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The infectious proliferation of phytopathogenic microorganisms depends on a complex sequence of
biological events involving host defense, environmental conditions, and chemical and physical
interactions between the surface of a plant and microorganisms, which in numerous cases display
resistance to conventional microbicides. Among these microorganisms, Pseudomonas syringae
(P. syringae) is a Gram-negative bacterium that attacks wounded parts of plants before invading
healthy tissues. In order to control P. syringae, considering it to be a phytopathogenic model, an
effective method featuring silver nanoparticles (AgNPs) functionalized on titanate nanotubes (Nts)
used as photoactive antibacterial agents was investigated to understand the effective photoactive
annihilation mechanism. The high dispersion of AgNPs over the Nts boosted charge carrier
separation by generating reactive oxygen species (ROS) under visible-light, which stressed the
bacteria and enhanced the biocidal effect by quickly preventing the rod-shaped P. syringae bacteria
from proliferating. Biological transmission and scanning electron microscopy revealed damaged P.
syringae cells that underwent the formation of outer membrane vesicles, caused by photo-assisted

Received 26th October 2018 annihilation, which is considered to be an indication of a critical defense mechanism. The unusual
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synergistic properties of the Nts, and their low cost and practical synthesis,
nanocomposites promising green tools that can positively and swiftly photokill P. syringae

DOI: 10.1039/c8na00307f

rsc.li/nanoscale-advances within 30 min.

1. Introduction

Nowadays, the demand for grains, fruits, vegetables and
other important crops has expanded because of the enor-
mous growth in human population. Huge expanses of land
are dedicated to planting crops in order to meet the high
demand for grains, vegetables, and fruits for human
consumption and livestock feeding; in addition, some plants
are cultivated all through the year in large greenhouses. To
accomplish these goals, chemicals such as plant growth
regulators, fertilizers, and pesticides to control the produc-
tion of these plant-based foods are required."* Mass cultiva-
tion is susceptible to phytopathogenic microorganisms that
cause many different plant diseases which can devastate
agricultural crops. In this sense, necrosis, tissue maceration,
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wilting, and hyperplasia are just some of these diseases.
Fungi and bacteria reproduce more easily in plants close to
each other. Many of the phytopathogenic Pseudomonas spp.
first induce water-soaked injuries in the host plant followed
by necrosis and chlorosis of the tissues.>™* More specifically,
Pseudomonas syringae is a hemibiotrophic bacterial pathogen
that affects a wide variety of plants, causing blight, speck, and
spot diseases in many important agricultural crops including
tomato, soybean, rice, and tobacco, among others.> P. syrin-
gae can be differentiated into more than 50 pathovars
according to the disease caused by the strain in plants.® The
multiple strains of this species cause diseases in more than
180 plant species.® P. syringae is divided into 8 genomospe-
cies and 13 phylogroups.” The interactions between plants
and P. syringae have been extensively studied, but the defense
mechanisms of plant during inactivation have been scarcely
investigated.**® Diverse alternatives have been considered
for inhibiting the proliferation of plant pathogenic microor-
ganisms. The indiscriminate use of chemicals and pesticides
represents a risk for human and animal consumers as well as
increasing the final cost of the vegetables, grains, and
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fruits.»»*'* Detrimental effects such as the acceleration of
soil erosion, pollution of water bodies like rivers, lagoons,
etc., and air pollution have to be considered. Other methods
to control infections are the use of oxidizing disinfectants
such as ozone and chlorine dioxide, UV light treatment,
chlorination and peroxide oxidation.>'*™** Most chemicals,
bactericides and fungicides react with organic matter and
other precursors to form regulated and emerging disinfection
by-products, which can be associated with cancer or other
human pathologies.’** The most recent method to control
phytopathogenic bacteria is the use of transgenic products
like cotton, tomato, soybean, potato, etc. Transgenic plants
have caused controversy because people are uncertain about
their safety and regulatory issues, and changes in their
nutritional properties and taste,'® as well as in regulatory
issues.

