at Florida
International University to measure the level of Cerium concentration
and Finnigan Element-2 (HR-ICPMS) was used to measure silver
concentration at Cerium Laboratories, Austin, TX. ICP-MS sample
preparation: 1 mL of the stock AgCNP formulations (1 mg/mL) was
digested for 48 h in 2 mL 35% nitric acid by heating at 80 °C in the
conventional oven. Post digestion, the suspensions were diluted to
working suspension of a mass concentration of∼500 μg/L or (parts per

billion (ppb)) with ultrapure water, keeping nitric acid concentration at
5% (necessary for ICPMS measurement).

Electrochemical Measurements. Electrochemical measurements
were performed with a potentiostat from BioLogic. A round disk glassy
carbon electrode was used as a working electrode with a saturated
(KCl) calomel electrode as a reference electrode and platinum mesh
counter electrode. Cyclic voltammetry was performed from 1.0 V to
−0.3 V for 50 50 cycles at 1 V/s in 1MH2SO4 following slurry polishing
on a microfiber pad to clean the working and reference electrodes
previous to experiments. Experimental cyclic voltammetry experiments
were performed from 1.0 V to −0.3 V for 50 five cycles at 1 V/s. For
each experiment, changes to the voltammograms were monitored with
successive cycles and found to be stable. Potentiometric electro-
chemical impedance spectroscopy (EIS) was performed from 10 mHz
to 1 MHz with a root sinus frequency value of 0.2. For these
experiments, 20 μL of 1 mg/mL sample (from each of the AgCNP
samples) was dropcast onto the glassy carbon electrode and dried under
a gentle stream of nitrogen. Tafel analysis was performed by first
monitoring sample open circuit potential until stable and performing
linear sweep voltammetry from 0.1 V more anodic than open circuit
potential. Voltammetry was performed at 20 mV/min in anodic
ongoing potential to 1.0 V. The modified electrode was then dipped in
three washes of dH2O to remove any weakly bound particles. In situ
bioimpedance spectra were collected with parameters similar to those
used in nanomaterial characterization though at open circuit potential
(after equilibrating in tris buffer). Either OC43 or Rhinovirus was
allowed to dry on a clean glassy carbon electrode surface and was
dipped three times to remove salts and weakly adsorbing virus particles.
Electrochemical impedance spectra were then collected with AgCNP1
or 2 dispersed in tris-HCl buffer at a concentration of 20 μg/mL in 4mL
working volume over similar time periods as for infectivity assays.

Enzyme-Mimetic Assay. Superoxide dismutase mimetic activity
was determined using a SOD assay kit (Dojindo, SKU: S311) according
to the manufacture’s instruction. Catalase mimetic activity was
investigated by the protocol described by Pirmohmed et al.15 The
Amplex Red Hydrogen Peroxide/Peroxidase assay kit (Invitrogen,
Cat# A22188) was used to measure H2O2 levels. A microplate reader
(FLUOstar Omega, BMG LABTECH) was used to detect the
fluorescence of resorufin (excitation at 571 nm and emission at 585
nm). An H2O2 standard curve was generated and used to calculate the
H2O2 concentration in each sample. 50 μL of sample, at a fixed common
concentration for all samples, is preincubated with 50 μL of 8 uMH2O2
for 25 min in 96-well plates. Then 100 μL of working solution (100 μM
Amplex Red reagent and 0.2u/mL HRP) was added and allowed to
incubate at room temperature for 30 min before the fluorescence
readings were taken. CAT activity is calculated by dividing the final
H2O2 concentration in each sample by the initial H2O2 concentration
and multiplying with 100%.

Cells, Viruses, and Infectivity Assays. Cultures of HCT-8 cells
were grown in Roswell Park Memorial Institute medium (RPMI 1640,
Gibco, Thermo Fisher Scientific) supplemented with 10% heat
inactivated fetal calf serum (HI FBS, Gibco, Thermo Fisher Scientific).
Cultures of RD and HeLa cells were grown in Dulbecco modified Eagle
medium (DMEM, Gibco, Thermo Fisher Scientific) supplemented
with 10% HI FBS.

