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Nanoscale cerium oxide is a material of interest for biomedical applications due to the breadth of
therapeutic activities demonstrated in research literature. Further, these activities have been shown to be
tunable, with control of material surface properties achievable through various wet chemical syntheses.
In our previous studies, we have demonstrated unique antiviral performance for nanoscale cerium oxide
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formulations and related these performances to material properties. In the presented work, we have
expanded the space of silver—cerium oxide compositions for use in virus inactivation: examining the
DOI: 10.1039/d5ma00962f effect of synthesis parameters on particle character and of core—shell nanoparticle formulations effects

on human coronavirus mitigation. Comparisons among these formulations and a previously reported
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1. Introduction

Cerium oxide (ceria) is a material of great significance for indus-
trial catalysis, owing to its oxygen buffering (or storage) capacity
and associated redox cycling at cerium sites (Ce**/Ce**).'®!" These
changes in material composition are produced and facilitated by
the formation or healing of (near-)surface oxygen vacancies as

1
2Cel, + OF < Vo +2Cec, + 502 €))]

in Kroger-Vink notation; with Cef, and Ce(, representing the
formal redox states Ce*" and Ce®’, respectively. For nanoscale
confined cerium oxide phases, it has been shown that formation
of oxygen vacancies is promoted, occurring under lower formation
energies and thereby, leading to an improved catalytic perfor-
mance in select publications.' In many such studies, ceria thin
films have been produced and modified with nanoscale silver
phases as a means of producing activated oxygen intermediates.”

Several studies of silver-ceria nanoscale composite/(photo)-
catalyst-active support structures have been reported in
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silver-decorated ceria formulation are made and related to relevant material properties.

literature.>® It is argued that atmospheric components, especially
oxygen, are activated at elevated temperatures and undergo reaction
with ceria adsorbed organic species which are transformed to
chemical products upon ceria redox cycling. It has also been
suggested that cerium is kept at a reduced chemical state at the
interface between ceria and silver phases and that oxygen transferred
from the silver surface, or electrons transferred through the silver
bulk, restore initial cerium redox state conditions.”® These results
have been observed in several studies both experimentally and
theoretically.” In other studies, nanoparticle silver—ceria architectures
have been produced and studied as catalysts in chemoselective
reduction reactions (e.g:, of unsaturated aldehydes, epoxides).”"
In a work published by Kayama et al., core-shell type silver-
ceria nanomaterial compositions were produced for soot oxida-
tion applications." Interestingly, the authors note a ‘rice-ball’
structure (average reported diameter: ~100 nm) for the for-
mulations, noting that the particles possess a comparatively
less granular silver core, surrounded by a less uniform poly-
crystalline, granular shell comprised of ceria crystallites.
Further, it was reported by the authors that the observed high
efficiency soot oxidation may be ascribed to the structure: with
the low-density character of the ceria shell potentially allowing
diffusion to/from the silver phase while protecting silver from
sintering or other modes of inactivation. While this observation
is highly valuable for surface catalysis considerations, the
synthesis chemistry may be of more general interest for expand-
ing the potential scope of materials designs and applications.
Hydrothermal synthesis of silver—ceria rice-ball formula-
tions was performed in an ammonia solution; with the
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dissolution of silver-rich secondary particle phases and the
oxidation of cerium ascribed to formation of [Ag(NH3),]"
complexes as

Ce(OH); + [Ag(NH;),]" + H,O — Ag® + Ce(OH), + 2NH; + H'

(2)

In an earlier study, we reported the formation of silver-
decorated ceria nanoparticle formulations through an alkaline
precipitation and ammonia-mediated etching procedure to
form the above-noted diamine complex.* In the same study,
hydrogen peroxide was used, in a similar manner, to preclude
formation of contaminant secondary phases while promoting
silver/cerium redox reactions leading to formation of silver-
ceria nanocomposite structures and no appreciable secondary
pure phase (secondary) particle formation. Particle formula-
tions from each of these syntheses were then evaluated for their
distinct efficacies towards specific virus families; with repre-
sentative viruses consisting of enveloped and non-enveloped
structures, as well as viruses with RNA and DNA genomes.'>"?
The results highlighted the value of the nanomaterial surface in
the application and suggest the potential for tuning (optimiz-
ing) the interaction through modification of the surface com-
position. Further, the character of particles produced by both
methods implicate an influence of cerium-silver redox-
mediated interactions on the observed composite formations.

