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Abstract

Self-assembled 3D structures with 0, 1 or 2D nano building blocks are fascinating due to
its astounding new and enhanced properties for various applications. Here we report the
acetonitrile mediated synthesis of self-assembled bulk cylinder of length ~ 9.00 cm and
diameter ~ 4.0 cm consolidated with ultralong and very thin silver vanadate nanowires
and its enhanced antibacterial activity. The addition of acetonitrile during synthesis and
its volumetric concentration plays an important role in the self-assembly. The use of 30
mL acetonitrile during the mixing of the reactants AgNOs and NH4VOs and post
hydrothermal treatment at 200 °C for 12 h result the formation of bulk cylinder like
structure. X-ray diffraction (XRD) and Scanning electron microscopy (SEM) revealed that
the bulk cylinder is consolidated with ultrathin and long B-AgVOs nanowires having
minimum diameter ~16 nm and of undefined length (approximately 10 um long). The self-
assembled B-AgVOs nanowire like structure with very high surface area exhibited very
high antibacterial activity against Listeria innocua ATCC 33090 and Staphylococcus
aureus ATCC 25923 and Escherichia coli ATCC 25922, as Gram-positive and Gram-

negative bacteria, respectively.
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Introduction

Various silver vanadium oxide (SVO) phases depending on the oxidation states and
stoichiometric /nonstoichiometric compositions of silver, vanadium and oxygen exhibit
variety of crystal structures and hence strikingly new properties[1-8]. Among all silver
vanadate compounds, B-AgVOs is one of the most stable structures and explored for its
astounding applications in the area of sensors [9], biosensors [10], photocatalysis [11,
12], tribology [13-16], lithium ion battery [17], antibacterial applications [18, 19] and many
more yet to be explored. Interestingly, the various properties of AgVOs are highly
dependent to the synthesis strategies, hierarchical morphology, crystal structures, mixed
phases, and surface properties of the product [20]. Lithium/silver vanadium oxide is
potentially used as an efficient battery for implantable cardioverter-defibrillators which not
only monitor the electrical signals from heart beat but also senses when the heart beats
are irregular or dangerous [21]. Various approaches have been developed for the growth
of AgVOs[22, 23], modified structures and its composites to improve the desired
properties of photocatalytic activities [24-28], degradation of organic pollutants [29, 30],
lubricious behavior [13, 14, 16], electrochemical performance [31-34], rechargeable
lithium batteries, [35] tribological behavior [36, 37], creation of SERS hot spots [36, 38,
39], organic sensors [40], tunable electric properties [41] etc. Recent advances in the
synthesis of nanomaterials have created a widespread scope and strikingly new
opportunities to explore its applications in the area of bio medicine and clinical research
[42]. Metallic nanoparticles [43, 44], specially silver [45, 46], and gold [47, 48] have been
extensively studied from their antibacterial point of view. The surface modification,
functionalization or capping with various agents have shown a significant improvement
on the antimicrobial efficacy. [49-54] Silver based nanostructures can be promising
candidates for the development and significant improvements of new and effective
antimicrobial systems due to higher adsorption at bacterial surfaces, oxidative dissolution
of nanomaterials, etc. Recently, it has been found that vanadium related compounds
having oxidation states of V(lll), V(IV) and V(V) are of great biological relevance because

of its ability to mimic phosphate groups and vice versa[55]. Highly crystalline metastable



polymorphs of AgVOs were already developed via protein inducing process by utilizing
various proteins like bovine hemoglobin, bovine serum albumin, and lysozyme[56]. other
works have already shown the addition of different concentrations of f-AgVO3s with dental
acrylic resins improved the antibiofilm activity against C. albicans and S. mutans [57].
Incorporation of TiO2 into the AgVOs improved the photocatalytic and antibacterial
activities [19]. Recently, it was reported that metastable a-AgVOs which is thermally
transformed into B-AgVOs at 200 °C [5] exhibited high antibacterial activity against
methicillin-resistant Staphylococcus aureus [58].

Self assembled silver and vanadium based compound with very high surface area can
have enhanced antibacterial activity. Antimicrobial activities of self assembled structures
made up with ultralong and very thin nanowires were analyzed against Listeria innocua,
Staphylococcus aureus and Escherichia coli following international normative ASTM
E2149-10.

