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Abstract
Preventing pathogen transmission and treating
pathogen-associated diseases remain major
public-health challenges. Recent epidemics and
pandemics, key amongst them being the pandemic
caused by the coronavirus disease (COVID-19),
have highlighted the devastating effects that
viral infections can have on society. Uncovering
and utilising materials for the protection from
and treatment of virus-induced diseases can
considerably alleviate the load imposed on
healthcare systems worldwide. Silicon nitride is a
biocompatible ceramic material used in orthopedic
implants that is effective in the inactivation of
single-stranded RNA viruses. However, the effect
of the material on the more resilient DNA viruses
remains unknown. This study aimed to investigate
the antiviral behaviour of the material, in powder
and bulk form, against DNA viruses, and more
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specifically the human adenovirus. The results of
the study indicated that silicon nitride dramatically
reduces adenoviral infectivity in powder (>98%
reduction in infective virus compared to the
untreated control) and bulk form (>73% reduction
in infective virus compared to the untreated control).
In both cases, inactivation was achieved rapidly, in
one minute for powders and 10 minutes for bulk
surfaces. The findings of this study strengthen the
potential of silicon nitride to be used as an antiviral
agent, aiding the fight against the spread of both
DNA and RNA virus diseases.

Keywords: silicon nitride, viral inactivation, surfaces,
adenovirus.

1 Introduction
Pandemics and epidemics are recurring phenomena in
human history [1–3]. The COVID-19 pandemic, which
started in 2019 [4], is a reminder that humanity should
be prepared for future pandemics caused by viruses.
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COVID-19, caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has affected
several million people [5] with a fatality rate that rises
exponentially with patient age [2]. While personal
responsibility, protective equipment and disinfectants
are relatively effective in containing the spread of this
novel coronavirus [6, 7], more measures should be
taken to inhibit the rapid spread of such pathogens.
Antipathogenic materials can be important tools
limiting the spread of viral diseases. Such materials
can be used as disinfecting agents in protective
equipment or to provide long-term inactivation of
viruses on surfaces [3, 8] which carry a pathogenic
load and contribute to the spread of disease [9, 10].
Copper is such a material, and studies prove that its
use on high-touch surfaces considerably reduces the
pathogenic load [11–13].
Silicon nitride could be another option. It is a
ceramic material that has been utilised in applications
where components are to be placed in thermally
and mechanically challenging environments [14].
Its biocompatible nature [15, 16] and mechanical
properties [17, 18] have led to its evaluation as a
potential biomaterial. Today, silicon nitride has been
approved for human use as a spinal implant with
positive clinical results [19, 20] and shows promise
in dental and other orthopedic applications [21, 22].
Unlike conventional bioinert ceramics such as alumina
and zirconia, Si3N4 possesses biologically active
surface chemistry, including potential antibacterial and
osteogenic effects [23, 24].
Indeed, one of the main advantages of silicon nitride
in orthopedic implants is its antibacterial behaviour,
caused by the elution of ammonia ions and the
formation of reactive nitrogen species (RNS) from its
surface when in contact with water. These ions lead
to bacterial inactivation, with literature confirming
the antibacterial properties of the material in vitro
and in vivo [23, 24]. This prompted investigations
into this material for its antiviral properties, which
proved that, in powder form, it is a potent inactivator
of single-stranded RNA (ssRNA) viruses, including
SARS-CoV-2 [25, 26]. While RNA viruses exhibit
significantly higher mutation rates than DNA viruses
due to the error-prone nature of RNA-dependent
RNA polymerases [27], making them more difficult
to vaccinate against, DNA viruses are generally more
stable. To date, no investigation of the effects of silicon
nitride on DNA viruses exists.
In contrast to the majority of RNA viruses, the