In the current work, we aimed to further study the influence
of redox reactions in the cerium-silver-ammonia chemical
system on particle composition and phase distributions/archi-
tectures. Toward this end, multiple studies into the kinetics of
diamine complex formation and of cerium-silver interactions
were performed. It was found that on co-dissolution, aqueous
solutions of cerium and silver nitrate undergo spontaneous
complexation which produces a substantial effect on particle
product character. Additionally, it was demonstrated that the
influence of Ce:Ag ratio from initial reactant concentrations
led to variations in particle phase architecture, size, and
number. Influences of these differences among silver-ceria
formulation particle characters are highlighted by their effica-
cies in the inactivation of human coronavirus OC43. Results
from these syntheses and biomedical studies build on results
from our previously reported studies, with our current formula-
tions outperforming our previous formulation (p < 0.05) indu-
cing an ~ 3 log reduction in OC43 virus titer relative to control
after 4 h exposure.'>*?

2. Materials and methods
2.1 Material characterization

All UV-vis spectrophotometry measurements were performed
using a PerkinElmer spectrophotometer; with data acquired
over the range 220 to 600 nm using quartz crystal cuvettes. X-ray
diffraction measurements were performed on powder samples
using an Empyrean Panalytical diffractometer with CuKa
(1.54 A) radiation source. Data was analyzed using XPert
Highscore software. High-resolution transmission electron
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microscopy images were collected at the University of Central
Florida (Phillips, Tecnai, 300 kV; materials characterization
facility) and the University of Florida (FEI Talos F200i, 200
kv; nanoscale research facility). Samples were prepared by
drop-casting and drying from suspension onto lacey carbon
film-coated, copper TEM grids (SPI) Images were collected at
several magnifications. Scanning TEM imaging, HAADF, and
selected area electron diffraction measurements were collected
using the Talos hrTEM at the University of Florida. Inductively
coupled mass spectrometry measurements were performed to
measure cerium and silver concentrations for assorted material
formulations at the Plasma Chem Lab at the University of
Georgia, Athens (Center for Applied Isotope Studies). Particles
were characterized for superoxide dismutase-mimetic activities
using an SOD Assay kit (Dojindo Molecular Technologies), per
manufacturer’s instructions. Measurements were all performed
in triplicate.

2.2 General silver—ceria synthesis procedure

All silver—ceria formulations for the presented study were
produced by a similar synthesis protocol adapted from ref.
11, though with variations for mechanism and optimization
studies (detailed in relevant, later subsections) noted by symbol
(*); apart from AgCNP1: produced by a previously published
protocol (detailed in brief, later in Section 2.4)."

2.71 g of cerium nitrate hexahydrate (99.999% purity, Sigma
Aldrich) was dissolved in 4 mL de-ionized water (diH,O; >20
MQ, Barnstead Nanopure) and a relevant amount (based on
intended composition, mole ratio of Ce:Ag, detailed below) of
aqueous silver nitrate (99% purity, Sigma Aldrich). The solution
was completed to 8.036 mL with diH,O under magnetic stirring
at 250 rpm at standard pressure and temperature (*) for a fixed
time. Following this, the solution stir speed was increased to
350 rpm and 7.26 mL of an ammonia solution (35.6 wt% of a 25
wt% ammonia solution) was added quickly drop-wise. The
solution was left stirring for 1 minute and then quickly added
to a 23 mL volume Teflon-lined, stainless steel autoclave and
sealed. The solution was then kept at 120 °C for 15 minutes in a
pre-heated muffle furnace. Subsequently, the autoclave was
cooled under a stream of cool water until cool to the touch
(~5 minutes).

2.3 Silver-ceria particle purification procedure

The collected solution was then washed 4x with repeated
centrifugation at 12 000 rpm for 10 minutes and solvent (super-
natant) replacement with fresh de-ionized water. After washing,
the pelleted sample was re-dispersed in a small volume of de-
ionized water and dried overnight at 60 °C in a glass Petri dish.
The dried sample was collected by scraping and powdered
using mortar and pestle. Samples were then stored in borosi-
licate 5 mL vials until further use or characterization.