Results and discussion

Structural/Microstructural Characterizations

Figure 1 shows the various optical images of the synthesized ultralong SVO nanorods
consolidated into bulk cylinder as obtained after mixing the reactants followed by
hydrothermal treatment. Figure la is the image of the resultant solution before putting in
the furnace obtained after 2hrs of mixing the reactants until the pH got saturated. The
solution was a homogeneous light-yellow color suspension and a part of it was also
preserved separately to see any change in the structures without the hydrothermal
treatment. Figure 1b is the image of the as-synthesized material just after taken out from
the furnace after hydrothermal treatment. As can be seen, the structure grown, are in the
form of a cylindrical shape where the bottom and surfaces are supported by the walls of
the autoclave. The structure was easily transferred into a vessel filled with distilled water.
Figure 1c shows the bottom view of the bulk cylinder which clearly shows the highly
porous structure. The diameter of the cylinder is ~ 4.00 cm. The Top view of the open-

ended cylinder can be seen in the Figure 1d. A complete view of the as obtained bulk



cylinder is shown in Figure 1le having a vertical length of ~ 9.00 cm and diameter ~ 4.00

cm.

Figure 1: (a) As obtained suspension after mixing the reactants and pre hydrothermal
treatment; (b) As obtained structure after hydrothermal treatment; (c, d) Bottom and top
view of the SVO bulk cylinder having diameter 4.00 cm; and (e) A complete view of the
as obtained SVO bulk cylinder suspending in the distilled water and having length ~ 9.00

cm.

The preserved solution before hydrothermal treatment formed hydrogel like structure
which was further characterized by SEM. Figure 2 shows SEM images of the hydrogel as
obtained at ambient condition without any hydrothermal treatment. Figure 2a and b show
the large amount of very thin film wavy like structures. The structures resemble to the
various 2D like layered structures, such as graphene and MoS:2 and WSz, etc. The thin
films were very flexible and formed into a curved shape. The magnified image 2c and 2d
show that these thin films were consolidated with millions of ultrathin flexible nanorods



like structures. It seems that first the nucleation starts at room temperature and then they
started to grow in the ultralong nanorods shape with flexible wavy shaped and finally self-
assembled into the form of thin films like cotton threads. Although crystallinity of the
nanorods is very poor and lengths are undefined due to threaded with one another.
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Figure 2: (a, b) Low magnification SEM images of the hydrogel as obtained without
hydrothermal treatment. (c, d) High magnified SEM images reveal the formation of flexible

undefined ultralong nanorods, self-assembled into wavy thin film like structures.

Panel of Figure 3 shows the SEM images of the as-synthesized bulk cylinder
walls after samples were freeze dried. In contrast to the samples without hydrothermally
treatment, a large number of nanorods with better defined shape and morphologies can
be observed. The higher crystallinity was achieved by the operating hydrothermal



temperature for long time. Figure 3a and 3b show the low and high magnification images
that revealed the formation of large number of nanorods like structures. Higher magnified
image, as shown in Figure 3c, indicates the formation of ultralong nanowires with defined
morphologies due to better crystallinity. As Figure 3d shows, the cylinders wall is

interwoven by flexible nanowires having widths in the range of 16-50 nm.

Figure 3. (a, b) Low magnification SEM image of the freeze-dried sample of the as
obtained material after hydrothermal treatment; (c, d) High magnified images show the
ultralong and flexible nanowire like structure.

The panel of Figure 4 represents the pH and Temperature variation during reaction time
and also structural/spectroscopic characterizations of the as synthesized materials. The
Figure 4a is the graph of pH and temperature variation versus time during the mixing of



