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Virus inactivation by nanoparticles (NPs) is hypothesized to affect virus fate and transport in the subsur-
face. This study examines the interactions of viruses with titanium dioxide (TiO2) anatase NPs, which is a
good disinfectant with unique physiochemical properties. The bacteriophage MS2 was used as a model
virus. A series of batch experiments of MS2 inactivation by TiO2 NPs were conducted at room tempera-
ture (25 �C), in the presence and absence of quartz sand, with and without ambient light. Three sets of
experiments were performed in phosphate buffered saline solution (PBS) and one in distilled deionized
water (ddH2O). The virus inactivation experimental data were satisfactorily fitted with a pseudo-first
order expression with a time dependent rate coefficient. Quartz sand was shown to affect MS2 inactiva-
tion by TiO2 NPs both in the presence and absence of ambient light, because, under the experimental con-
ditions of this study, the quartz sand offers a protection to the attached MS2 against inactivation.
Moreover, it was shown that low TiO2 concentration (10 mg/L) affected only slightly MS2 inactivation
with and without ambient light. Furthermore, PBS hindered MS2 inactivation by TiO2 NPs.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction of pathogenic viruses in groundwater is controlled mainly by
Pathogenic viruses present in groundwater are likely to origi-
nate from various fecal sources [1,2]. Also, the fate and transport
attachment onto the solid matrix, and inactivation or loss of infec-
tive capability [3–11].

Titanium dioxide (titania, TiO2) nanoparticles (NPs) are
employed in various consumer products and applications, and
easily can be introduced to the aquatic environment [12–15].
TiO2 exists as three different polymorphs: anatase, rutile, and broo-
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kite [16]. Moreover, the efficient photo-reactivity exhibited by
nano-sized TiO2 makes it an excellent catalyst for wastewater
treatment [17]. TiO2 NPs can enter the aquatic environment either
directly or indirectly from various sources, including: sunscreen
lotions, nano-paints, food additives, groundwater remediation,
and wastewater treatment plant effluents [18–20]. When NPs
eventually enter water supplies, their possible interactions with
aquatic organisms is an important concern.

The antibacterial properties of TiO2 have been well documented
in the literature [21–24]. Also, TiO2 NPs are instrumental to the
generation of chemically reactive oxygen species (ROS), especially
hydroxyl free radicals (HO�) and hydrogen peroxide (H2O2) [25].
While fewer studies have investigated the antiviral properties of
TiO2, its potential to inactivate viruses has been demonstrated by
various investigators [21,22,26–28]. Moreover, water disinfection
studies have shown that suspended TiO2 is more active than TiO2

immobilised onto surfaces [29,30]. This is attributed to the
increased contact between the TiO2 particles and suspended
microorganisms [31].

Several studies have shown that metal ions and TiO2 NPs pho-
tocatalytic reactions under UV radiation provide high rates of dis-
infection [32–37]. Moreover, other studies examined the
photocatalytic property of TiO2 NPs under visible light illumination
[38], whereas a handful of studies focussed on the toxicity of TiO2

NPs under ambient light conditions [24,39–41]. However, it is not
fully understood how ambient light and darkness, which have little
or no antimicrobial and antiviral activities, affect microorganism,
and more specifically virus inactivation by TiO2 NPs. Most of the
previous studies examined the photocatalytic bacteria and virus
inactivation using high concentrations of titanium dioxide. To
our knowledge, virus inactivation by TiO2 NPs at low exposure con-
centrations (10 mg/L), which can be found in aquatic environ-
ments, has not been investigated yet.

The aim of this study was to elucidate the ability of TiO2 NPs to
inactivate MS2 viruses, in both the presence and absence of ambi-
ent light, representing surface and subsurface conditions, respec-
tively. Moreover, it was investigated whether MS2 inactivation
by TiO2 NPs can be enhanced in the presence of quartz sand under
both ambient light and dark conditions. For these experiments,
three different virus concentrations were tested. Furthermore, a
comparison between MS2 inactivation in ddH2O and PBS in the
presence and absence of quartz sand with and without ambient
light was performed. Also, possible mechanistic interpretations of
synergistic effects were discussed.
Fig. 1. X-ray diffraction pattern of TiO2 powder (anatase).
2. Materials and methods