2.4 Synthesis of AgGCNP1, silver-ceria control formulation

This synthesis is reported in an earlier work."” Briefly, 1.74 g of
cerium nitrate hexahydrate was dissolved under stirring
at ~250 rpm on a magnetic stir plate in 40 mL of diH,O.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A 10 mL solution containing 0.17 g of aqueous silver nitrate was
then added to the aqueous cerium nitrate solution and allowed
to mix for several minutes. From here, 10 mL of a 0.4 M sodium
hydroxide solution was added quickly drop-wise to the cerium/
silver solution under stirring at ~450 rpm. After 4 h, the
resulting solution was washed by centrifugation 4x by repla-
cing supernatant with fresh diH,O. Finally, the purified mate-
rial was re-suspended in diH,O and ultra-sonicated in an
ultrasonication bath to promote dispersion. To remove second-
ary, silver-rich particle phases, the purified solution was sub-
sequently treated with a concentrated ammonium hydroxide
solution (finally concentration: 3 wt%) under moderate stirring
for 24 h. The solution was washed and isolated as denoted
earlier in the synthesis.

2.5 Influence of silver-cerium redox interactions at auto-genic
PH on particle product

Measurements of silver and cerium redox kinetics were per-
formed keeping a 1:1 mole ratio of silver to cerium (nitrate)
solution under stirring at 250 rpm. Sample aliquots (20 puL)
were collected every 10 minutes up to 60 minutes. Measure-
ments were performed at two dilution values to best resolve
peak absorbance intensities of time-varying (and inversely
related) magnitudes near 250 and 300 nm.

2.6 Synthesis of nanostructure formulations of varying silver-
to-cerium mole ratios

Produced material formulations were synthesized by the pro-
cedure outlined in Section 2.1, though with varying silver to
cerium molar ratios, and subsequently purified by the proce-
dure detailed in Section 2.3 with aqueous cerium and silver
nitrate mixed for 60 minutes. Formulations produced for the
study include cerium to silver molar ratios of 1:1.5, 1.2, 1.0,
0.5, 0.2, and 0.1. Following initial characterizations, only for-
mulations produced from the ratios 1:1.2, 1:0.5, and 1:0.2
were used for further studies; noted hereafter as formulations
—1.2, 0.5, and 0.2, respectively. To probe the influence of the
chemical process identified in time-dependent UV-vis measure-
ments, a companion series of materials were also synthesized
by stirring for only 2-minutes and otherwise identical synthesis
and work-up procedures (for ratios 1:1.2, 1:0.5, and 1:0.2
noted hereafter as formulations —k1.2, k0.5, and k0.2,
respectively).

2.7 Propagation of human coronavirus 0C43

Rhabdomyosarcoma (RD) cell cultures were grown and main-
tained in Dulbecco’s modified Eagle medium (DMEM; Gibco,
Thermo Fisher Scientific) supplemented with 10% heat-
inactivated fetal bovine serum (HI FBS) at 37 °C with 5% CO,.
Human coronavirus OC43 (ATCC VR-1558) was propagated in
HCT-8 (ATCC HRT18) cells cultured at 33 °C. Supernatants were
collected at 4 days post-infection (dpi), followed by centrifuga-
tion and supplemented with a 1:20 dilution of bovine serum
albumin fraction V (BSA; 7.5% solution, Fisher Scientific).
Virus-containing media was aliquoted, flash-frozen in liquid
nitrogen, and stored at —80 °C.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.8 Nanoparticle treatments of virus suspensions

Viral titers were determined by 50% tissue culture infectious
dose (TCIDs,) assay using confluent RD cell monolayers seeded
in 96-well plates (Falcon, Thermo Fisher Scientific). Virus
samples were serially diluted 10-fold in DMEM containing a
1:20 dilution of BSA and incubated with cells for 1 hour at
33 °C. Following infection, cells were washed with PBS and
overlaid with DMEM supplemented with 2% HI FBS. After 4
days at 33 °C, cells were washed with PBS and fixed/stained with
a 1% crystal violet solution containing 20% ethanol, 3.7%
formaldehyde, and PBS for 30 minutes at room temperature.
TCIDs, values were calculated using the Spearman-Kérber
method. All measurements were performed in triplicate (n =
3) and are presented as the calculated mean + standard
deviation. Statistical significance was assessed via t-test ana-
lyses with respect to TCIDs, values for control silver—ceria
formulation (noted as AgCNP1).

3. Results and discussion

A hydrothermal synthesis was considered for the production of
silver-cerium oxide nanoparticle formulations with the use of
ammonium hydroxide to directly preclude formation of sec-
ondary particles. The procedure is adapted from one presented
by Kayama et al., which resulted in core-shell particles with
limited dispersity in particle character (size, shape, composi-
tion). The current studies examine the influence of varying
cerium and silver precursor ratios and mixing time on average
particle character; especially, silver and cerium oxide phase
densities, average particle size, and particle morphologies.