On the other hand, nanomaterials have emerged as
a promising alternative to control the infection of plants by
several microorganisms.'”*® They present a non-invasive way
to battle infection, with practically no generation of toxic by-
products, and an eco-friendly way to control pests that could
become of relevance in the near future.' Several nano-
materials have been tested for the annihilation of pathogenic
and phytopathogenic microorganisms, some with biocidal
properties and others which are catalytically active.””* In
this sense, titanium dioxide with silver nanoparticles is the
most studied photoactive composite, which increases the
biocidal efficiency against pathogenic bacteria such as
Staphylococcus aureus, Salmonella spp., and Escherichia coli.
Research studies have been focused on the evaluation of
survival in terms of colony-forming units (CFUs) as a function
of time.*>*' It has also been reported that reactive oxygen
species (ROS) are responsible for photokilling mediated by
UV active materials together with the biocidal activity of silver
nanoparticles. Only a few researchers have studied the
microorganism-nanomaterial interactions, morphology of
microorganisms and materials, and wavelength of the lamps
to get more insights into the way in which photo-assisted
annihilation works.****

In the present study, the sustainable synthesis of silver
protonated nanotubes was evaluated for the annihilation of the
plant pathogen P. syringae under visible light irradiation. The
surface activity and structural properties of the silver nano-
composites were characterized by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), high angular
annular dark-field scanning transmission electron microscopy
(HAADF-STEM), X-ray diffraction (XRD), and ultraviolet-visible
diffuse reflectance spectroscopy (UV-vis DRS), and directly
correlated with the bacterial morphology. This study presents
a concise discussion on assessing the effective inhibition of the
proliferation and photokilling of the phytopathogenic bacteria
by means of a reproducible biological protocol for sample
preparation for electron microscopy techniques (SEM and TEM)
that allow the monitoring of morphology changes of the
microorganisms during photocatalytic inactivation with
different AgNP loadings on the surface of photoactive
nanostructures.

This journal is © The Royal Society of Chemistry 2019
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2. Experimental

2.1. Synthesis of titanate nanotubes

The procedure involved the addition of 2 g of commercial TiO,
known as P25 (Degussa, Rutile: Anatase, 85:15, 99.9%,
~20 nm crystallite size, CAS: 13463-67-7) into 50 mL of a 10 M
alkaline solution of NaOH.”* The slurry was placed in an ultra-
sonic bath for 5 min to eliminate aggregates and then stirred at
room temperature for 10 min. The mixture was placed carefully
in a 150 mL Teflon vessel and heated in a microwave reactor
(MWO-1000S, EYELA, Japan). The temperature was fixed at
150 °C for 5 h, at 400 rpm, and a maximum adjustable micro-
wave irradiation power of 195 W was used. After that, the
precipitate was cooled to room temperature and neutralized
with a 5 N HCI solution until pH 7 was reached. Then, the
precipitated powders were filtered and dried overnight at 90 °C.
The as-obtained nanotubes were identified as Nts.

2.2. Photochemical deposition of silver nanoparticles on the
Nt surface

The photodeposition of AgNPs was carried out as follows:
100 mL of an ethanol solution of AgNO; was prepared by
using three silver loadings (0.5, 1, and 3 wt%). Then, a suit-
able amount of titanates was gently added to the solution.
The slurry was maintained for 10 min under magnetic stirring
and immediately placed for 10 min in an ultrasonic bath at
room temperature. The slurry was kept under magnetic stir-
ring for 1 h under dark conditions to facilitate the adsorption
of silver cations; afterwards, the slurry was irradiated with
UV-C light for 2 h to achieve the reduction of silver cations
into highly dispersed AgNPs. The resulting powders were
filtered and dried overnight at 90 °C. The obtained powders
were identified as NtxAg, where x represents the silver
loading in wt%.

