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A B S T R A C T   

Although Ag-based materials are efficient against antibiotic-resistant bacteria, their high toxicity to living or-
ganisms represents a major challenge for obtaining useful products. In this work, we report the bactericidal 
activity of Ag4V2O7/β-AgVO3 heterostructures, which proved to be effective against Klebsiella pneumoniae (ATCC 
1706, a standard strain; A54970, a multidrug-resistant carbapenemase (KPC)-producing strain; A34057, a 
multidrug-resistant strain capable of producing extended spectrum beta-lactamases (ESBL); and a community- 
isolated strain, A58240) at minimum inhibitory concentrations (MIC) as low as 62.5 μg/mL. This activity is 
higher than that reported for the individual silver vanadates (Ag4V2O7 or β-AgVO3) owing to the synergistic 
interactions between both semiconductors. However, the most efficient heterostructure was found to be toxic to 
mouse 3 T3 fibroblasts and to L. sativa and C. sativus seeds, as indicated by MTT ((4,5 - dimethylthiazol -2yl) 2,5 
-diphenylbromide), neutral red assays and germination index measurements. The antimicrobial, phytotoxic and 
cytotoxic activities were all associated with an efficient generation of reactive oxygen species (ROS) in the 
heterostructure, especially •OH and •O2

− radicals. The ROS production by Ag4V2O7/β-AgVO3 heterostructures was 
measured through photodegradation studies with Rhodamine B. While the bactericidal activity of the hetero-
structures is promising, especially when compared to Ag-based materials, their use in practical applications will 
require encapsulation either to avoid leaching or to mitigate their toxicity to humans, animals and plants.   

1. Introduction 

Antibiotic-resistant bacteria are a severe public health problem ac-
cording to the World Health Organization (WHO). For such reason, in 
order to reduce the spread of antimicrobial resistance and help in the 
prevention of infections, the WHO published in 2017 a list of 12 classes 
of bacteria resistant to most existing treatments [1,2], including the 
Gram-negative bacterium Klebsiella pneumoniae (K. pneumoniae) – an 

opportunistic pathogen that can cause various infections and that is 
increasingly resistant to antibiotics [3,4]. Thus, it becomes extremely 
necessary not only to develop effective drugs to combat bacteria, but 
also to design some strategies to prevent new infections. The latter in-
cludes surface coatings to eliminate microorganisms by contact, or the 
use of polymer additives to prevent bacteria proliferation [5–8]. Silver- 
based materials are considered promising candidates for antimicrobial 
agents due to their ability to produce reactive oxygen species (ROS) even 
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E-mail address: marcelostassis@gmail.com (M. Assis).   

1 The authors contributed equally to the work. 

Contents lists available at ScienceDirect 

Biomaterials Advances 

journal homepage: www.journals.elsevier.com/materials-science-and-engineering-c 

https://doi.org/10.1016/j.bioadv.2022.213097 
Received 18 May 2022; Received in revised form 26 July 2022; Accepted 24 August 2022   

mailto:marcelostassis@gmail.com
www.sciencedirect.com/science/journal/27729508
https://www.journals.elsevier.com/materials-science-and-engineering-c
https://doi.org/10.1016/j.bioadv.2022.213097
https://doi.org/10.1016/j.bioadv.2022.213097
https://doi.org/10.1016/j.bioadv.2022.213097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioadv.2022.213097&domain=pdf


Biomaterials Advances 141 (2022) 213097

2

in dark conditions, in addition to their possible controlled release of Ag+

ions and high stability [9–16]. 
The interest in silver materials, especially semiconductors, dates 

back to the early years of analog photography, but a resurgence has 
occurred with silver oxide-based ternary semiconductors such as silver 
vanadates [17,18]. The silver vanadate AgVO3 has three polymorphic 
structures (α, β and γ), with the beta phase being the most stable under 
ambient temperature and pressure conditions [19]. It is also highly 
versatile [20–22], being applied as a photocatalyst [23–25], and a 
bactericidal material [24,26] as well as in batteries [27,28] and sensors 
[29]. In addition, AgVO3 has antimicrobial activity against some path-
ogens such as C. albicans, S. aureus, E. coli, P. aeruginosa, L. fermentum, 
B. subtilis, E. faecalis, C. horii, F. guttiforme and S. enterica [30–34]. The 
silver vanadate Ag4V2O7, on the other hand, is used as a photocatalyst 
for organic pollutants that are harmful to the environment [35–37]. 
These vanadates and other nanostructured semiconducting surfaces are 
useful as antimicrobial agents since they can generate ROS and reduce 
cell adhesion via neutralization of electrostatic forces, thus damaging 
the microbial cells [38]. 