Particle formulations were produced (Fig. 1A) with varying
initial mole ratios of silver and cerium (Ag: Ce) (Fig. 1B). The
ratio values were chosen to consider phase character and
distribution for starting concentrations varied from 1:0.2 to
:1.2 (ie., silver-lean, silver-rich initial solutions; final silver to
cerium ratios presented in Fig. 1B and C and discussed in
Section 3.3). Results were interpreted with respect to the
influence of cerium oxidation by aq. [Ag(NH;),]" complexes in
a 1:1 mole ratio and by dissolved oxygen (natural aeration). In
particular, particle number, silver:cerium oxide phase ratio,
and particle morphological character were evaluated.

On mixing aqueous cerium and silver nitrate solutions, no
obvious change in solution character typically occurred. How-
ever, it was observed that changing the time allowed for mixing
resulted in solutions of various colors, with all other synthesis
conditions kept fixed. Therefore, the influence of this mixing
time was first considered.

3.1 Silver-cerium (oxide) interactions in absence of ammonia
at auto-genic pH

Silver and cerium nitrate solutions were mixed at a final mole
ratio of 1:1 and concentrations identical to the standard
synthesis. UV-Vis spectra (Fig. 2) collected for this solution at
regular timepoints (10 min intervals, from 0 to 60 min) reflect a
spontaneous change in material redox states, with absorption
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Fig. 1 Synthesis of assorted silver-modified cerium oxide formulations. All
syntheses for the current studies were produced by wet chemical, hydro-
thermal syntheses at 150 °C. Samples dried to powders at 60 °C (B) and (C)
highlight the substantial influence of silver to cerium precursor ratios
(Ag: Ce ratio decreases from left to right across (B)) and mixing time ((C),
decreasing Ag: Ce ratio from left to right, formulations 1.2, 0.5, and 0.2 for
60 minute and k1.2, k0.5, and k0.2 for 2 minute mixing time) on particle
character. Initial and final (as measured by ICP-MS) mole ratios of silver to
cerium are provided in overlay (“initial, final").

near 298 nm (characteristic of Ce'") varying over the mixing
period (Fig. 2A). The change in absorption intensity, for fixed
material concentrations, suggests some change in redox state
and potentially complexation. It should be noted that oxidation
of cerium in absence of silver under these conditions (standard
temperature and pressure, pH: ~3.5), and within this time
period, is negligible.

Changes in peak relative intensities begin immediately and
change up to approximately 1 h mixing time. From here,
changes continue, though at a substantially lower rate. It
should be noted, however, that while changes in absorption
intensity near 298 nm, associated with Ce**-related transitions
are mirrored by a proportional change in absorption near
252 nm, associated with Ce**-related transitions, silver (Ag")
shows absorption near 300 nm as well: confounding attribution
solely to cerium redox. However, these spontaneous processes
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may have implications on the synthesis product, in the least
potentially adding to dispersity in material character. There-
fore, syntheses were performed, on a subset of the initially
synthesized formulations, with mixing occurring for 2 or 60
minutes (Fig. 1C) prior to ammonium hydroxide addition and
hydrothermal processing. The subset was chosen to provide
additional insight into conclusions produced in previous stu-
dies and to probe the particle formation mechanism; specifi-
cally, formulations produced from a 1:1.2, 1:0.5, and 1:0.2
cerium to silver mole ratio were considered as formulations 1.2,
0.5, and 0.2, respectively (for syntheses mixed for 60 minutes
and with corresponding syntheses mixed for 2 minutes noted
as formulations k1.2, k0.5, and k0.2).

3.2 Influence of mixing time on particle product material
characters: spectroscopy

Changes in UV-vis spectra discussed in the preceding section
suggested a potential influence of mixing time on solution
component speciation and final particle product character.
This suggestion is further supported by visual examination of
collected sample powder coloration (Fig. 1C). Coloration will be
the product of absorption by silver and cerium in unique crystal
environments and of their respective, consequent chemical
state distributions.

