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Abstract
The toxicity towards viruses of silver nanoparticles (AgNPs) has been reported to be dependent
on several factors such as particle concentration, size, and shape. Although these factors may
indeed contribute to the toxicity of AgNPs, the results presented in this work demonstrate that
surface chemistry and especially surface charge is a crucial factor governing their antiviral
activity. Here, this work investigated the influence of capping agents representing various
surface charges ranging from negative to positive. These AgNPs were capped with citrate,
polyethylene glycol (PEG), polyvinylpyrrolidone (PVP) mercaptoacetic acid (MAA) and
(branched polyethyleneimine (BPEI). We show that AgNPs exhibited surface charge-dependent
toxicity towards MS2 bacteriophages. Among the capping agents under investigation, BPEI
capped AgNPs (Ag/BPEI) exhibited the highest reduction of MS2 resulting in �6 log10-units
reductions, followed by 4–5 log10-units reductions with PVP and PEG capping’s and 3–4
log10-units with MAA and citrate cappings. Bare nanoparticles reported a mere 1–2 log10-units
reduction. Electrostatic interaction between the positively charged BPEI-coating and the
negatively charged virus surface played a significant role in bringing the MS2 closer to toxic
silver ions (Ag+). Further results obtained from TEM showed that Ag/BPEI nanoparticles could
directly damage the structure of the MS2 bacteriophages. AgNPs and cationic capping agents’
observed synergy can lead to much lower and much more efficient dosing of AgNPs for antiviral
applications.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Infectious diseases are responsible for more than 20% of
global mortality, and one of the leading causes of such
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diseases are viruses, accounting for about one-third of these
deaths [1]. Unsafe drinking water, inadequate water avail-
ability for hygiene, and lack of sanitation access contribute to
almost 90% of deaths from diarrheal diseases [2]. Further-
more, nearly half of all emerging pathogens are viruses [3].
One approach to prevent viral infection is vaccination.
However, only a limited amount of vaccines exist.

Moreover, vaccinations against viruses which exists,
there is no complete distribution and availability in all parts of
the world [4]. An important treatment option is antiviral drugs
after infection, but just like vaccines, only a limited amount of
approved antivirals are available, and they are virus-specific.
Therefore, to prevent emerging infectious diseases including
those from viral infections, improved access to safe water,
sanitation, and hygiene remains of utmost importance.

Metallic nanoparticles are considered innovative antiviral
agents [5] that could be used in conjunction with other dis-
infection methods. Metallic nanoparticles have been devel-
oped because of their unique physical and chemical properties
[6]. Silver nanoparticles (AgNPs) are known to be broad-
spectrum antimicrobial agents and are currently the most
widely commercialised nanomaterials [7, 8]. Silver ions have
long been known to exert potent antimicrobial activity on
many species of bacteria [9–12] and various viruses [5,
13–15]. For these reasons, silver and silver-based compounds
have been extensively applied in multiple consumer products,
as antimicrobial coatings and surfaces [16–19]. From litera-
ture, essential outcomes have typically shown an inverse
proportionality between the size of the nanoparticles and their
antiviral activity [13, 20, 21]. The smaller the size of the
nanoparticle, the greater the antiviral capabilities [5]. More-
over, the higher the nanoparticles’ concentration, the more
dangerous and undesirable it is for human exposure [5, 22].
Thus, an ideal system employing nanoparticles should have
excellent antiviral capabilities at the lowest possible
concentration.

However, due to the decrease in size compared to bulk
materials, nanoparticles tend to have higher surface energy,
leading to instability [23]. Hence nanoparticles often require
capping or stabilisation agents to aid their stability and to
prevent coagulation. Capping agents work through various
mechanisms, commonly categorised in five types: steric sta-
bilisation, electrostatic stabilisation, depletion stabilisation,
stabilisation by hydration forces and stabilisation by Van der
Waals forces [24]. Multiple mechanisms can occasionally
occur with particular capping agents, like branched poly-
ethyleneimine (BPEI). AgNPs are stabilised both electro-
statically and sterically due to BPEI’s charge and its branched
and flexible structure [25].

Besides the stabilisation effect of capping agents, they
are beneficial for the controlled synthesis of nanoparticles and
achieve specific sizes and monodispersity. Furthermore,
capping agents have substantial effects on properties such as
size, shape, and solvent interaction [26]. Therefore, the choice
of capping agent can be crucial when designing nanoparticles
for a particular application. For example, having capping
agents on AgNPs surfaces in antimicrobial studies resulted in
nanoparticles’ enhanced antimicrobial activity [27]. The

conventional capping agents used in bottom-up approaches
for metallic nanoparticle synthesis (Au, Pt, and Ag) are
polymers and surfactants [28]. Many other stabilisers such as
natural polysaccharides, chitosan, alginate, and cellulose and
its derivatives can be used to stabilise metallic nanoparticles.

Studies have shown that the antimicrobial activity of
AgNPs capped with BPEI had higher activity compared to
that of nanoparticles capped with PVP and citrate [29]. The
mechanism of silver nanoparticle’s toxicity could involve a
combination of both physical and chemical interactions.
Badawy et al also suggested a direct correlation between the
toxicity and the silver nanoparticle’s surface charge [25]. The
increase in toxicity of the NPs was proportional to the positive
increase in the zeta potential. Not only do the stabilisers
improve the stability of the AgNPs, but they also influence the
antimicrobial activity of the nanoparticle [25, 28, 29].