The main challenge in obtaining a good antimicrobial material is to 
reach a balance between its activity and toxicity to humans, animals and 
plants. In many cases, excellent antimicrobial agents may also cause 
undesirable toxicity to animals and vegetables organisms. For instance, 
the release of Ag+ and V4+/V5+ from Ag/β-AgVO3 incorporated into 
dental resin caused cytotoxicity in mouse fibroblast L929 cells [39]. 
Cytotoxic effects on human gingival cells (HGF) were also observed as a 
result of the release of Ag/β-AgVO3 ions incorporated into commercial 
endodontic cements – even though genotoxic effects were not found 
[40]. In aquatic environments, Artal et al. reported that above 1 μg/L, 
Ag/β-AgVO3 showed cytotoxic activity against the microcrustacean 
Daphnia similis [41]. At minimal inhibitory concentrations (MIC) to the 
fungus C. albicans, α-AgVO3 did not have cytotoxic nor genotoxic effects 
against human keratinocytes (NOK-SI) [42]. All these results evidence 
that the toxicity analysis is crucial for the safe use of these materials. 

In this work, we report the synthesis of the silver vanadates AgVO3 
and Ag4V2O7 and their heterostructures by a simple precipitation pro-
cess. The rationale behind the synthesis of such heterostructures in-
volves the minimization of the detrimental electron (e− )-hole (h+) 
recombination that is typical of vanadates, as this recombination 
shortens the lifetime of charge carriers and limits their availability for 
producing ROS. Additionally, the e− -h+ recombination can be sup-
pressed in semiconductor-semiconductor heterostructures with appro-
priate band alignment [43], since AgVO3 and Ag4V2O7 are known to 
form heterostructures with metals and/or other semiconductors 
[26,33,44]. To the best of our knowledge, this is the first study exploring 
Ag4V2O7/β-AgVO3 heterostructures, which proved to have enhanced 
activity against K. pneumoniae in comparison with the pure vanadates. 
Lastly, the cytotoxicity and phytotoxicity of the vanadates were also 
analyzed. 

2. Experimental section 

2.1. Synthesis of Ag4V2O7 powder 

The Ag4V2O7 powder was synthesized by chemical precipitation, as 
adapted from Oliveira et al. [20]. Initially, 2.10− 3 mol of ammonium 
metavanadate (NH4VO3; 99.0 %, Sigma-Aldrich; CAS Reg. No. 7803-55- 
6) was dissolved in 50 mL of distilled water under magnetic stirring and 
then heated for complete solubilization. Afterwards, 4 × 10− 3 mol of 
silver nitrate (AgNO3; 99.8 %, Cennabras; CAS Reg. No. 7761-88-8) was 
solubilized in 50 mL of distilled water, followed by a few drops of 
ammonium hydroxide (NH4OH) (30 % in NH3, Synth) until the solution 
became clear. Both solutions were kept at 30 ◦C and mixed, causing the 
immediate release of the silver precursor onto the vanadate precursor 
and giving rise to the formation of the Ag4V2O7 precipitate (yellowish 
precipitate). The mixture was centrifuged, and the precipitate was 

washed several times with distilled water and finally dried at 60 ◦C in an 
oven for 12 h. 

2.2. Synthesis of β-AgVO3 powder 

The synthesis of β-AgVO3 powder was performed via chemical pre-
cipitation, according to a procedure adapted from a previous work [45]. 
At first, 1 × 10− 3 mol of ammonium metavanadate (NH4VO3; 99.0 %, 
Sigma-Aldrich; CAS Reg. No. 7803-55-6) was dissolved in 50 mL of 
distilled water under magnetic stirring followed by heating for complete 
solubilization. Subsequently, a clear solution of 1 × 10− 3 mol of silver 
nitrate (AgNO3; 99.8 %, Cennabras; CAS Reg. No. 7761-88-8) was 
formed in 50 mL of distilled water. Both solutions were heated to 
approximately 60 ◦C and mixed, leading to the release of the silver 
precursor onto the vanadate precursor and forming the β-AgVO3 pre-
cipitate (orange color). The mixture was then centrifuged, and the 
precipitate was washed several times with distilled water and dried at 
60 ◦C in an oven for 12 h. 