2.3. Photoassisted annihilation of P. syringae cells

The photocatalytic annihilation of P. syringae pv tomato
DC3000 (Pto DC3000) was achieved as follows: all Pyrex glass
materials and apparatus used in these experiments were
sterilized at 121 °C for 45 min using an autoclave. P. syringae
was routinely grown on King B Agar medium at 28 °C for 24 h.
Afterwards, bacterial cells were collected with sterilized saline
water and counted in a hemocytometer. All photocatalytic
inactivation experiments were carried out in 30 mL Petri
dishes (90 x 15 mm) with constant magnetic stirring and
irradiation with a halogen lamp (Eco cool halogen shine 30W,
Yazawa Corp., Japan) to provide simulated solar light irradi-
ation in the presence of 30 mg of silver-nanotube composites.
At fixed time intervals, samples were taken from the suspen-
sion, diluted and plated on King B plates in triplicate. After
24 h of incubation at 28 °C in the dark, the number of viable
cells was determined as colony-forming units (CFUs) that
correspond to at least one surviving cell. The number of
colonies in a sample must be approximately 280 to ensure
enumeration and reproducibility.

Nanoscale Adv., 2019, 1, 2258-2267 | 2259


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8na00307f

Open Access Article. Published on 15 April 2019. Downloaded on 2/6/2026 10:49:49 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale Advances

2.4. Photo-oxidation of Rhodamine B under visible light

The 0D silver-nanotube composites were evaluated in the pho-
tocatalytic decomposition of Rhodamine B dye (RhB) using
a homemade Pyrex reactor at room temperature, which was
irradiated with a pen-ray visible lamp (450 nm) under dark
conditions. For the photocatalytic tests, 50 mg of catalyst were
used. The aqueous solution contained 20 ppm of RhB. Before
the visible lamp was turned on, the system was placed in the
dark for 1 h to achieve adsorption-desorption equilibrium. The
photoactivity degradation rate was recorded by measuring the
intensity of the main absorption band of RhB as a function of
the irradiation time. Atmospheric air was bubbled during the
photocatalytic experiments (10 mL min~'). At given time
intervals, samples were extracted and then monitored with an

UV-vis  spectrophotometer (5000 UV-vis-NIR, Agilent
Technologies).
2.5. Characterization of silver-nanotube composites (NtxAg)

The silver-nanotube composites (NtxAg) were characterized
by HRTEM. HRTEM images were obtained with a FEI Tecnai
F30 microscope equipped with a tungsten field emission gun
operated at 300 keV. HAADF imaging was performed in STEM
mode. The semi-quantitative composition of the samples was
determined by EDS with an EDAX spectrometer coupled to
a TEM. The powdered samples were ultrasonically dispersed
in isopropyl alcohol and supported on holey carbon-coated
copper grids. UV-vis DRS spectra and band gap energy data
were obtained using a UV-vis-NIR Agilent Technologies
model Cary 5000 Series spectrophotometer equipped with
an integrating sphere. X-ray diffraction patterns were ob-
tained using a SmartLab RIGAKU X-ray diffractometer with
Cu Ka radiation (1.5404 A and 1.5406 A), operated at 35 kv
and 25 mA.

2.6. P. syringae characterization

Cell samples were collected in a pellet at representative time
intervals during and before photocatalytic inactivation. The
bacterial pellets were fixed in 3% glutaraldehyde in a 100 mM
sodium phosphate buffer (PBS) at pH 7.4 and 4 °C for 24 h; the
samples were carefully washed three times with PBS for 15 min
each time. Afterwards, the samples were gradually dehydrated
by using ethanol:water (30 : 70, v/v) to absolute ethanol for
10 min with each concentration, and washed twice with abso-
lute ethanol, each washing lasting 15 min. The critical point
drying process was performed cautiously in a Tousimis Samdri-
PVT-3D, and the dry samples were mounted to perform gold
sputter coating using Cressington apparatus Model 108auto
and examined using an FEI model Quanta 200 Scanning Elec-
tron Microscope. The electron microscope was adjusted to 25
kv, spot 5.3, and WD 10 mm, taking micrographs with an
Everhart Thornley Detector (ETD).