human adenovirus (HAdV) is a naked virus lacking
a membranous coat surrounding its core. This makes
HAdV extremely stable compared to RNA viruses
in a variety of environments [28]. HAdV can be
transmitted through aerosols, faecal–oral transmission,
or through contaminated surfaces, where it has been
shown to remain viable for extended periods [29, 30].
Although most HAdV infections are self-limiting,
fatal infections can occur in immunocompromised
patients [31]. Furthermore, severe outbreak events
have been documented, such as those caused by
novel adenovirus serotypes leading to life-threatening
pneumonia [32], and a high adenoviral load is
correlated with more severe respiratory symptoms in
intensive care units where adenoviral cross-infection
has been noted [33].
To the best of our knowledge, the antiviral properties of
silicon nitride have only been examined against RNA
viruses. The aim of this study was to evaluate the
antiviral potential of silicon nitride in both powder
and bulk form against DNA viruses. The HAdV type-5
virus was chosen for its high resistance to physical or
chemical agents and adverse conditions [34, 35]. It
was speculated that any effect on the highly resilient
adenovirus could be extended to other DNA viruses.

2 Materials and methods
2.1 Test materials and controls
To investigate the antiviral properties of silicon nitride
against the human adenovirus, test samples and
controls in both powder and bulk form were used.
For the testing of powders, silicon nitride (with aD50 of
856 nm and a surface area of 8.1m2/g) was purchased
from Luoyang Tongrun Technology Co., Ltd (Henan,
China). Copper was chosen as a positive control due
to its widely accepted nature as an antipathogenic
material [36, 37]. Copper powders were purchased
from Sigma-Aldrich (St. Louis, MO, USA).
Similarly, to evaluate whether silicon nitride surfaces
would lead to viral inactivation, samples were
produced through spark plasma sintering according
to Fu et al. [38]. Briefly, silicon nitride powders
(Sigma-Aldrich, St. Louis, MO, USA) were milled for
3 hours at 350 rpm in a planetary ballmill togetherwith
4wt.% MgO, 4wt.% SrO and 2wt.% SiO2 as sintering
additives and ethanol as a wet-milling agent. The
sintering additives were chosen as more bioactive and
biocompatible alternatives to the commonly used yttria
and alumina [38]. Approximately 2.5 g of the powders
were then dried and placed in a graphite mould
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(20mm in diameter), where they were manually
pressed into a disc. Finally, the powders were spark
plasma sintered (SPS-825, Fuji Electronic Industrial,
Japan) at 1720 °C under a constant pressure of 30MPa
with a dwell time of 5minutes. Copper cubes (10mm
× 10mm × 10mm) (Aston Carlsson AB, Skogås,
Sweden) were used as positive controls in this case.
All powders and surfaces that were to be brought into
contact with the virus were sterilised and handled
using sterile procedures.

2.2 Material characterization
The morphology of the tested powders was examined
using scanning electron microscopy (SEM) (Zeiss
LEO 1550, Carl Zeiss, Jena, Germany) at an
accelerating voltage of 5 kV and a working distance
of approximately 5mm. Silicon nitride powders
and surfaces were sputter-coated with a conductive
Au/Pd layer approximately 10 nm thick to facilitate
imaging. The phase composition of all powders
and surfaces was examined using X-ray diffraction
(XRD) (D500, Bruker, Billerica, MA, USA). The
samples were scanned from 10° to 80° (2θ) at a
scanning rate of 0.02°/s. Furthermore, the surface
roughness of all tested surfaces was measured by
optical profilometry (Zygo, Middlefield, CT, USA).
A square area of 167µm × 167µm was scanned
using a 10× objective for silicon nitride and a 50×
objective for copper. Three measurement areas were
acquired per sample across five replicate samples
per material type, yielding 15 measurements in total
per material, after which the results were averaged.
Finally, the release of copper ions from the copper
powders was examined through inductively coupled
plasma optical emission spectrometry (ICP-OES)
(Avio 200, PerkinElmer, Waltham, MA, USA) in
an effort to explain the observed time-dependent
antiviral behaviour of copper. Suspensions containing
500mg of the copper powder in 5mL of deionised
water (final concentration = 10%w/v) were prepared.
These suspensions were placed in a rotary mixer for
one minute, 10 minutes and one hour; they were
then filtered and the copper ion concentration in the
supernatants was measured through ICP-OES.