2.3. Synthesis of Ag4V2O7/β-AgVO3 heterostructures 

The heterostructures were formed by ultrasonic mixture. The pro-
portions listed in Table 1 were chosen because they yielded a uniform 
coating. Higher amounts of β-AgVO3 than those shown in Table 1 caused 
non-surface leftovers in the Ag4V2O7 particle, while lower amounts were 
insufficient for an effective coating. The quantities chosen, which were 
equivalent to x mol (x = 0.001, 0.002, 0.005 and 0.010) of β-AgVO3 
powder, were dispersed in 20 mL of distilled water using an ultrasonic 
bath for 20 min. The four 0.100 mol Ag4V2O7 solutions in Table 1 were 
separately dispersed in 20 mL of distilled water using an ultrasonic bath 
for 20 min. The ultrasonic treatment was carried out to enhance the 
dispersion of powders. For decoration, each Ag4V2O7 solution was 
added to the β-AgVO3 solution under an ultrasonic bath, and the mixture 
was stirred for 20 min at room temperature. The powder samples were 
centrifuged, washed with distilled water, and dried in a conventional 
furnace at 60 ◦C for 24 h. The heterostructures were thereafter named 
100:1, 50:1, 20:1 and 10:1, respectively. 

2.4. Characterizations 

The samples were characterized by X-ray diffraction (XRD) using a 
D/Max-2500PC diffractometer (Rigaku, Tokyo, Japan) and Cu Kα radi-
ation (λ = 1.5406 Å) in the 2θ range of 15–65◦ and a scanning speed of 1◦

min− 1. The peaks were indexed according to standards of the Inorganic 
Crystal Structure Data (ICSD). Fourier-transform infrared spectroscopy 
(FTIR) was performed at room temperature using a Jasco FT/IR-6200 
spectrophotometer (Japan) operating in absorbance mode. The spectra 
have a resolution of 4 cm− 1 and 32 accumulations per measurement in 
the range of 400–4000 cm− 1. These measurements were performed on 
12-mm diameter pellets containing 1 % by weight of each sample mixed 
with 99 % by weight of KBr (99 %, Sigma-Aldrich). Micro-Raman 
spectra were recorded using an iHR550 spectrometer (Horiba Jobin- 
Yvon, Kyoto, Japan) coupled to a silicon CCD detector and an argon- 
ion laser (Melles Griot, Rochester, NY USA) operating at 514.5 nm and 
with a maximum power of 200 mW. A fiber optical microscope was also 
employed. The morphological characteristics of the materials were 
examined using an Inspect F50 scanning electron microscope (SEM) 

Table 1 
Proportion of each component and nomenclature of the heterostructures.  

Nomenclature Ag4V2O7 (mol) β-AgVO3 (mol) 

100:1  0.100  0.001 
50:1  0.100  0.002 
20:1  0.100  0.005 
10:1  0.100  0.010  
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(FEI, The Netherlands) adjusted to an acceleration voltage of 5 or 20 kV 
and at a working distance of 3 mm. The samples were prepared by 
dispersing the powders in water and then depositing them on metal Si 
plates. Transmission electron microscopy (TEM) and high-resolution 
TEM (HR-TEM) were performed on a Jeol JEM 2100 Plus microscope 
operating at 200 kV. High-angle annular dark-field (HAADF) image and 
elemental mapping by energy-dispersive X-ray spectroscopy (EDS) were 
recorded in scanning TEM (STEM) mode. UV− Vis spectroscopic mea-
surements were carried out with a Cary 5G spectrometer (Varian, USA) 
in diffuse reflection mode, in the wavelength range of 800 to 200 nm and 
at a scan speed of 600 nm/min. Photoluminescence (PL) measurements 
were performed at room temperature with the samples excited by a 355- 
nm laser (Cobolt/Zouk) focused on a 200-μm spot at a constant power of 
5 mW. All deconvolutions were made using Voigt area function in 
PeakFit software (version 4.05). 

2.5. Antimicrobial activity 

For the antimicrobial activity, we choose four different strains of 
Klebisella pneumoniae: K. pneumoniae ATCC 1706, a standard strain; 
K. pneumoniae A54970, a multidrug-resistant carbapenemase (KPC)- 
producing strain; K. pneumoniae A34057, a multidrug-resistant strain 
capable of producing extended spectrum beta-lactamases (ESBL); and a 
community-isolated strain, K. pneumoniae A58240. KPC and ESBLs are 
enzymes that confer resistance to most carpabenem-like and beta-lactam 
antibiotics respectively, including third-generation cephalosporins and 
monobactams, and they are often seen in combination with other 
resistance mechanisms, causing multidrug resistance [46,47]. 