The ultrastructure of P. syringae was observed with negative
staining by JEOL 200CX TEM. Bacteria treated with silver-
nanotube composites at different time intervals were 2%
uranyl acetate contrasted.
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Fig.1 XRD patterns for selected silver-nanotube structures.

3. Results and discussion

The XRD patterns for the different AgNP loadings on Nts are
shown in Fig. 1. The XRD patterns show the characteristic low-
crystallinity for titanate materials,>® in which all reflections
can be attributed to the orthorhombic phase of titanate
nanotubes, H,Ti,05-H,O (JCPDS 47-0124), and the crystalline
phase of metallic AgNPs (JCPDS 04-0783) (Fig. 1). Hydrogen
titanate is the main crystalline phase in the nanocomposites.
At a low content of silver loading, no reflection peak charac-
teristic of metallic silver was detected, presumably due to the
nanosize of the highly dispersed AgNPs. For 3 wt% of AgNP
loading, two slight peaks ascribed to metallic silver were
identified. This could also indicate that no agglomeration of
AgNPs in clusters occurred during the photodeposition
method of AgNPs, allowing high monodispersion on the
nanotube surface.

The morphologies of the titanate nanotubes were confirmed
through TEM and HRTEM (Fig. 2a and b). The TEM images ob-
tained for the one-dimensional Nt and Nt3Ag materials are shown
in Fig. 2a and b, in which the shape of the nanotubes is clearly
observed. The Nt diameter was 10-14 nm, with a length of ~400
to 600 nm. On the other hand, it was difficult to distinguish some
silver nanoparticles functionalized on the surfaces of the titanate
nanotubes due to their nanosize; for this reason, it was necessary
to use HAADF-STEM observations. In the literature, hydrother-
mally synthesized titanate nanotubes have exhibited diameters of
about 15 nm and lengths from 10 to 100 nm.*¢

HRTEM observations of Nts in Fig. 2b indicate that the
nanotubes are generally three- to four-layered with an inter-
layer separation of ~0.72 nm, and that the titanate nanotubes
have almost uniform inner diameters of ~4 nm and outer
diameters of ~12 nm. The formation mechanism of nanotubes
from commercial TiO, anatase in an alkaline ambient medium
has been described elsewhere.?® On the other hand, it has been
stated that the recrystallization of anatase and rutile phases is
possible, in a complete transformation, due to which very
small peaks attributed to the rutile phase have appeared in
some cases in the XRD patterns. In our work, HAADF-STEM

This journal is © The Royal Society of Chemistry 2019
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Fig.2 TEM images of (a) synthesized silver nanotube composites, bundles of NtAg, with the inset showing the zoomed-in view of the nanotube
morphology and (b) the HRTEM image of Nt3Ag showing inner and outer diameters and the interlayer distance.

Fig. 3 HAADF-STEM images of (a) translucent bundles of the silver nanotube composite, Nt3Ag, and (b) the HAADF-STEM image of Nt3Ag

showing highly-monodispersed AgNPs on the nanotube surface.

helped to identify more clearly the surface AgNPs on the tita-
nate nanotubes, confirming their high monodispersion on the
surface, as suggested by XRD patterns. Fig. 3a shows trans-
lucent bundles of the silver-nanotube composite, in which
with more magnification, the AgNPs are observable. Fig. 3b
shows that some silver nanoparticles were photodeposited
specifically on the titanate surface with an average nano-
particle size of 4 nm.