2.1. Preparation of virus suspension

The bacteriophage MS2 (ATCC 15597-B1) with host bacterium
the E. coli (ATCC 15597) was used as a model virus in this study,
due to its similarity to many waterborne pathogenic viruses and
to its propagation and enumeration simplicity. MS2 samples were
enumerated according to the double agar layer method [42].
Briefly, 100 lL of the host bacterium E. coli (ATTC 15597-B1) and
100 lL of a diluted MS2 virus sample were mixed in a centrifuge
tube with 4.5 mL of molten soft-agar medium maintained at
45 �C. Then, the mixture was poured onto a petri dish containing
solid Tryptic Soy Agar (TSA) medium. After overnight incubation
at 37 �C, infective MS2 concentrations were determined by count-
ing the number of plaques in E. coli lawn, and reported as plaque-
forming units per milliliter (PFU/mL). All samples were analyzed
either immediately or after 24-h storage at 4 �C in the dark. No
change in viral titers was observed over a 24-h storage, neither
in the presence nor the absence of the TiO2 NPs.
2.2. Preparation of TiO2 NPs suspensions and quartz sand

TiO2 NPs (anatase), 99.9% pure, with a primary particle size less
than 25 nm (Sigma-Aldrich Corporation) were used in all experi-
ments. A stock suspension of TiO2 NPs (1 g/L) was prepared by add-
ing TiO2 NP powder into distilled deionized water (ddH2O),
followed by a 30 min ultrasonication (Elma Transonic TI-H-5 ultra-
sonicator). TiO2 NP suspensions (10 mg/L) were prepared by dilut-
ing the stock suspension into prepared solutions of phosphate
buffered saline solution (PBS) at pH = 7 and ionic strength (IS) of
2 mM. The zeta potential of TiO2 NPs in both ddH2O and PBS
(pH = 7) by a zetasizer (Nano ZS90, Malvern Instruments, South-
borough, MA), and was determined to be �23.7 ± 0.9 mV and
�30.1 ± 1.0 mV, respectively.

Quartz sand (Filcom Filterzand & Grind) with a size range of
0.425–0.600 mm, and approximate average diameter of
0.513 mm were used in this study. Prior to each experiment, the
sand was cleaned with 0.1 M HNO3 (70%) for a 3-h time period
to remove surface impurities (e.g., iron hydroxide and organic
coatings) that could promote physicochemical deposition of the
viruses, rinsed with ddH2O, then soaked in 0.1 M NaOH for a 3-h
time period, and rinsed again with ddH2O. Subsequently, the sand
was dried in an oven at 105 �C, and then stored in screw cap sterile
beakers until use in the batch experiments. The zeta potential the
quartz sand in PBS solution under the experimental conditions
(pH = 7, IS = 2 mM) was measured equal to �62.3 ± 3.5 mV [8].

2.3. Characterization of untreated TiO2 NPs

To characterize the crystalline size and structure of untreated
(‘‘as shipped”) TiO2 NPs, powdered X-ray diffraction analysis
(XRD) was carried out (Bruker D8 advance diffractometer with Ni-
filtered Cu Ka radiation and a LynxEye detector). The XRD pattern
was obtained at a 2h range from 2� to 70�, scanned at a scanning
angle increment of 0.015� with a time step of 0.3 s (see Fig. 1). Fur-
thermore, the particle size of the untreated TiO2 NPs was analysed
using Transmission ElectronMicroscopy (TEM) (JEOLJEM-2100 sys-
tem, operated at 200 kV). TiO2 NP suspensions (10 mg/L), in both
ddH2O and PBS, were placed in an ultrasonic bath for 30 min, air-
dried onto a carbon-coated copper grid (200 mesh) and subjected
to TEM analysis. Two representative TEM images are shown in
Fig. 2. The TEM images suggested that suspended TiO2 NPswere sig-
nificantly aggregated in both ddH2O and PBS, in concordance with
previous publications [43–46]. Also, the TEM images showed that
the suspended TiO2 NPs were essentially spherical.