UV-Vis spectra for formulations 1.2, 0.5, and 0.2 and k1.2,
k0.5, and k0.2 are presented in Fig. 2B. All formulations show a
broad peak spanning the visible region, as suggested by their
dark colorations. Interestingly, all formulations, excluding for-
mulation 1, appear to show peak maxima centered near
400 nm. It is noteworthy that the spectra for each test group
are unique, implicating silver content on the final particle
chemical state distributions and consequent electronic struc-
ture. Interestingly, relative intensities for peaks in regions
ascribable to cerium oxide and for silver do not show a clear
trend. However, the breadth of peaks, peak shifts associated
with quantum confined electronic states, and potential for
signal overlap contraindicate this analysis as a metric for
comparing compositions across formulations.**
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Fig. 2 Silver—cerium oxide nanoparticle formulation phase composition and character. UV-Vis spectrophotometry measurements at fixed time intervals
(10 min) over a 60 minute period (A) highlight changes in particle precursor character with mixing time (inset: magnified image of the absorption between
280 and 315 nm). Changes in abosprtion are time-sensitive and non-monotonic. UV-Vis spectra for formulations 1.2, 0.5, and 0.2 and k1.2, k0.5, and k0.2
(B) are presented and suggest substantial difference in silver phase character (peak character at wavelengths >400 nm). X-ray diffraction (XRD)
measurements (C) show peaks associated with both cerium oxide (fluorite symmetry, indexed to ICSD 55284) and metallic silver (body-centered cubic

symmetry, indexed to ICSD 44387) for all formulations.
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Fig. 3 High-resolution transmission electron microscopy images of particles from formulations with two or sixty minutes of stirring. Mixing time (top
row: 2 minutes, formulations k1.2 and k0.2, from left to right, respectively; bottom row: 60 minutes, formulations 1.2, 0.5, and 0.2, from left to right,
respectively) for cerium and silver precursors show substantial influence on particle morphology, phase compositions. Particles from formulation k1.2 (A)
and (B) appear as individual (A) as well as aggregates of core—shell particles (B). Particles from formulation k0.2 (D) and (E) appear irregular, with silver-rich
regions appearing at higher number densities throughout a given particle as compared to formulations k1.2 and k0.2. Particles from formulations 1.2 (G)
and 0.5 (1) appear as large core—shell (silver—ceria, respectively) nanostructures, while particles from lower Ag: Ce ratio formulation 0.2 (K) appear less
regular and with silver phases more disperse. Selected area electron diffraction(SAED) measurements reflect a presence of fluorite structured cerium

oxide and body-centered cubic structure for particles from all formulations.

Comparing XRD diffractograms across formulations 1.2, 0.5,
and 0.2 and their respective k-series correlates, we observe
distinctions which can be related to individual synthesis details
(Fig. 2C). All spectra evidence the presence of both cerium oxide
(fluorite symmetry, indexed to ICSD 55284) and silver (body-
centered cubic symmetry, indexed to ICSD 44387). For cerium
oxide, five peaks are fit to all experimental spectra; namely,
(111), (002), (220), (311), and (331). For silver, three peaks were
fit; namely, (111), (200), and (220). Peak broadening is evident
for all peaks and ascribed to the nano-scale character of all
phases in the final material; full-width half-max values were
computed for each formulation. The observed differences in
spectroscopic measurements are better understood by consid-
ering the structural differences of formulation particles under
high resolution transmission electron spectroscopy imaging.

3.3 Influence of mixing time on particle product material
characters: microscopy

High-resolution transmission electron microscopy (TEM)
(Fig. 3) imaging demonstrates the substantial influence of both
mixing time (Fig. 3A, B and D, E) and Ag:Ce molar ratio
(Fig. 3G, I and K) (Fig. S1). Selected-area electron diffraction
(SAED) measurements for both test group (Fig. 3C, Fand H, J, L
for the 2 and 60 minute mixed samples) formulations corrobo-
rate observations in XRD, with diffraction spots appearing as
rings due to the nanoscale dimensions of both silver and
cerium oxide phases. Fitting of diffractions rings confirms a
fluorite and body-centered cubic structure for silver and cerium
oxide phases, respectively, for all formulations.

Scanning TEM (STEM) and high-angle angular dark field
imaging (HAADF) (Fig. 4) analysis was performed for particles
from a 1:1 Ag:Ce synthesis, as a representative sample.
Spectroscopic (EDS) analysis confirms a core-shell morphology
with silver localized to the particle core and cerium oxide

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

(cerium, oxygen, silver, and their compositions in Fig. 4B, C,
D, and F, respectively) comprising the shell structure. Imaging
at this lower magnification (Fig. 4E) additionally demonstrates
the limited dispersity in particle size and morphology in this
formulation.