3.1. Photoassisted annihilation of P. syringae

The photoassisted annihilation of P. syringae bacteria under
visible light irradiation by the photocatalysts as a function of
time is shown in Fig. 4a for the three as-prepared silver-
titanates, titanates alone and the commercial TiO,-P25.
Nt1Ag shows complete annihilation within 20 min, followed by
Nt3Ag, which accomplished complete annihilation within
45 min. Commercial TiO,-P25 showed low photoactivity, only
achieving 5% annihilation after 60 min. The control growth
test is also displayed. As shown in Fig. 4b, Nt1Ag is the most
active photocatalyst contrastingly with the key control tests.

This journal is © The Royal Society of Chemistry 2019

The trial without catalyst showed negligible annihilation
activity, suggesting that the light energy effect (photolysis) of
halogen irradiation exerted an unimportant effect on the
proliferation of P. syringae. Dark tests of the silver-titanates
and silver nanoparticles in solution were developed to check
the biocidal capability of the AgNPs in the absence of visible
light, attaining a biocidal capability of 20% for P. syringae cells
within an hour.

Under visible-light irradiation conditions for P. syringae, the
annihilation of silver-nanotube composites was achieved in less
than 60 min, but only with the Nt1Ag and Nt3Ag composites
with different performances. Nt0.5Ag only achieved 60% P.
syringae cell annihilation. Under dark conditions, the three
loadings on nanotubes suffered a notable decay of activity,
particularly for Nt3Ag above 50%, followed by Nt1Ag, suggesting
the significance of synergic light photoactivation on AgNPs
functionalized on the surface of the titanate Nt1Ag, which
possessed a specific surface area of 260 m* g™, In the case of
the composite with low loading (Nt0.5Ag), the decay of activity
resulted in only 11% cell annihilation. Perhaps the 0.5 AgNP
loading was not enough for both biocidal and photoactivity

Nanoscale Adv., 2019, 1, 2258-2267 | 2261
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Fig. 4 Photoassisted inactivation of P. syringae as a function of time for (a) three loadings of AgNPs on titanate nanotubes, titanate nanotubes
alone and commercial TiO,-P25 and (b) the most active photocatalyst Nt1Ag in contrast with all the controls.

enhancement effects. Single titanate nanotubes exerted an
annihilation effect that was lower than 43%; finally, the
commercial TiO, P25 only achieved 5% of annihilation of P.
syringae cells. In previous research with silver titanate nano-
tubes, the annihilation of Escherichia coli bacteria was achieved
within 60 min using a silver loading of 3%, and the Botrytis
cinerea fungus was annihilated within 20 min.*® Other authors
have used TiO,-based nanotubes and achieved the inactivation
of E. coli and other bacteria in 15 min under a measured light
intensity of 3.6 mW cm™? in the UV range (4 = 360 nm); UV-light
normally exerts an important photolysis effect on bacteria, by
the application of potential, 1.5 VSCE anodic bias, which is an
electrochemically assisted photocatalytic treatment of
bacteria.”’ TiO, nanoarrays modified with Ag displayed
a significant capacity for E. coli inactivation under UV irradia-
tion, achieving 80% reduction of the initial CFU mL™" in
90 min.”® As far as we know, our work is the first one to report
that P. syringae is completely eradicated under solar irradiation
by using sustainable hydrothermally synthetized titanate
nanotubes functionalized with 4 nm AgNPs within 30 min.
According to previous studies, no specific effect of silver nano-
tube composites on a specific microorganism seems to occur.
HRTEM and SEM were used for assessing the photoassisted
inactivation mechanism of P. syringae.

3.2. Morphology and structure of P. syringae assessed with
TEM and SEM during photocatalytic annihilation

P. syringae is a Gram-negative, strictly aerobic bacterium which
is rod-shaped, with polar flagella and dimensions of 0.8-1.5 pm
and 0.6-6.7 um.’ Fig. 5a displays the control P. syringae without
treatment and its cells showed dense straight rod shapes with
EPS (extracellular polymeric substances). P. syringae was
exposed to the Nt1Ag composite and complete photocatalytic
annihilation occurred within 20-50 min, which was confirmed
by all possible controls, Fig. 4b. P. syringae was analyzed by SEM
at different representative time intervals: 5, 10, 15, 30, 45, and