2.4. Stability of TiO2 NPs

Prior to the initiation of the TiO2 suspension stability and aggre-
gation experiments, the TiO2 stock suspension (1 g/L) was soni-



Fig. 2. Transmission electron micrographs of TiO2 (anatase) in: (a) ddH2O, and (b)
PBS.
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cated for 30 min in order to homogenize and monodisperse the
samples. Subsequently, 500 mL of the TiO2 suspension were added
to a glass beaker and allowed to settle undisturbed over a 7-d time
period. However, a 5-mL aliquot of the supernatant liquid was
carefully sampled once a day from the top of the glass beaker
(�2 cm below surface). From each sample collected, the corre-
sponding TiO2 NP concentration and particle size were determined
and recorded. The TiO2 NP concentrations were determined using a
UV–visible spectrophotometer at a wavelength 287 nm. The UV–
vis absorption spectra of several TiO2 NPs concentrations in PBS
solution, and the corresponding calibration curve can be found in
the supporting information (see Figs. S1 and S2). The average
TiO2 NP aggregate sizes (hydrodynamic diameters) were measured
by dynamic light scattering (DLS) (Zetasizer Nano-ZS analyzer,
Malvern Instrument Inc., U.K.), and the observed TiO2 NP size dis-
tribution for the 7-d time period tested can be found in the sup-
porting information (see Fig. S3).
2.5. Batch experiments

The batch experiments of MS2 inactivation by TiO2 NPs both in
the absence and the presence of quartz sand were conducted in 50-
mL glass ‘‘reactor tubes” by diluting MS2 stock solution in 50 mL
suspension of TiO2 NPs in ddH2O or PBS solution (10 mg/L), which
also contained 5 g of dry clean quartz sand. Three initial virus con-
centrations, C0 (1.7 ± 0.22 � 103, 1 ± 0.14 � 104, and
8.7 ± 1.8 � 106 PFU/mL) were chosen for the experiments in PBS
and one (2.1 ± 0.59 � 104 PFU/mL) for the experiments in ddH2O.
The batch inactivation experiments were conducted under both
ambient light and dark conditions. For the experiments under dark
conditions, the glass tubes were carefully covered by aluminum
foil. Batch MS2 inactivation experiments were also conducted in
50-mL glass ‘‘control tubes” in the absence of TiO2 NPs and quartz
sand. Note that the control and reactor tubes were treated in the
same manner. Moreover, all materials that came in contact with
the MS2 solutions were sterilized by autoclaving. Throughout the
settling period, a relatively uniform thin layer of sand grains was
formed on the bottom of the tubes and 2 mL sub-samples were
withdrawn at different time intervals (0, 0.010, 0.021, 0.042,
0.083, 0.121, 1, 2, 3, 4, 5, 7, 15, 20, 30 days) from the top of each
reactor or control tube (�2 cm below surface) and the total (sus-
pended + attached onto TiO2 NPs) concentration of MS2 was
assayed by the double-layer overlay method [42], as outlined by
Syngouna and Chrysikopoulos [7].

3. Theoretical considerations

Previous studies on photocatalytic inactivation of viruses by
TiO2 are often modeled using pseudo-first-order kinetics (e.g.,
Chick-Watson) [26,47,48], referring to either the liquid-phase (sus-
pended) or the total (suspended + attached) concentration of
viruses. Note that the inactivation rates of suspended and attached
viruses should not be assumed equal [49,50]. Moreover, virus inac-
tivation rate coefficients are not constant and exhibit temporal
variability due to the existence of various virus subpopulations
with different inactivation rate coefficients [3]. Thus, numerous
virus inactivation studies have employed the following pseudo-
first-order expression with a time-dependent inactivation rate
coefficient [51–58]:

dCðtÞ
dt

¼ �kðtÞCðtÞ ð1Þ

where C is the concentration of total (suspended and attached onto
TiO2 NPs) viruses in the liquid phase, t is time, and k is the time-
dependent inactivation rate coefficient of total viruses described
by the following expression:

kðtÞ ¼ koe�at ð2Þ
where k0 is the initial inactivation rate coefficient, and a is the resis-
tivity coefficient. Assuming that C(0) = C0, where C0 is the initial
virus concentration, the solution to Eq. (1) is:

ln
CðtÞ
Co

� �
¼ ko

a
fexp½�at� � 1g ð3Þ

For the special case where k(t) = k the solution to Eq. (1) is:

ln
CðtÞ
Co

� �
¼ �kt ð4Þ

In this study, the pseudo-first-order model (Eq. (3)) was used to
analyze the various MS2 inactivation experimental data sets col-
lected. Also, the unknown inactivation parameter values ko and a
were obtained by fitting Eq. (3) to the experimental log-
normalized-concentration data using non-linear least squares
algorithms, whereas the unknown parameter k was estimated by
linear regression fit of Eq. (4) to the log-normalized experimental
data.