Given the significant effect of capping agents on the
toxicity towards bacteria and the other nanoparticles’ prop-
erties, it becomes vital to understand the impact of a capping
agent on metallic nanoparticles’ antiviral activity. Interest-
ingly such nanoparticles could act as broad-spectrum anti-
virals while still being non-toxic to humans [5, 30].

Enteroviruses can cause a broad-spectrum of diseases in
humans, and as such were the main focus of this work.
Enteroviruses are single-stranded (ss) RNA viruses with an
icosahedrally shaped capsid ranging in size between 20 and
30 nm. Several phages are in the same size range as enter-
oviruses like ΦX174 and MS2, which on average are 25 nm.
However, because its size and structural properties ss RNA)
are similar to those of many human pathogenic enteric viruses
and it can be quantified more efficiently and faster, the bac-
teriophage MS2 has been widely used as an indicator. One
bacterial host for MS2 is Escherichia coli (E. coli), and
therefore, MS2 is also frequently found in sewage and animal
faeces. Like noroviruses, MS2 is adapted to the intestinal
tract, and makes it interesting for our experiments, to gen-
erally mimic the enteroviruses it represents.

Surrogates are selected based on multiple similarities to
the pathogen, such as morphology, genome size and structure,
and environmental characteristics. MS2’s properties, such as
morphology and survival in the environment, have been
likened to many enteric viruses. Due to these reasons, MS2
has been used as a surrogate for pathogenic enteroviruses for
disinfection testing on surfaces, in water and food; modelling
the movement and survival of pathogens in different envir-
onments, and transfer properties from surfaces. For this rea-
son, we have also chosen to use MS2 as our surrogate virus in
our experiments [31–36].

In this study, we investigate the antiviral activity of
AgNPs capped with several capping agents namely, branched
polyethyleneimine (Ag/BPEI), mercaptoacetic acid (Ag/
MAA), citrate (Ag/Citrate), polyethylene glycol (Ag/PEG)
and polyvinylpyrrolidone (Ag/PVP) against MS2 bacter-
iophages. While the focus is on the effect as a stabiliser, the
additional effects of change in nanoparticle stock concentra-
tion, exposure time and NP size on reducing the viral titre of
MS2 were also investigated as a comparison.
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2. Experimental section

2.1. Materials

A silver neutraliser solution was prepared based on a tech-
nique described by Butka et al [37]. It contained 11.5 g of
0.93M sodium thiosulfate and 0.88M sodium thioglycolate
both purchased from Sigma Aldrich, The Netherlands. The
stock solution was filtered, sterilised, and stored in an acid-
washed, sterile glass bottle. Fresh silver neutraliser was pre-
pared on the day of the experiment.

Five samples of AgNPs with different capping agents
(figure 1) were received from Nanocomposix, Prague, Czech
Republic. The five samples used for these experiments were
Ag/BPEI (Mw = 25 kDa), Ag/citrate, Ag/PEG, Ag/PVP,
and Ag/MAA. Bare AgNPs were synthesised by reducing
silver nitrate (AgNO3), by sodium borohydride (NaBH4)
bought from Sigma Aldrich, The Netherlands. All chemicals
purchased were used without any purification. Unless speci-
fied, all solutions were prepared in Milli-Q water (Milli-Q,
Millipore Billerica, MA with resistivity no less than
18.2 MΩ cm at 25 °C). It should also be noted that initial
experiments were also carried out with pristine linear PEI, but
poor solubility under the required experimental conditions led
us to discontinue these experiments.

2.2. MS2 bacteriophage and Salmonella typhimurium (WG49)

The F-specific bacteriophage MS2 was obtained from GAP
Enviro-microbial services Ltd. It was enumerated by the
double agar overlay method [38], using as a host strain

Salmonella typhimurium, WG49 (Culture collections of
public health England). The stock solution MS2 was
4×1011 plaque-forming units (PFU)/ml and stored at 4 °C.
Before each experiment, a fresh MS2 working stock was
generated by diluting the stock in 1xPBS (phosphate-buffered
saline).

2.3. Preparation and characterisation of nanoparticles

2.3.1. Synthesis of bare silver nanoparticles. Bare AgNPs
were synthesised by a simple wet chemical reduction of silver
nitrate salts using sodium borohydride as a reducing agent
using an adopted methodology from Noordeen et al [39]. In
short, 30 ml of 0.002M NaBH4 was added to an Erlenmeyer
flask while stirring in an ice bath for 20 min. Two ml of
0.001M AgNO3 was added dropwise to the reducing agent.
As soon as AgNO3 was added, stirring was stopped, and
nanoparticles stored in brown bottles at 2 °C–4 °C
(pH adjusted to 7.0).

2.3.2. Nanoparticle characterisation. Size and morphology
characterisation measurements were carried out using a JEOL
JEM 1400 transmission electron microscope (TEM). The
TEM samples were prepared by depositing a 100 μm drop of
nanoparticle suspension received on a standard carbon-coated
copper TEM grid and dried at room temperature (R.T.∼
21 °C–23 °C) for at least an hour before examination in TEM.
The particle size distributions were measured using the
Malvern zetasizer NanoZS. All samples were suspended
in Milli-Q water to give them appropriate structural and

Figure 1. Chemical structures of the capping agents studied.
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thermodynamic wetting properties. The zeta potential
measurements were carried out also using Malvern zetasizer
NanoZS instrument at 25 °C. In a typical experiment, 60 μl of
the AgNP suspension was added to 10 μl of 1 mM KCL
solution and followed by sonication for 15 min. Samples were
not filtered before measurements. Endotoxin testing of the
nanoparticles was done by a turbidimetric assay using the
pyros kinetix® flex 64 incubating kinetic tube reader, at 37 °C
with a wavelength of 660 nm.