2262 | Nanoscale Adv., 2019, 1, 2258-2267

60 min, in order to reveal the cell damage and possible cell lysis.
Fig. 5b-d display the morphological changes undergone by P.
syringae (Fig. 5b); first, the bacterium shows EPS and some dead
cells marked with white arrows. Then, dead cells increased with
time, showing a possibly dispersed cell content (Fig. 5¢). The
white arrows show two kinds of dead cells; one of them shows
an oval shape with a big central hole and the second one
displays no characteristic oval shape and some of its cellular
content is spread outside the cell. In both cases, it is impossible
that the cells are viable. In Fig. 5c, black asterisks mark the
presence of dispersed cell content; there are deposits of dense
material and membranes without shape, which was confirmed
by TEM characterization. Finally, only aggregated dead cells
were observed (Fig. 5d). The EDS spectrum inset in Fig. 5d
displays the semiquantitative composition of Nt1Ag, showing
its interaction with the bacterial cells. As a further approach and
to visualize in more detail the dead cells interacting with the
silver-titanate nanotubes and check their possible penetration
in cells, TEM investigation was used.

P. syringae pathogenic bacteria at 0 min of photocatalytic
treatment, as control, are shown in Fig. 6a, in which the cells
show an oval shape with some pili and flagellae; the outer
membrane (OM), periplasm (P), and plasma membrane (PM)
are intact. Fig. 6¢, which displays the cell membrane amplified
from Fig. 6a, shows cells with a straight rod shape, a capsule,
and a well-defined outer membrane. Fig. 6b shows several blebs
or vesicles that were formed on the outer membrane in 15 min;
this action is a typical immediate response mechanism of
Gram-negative bacteria that is followed by EPS.*** Fig. 6d shows
clearly the production of outer membrane vesicles (OMVs) on
the surface of bacteria.*® Fig. 6e shows that the interaction with
the nanotubes caused cellular lysis and blebbing in some cells
within 10 min by disruption of the outer membrane and plasma
membrane. Fig. 6g displays the disruption of a cell membrane
amplified from Fig. 6e. Fig. 6f shows detritus of dead cells
without inner content; the cell collapses after one hour, when

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of silver titanate nanotubes on P. syringae observed by SEM. (a) Control; (b) first stage of EPS damage in 10 min; (c) late stage of
damage, emptying of the cell content, 30 min and (d) massive dead cells within 60 min. Exopolysaccharides (EPS) (white arrows); dispersed cell

content (black asterisks).

the annihilation is complete. Fig. 6h reveals an amorphous cell
membrane that is characteristic of dead cells. A schematic
representation is shown in Scheme 1 from the early stage of cell
affectation with EPS secretion to the dispersed cell content and
destruction of the pathogenic bacteria. In the case of P. syringae
cells irradiated only with visible-light and interacting with
commercial TiO,-P25, most of them were only stressed and
presented similar disrupted injuries such as those observed in
Fig. 6b due to the immediate response mechanism of Gram-
negative bacteria.

To verify the Ag content and quantify silver lixiviation in the
titanate nanotubes, inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES) using a 730-ES spectrometer from
Varian Inc. was used. 1.27 ppm of silver after 1 h of sonication,
50 mg of the sample with a higher loading of AgNPs, Nt3Ag, in
50 mL of deionized water, and 21.8 ppm in the case of Ti were
detected.?

Photocatalytic decomposition of the RhB in an aerated
environment was performed to get some insights into the role
played by the silver nanoparticles in ROS generation and photo-
oxidation, which would help understand their role in P. syringae
annihilation.