4. Results and discussion

4.1. MS2 inactivation in the absence of quartz sand

Fig. 3 shows the experimental data from the batch experiments
of MS2 inactivation by TiO2 NPs under light and dark conditions at
25 �C without the presence of quartz sand for the three different
initial virus concentrations. The fitted MS2 inactivation parameter
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values (k0, a, and k) for ambient light and dark conditions in both
controls and reactors are listed in Table 1. It should be noted that
normalized MS2 concentrations over 1 are due to slight variations
in the initial concentration of the virus suspensions present in each
tube. The experimental data were fitted with both the time-
dependent inactivation model and the time-invariant inactivation
model. The parameters k0 and a were determined by fitting Eq.
(3) to the observed normalized MS2 log-concentrations, whereas
k values were determined by linear regression fit to Eq. (4) of the
same experimental data. The fitted MS2 inactivation parameter
values (k0, a, and k) are listed in Table 1. Note that only simulated
concentrations based on the time-dependent inactivation are
shown in Fig. 3 because the time-dependent inactivation model
matched the experimental inactivation data much better than
the constant inactivation model.

The experimental results showed that in the absence of sand
with ambient light, the virus inactivation rates were higher com-
pared to the virus inactivation rates under dark conditions, except
for the cases of higher virus concentrations were the opposite was
observed (Table 1). Note that, in most cases similar inactivation
rates were observed in reactor and control tubes (absence of TiO2

NPs), suggesting that low TiO2 concentrations affect only slightly
MS2 inactivation with and without ambient light. However, TiO2

photocatalytic oxidation under UV irradiation may be a viable
option for inactivating viruses in drinking water [59]. Gerrity
et al. [59] tested different bacteriophages (MS2, PRD1, UX174,
and fr) that showed different inactivation behaviors, suggesting
the lack of knowledge of how virus structure leads to differences
Fig. 3. Experimental data of MS2 inactivation by TiO2 NPs with and without ambie
concentration: (a, b) C0 = 1.7 ± 0.22 � 103, (c, d) C0 = 1 ± 0.14 � 104, and (e, f) C0 = 8.7 ± 1.8
concentration histories for experiments conducted in reactor and control tubes, respecti
0.98.
in photocatalytic inactivation kinetics. Previous studies showed
that virus inactivation rates decrease with increasing initial virus
concentration [56,60]. However, in this study, no clear trend was
observed.

4.2. MS2 inactivation in the presence of quartz sand

Fig. 4 shows the experimental data from the batch experiments
of MS2 inactivation by TiO2 NPs under light and dark conditions at
25 �C with the presence of quartz sand, for the three different ini-
tial virus concentrations. The fitted MS2 inactivation parameter
values (k0, a, and k), for the experiments in the presence of quartz
sand with and without ambient light, in the control and reactor
tubes, are listed in Table 1. The presence of quartz sand affects
virus inactivation by TiO2 NPs under both ambient light and dark
conditions, with generally faster inactivation without the presence
of quartz sand (see Table 1). It was observed that, under the pre-
sent experimental conditions, the attachment of viruses onto
quartz sand offers a protection against inactivation, which is in
agreement with previous studies [56]. However, attachment has
been shown to produce a range of outcomes, from increasing inac-
tivation, to having no effect, to protecting viruses from inactivation
[3]. Note that the double agar overlay method, which is used for
MS2 enumeration, measures the capacity of MS2 to infect, and pro-
vides incomplete information about the attached viruses. More-
over, TiO2 NPs significantly attach onto sand surfaces, with the
surface charge being a primary factor in their attachment
[43,61,62]. Note that, the extent of nanoparticle adhesion onto sil-
nt light in reactor (solid symbols) and control (open symbols) tubes for initial
� 106 PFU/mL. The solid and dashed curves correspond to the simulated normalized
vely. Error bars not shown are smaller than the size of the symbol. R2 values: 0.79–



Table 1
Fitted MS2 inactivation parameters.