2.3.2.1. TEM for NPs and viruses. Morphology of MS2
bacteriophages was observed by TEM using a staining
method. The MS2 bacteriophages were stained with 2%
uranyl acetate for 5 min, then analysed. The same was done to
observe damages caused by exposure of the MS2
bacteriophages to the different antiviral AgNPs.

2.3.2.2. ICP-OES. Inductively coupled plasma optical
emission spectrometry (ICP-OES Perkin Elmer, USA) was
used to quantify the concentration of AgNPs synthesised after
being digested with HNO3 and H2O2 according to US EPA
3050B. Intensity data were recorded using the ICP software
and were exported to Excel (Microsoft) for data handling and
processing. Instrument calibration was achieved by analysis
of a blank and four dissolved Ag solutions ranging from 0 to
15 mg l−1 with data collected.

2.4. Inactivation experiments of silver nanoparticles

All glassware was washed with deionised water and sterilised
by autoclaving at 121 °C for 15 min before use. Inactivation
experiments were performed at RT in Pyrex borosilicate glass
Petri dishes. MS2 bacteriophages with an initial concentration
of 4×109 PFUml−1 were diluted in Milli-Q water (pH 7.0)
by a 100-fold dilution of the stock (4×1011 PFUml−1). The
experiment was initiated by adding an equal volume (100 μl)
of a nanoparticle solution to the virus suspension. The sus-
pension was shaken with an orbital shaker at 160 rpm during
the entire reaction. Samples of 1 ml were taken at pre-deter-
mined time intervals and immediately quenched with their
respective neutralising agents. Neutralising agents prevent the
continuation of antiviral effects after samples were taken.
They also prevent the bacteria used for virus enumeration
(host) from being affected by the metallic nanoparticles (data
not shown). Samples containing silver were neutralised by
adding approximately 20 μl or 1 ml of the stock neutraliser
solution for 20 mg l−1 or 1 g l−1 concentrations of AgNPs,
respectively. The amount was pre-determined to be sufficient
for neutralising the maximum silver concentration (data not
shown). After neutralising, 1 ml of each sample was quanti-
fied by plaque assay, and the viral titre determined after
incubation overnight (24 h) at 37 °C. The limit of detection
was 30 plaques, and for this only plaque counts between 30
and 300 PFUml−1 were taken into account for the calcula-
tions. The limit of quantification (LoQ) is the lowest con-
centration of MS2 that can reliably be measured by the plaque
assay technique used and was found to be 2 log10-units. All
experiments were repeated at least three times, and the

averages and standard deviations were reported. All glassware
used to handle MS2 and metallic nanoparticles were soaked in
10% HNO3 overnight and rinsed with deionised water to
remove adsorbed silver and other contaminants.

3. Results and discussion

3.1. Stability and characterisation of synthesised silver
nanoparticles

Waterborne viruses are of significant concern, especially in
resource-limited settings. AgNPs are promising antiviral
agents [14, 40] that can be used to optimise existing water
treatment approaches to prevent the transmission of water-
borne diseases. AgNPs were previously shown to inactivate/
inhibit enveloped viruses. In this study, we demonstrate their
potential against MS2 bacteriophages, a well-known indicator
for enteric, non-enveloped viruses [5, 14, 41]. By manip-
ulating silver-based compounds, and reducing their size, their
biological and chemical properties are optimised [21, 42]. The
MS2 bacteriophage was studied as it is proposed as a
benchmark for the validation of experimental and full-scale
studies [43–45]. The bacteriophage has also been proposed as
a surrogate for pathogenic enteric viruses [46–48].

The commercial and the self-synthesised AgNP particles
were characterised using TEM, UV–vis spectroscopy, and
zeta potential measurements. The supplier characterised the
commercial AgNPs, and certificates of analyses gave this
information. The relevant data were extracted from these
certificates and can be found in table S1 (available online at
stacks.iop.org/NANO/32/365101/mmedia) (Nanoparticle
specification) of the supporting information. For all stabilised
nanoparticles, we found that they were indeed highly stable
with little, or no agglomeration found upon storing between
2 °C and 4 °C in the absence of direct sunlight for periods up
to three months. The particles’ stability was monitored by
tracking the dispersity/aggregation biweekly using DLS and
every month using TEM. The data can be found in the sup-
porting information, table S3. The polydispersity of all
AgNPs is given by the coefficient of variation, which can also
be found in the supporting information, table S1.

Figure 2 shows the spherical morphologies and particle
size distribution of the synthesised particles. Table 1 gives an
overview of the nanoparticles used in this work; table S2, and
figure S1 in the supporting information details the commercial
nanoparticles’ characterisation with a higher concentration
(1 mg ml−1). TEM images revealed quasi-spherical particles
with a narrow size distribution for nanoparticles stabilised
with BPEI in figure 2(a) and confirmed by particle size dis-
tribution measurements after preparation, 1(d). All capped
AgNPs was extremely small, with d50=10±2.2 nm and
were found to be virtually free of agglomerates. However, in
the absence of capping agent, the synthesised bare nano-
particles agglomerate with a mean size diameter of
d50=200±8 nm (figure 2(b)). Next, the concentration of
dissolved silver ions (Ag+) was measured ICP-OES. In
figure 1, we show typical results of the characterisation of
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some of the AgNPs used in this investigation. It is also clear
from UV–vis spectra that the synthesised nanoparticles
exhibited the characteristic surface plasmon resonance (SPR)
band, expected for AgNPs. The maximum absorption peaks
were between 415 and 420 nm for silver and shown in
figure 2(c). The Mie Theory calculations of the extinction
spectra of silver nano-spheres show localised SPR peaks at
around 410 nm [49].