3.3. Photocatalytic evaluation of silver-nanotube composites

In the photodecomposition of Rhodamine B (RhB) under
visible-light, air was bubbled during degradation to try to
increase ROS on the surface and promote photo-oxidation
reactions. Only the silver composites showed activity for RhB

This journal is © The Royal Society of Chemistry 2019

oxidation, and Nt1Ag was the most active one, reaching almost
40% degradation. All the catalysts followed pseudo-first-order
kinetics (Fig. 7a). The photocatalytic RhB performance of the
NtxAg materials was similar to that reported in the literature for
nitrogen and iron modified titanate nanotubes.*"** The photo-
catalytic decomposition of RhB using Nt1Ag and Nt0.5Ag
nanotubes after 180 min of visible irradiation reached
percentages of 40 and 30%, respectively, with similar perfor-
mance (see Fig. 7b). For the P25-1Ag photodeposited commer-
cial TiO,, the percentage was around 36%. This means that the
morphology of the photocatalyst is not crucial for dye degra-
dation. The possible mechanism for this reaction is the oxida-
tion of the surface hydroxyl groups or water by the valence band
holes and the defects in the crystalline phase structure. Band-
gap energy values are not fundamental to explain the
enhanced behavior, because for P25, the band-gap energy was
3.2 eV and for Nt1Ag, it was 3.1 eV.

The visible-light photodegradation of RhB revealed that the
AgNPs on the surface of nanotubes act as a Schottky barrier,
suppressing the rates of photocatalytic recombination, where
TiO,-P25 and titanate nanotubes were practically inactive for
the degradation of RhB under 450 nm irradiation. When silver
was incorporated with identical loadings, Nt1Ag and TiO,-P25-
1Ag achieved the maximum degradation. Although TiO,-P25
was almost unreactive in the inactivation of P. syringae, the role
of the sharp tubular morphology of silver-titanate composites in
pathogenic bacterium annihilation is important, considering
the high surface area that was confirmed through the

Nanoscale Adv., 2019, 1, 2258-2267 | 2263
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Fig. 6 Effect of the silver nanotube composite Nt1Ag on P. syringae studied by negative staining: (a) control; (b) EPS and OMV formation within
15 min; (c) and (d) enlarged from (a) and (b), respectively; (€) OM and PM disruption (black arrow); (f) detritus of dead cells after one hour; (g) and
(h) enlarged from (e) and (f), respectively. OM = outer membrane; PM = plasma membrane; B = OMVs; EPS = exopolysaccharides.

accelerated annihilation, 294 versus 56 m* g, respectively.>2°
High monodispersion of AgNPs on the titanate surface is
necessary to optimize the surface oxidation reactions and
Schottky barrier function.

The photo-annihilation results correlated with the bacterium
morphological injury during annihilation suggest that the
possible mechanism that renders P. syringae inactive, shown in
Scheme 1, may follow three methods: (i) the photoactive
generation of ROS when irradiated with visible-light that may
stress the cell body and damage the organic composition by
oxidation and reduction of the secretions and the external wall,
avoiding damage to the host plant;* (ii) the surface function-
alization of titanate nanotubes with silver nanoparticles not
only boosted the generation of ROS and redox reactivity, but
also helped achieve an annihilation of 56%, considering the
titanate nanotube activity as the control. This nanocomposite
under dark conditions achieved 75% annihilation, which is
indicative of a synergistic effect of photoactivity and biocidal
effects; (iii) physical damage to the P. syringae cell capsule. SEM
and TEM observations clearly showed the physical deformation
of the cell wall; however, nanotube penetration was clearly not
demonstrated. The main physical damage probably was the

2264 | Nanoscale Adv., 2019, 1, 2258-2267

laceration of the cell wall caused by the sharp morphology of the
nanotubes that may have facilitated cell death, Scheme 1e.>***