the reactants. During the initial 5 min, the pH of the NH4VO3 solution suddenly dropped
due to the mixing of the acetonitrile admixed AgNOs3 solution which gradually increased
with respect to the time until gets saturated after one hour. The saturated pH was
recorded ~ 6.4. A gradual increment in the temperature from 18.5 to 22 °C shows that
the reaction was exothermic. After the pH saturation, the solution turned into light yellow
color, as it can be seen in the Figure la. In absence of acetonitrile, the reaction kinetics
was very fast and the yellow precipitate contained a large number of comparatively thicker
and shorter a-AgVOs nanorods, as already reported by our group [15]. The presence of
acetonitrile and its concentration is a critical factor for the growth of ultralong nanowires
and specific form of bulk cylinder. Acetonitrile slowed down the reaction kinetics and
favored the formation of large number of very small nuclei and hence the growth of
ultrathin nanowires. The low concentration of acetonitrile ~ 5mL resulted into 3D spongy
like circular structures reported previously by us [59]. It was noticed that without
acetonitrile the reaction was quick and initially presented an orange color particle
formation which turned into yellow color precipitate finally within 30 mints after mixing the
reactants. Whereas in 5 mL acetonitrile, the orange color suspension was observed which
got precipitated and settled down after 90 min. The 30 mL Acetonitrile solution slowed
down the reaction kinetics up to a great extent and did not allow the precipitation, even
after 2 h of reaction and a very light-yellow color suspension was observed before
hydrothermal treatment (Figure 1la). The XRD pattern of the as synthesized material
confirmed the formation of monoclinic B-AgVOs structure and all the diffraction peaks
match well with JCPDS card no. 29-1154, with 12/m(12) space group (Figure 1b).
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Figure 4: (a) Reaction pH and Temperature vs Time curves during the mixing of the
reactants; (b) XRD pattern of the as obtained product after hydrothermal treatment; (c)

Raman; and (d) XPS spectra of the as synthesized material.

All the vibrational modes and hence the corresponding Raman peaks are exact match of
the pure B-AgVOs phase as theoretically predicted by Benmokhtar et al [60] and reported
by Q. Bao et al. [61, 62]. The recorded vibrational Raman spectra is shown in Figure 4c.
In the recorded spectra corresponding Raman peaks of V-O bending modes,
symmetric/asymmetric stretching modes of V-O-V bonds and short terminal V=0 bonds
lie in the range of 300-400 cm™, ~500 and 700 cm™ and higher than 800 cm™
respectively. The most intense peak at 886 cm™ and a weak band noticed at 844 cm™
are due to the V-O-Ag/ O-V-O vibration and stretching vibrations of VOs groups in the
(V207)* ion respectively. The composition and purity of the as synthesized B-AgVOs

nanowires was examined by XPS measurements as shown in Figure 4d. Various peaks



in the different range of spectrum correspond to the states of carbon, oxygen, silver and
Vanadium confirms the formation of B-AgVOs structure. The peak observed at lower
energy value at 284 eV is identified as C 1s bond whereas three peaks situated at 516,
523 and 529 eV correspond to V2p(3/2), V2p(1/2) and O1l1s respectively. Ag peaks
corresponding to the states of Ag3d(5/2) and Ag3d(3/2) are located at 367 and 373 cm™.
All the corresponding peaks of the spectra confirm the formation of B-AgVOs

nanostructure.

Antimicrobial Activity of AgVOs Nanowires

Figure 5 shows the schematic diagram of the antibacterial activity of the as synthesized
materials. The antimicrobial activities of AQVOs were studied against Listeria innocua and
Staphylococcus aureus, as Gram-positive bacteria, and Escherichia coli, as Gram-
negative, owing to study the influence of different cellular structure on antimicrobial
activity. Antimicrobial results were expressed as log cycles reduction. As Table 1 shows,
antimicrobial effect of these nanowires was strongest against Staphylococcus aureus,
leading to the highest microorganism reduction, followed by bacterial reduction of
Escherichia coli and Listeria innocua. Results were quite interesting because of two main
reasons: i) cell reduction occurred at high cell concentrations; working bacterial solutions
were modified to 108 CFU/ mL, fact that evidenced the enormous antimicrobial activity of
these structures; ii) a relation between type of bacteria and antimicrobial activity was not
found. Silver nanowires were more active against Gram positive bacteria only in the case
of S. aureus, because L. innocua was found to be less affected than E. coli (Gram
negative bacteria). Although silver vanadate showed variable efficiency depending the
microorganism, antimicrobial capacity of this compound against both bacteria types was
hugely stronger than that of common antimicrobial substances, such as natural-based
extracts or essential oils. Thymus species have been reported to present high inhibition
of food-spoilage organisms with values of 900 pg/mL as minimum bactericidal
concentration against several microorganisms at 105 CFU/ mL, while MBC values of these
nanostructures against microorganisms at 108 CFU/ mL concentrations were between 50-

150 pg/mL [63]. Turnidge et al. [64] studies have also presented minimum inhibition
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concentration (MIC) values of excellent antibiotics were between 50-1400 pug/mL, when
bacterial working solutions were approximately 1000 times lower.