3.2. Influence of the capping agent on MS2 reduction after
short and long exposure times

Figure 3 shows the viral reduction of MS2 after 30 min and
24 h exposure to bare (no capping) or capped (i.e. BPEI,
citrate, PEG, MAA, and PVP) AgNPs. Dissolved AgNO3 was
used as a positive ion-control (Ag-ion (Ag+)). Here the MS2
stock solution is mixed with demi water, thereby diluting PBS
buffer concentration in the sample. This was done as the
lower salinities in these samples better represent the

conditions found in, for example, surface water. Reduction of
MS2 was seen in all Ag-containing samples, after 30 min
exposure as well as for 24 h exposure. Control assays were
also conducted, controls were plated at various times during
the experiment (in triplicate). This ensured that the conditions
during each experiment’s duration did not influence the PFU
in stock MS2 solutions. Nor the CFU in stock bacteria Sal-
monella enterica. The silver neutraliser was also added to
selected controls to verify that it did not influence MS2
inactivation, see supporting information, figures S2, and S3.
Additional stability tests were also performed for the MS2 in
different water types (supporting information figure S4).

The bare AgNPs without stabilisers showed 1 log10-unit
reduction after 30 min and 2 log10-units after 24 h. While at
short exposure time, the Ag+ ions, showed a 3 log10-units
reduction and a 4 log10-units reduction after prolonged
exposure. Notably, citrate-stabilised particles are stabilised
differently than the other coated AgNPs, as they are bare NPs
dispersed in 2 mM sodium citrate which is also stable in

Figure 2. TEM images of (a) BPEI stabilised silver nanoparticle (Ag/BPEI, with scale bar 20 nm). (b)Agglomerated bare AgNPs (without
capping agent with a scale bar of 50 nm), suspended in Milli-Q water. (c) UV–vis spectra of capped and bare nanoparticles and (d) Average z
size of bare nanoparticles in Milli-Q water.
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Table 1. Overview of the properties of the AgNPs stock solutions used in this study.

Particle surface Solvent Diameter (nm) Molarity (mmol l−1) Number conc. (particles ml−1) Mass conc. (mg ml−1) Zeta potential (mV) Dissolved Ag+ mg l−1)

Ag/PVP, Milli-Q water 9.4±2.0 0.185 3.8×1012 0.02 −27 10
Ag/BPEI Milli-Q water 9.0±1.9 0.185 5.2×1012 0.02 +13.8 14
Ag/citrate Aqueous 2 mM citrate 9.6±1.9 0.185 3.6×1012 0.02 −33 9.4
Ag/PEG Milli-Q water 10.2±2.4 0.185 3.3×1012 0.02 −22.6 10
Ag/MAA Milli-Q water 8.2±1.9 0.185 3.1×1012 0.02 −34.3 9.8
Ag/bare Milli-Q water 10±1.6 0.185 10 5×1012, 0.02 −35±2.3 11

20±5.1 2.6×1011

6

N
anotechnology

32
(2021)

365101
T
R

S
inclair

et
al



water. Ag/Citrate and Ag/MAA NPs induced a similar
reduction (3 log10-units) of the MS2 concentration as Ag+

after a 30 min incubation. However, after 24 h, caused a 4
log10-units reduction while citrate induced a higher reduction

of 5 log10-units. PEG and PVP capped nanoparticles exhib-
ited a 4 log10-units reduction over 30 min which then
increased by 1 log10-units to give an overall decrease of 5
log10-units after 24 h.

Figure 3. (a) Antiviral activity of 10 nm, 0.01 mg ml−1 AgNPs with different capping agents on MS2 bacteriophages measured as a function
of time (30 min and 24 h). The reductions were calculated relative to the control samples which were exposed to only Milli-Q water. (b) The
log10-unit reductions as a function of the zeta potential. Each experiment was done in triplicate, and the error bars represent the standard
deviations. LoQ denotes the limit of quantification of our method, while arrows indicate that the MS2 concentrations could be lower than the
depicted.
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Moreover, the Ag/BPEI resulted in the highest viral titre
decrease with no detectable infectious particles found after
incubation times. Therefore, exposure of MS2 to Ag/BPEI
resulted in at least �6 log10-units reductions; however,
because of the small volumes used during the exposure-
experiment, the LoQ is 2 log10-units. For Ag/BPEI, there
were no detectable plaques after incubation and based on the
plaque assay’s limits of detection and quantification. The
reductions could be higher than the 6 log10-units recorded.
Limitation in quantification is depicted by arrows and indi-
cated on the graphs by a dashed line, meaning that the results
could be higher than what is shown in all experiments. These
results suggest that the antiviral activity of the different cap-
ped AgNP is due to the other capping agents as all nano-
particles had the same concentration of 0.01 mgml−1, and
size (∼10 nm), and zeta potential (except Ag/BPEI NPs).
Since Ag/MAA NPs showed the lowest reduction, they were
no longer included in the subsequent experiments.