2.3 Cell culture and virus
Human lung adenocarcinoma cells (A549) (ATCC)
were cultured in 10 cm Petri dishes in Dulbecco’s
Modified Eagle’s Medium (DMEM) (Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with
10% fetal calf serum (FCS) (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% PenStrep (Thermo Fisher

Scientific, Waltham, MA, USA) at 37 °C, 5% CO2. The
human adenovirus type-5 (HAdV-5) expressing the
reporter firefly luciferase gene integrated into the
non-essential E3 region [39] was used for the infection
tests.

2.4 Pre-infection treatment
For the powder testing, 10%w/v suspensions of the
test powders in 1mL of serum-free DMEM were
prepared in 1.5mL microcentrifuge tubes. A volume
of 8 µL of the viral solution (focus-forming units
(FFU)mL−1 = 2.7×107) was brought into contact with
the Si3N4 or copper suspensions for one minute, 10
minutes and one hour, respectively, during incubation
at 37 °C, 5% CO2. As a negative control, 8 µL of the
same viral solution was diluted in 1mL of serum-free
DMEM containing no powder. All vials were gently
shaken every five minutes, where applicable, to ensure
sufficient material–virus contact. After incubation,
the vials were centrifuged at 8000 rpm for 5minutes
to separate the powders from the supernatant. The
supernatant was then used to infect the A549 cells.
Regarding the surfaces, a similar protocolwas followed.
Test samples and positive controls were placed in
individual wells of a six-well plate. Starting from
the same viral solution, droplets of 8 µL were placed
on the materials and incubated for 10 minutes and
one hour, respectively, at 37 °C, 5% CO2. Again,
an 8µL viral droplet was placed in a 15mL sterile
polypropylene tube as a negative control. After
incubation, the samples were carefully placed in 15mL
tubes containing 2mL of serum-free DMEM, using
sterile equipment. Similarly, in the case of the negative
controls, 2mL of serum-free DMEM was added to the
tube containing the viral droplet. All tubes were then
vortexed for one minute to release the virions into the
medium, which was then used to infect A549 cells.

2.5 Cell infection
Prior to the infection experiments, the cells were
seeded in 24-well plates at 80,000 cells/well in
DMEM/FCS/PenStrep and incubated overnight at
37 °C, 5% CO2. The following day, the medium was
carefully aspirated and the cells were washed once
with serum-free DMEM. Then, 300µL of the viral
supernatants were added to the cells and the plate
was incubated for one hour at 37 °C, 5% CO2. The
plate was gently shaken every 15 minutes to ensure
the virions were brought uniformly into contact with
the cells. After incubation, the viral solutions were
carefully removed, the cells were washed once with
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serum-free DMEM, and DMEM/FCS/PenStrep was
added. The cells were then incubated for 22–24 hours
at 37 °C, 5% CO2. After that, the medium was
removed and the cells were carefully washed once
with phosphate-buffered saline (PBS, Sigma-Aldrich,
St. Louis, MO, USA).

2.6 Infectivity assay
To assess the amount of virus still infectious after
material treatment, the Dual-Luciferase Reporter
Assay System (DLR) (Promega, Madison, WI, USA)
was used. When virions infect human cells, they shed
their capsid and express viral genes using the cell’s
machinery [40]. The principle behind the assay is that
as more cells are infected, more of the luminescent
reporter protein luciferase is expressed from the gene
inserted into the viral genome. Thus, luminescence
can be positively correlated with the amount of
infectious virus. The cell samples were then analysed
according to the DLR protocol. Luminescence was
measured using an Infinite M200 luminometer (Tecan,
Männedorf, Switzerland).