Experimental conditions Initial virus concentration
C0 (PFU/mL)

Controls Reactors

ko (day�1) a (day�1) k (day�1) R2 ko (day�1) a (day�1) k (day�1) R2

Ambient light
ddH2O 2.1 ± 0.59 � 104 0.49 0.024 0.298 0.98 0.384 0.003 0.394 0.91
PBS 1.7 ± 0.22 � 103 0.188 0.038 0.117 0.93 0.156 0.033 0.101 0.96
PBS 1 ± 0.14 � 104 0.201 0.037 0.144 0.98 0.136 0.032 0.112 0.95
PBS 8.7 ± 1.8 � 106 0.098 0.032 0.136 0.91 0.247 0.165 0.115 0.87

Darkness
ddH2O 2.1 ± 0.59 � 104 0.219 0.014 0.154 0.96 0.112 0.019 0.129 0.97
PBS 1.7 ± 0.22 � 103 0.248 0.084 0.088 0.87 0.237 0.085 0.079 0.79
PBS 1 ± 0.14 � 104 0.037 0.006 0.126 0.89 0.385 0.073 0.239 0.98
PBS 8.7 ± 1.8 � 106 0.065 0.008 0.21 0.92 0.212 0.033 0.172 0.89

Ambient light + sand
ddH2O 2.1 ± 0.59 � 104 0.209 0.007 0.248 0.99 0.948 0.03 0.43 0.98
PBS 1.7 ± 0.22 � 103 0.124 0.019 0.099 0.96 0.193 0.039 0.122 0.95
PBS 1 ± 0.14 � 104 0.397 0.07 0.115 0.90 0.072 0.018 0.051 0.84
PBS 8.7 ± 1.8 � 106 0.236 0.156 0.068 0.88 0.234 0.149 0.059 0.86

Darkness + sand
ddH2O 2.1 ± 0.59 � 104 0.274 0.011 0.229 0.99 0.401 0.005 0.36 0.88
PBS 1.7 ± 0.22 � 103 0.28 0.054 0.139 0.94 0.318 0.11 0.078 0.81
PBS 1 ± 0.14 � 104 0.125 0.024 0.079 0.89 0.119 0.032 0.078 0.88
PBS 8.7 ± 1.8 � 106 0.097 0.268 0.109 0.90 1.194 0.314 0.069 0.88

Fig. 4. Experimental data of MS2 inactivation by TiO2 NPs in reactor and control tubes, in the presence of quartz sand with ambient light (squares) and darkness (circles), for
initial concentration: (a, b) C0 = 1.7 ± 0.22 � 103, (c, d) C0 = 1 ± 0.14 � 104, and (e, f) C0 = 8.7 ± 1.8 � 106 PFU/mL. The solid and dashed curves correspond to the simulated
normalized concentration histories for experiments conducted in the darkness and in the presence of ambient light, respectively. Error bars not shown are smaller than the
size of the symbol. R2 values: 0.81–0.99.

V.I. Syngouna, C.V. Chrysikopoulos / Journal of Colloid and Interface Science 497 (2017) 117–125 121
ica grains increases with increasing nanoparticle concentration
[63]. Furthermore, TiO2 NPs immobilised onto quartz sand (SiO2)
exhibit enhanced photoactivity, caused by the diffusion of Si atoms
from the underlying sand into the TiO2 coating [64].
Fig. 5 shows that TiO2 NPs can inactivate MS2 viruses in water
under both ambient light and dark conditions, and that, with the
only exception of the lower initial virus concentration, the pres-
ence of quartz sand hinders virus inactivation. Moreover, in the
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presence of sand, low initial virus concentrations yielded higher
inactivation rates k, compared to high initial virus concentrations,
while in the absence of sand no clear trend was observed. How-
ever, MS2 inactivation results varied substantially among the repli-
cates, suggesting formation of viral aggregates in presence of Ti
metal ions, as noted and by other investigators [65,66].