The used capping agents determine, to a large extent the
antiviral activity of AgNPs, at least in the range of con-
centrations and exposure times studied. For bare nano-
particles, the reduced stability led to a meagre reduction (1–2
log10-units). These results confirmed that better dispersion
equates to better antiviral activity, which leads to greater
reductions. Capping agents for this study were chosen based
on their different surface chemistry and charges, with BPEI
being positive, PVP- slightly negative, PEG-neutral, and
MAA and citrate negative at pH 7. Figure 3, combined with
table 1, could be concluded that the more negative the zeta
potential value was, the less toxic the AgNPs are to MS2. The
zeta potential of Ag/MAA was −39 mV whereas the zeta
potential of Ag/citrate, Ag/PVP, Ag/PEG and Ag/BPEI
were −33 mV, −27.4 mV, −22.6 mV and +13.8 mV
respectively. The cationic Ag/BPEI showed a high reduction
of MS2 bacteriophages (�6 log10-units), with the more
negative NPs showing lower but significant reductions of 3–5
log10-units over 30 min and 24 h’ time periods (figure 3(b)).
Here, at the pH used, it is important to mention that the virus
is negatively charged [50]. From this knowledge, we assume
a high degree of repulsion between the negatively charged
citrate and MAA AgNPs and MS2 bacteriophages, thus
forming an electrostatic barrier that limits the virus-particle
interaction, thereby leading to lower toxicity. As the zeta
potential gradually becomes less negative, the electrostatic
barrier is reduced, which increases the probability of virus-
particle interaction with PEG and PVP-coated AgNPs which
resulted in higher toxicity leading to 1 log10-unit higher
reduction. The repulsion then turned into attraction when the
bacteriophages were exposed to the positively charged Ag/
BPEI NPs. This change allowed a higher degree of interac-
tion, causing higher toxicity leading to an extreme increase in
reduction, above 6 log10-units.

From controlled studies, analysing the effects of only the
coatings used to stabilise the AgNPs, it was observed that
cappings also contribute to the toxicity of the NPs (see sup-
porting information, figure S5). The estimated residual poly-
mers levels or free polymer in the AgNP solution are between
50 and 150 μg ml−1 for concentration: 1 mg ml−1 and

1–3 μg ml−1 in concentration: 0.02 mgml−1, although these
numbers may vary depending on the batch. To rule out any
effect of residual free capping agents, we tested the viral
reductions of just the capping agents, free in solution (see
figure S2). These results show convincingly that the polymer
needs to be in solutions over 0.03 mgml−1 (30 μg ml−1) far
greater than the amount present in the AgNP solutions. As
such we rule out any influence of the small amount of free
capping agent that might have remained in our AgNP solu-
tions. The reductions were, significantly higher with the
addition of the AgNPs in comparison to only the polymer.

Moreover, the results presented in this study suggests that
the mechanism of toxicity of AgNPs involves a combination
of physical and chemical interactions, where the physical
interaction is the limiting factor. Ag+ ions interact chemi-
cally, and thus a minimal reduction in the MS2 viral titre is
seen as compared to AgNPs. As once the electrostatic barrier
is passed, the NPs can interact with the virus and cause
aggregation and possibly physical damage leading to
inactivation.

Furthermore, the significantly higher toxicity exhibited
by the Ag/BPEI NPs than the Ag+ ions supports the theory of
physical interaction being the primary mechanism for AgNPs
toxicity compared to only the chemical effects caused by Ag+

alone [51]. It is interesting to observe that most nanoparticles
have a better log removal than an equivalent amount of Ag+

ions. This indicates that the slower release of Ag+ ions from
the AgNPs might, under our conditions, be a more practical
approach at virus removal. Moreover, the nanoparticles can
have different interactions with the viruses, where contact
between particles and viruses could directly damage the virus
or virus aggregation.

Additionally, the AgNPs used in this study all had
endotoxin levels below 5 E.U. ml−1 (0.05 ng ml−1). Further-
more, the levels and exposure should not be harmful to
humans, and most tiny mammals [52]. However, precautions
to limited leaching or facilitating controlled leaching of the
AgNPs over time will be vital in maintaining the drinking
water’s safety. Most in vitro studies, such as those presented
in this work are concentration-dependent, frequently having
much higher concentrations than those typically used in in-
vivo experiments. This is demonstrated in figures 4–6 below.
The excess amounts of AgNPs are used to maximise their
potential as antivirals against waterborne viruses. Therefore,
in vitro exposures do not readily replicate the lower con-
centrations expected in in-vivo exposures. Although there has
been significant progress in elucidating the mechanism of
AgNPs, the immediate impact or long term effect on human
health is still not fully understood. It requires further research
[5, 22, 53–56].

3.3. Influence of concentration on the antiviral activity

To analyse the effect of concentration, MS2 reduction after
exposure to 0.01 and 0.05 mg ml−1 AgNPs for 30 min was
compared (figure 4).

Principally, for all AgNP samples, except BPEI-coated
NPs, a noticeable increase in log10-unit reduction of MS2 was
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seen when exposed to the highest stock concentration. The
increased concentration of Ag+, bare AgNPs, Ag/PVP, and
Ag/PEG resulted in a 1 log10-unit higher reduction. However,
Ag/citrate had a 2 log10-units difference in reduction between
the high and low concentrations, with 3 and 5 log10-units
reductions, respectively. In the case of Ag/BPEI, no infec-
tious particles were detected after exposure at both con-
centrations, and therefore, the effect of concentration could
not be elucidated in this case.

Due to the total inactivation of MS2 after exposure to the
used concentrations of Ag/BPEI NPs, additional experiments
were performed with a dilution range of the Ag/BPEI NPs
(figure 4).

In figure 5, it is shown that in case of lower concentration
of Ag/BPEI, there is a decrease in the reduction of the viral
titre. However, even at low concentrations of 0.005 and
0.0025 mgml−1, the nanoparticles could induce significant
reductions of 4.8 and 3 log10-units, respectively. Additionally,
when the concentration was further lowered to
0.001 mg ml−1, the reductions become minimal, at approxi-
mately 1 log10-unit or less.