Human Coronavirus OC43 (ATCC, catalog number VR-1558) was
grown in HCT-8 cells at 33 °C. Media collected at 4 days post infection
(pi) was centrifuged, cell debris was discarded, and then was adjusted to
include a 1:20 dilution of Bovine Albumin Fraction V (BSA, 7.5%
solution, Fisher). Aliquots were quickly frozen using liquid nitrogen and
stored at −80 °C. OC43 stocks were quantified using a standard 50%
Tissue Culture Infectious Dose assay (TCID50) on confluent RD cells
in 96-well plates (Falcon, Thermo Fisher Scientific). Briefly, solutions
were serially diluted in DMEM containing 1:20 BSA. After incubation
with diluted virus solutions for one hr at 33 °C, cells were washed and
replaced with DMEM containing 2% HI FBS. After a 4 day incubation
at 33 °C, cells were washed with PBS+ and stained with a 1% crystal
violet solution containing 20% ethanol, 3.7% formaldehyde and PBS for
30 min. TCID50 values were calculated by the Spearman & Ka  rber
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algorithm as previously described.48 OC43 plaque assay was carried out
on RD cells as described by Bracci et al.49

Human Rhinovirus 14 (RV14, ATCC, catalog number VR-284) was
grown in HeLa cells at 33 °C. Cell monolayers and dislodged cells were
harvested and processed by three rounds of quick freezing in liquid
nitrogen followed by rapid thaw in a 37 °C water bath. Cell debris was
pelleted and media was adjusted with a 1:30 dilution of BSA, quick
frozen and stored in the −80 °C freezer. RV14 stocks were determined
by a TCID50 assay using confluent HeLa cells in 96-well plates as
described above, except that assays were developed after 3 day
incubation at 33 °C.
Nanoparticle Treatments. Nanoparticles were ultrasonicated for

15 min prior to use. Reactions were performed in 24-well plates
(Corning, Thermo Fisher Scientific) containing buffer, nanoparticles,
and virus as described in figure legends. OC43 and RV14 experiments
were performed in 25 mM Tris-hydrogen chloride (Tris-HCl) pH 7.5
solution, containing 1:100 BSA and 75 mM sodium chloride (NaCl).
Controls for experiments included buffer with water as a vehicle control
(buffer alone). Nanoceria and silver-modified nanoceria were tested at
concentrations indicated in the figure legends. Time zero samples were
quantified to determine input virus amount. Reactions were incubated
at room temperature for times as described in figure legends, followed
by quantification of remaining virus infectivity.
Statistical Analyses. Statistical analysis was performed using

GraphPad students t test. In all figures, * indicates P-value <0.05, **
indicates P-value <0.01, *** indicates P-value <0.001.
Physical Model of Virus-Nanomaterial interaction via

Electrochemical Impedance Spectroscopy. Virus analogs were
determined based on the relative character of a given test viruses
surface. To mimic the character of the two viruses for which in situ
electrochemical impedance spectra were collected (RV14, rhinovirus
and OC43, coronavirus), liposome, and bovine serum albumin (BSA)
suspensions were prepared in tris-HCl (pH 7.5). These analogs were
chosen to reflect the lipid membrane of OC43 and the dense protein
surface of RV14, respectively. BSA was dissolved in tris-HCl to a
concentration of 5mg/mL and stored at 4 °Cuntil use. Liposomes were
produced by addition of 2 mL tris-HCl to the dry lipid powder. From
here, the solution was ultrasonicated using a horn ultrasonicator under
2 min of ultrasonication with an on/off pulse time of 2 s on and 1 s off in
an ice-bath to maintain the suspension temperature. Liposomes were
stored at 4 °C until use and discarded after 1 week postsynthesis. Size
characterization of the liposomes was performed via zeta-sizer
measurement (Zeta-sizer Nano, Malvern Instruments). In each test
case, the virus-analogmaterial was dispersed in solution and dropcast to
the surface of a glassy carbon electrode. Dropcast suspensions were
then left to dry under a gentle stream of nitrogen as a film. From here,
the modified electrode was then dipped in three washes of dH2O to
remove any weakly bound particles. Testing was performed under the
same conditions (electrolyte volume and composition; AgCNP
concentrations; incubation times; electrochemical impedance spec-
troscopy parameters) as those of the in situ measurements with virus
species. Experiments for each of the BSA and liposome modified
electrode systems were performed with acetaldehyde and xanthine
oxidase as a positive control for the generation and influence of free
radicals. These measurements were intended to represent any oxidation
of the virus analog materials for comparison against the spectra
obtained with the AgCNP samples. Before measurement, the activity of
stock xanthine oxidase enzyme were first measured and determined
such that a concentration of 4.3 units/mL was produced. Ten μL of the
enzyme suspension and 10 μL of a 99% acetaldehyde stock solution
were added to 3 mL of tris-HCl buffer solution for model studies with
electrochemical impedance spectra collected.
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