In comparing particles from formulations having common
silver and cerium initial concentrations, we observe an approx-
imate consistency in general morphology. Particles from for-
mulations 1.2 and k1.2 appear as core-shell structures, with a
silver core enclosed by highly poly-crystalline cerium oxide.
Particles from formulation 0.5 similarly appear largely as core-
shell type structures, though with the additional presence, in
limited population number, of less regular structures

EE e & 200 nm |5 nm*
— e | —

Fig. 4 Scanning transmission electron microscopy (STEM) and high-
angle anular dark field (HAADF) imaging of silver—cerium oxide 1:1 for-
mulation. HAADF imaging (A) highlights spatial distributions of phase
components. Elemental distributions of cerium (B), silver (C), and oxygen
(D) showing spatial distribution into core and shell particle morphologies.
hrTEM (E) and composition of elemental distribution measurements (F) are
presented for comparison. Selected area electron diffraction (SAED) (G)
ring structures highlight the nano-scale dimensions of fitted cerium oxide
(fluorite) and metallic silver components (body-centered cubic).
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(ellipsoidal, 1D). The majority of particles observed from for-
mulations 0.2 and k0.2 appear less regular, with the lower silver
content relative to cerium during synthesis appearing to pro-
duce multiple silver-rich regions throughout individual compo-
site (AgCNP) particles. Interestingly, in addition to the apparent
increased number of silver-rich regions for these particles,
silver phases appear irregular in shape. The observed character
is more pronounced for formulation k0.5, though particles
from formulation 0.5 similarly show a more even distribution
of silver phases throughout particles and potentially at the
particle surface. Despite the observed similarity in general
morphology for formulations containing common silver and
cerium initial concentrations, there is an additional pattern of
smaller particle size for formulations mixed for longer times.
Interestingly, we observe some tendency for elongated,
ellipsoidal particles to varying extents in all formulations. For
smaller core-shell structured particles, this tendency is less
obvious, with the majority of k1.2 particles possessing a slight
morphological eccentricity (ratio of minor to major axis dia-
meter in TEM image data; avg. 0.89). However, imaged particles
evidence a long axis terminated at either end by apparent
breaks in the cerium oxide shell. These defects and particle
morphology are consistent and are potentially ascribed to the
morphology of the silver core. Diffraction measurements evi-
dence a high intensity of (111) planes for all samples, suggest-
ing a tendency toward octahedral or prismatic morphologies.
Further, presence of multiple silver cores within a given particle
suggests a potential for assembled multi-particle, hierarchical
assemblies which may produce the observed trend. In support
of this description, smaller particles observed in formulation
1.2 appear more regular (eccentricity: 0.97, relative to 0.89 for
k1.2). Further, a smaller population of rod-shaped particles are
seen in formulation k1.2 (Fig. 5C). This observation, occurring
for the formulation pair possessing the highest silver to cerium
ratio, additionally suggests an assembly behavior for silver,
albeit likely for silver phases forming with limited cerium oxide
surface density. Additionally, in our previous work which
produced and characterized a silver-ceria formulation synthe-
sized through the addition of hydrogen peroxide to aqueous