With the high log reductions observed for Ag/BPEI, it
becomes essential to demonstrate that this stems from a
synergy between Ag nanoparticles and their PEI capping,
rather than just an effect of the added BPEI. For this, the log
reduction of Ag/BPEI and free BPEI chains is compared in
figure 6. BPEI in very low concentration (0.003 mg ml−1) did
not affect the virus but at higher concentration (3 mgml−1)

achieved reductions of approximately 3 log10-units. More-
over, the BPEI and AgNPs combination reached reductions
with a minimum of at least 6 log10-units reduction depending
on the concentration used.

BPEI capped nanoparticles perform much better than
uncapped Ag nanoparticles or BPEI polymer chains. The
cationic BPEI allows the AgNP to approach or even bind to
an anionic virus, enabling direct contact leading to a much
more efficient reduction.

A single-step growth curve experiment was performed to
provide more information about the phage infection cycle to
depict the differences in BPEI treated and untreated samples’
growth curves. However, due to the Ag/BPEI nanoparticle’s
strong inactivating capabilities, no conclusive deductions
from this experiment and no relevant findings could be pre-
sented in this study.

3.4. Influence of size on the antiviral activity

Particle properties that affect toxicity include shape, surface
coating, surface charge, and size [16]. Therefore, an addi-
tional investigation was carried out to determine the effect of
size on the antiviral activity of the AgNPs stabilised with
different capping agents (figure 6).

The particle concentration (0.01 mgml−1) and time
(30 min) were kept constant, and only the particles’ size
varied. Limited commercial availability of a wide range, saw
10, 20 and 40 nm NPs being used in size-dependency

Figure 4. MS2 reduction after exposure to bare AgNPs and AgNPs bearing different capping agents at two exposure concentrations. The
AgNPs were exposed for 30 min. The reductions were calculated relative to the control sample, which was exposed to Milli-Q water. Each
experiment was done in triplicate, and the error bars represent the standard deviations. LoQ denotes the limit of quantification of our method,
while arrows indicate that the MS2 concentrations could be lower than the depicted.
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experiment for consistency. Bare AgNPs were synthesised
having 10 and 20 nm diameters. AgNPs with a diameter of
40 nm, was found to be a challenge to reproduce, and as such,
there are no results available for this larger size. The bare
synthesised AgNPs induced similar reductions as those
observed in the time and concentration-dependent experi-
ments. There was a 2 log10-units reduction for the smallest
size, which decreased to 1 log10-unit reduction for the 20 nm
particles. The control Ag+ again induced a 3 log10-units
reduction, while, Ag/citrate nanoparticles regardless of size,
induced a 3 log10-units reduction. Ag/PVP caused a 4
log10-units reduction for 10 and 20 nm NPs, which later
decreased to 3 log10-units of reduction for the 40 nm AgNPs.

Furthermore, Ag/PEG had similar behaviour as the
citrate with a constant 4 log10-units decrease for all sizes.
These results suggest that even a slight increase of a few tens
of nanometres in particle size can cause a reduction in the
antiviral activity of AgNPs and thus, lower reductions of the
viral titre, irrespective of the stabilising agent used. Equally,
Ag/BPEI nanoparticles regardless of concentration, time, and
size, induced the highest reduction, with �6 log10-unit
reductions of the MS2 viral titre.

Mainly, our results in figure 7 show that the smaller
(10 nm) nanoparticles induced or resulted in higher log10-unit
reductions when compared to the larger (20 and 40 nm) par-
ticles. The inverse proportionality of size to toxicity is per the
previous studies. These studies demonstrated that AgNPs

with sizes ranging from 1 to 10 nm was shown to interact with
viruses such as HIV to inhibit viral attachment to the host
cells [13]. Additionally, AgNPs with a diameter around 10 nm
were the most effective at blocking the monkeypox virus-host
binding and penetration [20]. Moreover, Chen et al also found
these results consistent with the adenovirus type 3 [14].

In contrast to HIV and monkey pox viruses, other studies
have also demonstrated significant antiviral activity of silver
against feline calicivirus [40], human norovirus-like particles
[57], poliovirus [58], and murine norovirus [59]. These
viruses are more representative viruses for waterborne
pathogens and are also similar in structure (non-enveloped)
and size. Using a broader size range could further corroborate
the effects of size on the silver nanoparticles’ antiviral
activity.

Sondi and Salopek-Sondi, as well as Tiwari et al also
reported that the concentration of AgNPs determines the
extent of their antimicrobial effect along with treatment time
[60, 61]. The results in figures 3 and 4 showed that increasing
both time and concentration increased the nanoparticles’
antiviral effects towards viruses. It is essential to mention that
for Ag/BPEI, a higher Ag+ concentration was found in
comparison to the other samples (see table 1), an effect that
could contribute to improved viral reductions. Still, as we
have seen the viral reduction of only Ag+ is substantially
smaller than that of Ag/BPEI, and as such, this effect can be
expected to contribute only marginally. Moreover, the

Figure 5.Antiviral activity of Ag/BPEI NPs on MS2 bacteriophages at different concentrations, measured after 30 min. Each experiment was
carried out in triplicate, and the error bars represent the standard deviation. LoQ denotes the limit of quantification of our method, while
arrows indicate that the MS2 concentrations could be lower than the depicted.
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Figure 6. Antiviral activity of bare Ag/BPEI NPs compared to PEI’s antiviral activity in solution on MS2 bacteriophages, measured after
30 min. The reductions were calculated relative to the control samples, which were exposed to Milli-Q water. Each experiment was done in
triplicate, and the error bars represent the standard deviation. The LoQ indicates the limit of quantification, while the arrow indicates that the
reductions could be higher than the depicted.