2.7 Statistical analysis
Quantitative data are reported as mean ± standard
deviation (SD). A one-way Welch analysis of variance
(ANOVA) with Games–Howell post-hoc tests was
used to identify significant differences between test
and control groups, in IBM SPSS Statistics (IBM Corp.,
Armonk, NY, USA). A significance level of p = 0.05
was set for all tests. Effect sizes were calculated
as eta-squared (η2) to supplement the inferential
statistics.

3 Results and discussion
3.1 Powders
XRD measurements of the as-received silicon nitride
powder indicated that it was comprised mostly of
particles of the α-phase (Figure 1(c)). This was
also morphologically evident through SEM imaging
(Figure 1(a)), as most particles were equiaxed, with
only a few exhibiting the characteristic rod-like
morphology of the β-phase. The powder consisted
of sub-micron particles that formed a few soft
agglomerates, hypothesised to be easily dispersed
when in suspension. The particle size of the copper
positive control was significantly larger, with spherical
particles that also formed agglomerates (Figure 1(b)).
The apparent total surface area of the silicon nitride
particles in suspension was higher than that of
the copper control powder due to its lower mass

density (3.17 g/cm3 versus 8.96 g/cm3, respectively),
its smaller particle size, and its edged morphology.
Consequently, more contact between the powder and
the virus likely occurred for the silicon nitride samples
at the same weight-per-volume concentration. This
may be important in interpreting the results.
To measure the effect of silicon nitride on adenovirus
infectivity, the powder was mixed with a solution
containing HAdV-5. The infectivity of the viral
solutions after 1-, 10- and 60-minute treatment was
compared with that of the untreated viral solution
and copper controls (Figure 2). The results of the
luciferase assay indicated that silicon nitride had
a clear inactivating effect on the HAdV-5 virions.
After 1 minute of treatment with the Si3N4 powder,
overall infectivity was reduced by more than 98%.
This showed that the chemistry of silicon nitride
significantly reduced viral activity, as hypothesised.
Interestingly, these inactivation rates were as efficient
as those observed after silicon nitride treatment
of the much more fragile ssRNA viruses, such as
SARS-CoV-2 [25, 41].
A comparison of the capacity of silicon nitride and
copper to inactivate HAdV-5 indicated that both
substances were effective. However, silicon nitride
showed a consistent, strong effect at all times tested,
whereas the effect of copper increased with contact
time (Figure 2).
This observation may be due to the different mass
densities and particle sizes of Si3N4 and copper, as
well as the time-dependent release of copper ions
from the copper powders. As shown in Figure 3, the
efficacy of copper to inhibit infection correlated with
its release of ions, whereas silicon nitride showed a
consistently high efficiency over time, indicating that
the inactivating mechanism of the material achieved
sufficient viral inactivation in as little as one minute
of contact. The lower density and smaller particle
size of silicon nitride mean that, for the same mass,
more powder particles of the material are brought into
contact with virions. Taking into consideration the
‘catch and kill’ mechanism of the antiviral action of
silicon nitride discussed later, this could result in more
rapid viral inactivation.
The antiviral behaviour of copper stems mainly from
the release of copper ions and secondarily from
the action of reactive oxygen species [42]. The
underlying ionic mechanisms, involving both Cu(I)
and Cu(II) species, have been characterised in studies
of copper-bearing antimicrobial materials [43], and
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Figure 1. SEM images showing the morphology of the (a) silicon nitride and (b) copper powders. The larger background
images were taken at 500× magnification while the inset images were taken at 2000× magnification. XRD confirmed that
(c) the silicon nitride powders were mainly α-phase, as evidenced by the low intensity of peaks belonging to the β-phase,

and (d) the copper powder was α-Cu.

copper ions of both species have been shown to damage
the viral genome and inactivate viruses. ICP-OES
measurements showed that the release of the virucidal
copper ions is clearly time-dependent, which explains
the reduction in infective virions as contact time
increased.