The photosensitive TiO2 NPs were found to be harmful for MS2
to varying degrees under ambient light and dark conditions. The
presence of light irradiation has been found to be a significant fac-
tor, presumably due to its role in promoting generation of reactive
oxygen species (ROS) such as hydroxyl (OH�) and superoxide anion
(�O2

�) radicals. It should be noted however that, virus inactivation
under UV irradiated TiO2 can be attributed mainly to the damages
of capsid proteins inflicted by OH� and �O2

� followed by the viral
nucleic acid fragmentation [47,67,68]. Moreover, higher resistance
of viruses than bacteria to photocatalytic processes has been
observed [69,70]. Also, non-enveloped viruses were found to be
more prone to the oxidizing activity of OH� radicals than enveloped
viruses [27,28]. Koizumi and Taya [26] observed significant MS2
inactivation by TiO2 only with light irradiation. Furthermore, Lee
and Ko [71] showed remarkable rates of MS2 inactivation by UV-
A and UV-B in the presence of TiO2 NPs. Also, Li et al. [72] observed
that the rate of the MS2 virus removal was comparable with and
without visible light illumination. During photocatalytic oxidation
of MS2, the virus may be inactivated by damaging the A protein
and preventing interaction with host cells or inhibiting lifecycle
processes after the A protein enters the host. Damage to the coat
proteins of MS2 can expose the RNA to damaging ROS or change
the capsid conformation and preventing the A protein from inter-
acting with bacterial pili [28,73,74]. However, in this study MS2
inactivation was also observed under ambient light and dark con-
ditions in both absence and presence of quartz sand, indicating
that undetermined mechanisms in addition to photocatalytic ROS
production were responsible for virus inactivation.
Fig. 5. Estimated inactivation rate, k, for several initial virus concentrations: (a, c
4.3. MS2 inactivation in ddH2O and PBS

Fig. 6 shows a comparison between MS2 inactivation data in
ddH2O and PBS in the presence and absence of quartz sand with
and without ambient light. Note that similar initial virus concen-
tration (C0 � 104 PFU/mL) was used in both ddH2O and PBS sets
of experiments. The fitted MS2 inactivation parameter values (k0,
a and k) are listed in Table 1. In most cases, in the presence and
absence of quartz sand, higher MS2 inactivation rates were
observed in ddH2O than in PBS solution for both control tubes
(Fig. 6a, c, e, g) and reactor tubes (Fig. 6b, d, f, h). This is attributed
to possible increased MS2 aggregation in PBS solution due to bind-
ing of phosphate to positively charged lysine, a hydrophilic amino
acid residue found at MS2 proteins [7,75]. Virus aggregation is
known to significantly reduce inactivation. Worthy to note is that,
viral aggregation in PBS has been observed in many studies and is
known to influence electrokinetic measurements [7,75,76]. More-
over, virus surface proteins could be adsorbed onto TiO2 NP sur-
faces through electrostatic, hydrophobic or specific chemical
interactions, with phosphate ions playing an important role in
the attachment/detachment process and the TiO2 NP stability
[77]. Furthermore, higher virus inactivation rates were observed
in reactors than controls under both ambient light and dark condi-
tions in ddH2O, while in PBS no clear trend was observed. Note that
in a similar study, murine norovirus inactivation in PBS by 10 mg/L
P25 TiO2 was altered only slightly with UV254 irradiation [78].
Thus, PBS in comparison to ddH2O was found to inhibit TiO2, mak-
ing PBS a poor choice for MS2 inactivation. The experimental
results of this work indicate that ambient light plays a significant
role in virus inactivation in ddH2O, especially in the absence of
quartz sand (see Fig. 6d).

MS2 removal in batch experiments primarily relies on virus
interactions with the surrounding environment (TiO2 NPs and
quartz sand) through attachment, charge neutralization [79],
) with and (b, d) without ambient light, in (a, b) controls and (c, d) reactors.



Fig. 6. Comparison between MS2 batch inactivation experimental data in ddH2O (open symbols) and PBS (solid symbols), in reactor and control tubes, with ambient light
(squares) and darkness (circles), for initial concentration: (a–d) C0 = 2.1 ± 0.59 � 104, and (e–h) C0 = 1 ± 0.14 � 104 PFU/mL. The solid and dashed curves correspond to the
simulated normalized concentration histories for experiments conducted in the darkness and in the presence of ambient light, respectively. Error bars not shown are smaller
than the size of the symbol. R2 values: 0.84–0.99.