The bacterium produces compounds as virulence factors
that wound the plant;>® likewise, as part of its defense mecha-
nism, it secretes external proteins which were identified by SEM
and TEM. The production of compounds in response to envi-
ronmental stress and as a first resistance mechanism gives rise
to possible cell disruption of the bacterium defense mechanism
that causes the production of outer membrane vesicles on
bacteria. The OMVs and deformation of the outer membrane by
disruption were expected to prevent the penetration of nano-
particles; however, the morphology of nanotubes permeated the
outer membrane, thus accelerating the annihilation of bacteria
and stopping the proliferation irreversibly. This is an important
advantage in contrast with fungicides and antimicrobial agents.
Chemical compounds need to enter cells via the cell wall and
membrane to exert their activity, and some of the compounds
are already diluted in biofilm formation. The constant ROS
generation by visible irradiation of composites, the bacterio-
static effect of surface AgNPs and the sharp nanotube
morphology that produces mechanical stress are key to pre-
venting the bacterial resistance of P. syringae.

This journal is © The Royal Society of Chemistry 2019
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Schemel Pseudomonas syringae: different stages of cell damage during photoinactivation. (a) Before photocatalytic treatment, (b) beginning of
ROS generation under visible-light irradiation and 1st stage of bleb formation, (c) 2nd stage of OMVs formation and secretion and bigger and
quasi-spherical vesicles, (d) 3rd stage of OMV separation from membranes and (e) complete disruption ending with cell lysis. Schematic

representation of the boosted generation of ROS and redox reactivity.

3.4 Photocatalysis as a tool for pathogenic microorganism
eradication

The action of silver nanotube composites is not microorganism
specific; it depends on the loading of silver nanoparticles and
biological characteristics of the pathogenic microorganism,
and most of the pathogenic microorganisms were annihilated
in 1 h. The importance of examining the morphological
changes of microorganism cells by SEM and TEM by means of
a reproducible biological protocol for sample preparation
provides key insights to understand the annihilation mecha-
nism; in the case of P. syringae, the formation of OMVs is
a resistance mechanism of the cell against cell lysis, which
leads to the annihilation of the bacteria within 30 min. The

well-known E. coli displays membrane damage, inhibition of
EPS and formation of many aggregates of dead cells; the tita-
nate morphology that damaged the integrity of the capsule
promotes the elongation of the cell size and density loss in
the central part of some cells. The phytopathogenic fungus
B. cinerea was annihilated by manifesting plasmalemma
invagination that expanded the conidia to induce cell death.*
The penetration by mechanical stress was not evident from the
above studies; nevertheless, the induction of cell death was
achieved in a short time with photochemical, mechanical and
biocidal properties at the same time, which meant that the
development of the microorganism resistance seemed impos-
sible. Further experiments using molecular and biochemical
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Fig.7 Photocatalytic degradation of RhB under visible-light irradiation for revealing the surface oxidation reactions: (a) fitted line for C/Cq and (b)

a bar graph showing % degradation.
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tools are still needed in order to unravel the intracellular
alteration and the signal transduction pathways that are
involved during the P. syringae response to AgNPs. An effective
control strategy in a very short time acts in three simultaneous
ways: through photochemical reactions, mechanical damage
by the nanotubular morphology and silver biocidal properties
made pathogenic cell microbial resistance impossible with
time, inhibiting its propagation.

4. Conclusions

New reactivity insights into photocatalytic phenomena at the
microorganism-nanomaterial interface were possible by
means of a reproducible biological SEM and TEM protocol for
sample preparation that helped understand the annihilation
mechanism of silver titanate nanotubes, more specifically by
Nt1Ag. The formation of blebs and/or outer membrane vesi-
cles (OMVs) is a resistance mechanism of the P. syringae cells
against cell lysis, which leads to the annihilation of the
bacteria within 30 min. The synergistic mechanism of silver
functionalized nanostructures challenged the defense mech-
anisms of bacteria and induced fast irreversible cell death of
pathogens by a tool aimed at preventing the development of
bacterial resistance.
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Abbreviations

P. syringae Pseudomonas syringae

CFU Colony-forming unit

ROS Reactive oxygen species

oMV Outer membrane vesicles

RhB Rhodamine B dye

VSCE Potential applied on a saturated calomel electrode
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