Another interesting observation was made regarding
the crystallinity of the material. Our study used
α-phase Si3N4, whereas the studies on RNA viruses
have used mostly β-phase Si3N4 in the tested
suspensions. The two phases differ significantly
in their morphologies, with the α-phase having
relatively equiaxed particles while the β-phase exhibits
rod-like elongated particles. These morphologies
have different surface areas, and their effect on

antipathogenic properties is unclear. However, the
current findings indicate that the antiviral effect of
silicon nitride is largely independent of the material’s
phase composition; the mechanism is mainly due to its
chemistry. Nevertheless, a study directly comparing
α- and β-phase powders in the same experiment is
needed to confirm this indication.

3.2 Surfaces
XRD measurements of the sintered silicon nitride
surfaces demonstrated that the surface was mainly
comprised of β-phase grains (Figure 4). The sintering
parameters used, as detailed by Fu et al. [38], were
optimised to achieve an α- to β-phase transformation
that is favourable for the material’s mechanical
properties [38, 44]. The relative density of the samples
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Figure 2. The results of the luciferase assay for the test
powders and controls after one, 10 and 60 minutes of

contact indicated a statistically significant loss of infectivity
in virus solutions treated with Si3N4 (p < 0.006 in all

cases) and Cu (p < 0.005 in all cases) when compared with
the untreated control.

Figure 3. The results of the luciferase assay showed a clear
time dependency of the inactivating capability of the
copper powders. The release of copper ions by the

powders showed an inverse relationship to viral infectivity
(i.e., increasing ion release accompanied increasing

inactivation).

was 92.2% [38]. Pathogen attachment to surfaces,
including that of bacteria, has been shown [45, 46]
to be positively correlated with surface roughness, a
principle that has been extended to viral adhesion
on material surfaces. The optical profilometry
measurements demonstrated that the silicon nitride
samples had an average surface roughness (Sa) of
89.7± 55 nm, while that of copper was 19.3± 7 nm.

The relatively large standard deviation observed for
silicon nitride is attributed to the heterogeneous
microstructure resulting from the spark plasma
sintering process, which produces local variations
in grain size and porosity across the surface. Thus,
the higher nanoscale roughness of the silicon nitride
surfaces could lead to higher attachment of virions to
the surface.

The inactivating effect of silicon nitride onDNAvirions
in bulk form has not yet been investigated. While it is
reasonable to hypothesise that the material would act
similarly in bulk form, the rate of inactivation is still
important to explore. Thematerial in powder form has
a higher surface area, which provides a greater rate of
interaction between the material and the virions.

The starting hypothesiswas that silicon nitride surfaces
would still have an inactivating effect, although lower
than that observed for powders. The results of
the luciferase inactivation assay confirmed that a
statistically significant reduction of viral infectivity
occurred after a 10-minute contact with silicon nitride
(73% inactivation, p = 0.008) (Figure 5). This
value was only marginally increased after a prolonged
contact of 60 minutes (75% inactivation, p = 0.045)
(Figure 5). Both values suggest that bulk silicon nitride
inactivates the virus, although less efficiently than
silicon nitride powders (Figure 2). In the case of
copper, almost no viral activity could be detected.
This could be due to a combination of the virucidal
effectiveness of copper and its inherent cell toxicity,
as a cytopathic effect was noticed, making fewer cells
available for infection. These inactivation rates, while
lower than those of the powdered material, are still
significant for some applications. The material can be
used on common touch surfaces to reduce microbial
load.

Studies by Pezzotti et al. [25, 41, 47] have described a
possible mechanism for the antiviral action of silicon
nitride on different ssRNA viruses. The authors
proposed a ‘catch and kill’ mechanism in which
the silicon nitride materials initially bind to virions
through electrical charge attraction and the formation
of Si–NH+

3 groups that resemble lysine terminals,
a viral receptor on cells. After binding, the eluted
ammonia ions penetrate the virion, damaging the
genomic RNA, which is susceptible to degradation by
ammonia [48]. The damage to the RNA was proposed
to occur through alkaline transesterification. In our
study, we observed that the silicon nitride treatment
also effectively inactivated the human adenovirus.
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Figure 4. The surface and crystallographic characterization of silicon nitride (a, c) and copper (b, d) surfaces. Silicon
nitride surfaces were rougher than copper surfaces.