V.I. Syngouna, C.V. Chrysikopoulos / Journal of Colloid and Interface Science 497 (2017) 117–125 123
and hydrophobic interactions [80]. Thus, an MS2 suspension
destabilizes resulting in virus aggregation and separation via
gravity sedimentation or attachment onto TiO2 NPs and quartz
sand. Quartz sand provides virus protection against the disruption
of the coat protein and degradation of the nucleic acid [81]. More-
over, virus attachment is generally assumed to be controlled by
virus characteristics such size, shape, and isoelectric point and
surface charge [82]. Electrostatic repulsion occurs between MS2
and TiO2 NPs, because the surfaces of TiO2 NPs under the exper-
imental conditions (PBS, pH = 7, IS = 2 mM) are negatively
charged, and MS2 surfaces have both hydrophobic and negatively
charged hydrophilic regions [47,83]. Therefore, MS2 attachment
onto TiO2 NPs is unfavorable, and MS2 inactivation is hypothe-
sized to be mediated by the bulk phase free TiO2 NPs, not by
the MS2 surface-bound TiO2 NPs [22]. However, it is worthy to
note that MS2 particles are multilayered soft (or permeable) par-
ticles with the inner RNA and the outer proteic capsid. Both of
these components are permeable to external fluid flow and the
density of their charges is neutralized at pH values equal to 2.9
and 9, respectively [76]. Thus, in theory the proteic capsid of
MS2 carries at a pH of 7 a positive net charge, while the inner
RNA is negatively charged under such a pH condition [84]. How-
ever, the stability of MS2 suspension may not follow the classical
DLVO theory. Duval et al. [85] suggested that the sign and mag-
nitude of the electrostatic interactions between multilayered par-
ticles depend on the charges of the layers located within a depth
on the order of the Debye length.

5. Conclusions

Previous works by our group demonstrated that the presence of
quartz sand is effective at inactivating MS2 [6,56]. Our previous
results, in conjunction with the inactivation of TiO2-attached con-
taminants, led us to investigate if the combination of TiO2, quartz
sand and ambient light could also promote MS2 inactivation. To
test this hypothesis, batch experiments were performed in order
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to examine the ability of TiO2 NPs to inactivate MS2 viruses at low
exposure conditions (10 mg/L) in the presence of quartz sand with
and without ambient light, representing conditions of surface and
subsurface aquatic environments, respectively. The photoinactiva-
tion of MS2 by TiO2 NPs in the presence of quartz sand was mea-
sured by assaying total MS2 infectivity, both attached and
suspended, in the presence of ambient light and in the dark. In
most cases, the presence of quartz sand hinders MS2 inactivation
by TiO2 NPs under both ambient light and dark conditions. There-
fore, it is hypothesized that MS2 is protected by attachment onto
quartz sand. Most probably, the attached TiO2 NPs onto quartz
sand block the migration of electrons to TiO2 NPs and hence reduce
possible ROS production, which in turn decreases MS2 inactivation.
In contrast, diffusion of Si from the quartz sand into the TiO2 lattice
was found to enhance TiO2 photoactivity [64,86]. Most MS2 sam-
ples in ambient light showed an increase in inactivation, with
higher inactivation occurring in ddH2O than PBS buffer conditions.
MS2 in the presence of quartz sand showed lower levels of inacti-
vation by TiO2 NPs in ambient light exposure. Similar inactivation
of total MS2 occurred in the dark, suggesting that the key factors
controlling MS2 inactivation by TiO2 NPs were: (1) attachment
onto quartz sand, and (2) exposure to ambient light.

Given that TiO2 is one of the most utilized nanomaterials in con-
sumer products, TiO2 NPs eventually enter the water supplies or
wastewater treatment plants. Consequently, TiO2 NP interaction
with aquatic pathogenic viruses is of primary consideration. Even
when associated with TiO2 NPs, viruses tend to remain in suspen-
sion and pass through granular media filters. Actually, it is antici-
pated that TiO2 NPs will serve as carriers for pathogenic
microorganisms. In conjunction with exposure to ambient light,
TiO2 NPs can be expected to inactivate viruses with morphological
structures similar to that of MS2. However, further research is
needed in order to enhance TiO2 based virus inactivation, which
is a relatively slow process, to thoroughly understand the molecu-
lar mechanisms by which viruses are inactivated and physically
removed, and to investigate the associated consequences on
ecosystems. Certainly, to improve the microbial quality of the
water, and to identify novel approaches that control viruses in
aquatic environments, it would be desirable to differentiate virus
attachment and inactivation by evaluating these two processes
separately.
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