Figure 7. Antiviral activity of AgNPs with different capping agents and size (10, 20, and 40 nm) on MS2 bacteriophages measured after
30 min. The reductions were calculated relative to the control samples which were treated with only Milli-Q water. Each experiment was
done in triplicate, and the error bars represent the standard deviations LoQ denotes the limit of quantification of our method. At the same
time, arrows indicate that the MS2 concentrations could be lower than the depicted.
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nanoparticle’s size, concentration and exposure time sig-
nificantly affect observed log reductions, with marked chan-
ges typically approximately 1 log10-unit reduction. However,
our results demonstrate for the first time, that not only size,
concentration and exposure time [13, 62–64] but also the
capping agents used to determine the antiviral effects metallic
nanoparticles. Additionally, the impact of capping agent
appears to be the dominating effect, with a difference in
log10-unit reduction of >6 log10-units, between bare and Ag/
BPEI (figure 1). For this, we can conclude that capping agents
play a crucial role in the production and stabilisation of
nanoparticles and the antiviral activity of the nanoparticles.

3.5. Silver nanoparticle damage of MS2 bacteriophages

A high reduction of MS2 phages by the BPEI capped AgNPs
was observed. For better visualisation and understanding of
the mechanism of virus reduction, TEM studies were
undertaken.

The MS2 bacteriophage presented an icosahedral shape
that was approximately 27–30 nm (figure 8(a)). Figure 8(b)
Represents the characterisation of the AgNPs, where the TEM
images suggest that the morphology of the AgNPs is spherical
and their size distributed in between 10 and 12 nm range.
After incubation with 0.01 mg ml−1 BPEI capped AgNPs for
10 min, the nanoparticles start to form local clusters sur-
rounding the viruses (figures 8(c) and (d)). As time progresses
till 30–60 min, more particles are attracted to the viruses
forming larger particle clusters and making difficult it to
identify individual virus particles (figures 8(e) and (f)) and
progressively increased, thus resembling debris after 24 h
(figure 8(g)). After 24 h a zoomed-in section of the clusters in
(figure 8(g)) reveals that the virus is possibly broken and
forms large groups with the nanoparticles which can be
identified by their crystal lattice (figure 8(h)). These results
suggest that AgNPs exhibit damaging effects on MS2 bac-
teriophages and that they can induce clustering of viral
particles.

Figure 8. TEM images of the effect of AgNPs on MS2 bacteriophages in different time points. (a) Control sample with MS2 bacteriophages
only; (b) BPEI/AgNPs only, (c), and a zoom of (c), image (d) which were previously incubated with 0.01 mg ml−1 of BPEI capped AgNPs
after 10 min, while (e)–(g) samples after 30, 60 min and 24 h respectively. While (h) shows a zoom of a section of (g) showing disintegrated
bacteriophage particles forming a mass with BPEI/AgNPs is seen compared with the control sample. Samples were stained with 2% Uranyl
acetate for better contrast.
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AgNPs play a crucial role in the phage infection of the
host bacteria, the mechanism is still not clearly understood,
for the AgNP/BPEI the positive charge brought the MS2 and
the AgNP close and later attachment which could lead to
blocking of the binding sites. The AgNPs often surround the
bacteriophage and would most likely attach to the surface of
the MS2, not allowing it to infect the bacteria. While on the
other hand, the AgNPs also facilitate the infection when it
ruptures the bacteria’s cell membranes. Thus, we assume an
attachment of both MS2 and AgNPs to the surface of the host
bacteria. The phages interact differently with the bacteria in
the presence of AgNPs.

If the MS2 is inactivated like what we assume is hap-
pening in picture 8 (e)–(g), then the MS2 will be unable to
infect the host cell. Verma et al observed what suggested that
AgNPs facilitated bacteria cell lysis by the bacteriophages.
From their observations, bacteriophages attacked the bacteria,
which was clearly shown by the phage head attaching to the
bacterial cell, where many phages were seen on the bacterial
cell wall’s surface. Additionally, it was observed that most
often the phages were found to attach with bacterial cell in the
proximity of the AgNPs. This work leads the authors to a
similar conclusion by the increased bacteriolysis with AgNPs
compared with only bacteria and bacteriophage interactions.
Verma et al further observed many infection points where
they obtained both nanoparticles and bacteriophages [65].
This is normal as bacteria is more susceptible or sensitive to
NPs than viruses.

Furthermore, one assumption is that the AgNPs can also
facilitate the MS2 infection of the host bacteria, for the virions
who are not inactivated or destroyed. AgNPs like many metal
oxide nanoparticles change bacterial properties by first
attaching to the bacteria’s cell wall where it induces some
deformity or pitting (see supporting information figure S6) in
the bacterial cell structure membrane. The AgNPs damage the
cell walls causing increased permeability, leading to accu-
mulation of NPs in the cell membrane and AgNP inter-
nalisation. The AgNPs causing the cell membrane to be
deformed its properties changed, and there is a reduction in
activities, thus facilitating the MS2 to infect the host bacteria.
Many factors, such as growth condition, microbial physiolo-
gical stage, and the ratio of the number of host bacteria to
viruses, could affect bacteria and MS2 [65–67].