B Form. 1.2 C

Form. k1.2

CeO,

Fig. 5 Effect of synthesis conditions and parameters on particle nanos-
tructure products. Varying synthesis conditions, with common reagents,
resulted in synthesis of assorted nanostructures which can be represent-
edgenerally as silver-decorated ceria (A), silver—ceria core—shell (B), and 1-
dimensional core—shell structures (C). Relations between synthesis con-
ditions and resultant particle characters provide insight into formation
mechanism and potentially suggest future routes for controlled snythesis.
Dispersion in particle size, morphology, and architecture (compare C to
Fig. 3D and E), especially in the case of low mixing time samples, highlight
the sensitivity of the particle character to synthesis conditions.
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solutions of silver and cerium nitrate, Janus-type particle
architectures were observed.'* A similar particle character was
observed in another published study with citrate present as a
reducing agent.’ This common observation, along with the
observation of shell defects at opposing ends of larger core-
shell particles in the current study suggest ceria deposition at
the silver surface may be a rate-limited or energetically unfavor-
able process. As suggested in other publications, deposition of
silver may be promoted at the growing silver surface upon redox
reaction with cerium; therefore, processes which reduce the
total interface area will predominate. A growth mechanism
wherein silver deposition and cerium oxide growth occur at
distant sites (e.g., opposite-side reactions) would result in the
Janus-type structure; with aggregation, oriented assembly of
such sub-units to larger core-shells occurring subsequently.
Alternatively, a preferred deposition of ceria at specific silver
facets would promote silver growth which increases surface
density of these facets and, thereby, promotion of irregular
particle morphologies (e.g., the ellipsoidal (lemon-shaped)
morphology with ceria-lean regions at opposing ends observed
for larger core-shells and appearance of rod-like shapes,
Fig. 5C). Interestingly, average crystallite diameters, as deter-
mined by analysis of XRD peaks via the Scherrer equation, for
ceria and silver phases are similar for formulations k1.2-k0.2
(approximately 8 and 20 nm for ceria and silver, respectively),
though vary appreciably with increasing silver to ceria ratio for
formulations 1-3 (ceria: 6.418, 6.813, 9.419, 9.732; silver: 14.95,
18.67, 23.32, 22.97;for 1:1.2, 1.0, 0.5, and 0.1, respectively).
This result suggests a significant interaction between cerium
and silver, as further evidenced in UV-vis spectra (Fig. 2A). For
1:1 Ce:Ag ratio particles (Fig. 4), the particles are smaller in
size and more regular, suggesting a case where equivalent
proportions of reactant lead to regular-shaped morphologies.
Interestingly, particles produced from these precursor ratios
are on average substantially smaller in diameter (~85 v.
~450 nm), relative to core-shell structures produced from
other formulations. This result highlights the inter-
dependance between composite formation and morphology.
Particles from formulation 0.2 are more similar to those
produced by an alternative synthesis, at similar Ag: Ce ratios,
published in our earlier work (AgCNP1 here, Fig. 5A). On
etching a sample from formulation 0.2 in concentrated ammo-
nium hydroxide, we observe an apparent presentation of silver
phases at the material surface (Fig. S1). It is proposed that
silver-rich regions of the particles may be etched and re-
deposited from aq. [Ag(NH3),]" complexes; especially, at surface
defects, such as oxygen vacancies, where Ce>" sites localize and
are available to oxidize silver from the complex.'® Results from
ICP-MS (Fig. 1B and C) further highlight a distinction between
formulations produced from a starting silver:cerium ratio
greater or less than 1. Ratio of 1.0 or higher produced particles
of approximately 1:1 silver:ceria (1.04 and 0.95 for initial
ratios of 1.2 and 1.0, respectively), corroborating the initial
result of Kayama et al.'" Interestingly, formulations produced
from initial ratios less than 1.0, produced particles which were
all nearly 50% richer in silver than the initial ratios (0.77, 0.35,
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0.18 for initial ratios of 0.50, 0.20, and 0.10, respectively). This
result suggests that the redox reaction between cerium and
silver occurs more readily than the formation of ceria by other
reaction pathways under the utilized synthesis conditions. This
observation may also relate to the observed, relative irregularity
and more complex morphology of particles from these formu-
lations. Formulation k1.2 demonstrated a substantial decrease
in silver: cerium ratio which was similar to that observed for
k0.5 (0.64 for both), while the ratio for formulation k0.2 showed
a slight enrichment (0.28): similar to formulation 0.2. These
results further support the trends noted above.

In aggregate, our studies have highlighted a substantial
sensitivity of particle character to synthesis conditions: with
particle compositions varying in phase number, morphologies,
and dimensionalities (Fig. 5). This control over morphology
shows potential for further investigation of AGCNP virus inhibi-
tion activities. In the following studies we consider the virus-
inactivation efficacies for particles from our previous studies
(AgCNP1, Fig. 5A), formulation 1.2 (Fig. 5B), formulation 0.5,
and formulation 0.2.

3.4 Virus inactivation by silver-ceria formulations: effects of
phase distributions and phase structures

To evaluate the ability of nanoceria and AgCNPs to inactivate
human coronavirus OC43, reactions were prepared with an
initial concentration of ~10° infectious units (TCIDs,) per
mL of virus and 0.2 or 0.77 mg mL ™' nanoparticle treatments
and were performed in triplicate (Fig. 6A). Nanoparticle treat-
ment concentrations, for these studies, were chosen based on
dose-dependence studies from our prior studies of similar
silver—ceria nanoparticles to allow direct comparison to results
from these studies.'” This initial titer served as the time zero
infectivity reference. Incubation of OC43 with buffer alone
resulted in negligible loss of infectivity (Fig. 6A), consistent
with previous findings regarding coronavirus stability in aqu-
eous environments. Unmodified nanoceria formulations had
minimal impact on viral titers, which remained at more than
5 x 10* TCID5, per mL. In contrast, treatment with AgCNP1 and
formulation 3 for 1 hour led to a 1-log reduction in viral titer,
while formulation 1 and formulation 2 treatments resulted in
less than a 1-log decrease. A subsequent experiment extended
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the incubation period to 4 hours. Viral titers were measured at
time zero and after 4 hours of treatment (Fig. 6B). After 4 hours,
untreated controls exhibited a 1-log reduction in titer. AGCNP1
treatment markedly reduced OC43 titers from 10° to approxi-
mately 10” TCIDs, per mL. Both formulation 1 and 3 treatments
produced similar reductions, whereas formulation 2 achieved
the greatest effect, reducing titers from 10> to nearly 10" TCIDs,
per mL.