Regarding to the antimicrobial mechanism of action of these silver vanadate
nanostructures, some studies have declared the mechanism of the antimicrobial activity
can be derived from the oxidative stress provoked by the production of oxygen reactive
species (ROS) such as OH", O2" and O2H". Hydroxyl radicals and protons are formed by
water decomposition, and other radicals, such as O2H" radical, are formed by interaction
of protons with oxygen. On the other hand, several vanadate radicals can be also formed,
such as [VO4]-4, [AgO42V0], [AgOsVo] and [AgOs] [65]. Other researchers have shown
bactericidal action of silver (as Ag* ions or Ag clusters) is due to their strong interaction
with thiol groups present in the enzymes involved in bacterial cell metabolism, leading to
cell death [66, 67].

Although the exact mechanism of bactericidal action was not yet understood, a
proposed mechanism stated that silver nanoparticles in contact with the bacterial cell
membrane can be oxidized, and silver ions formed inhibit the action of enzymes
responsible for cell metabolism. The presence of silver ions also generates ROS which
damage the cells. Due to their acid condition, silver ions present a strong tendency to
react with sulfur and phosphorous, compounds present mainly in cell membrane proteins
and DNA nucleic acids. This fact attacks cell capacity to replicate. [67, 68] Additionally,
the interaction between antimicrobial substances with bacteria is mainly through cell
membrane by electrostatic interaction, and several works have associated the effect of
changes in antibacterial results with the differences in the morphology of the bacterial
membranes [68]. Cell wall of Gram-positive bacteria contains more peptidoglycan, which
confers cell rigidity, the outer membrane of Gram-negative bacteria contains
lipopolysacharides, which can create a permeability barrier more resistant to antimicrobial
compounds but can be also very susceptible to peroxidation. The effectiveness of these
antimicrobial structures will be dependent on diffusion and attack of oxidants to the
underlying vital sites [69].
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Figure 5. Scheme of methodology used for antimicrobial analysis.
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Table 1. Antimicrobial results of as synthesized -AgVOs nanowires.

Microorganisms:

Escherichia coli

Listeria innocua

Staphylococcus aureus

AgVOs Cel. conc. Log Cel. conc. Log Cel. conc. Log
Sample (ug/mL) (UFC/mL) reduction (UFC/mL) reduction (UFC/mL) reduction
Control 0 2.40 E+08 - 2.92 E+08 - 1,43E+08 -
Va1l 25 7.33 E+03 4.6 1.33 E+03 5.3 2,51E+03 48
Va2 50 1.63 E+08 5.2 1.80 E+04 4.2 0 8.2
Va3 100 0 8.4 2.87 E+03 5.0 0 8.2
Va4 150 0 8.4 0 8.5 0 8.2
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Conclusion

Self-assembly of bulk cylinder interweaved by silver vanadate nanowires is realized by
acetonitrile mediated hydrothermal route. The addition of acetonitrile during reaction time
not only augmented the surface area of the 3-AgVOs nanostructures up to a remarkable
extent but also interestingly shows very high antibacterial activity against Listeria innocua
ATCC 33090 and Staphylococcus aureus ATCC 25923 Gram-positive and Escherichia
coli ATCC 25922, Gram-negative bacteria. This synthesized material can further be
utilized for the study of the various catalytic/photocatalytic and tribological properties to
see any enhancement in corresponding behavior. The perfect beaker shaped Macro/nano
structure can have future scope of utilization and commercialization as a container for the

filtration of bacteria and viruses.