Moreover, the change in the morphology of the MS2
phages as studied by TEM (figure 8), suggests that the Ag/
BPEI nanoparticles damage the capsid proteins. This damage
was confirmed using quantitative polymerase chain reaction
(qPCR); details are given in the supporting information
(figure S7). The capsid’s damage causes a disruption or hin-
drance of the initial phase of the viral replication cycle and all
subsequent events.

Furthermore, the addition of Ag/BPEI leads to aggre-
gation of the virus particles [68], another mechanism that
might lead to the observed very high log10-unit reductions of
MS2 phages activity. This idea is supported by the findings of
the plaque assay of the Ag/BPEI NPs, as the number of
infectious particles after treatment was below the detection
limit of the method.

Sondi and Salopek-Sondi et al also stated that AgNPs
also possess other intervention characteristics on a virus’ life
cycle, other than attachment and entry [60]. Previous findings
reported that Ag+ could affect the genomic material (RNA or
DNA) and therefore, the virus’ replication ability [9, 35,
69–71]. AgNPs have also been proven to interact with the
genome of the hepatitis B virus [72], adenovirus [14] and HIV
[73]. Therefore, based on this, it is reasonable to state that
AgNPs could not only directly bind to the capsid proteins of
the MS2 bacteriophages but could have also interacted with
its genetic material in this case, it is RNA. However, more
studies, such as quantitative real-time polymerase chain
reaction (qRT-PCR) are needed to confirm this. Also, AgNPs
have higher affinity to interact with phosphorus and sulphur-
containing compounds which could cause the nanoparticles to
adsorb to the host cells during the plaque assay [13]. This
adsorption of the nanoparticle could induce conformational
changes of the receptor on the host cell, which would then
inhibit the infection of the MS2. Viruses, however, are
complex and highly diverse molecules with unique properties
like varying capsid chemistries. Thus, their inactivation and
infection during experiments are not only affected by the
AgNPs and their chemistries. They are affected by the surface
chemistry of the bacteriophage and outlined by Gilcrease et al
[74]. This phenomenon is yet another unexplored area of
phage and nanoparticle interaction that will require further
investigations.

Additionally, cationic polymers interact with RNA elec-
trostatically due to the presence of phosphate in the backbone
[75], demonstrating a possible reason for the superior beha-
viour of the Ag/BPEI NPs. Furthermore, the antiviral
mechanism of cationic polymers such as BPEI though not
fully understood can also offer more insight for the results
observed. The structure and size of the BPEI could also
modulate its cytotoxicity, as it can potentially cause an
increasing burden of reactive oxygen species. Moreover, the
effects of BPEI could be attributed to its branching structure
and not merely by the presence of low molecular weight
amines and other possible impurities and contaminants (if
present) [76].

Furthermore, both the size and structure of BPEI could
cause the virus’s destabilisation by possibly perturbing its
intracellular redox homoeostasis. This alarm could also result
in a shift in the homoeostasis’s balance toward increased
oxidative stress [77]. Therefore, oxidative stress could induce
cytotoxic responses, which lead to the potential inactivation
of the virus.

RNA phages like MS2 are generally unable to cause lysis
of their bacterial hosts in this case salmonella when the
bacteria is approaching the stationary phase [78]. The
mechanisms of cell lysis which leads to inactivation caused
by RNA phages like MS2 infections are still not completely
understood. Researchers have generally agreed that MS2
causes cell lysis by destroying or disintegrating the structure
of the cell membrane of their bacterial host and interacting
with the external membrane systems. These interactions then
lead to the release of endogenous peptidoglycan (Murein)
hydrolases of the host cell [79, 80]. Based on this, it appears
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that AgNPs are facilitating the host’s cell disintegration, fol-
lowed by the phage infection that results into the increased
bacteriolysis. MS2 bacteriophages used low molecular weight
hydrophobic proteins; these proteins are sufficient to trigger
the host bacteria’s lysis. The introduction of nanoparticles
increases the complexity of the interactions between bacter-
iophage and bacteria. These interactions are multifaceted and
highly complex. From our experiments, the following find-
ings should be noted:

i. MS2 infection of their bacterial host is different in the
presence of AgNPS leading to cell lysis and is possibly
designated by the infection point.

ii. AgNPs plays a vital role in phage infection to the host;
however, we still need to know more about the
mechanism.

iii. The mechanism of AgNP’s toxicity involves a combi-
nation of physical and chemical interactions.

4. Conclusions

The efficiencies of six AgNPs with five different capping
agents (Bare, BPEI, PVP, PEG, MAA and citrate) for AgNPs
were compared for their antiviral effects on MS2 bacter-
iophages. Poorly dispersed bare AgNPs provided only rela-
tively low reductions of just 1–2 log10-units which increased
to 3–4 log10-unit reduction for the better stabilised but
strongly negative Ag/MAA and Ag/citrate. For the weakly
negative Ag/PVP and Ag/PEG nanoparticles, a 4–5
log10-unit reduction was found. While the 10 nm, cationically
stabilised Ag/BPEI with a concentration of 0.02 mg ml−1

induced the highest antiviral activity of at least �6 log10-units
reduction within 30 min. The surface chemistry plays a sig-
nificant role; the most negative NPs repel the negative viruses
avoiding contact, while for less negative NP’s this effect
disappears. For the positive Ag/BPEI, there is an apparent
synergetic effect between the polymer and particle. The
cationic polymer binding to the negatively charged virus to
bring the AgNPs in direct contact with the virus. These
encouraging results provide a basis for further research on
stabilised metallic silver nanoparticles at low concentrations
for potential antiviral applications designated for combating
waterborne diseases in a short time.
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