In a separate experiment, OC43 was incubated with nano-
particles at a higher concentration (0.77 mg mL ") for 3 hours
(Fig. 6C), with virus titers assessed at time zero and after 3
hours. The untreated control again showed less than a 1-log
reduction. However, treatment with AgCNP1, formulation 2,
and formulation 3 reduced OC43 concentrations to undetect-
able levels. Notably, formulation 1 achieved a 4-log reduction,
not inactivating the virus fully but leaving a residual titer of
approximately 10" TCIDs, per mL. Collectively, these results
suggest that nanoparticle formulations with balanced Ag and
CeO, content exhibit superior antiviral activity compared to
those with more Ag® or CeO,-rich compositions. Superoxide
dismutase (SOD)-mimetic activity measurements (Fig. S3) sug-
gest a marked difference in surface chemistry among the tested
formulation, with SOD activity appearing to correlate positively
with total silver content (72.2 &+ 9.62, 33.3 &+ 0.01, and 22.2 +
9.62 for formulations 1.2, 0.5, and 0.2, respectively, at 0.83 uM
concentrations). This difference suggests that interaction with
reactive oxygen species is not the dominate mechanism in the
observed antiviral performance.

Interestingly, the formulations produced in the current
study demonstrate comparable efficacy towards virus inactiva-
tion, among all formulations and AgCNP1 despite differences
in surface composition and particle sizes. This observation,
paired with previous observations of AgCNPs outperforming
pure cerium oxide nanoparticles of similar character, suggest
direct surface interactions between silver and virus particles are
not a component in the dominant inactivation mechanism.
However, silver contributes an indirect effect, possibly in
modifying the ceria particle size or redox state distribution.
Further, the substantial difference in average particle size
among these tested further suggests that surface curvature is
not a significant contributor to the total observed activity.
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Fig. 6 Effects on virus infectivity. (A) and (B) Samples of OC43 were incubated at room temperature for 1 h (A) or for 4 h (B) with buffer alone (red bars),
or with 0.2 mg mL~* AgCNP1 (green), formulation 1.2 (purple), formulation 0.5 (orange), or formulation 0.2 (yellow). Remaining infectivity was determined
by TCID50 assay. A sample taken prior to addition of nanoparticles is indicated as time O (blue). Values are the mean of three independent samples, with
error bars representing the standard deviation. (C) 10° TCID50 units of OC43 were incubated at room temperature with buffer alone (blue bars) or the
0.77 mg mL~* AgCNP1. Remaining infectivity was determined after 3 h by TCIDsg assay. Values are the mean of three independent samples, with error
bars representing the standard deviation.
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However, the observed results do not preclude the influence of
local curvature, potentially arising from the highly granular
(rice of the reported rice-ball structure) ceria structure at the
particle surface.

Conclusions

In the presented study, several formulations of silver-cerium
oxide, core-shell nanostructures were produced and compared
for their relative abilities to inactivate a human coronavirus
0OC43. Formulation syntheses were designed to compare the
influences of silver and cerium precursor mixing times and of
silver to cerium ratio of precursors. Nanomaterials produced in
each formulation possessed unique material with respect to
particle size, morphology, and distribution of silver and ceria
phases. It was determined that syntheses performed from an
initial 1:1 mole ratio of silver to cerium precursors produced
the smallest and most regular core-shell structures, higher
ratios produced larger core-shell structures, while lower ratios
produced particles with an increased number of silver phases
relative to ceria (similar to a result from our previous studies).
Virus inactivation studies of the formulations at 0.2 mg mL™"
dosages induced comparable (>2 orders of magnitude reduc-
tions) to each other and a high-efficacy formulation from our
previous studies, with formulation 2 having the highest perfor-
mance. The results suggest that virus inactivation by silver-
cerium oxide nanostructures is not related to direct virus
interaction with silver phases, but that the utility in silver
may come from indirect action (such as activating ceria or
participating as a co-catalyst).
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