Experimental

Synthesis of Bulk cylinder consolidated ultralong SVO nanorods

All the necessary chemicals and reagents such as ammonium vanadate (NH4VOz3) silver
nitrate (AgNO3) and acetonitrile were of high purity and purchased from Sigma Aldrich.
First the 5 mM (~0.0585 g) of NH4VOs solution was prepared in 100 mL of distilled water
under constant magnetic stirring to get a homogeneous solution. Separately 10mM (~
0.1699 g) of AgNOs solution was prepared into 70 mL of distilled water under stirring to
obtain homogeneous transparent solution. Then 30 mL of acetonitrile was added into the
70 ml of AgNOs solution and stirred for 15 min to obtain a 100 mL solution to maintain 1:1
volumetric ratio with NH4VOs. The solution of AQNO3s and acetonitrile was transferred into

the NH,VO, solution, under constant magnetic stirring. During the mixing the pH and

temperature were also monitored by OAKTON pH and temperature meter until the pH
was stable (~ 2 hrs). Optical images were recorded at different time interval of 0, 30, 60,
120 mints to see any visual change in the color of the solution and finally a very light-
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yellow color solution was obtained.
Hydrothermal treatment

The obtained very light-yellow color solution after 130 minutes was finally transferred into
a 300-mL stainless steel autoclave for hydrothermal treatment. The hydrothermal
treatment was done in high temperature box furnace at 150 °C for 10 hrs. After 12 hrs the
sample was cooled down to room temperature with a cooling rate of 2 °C per minute
which took around an hour more. A yellow color cylindrical structure from bottom to top
having cylindrical configuration supported by the wall of the autoclave was observed
which was easily transferred into a beaker filled with distilled water. Finally, the obtained
bulk cylindrical structure was freeze dried to dry and for further characterizations and

application.
Structural/microstructural/spectral characterizations

The as-synthesized materials were characterized by X- ray diffractometer (Shimadzu
XRD 6000, 40 kV and 30 mA, Cu-Ka radiation) for structural analysis. Spectral analysis
such as Raman and X-ray photoelectron spectroscopies (XPS) were performed to
characterize the vibrational modes, as well as chemical bonding. The Raman spectra
were recorded using Renishaw inVia Raman microscope with 514 nm laser excitation.
The chemical composition was investigated by PHI Quantera XPS, on a PHI-5000C
ESCA system with Al Ka X-ray as an excitation source. The shape and morphology of
the as-obtained materials were characterized by Zeiss SEM at 30 kV for microstructural
characterization without any metal or carbon coating with the fully dried sample loaded

on a copper tape.

Antimicrobial activity of AgQVOs nanowires

The antimicrobial activity under dynamic contact conditions of silver vanadate nanowires
were tested against Listeria innocua ATCC 33090 and Staphylococcus aureus ATCC
25923 and Escherichia coli ATCC 25922, as Gram-positive and Gram-negative bacteria
models, respectively, following the International Normative ASTM E2149-10 with some

15



modifications. Methodology performed is summarized in scheme shown in Figure 5.
Bacterial strains were obtained from Biotechnology and Applied Microbiology Laboratory
(LAMAP) from the University of Santiago of Chile (Santiago, Chile) and stored in glycerol
30% at -80 °C until needed. For experimental use, the stock cultures were maintained on
Tryptone soy agar (TSA) slants at 4 °C and transferred monthly. Prior to each experiment,
a loopful of each strain was transferred to 5 mL of Tryptone soy broth (TSB) and incubated
at 37 °C for 16 h to obtain fresh early-stationary phase cells. Cell cultures of each
microorganism in stationary phase measured at 600 nm were diluted in TSB and
incubated at 37 °C until reach the exponential phase corresponding with a bacterial
concentration of 108 CFU/ mL. Dilute appropriately into sterile buffer solution to obtain a
final concentration of 10° CFU/ mL following the normative. Since inhibition was total, the
working bacterial solutions was increased to 108 CFU/ mL in order to end up with log
reduction cycles. AgVOs solutions were made up in sterile buffer to study the antimicrobial
activity expressed as log reduction bacteria, and phosphate buffer solution was used as
a control. Compounds were put in contact with bacterial solution and stirred overnight.
Then, 10 pL of mixture and serial dilutions of samples in order to quantify microbial

population was grown in a Petri dish at 37 °C during 16 h.
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