The adenovirus, in contrast to the tested ssRNA
viruses, is a non-enveloped DNA virus. Therefore,
since DNA lacks the 2′-OH hydroxyl group found on
RNA, it cannot undergo the alkaline transesterification
possible for RNA viruses. In the case of the
adenovirus, the inactivation is more likely an effect
of the interaction of eluted ammonia ions with the
viral capsid. The subsequent degradation of the viral
proteins would result in the release of the naked viral
DNA, which is essentially non-infectious.

One limitation of this study concerns the experimental
procedures during the recording of the material–virus
contact time. On close examination of the protocol, one
notices that after the elapsed contact time there was
a processing time, mainly centrifuging and vortexing,
to separate the virus from the test materials. It

seems possible that interaction between the materials
and the virions continued throughout the processing
time, making the contact times reported in the results
underestimated. Hence, one should be careful in
interpreting the results if timedependence is important
for the envisaged applications. Protocols with stricter
control of the contact time should be designed in future
experiments.

This study supports the currently published evidence
for the use of silicon nitride as a biocidal material.
The material has been shown to be effective against
fungi [49], bacteria [50] and ssRNA viruses [25]. With
this study confirming the effectiveness of the material
against DNA viruses, it is clear that silicon nitride can
be crucial in reducing the pathogenic load in a variety
of applications. Using the material in bulk form or
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Figure 5. The results of the luciferase assay for surfaces and
controls after 10 and 60 minutes showed that the silicon

nitride treatment had an inhibiting effect on viral
infectivity after as little as 10 minutes of contact.

as a coating on common touch surfaces can lead to
containment of viral and bacterial spread. Copper has
been found to be effective in such applications [12,
13]; thus, the biocompatible silicon nitride [15, 16]
could provide an alternative. In powder form, the
material can be integrated into disinfecting solutions,
polymeric matrices and fabrics, lending them its
antipathogenic properties. In this study, both powder
and bulk ceramic samples were tested and showed
different effectiveness. The powder demonstrated
better inactivation, mainly because of its particle shape
and high surface area, which more readily react with
water and further interact with viruses. Another
reason may be the different phases of silicon nitride,
the powder being in the α-phase and the bulk ceramic
in the β-phase. There is no clear evidence as to which
phase has the faster reaction ratewithwater to generate
reactive nitrogen species. However, considering crystal
structure and thermal stability, α-silicon nitride is less
stable than β-silicon nitride. Heath et al. [51] recently
reported that the antiviral effect of α-silicon nitride
powder was greater than that of β-silicon nitride
powder, albeit for slightly different powder sizes:
0.68 µm (α-phase) and 0.89 µm (β-phase). Notably,
the α-phase powder used in the present study had
a D50 of 0.856µm, which falls between these two
sizes, suggesting that particle size alone is unlikely to
account for the observed phase-dependent differences
in antiviral efficacy. With the effectiveness and mode
of action known, the next step towards application
of the material would be to tailor its properties

to specific applications. Enhancing the effect of
the material without compromising its mechanical
properties may be possible, e.g., through (i) grain-size
control to increase boundary density and interaction
with water; (ii) introduction of antibacterial sintering
additives; and (iii) surface roughness and topography
modifications to increase surface area. In this way, the
applicability of the material will be enhanced, limiting
the spread of pathogens and the diseases they cause.

4 Conclusion
In this study, we examined the effect of silicon nitride,
in both bulk and powder forms, on the infectivity
of the adenovirus, a stable DNA virus. Both forms
of the material resulted in a significant reduction
of its infectivity. This suggests that the material is
effective against one of the sturdiest human DNA
viruses characterised, even in bulk form, something
that has not previously been shown. This study further
suggests that silicon nitride materials will be effective
in the fight against a wide range of viral pathogens.
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