The antimicrobial activity of the samples was determined through 
the minimum inhibitory concentration (MIC) using the broth micro-
dilution method with a 96-well plate, according to standard protocols 
(CLSI, 2008). The samples were dispersed in a Mueller Hinton Broth 
(Oxoid) with initial concentration of 2000 μg/mL, followed by the 
addition of each bacterial strain into their respective wells at 5 × 105 

CFU/mL. Each plate was supplemented with vehicle (% DMSO), positive 
and negative controls. MIC was determined after incubation for 24 h at 
37 ◦C through the lowest concentration of compound that inhibits 
bacterial growth. The results were performed in triplicate, on three 
different occasions. After the MIC determination, aliquots of 50 μL from 
all the wells which showed no visible bacterial growth were seeded on 
BHI agar plates and incubated for 24 h at 37C. When 99.9 % of the 
bacterial population is killed at the lowest concentration of an antimi-
crobial agent, it is termed as minimum bactericidal concentration (MBC) 
endpoint. This was done by observing pre- and post-incubated agar 
plates for the presence or absence of bacteria. 

2.6. Cultivation of 3 T3 fibroblasts 

Mouse 3 T3 fibroblasts were used. The cells were cultured in culture 
media bottles in DMEM High Glucose medium (Dulbecco's Modified 
Eagle Medium, Sigma-Aldrich, USA) in the presence of 100 μL/mL of 
penicillin/streptomycin antibiotics (LGC Biotechnology) with the addi-
tion of 10 % fetal bovine serum (FBS) inactivated by heat (LGC 
Biotechnology). The bottles were kept incubated in a humid environ-
ment at 37 ◦C and 5 % CO2 until reaching 90 % confluence under 
passages. 

2.7. Cell viability by MTT and neutral red assays 

To evaluate the cell viability of mouse 3 T3 fibroblasts after 24 h of 
exposure to different concentrations of heterojunction 10:1, colori-
metric assays were performed with the MTT salt and the neutral red dye. 
Since the MTT salt ((4,5 - dimethylthiazol - 2 - yl) 2,5 - diphenyl-
bromide) (Sigma-Aldrich) is transformed into formazan crystals by 
mitochondrial enzymes of healthy cells, the greater the production of 
these crystals, the greater the cell viability [48]. As for the assay with the 

neutral red dye (Êxodo Científica®), it is based on the dye accumulation 
in liposomotropic membranes. Therefore, the more viable cells, the 
greater the diffusion of the dye through the membrane [49]. We used a 
flat-bottom 96-well microplate to inoculate 1 × 104 cells per well. After 
24 h of adherence material with different concentrations were added, 
and after 24 h of exposure the wells were washed with 1× PBS (phos-
phate buffer saline: 8 g of NaCl, 0.2 g of KCl, 1.15 g of Na2HPO4, 0.2 g of 
KH2PO4 and 1 L of distilled water), and 200 μL of MTT solution (0.5 mg/ 
mL in 1× PBS plus incomplete DMEM medium without phenol [1:5]) 
and 100 μL of neutral red dye (30 μg/mL in DMEM medium supple-
mented with 1 % FBS (fetal bovine serum) and without phenol) were 
added. The reaction took place for 3 h for the MTT assay and for 2 h for 
the neutral red assay, both at 37 ◦C and 5 % CO2. Blank controls con-
taining only MTT and NR (neutral red) solution were also prepared. 
Afterwards, the reagent solution was removed and 100 μL of DMSO 
diluent was added per well for the MTT assay, while 200 μL of diluent 
containing 50 % ethanol and 1 % acetic acid (1:1) was added per well for 
the assay with NR. Then, absorbance measurements were carried out at 
570 nm (MTT) and 540 nm (NR) using a spectrophotometer (Thermo 
Scientific™ Multiskan™ GO Microplate). Cell death control (CTRL+) 
was performed with 5 % extran enzymatic detergent (MTT). The per-
centage of cytotoxicity was calculated by comparing the data with the 
CTRL- group according to Eq. (1) below: 

%cytotoxicity =
experimental group

mean of the control group
x100 (1)  

2.8. Cell morphology by optical microscopy 

For the analysis of cell morphology of mouse 3 T3 fibroblasts we used 
a flat-bottom 96-well microplate to inoculate 1 × 104 cells per well. 
After 24 h of adherence material with different concentrations were 
added, and after an exposure of 24 h the wells were observed using an 
Axiovert 40 CFL optical microscope (Zeiss) with a 10× objective lens. 
The images were captured with a coupled camera model LOD-3000 (Bio 
Focus) and analyzed using Future WinJoeTM software version 2.0 at a 
100× final resolution. 

2.9. Production of reactive nitrogen species (RNS) through Griess reaction 

To measure the production of RNS through Griess reaction, the 
production of nitrite ion (NO2) was also monitored [50,51]. On a flat- 
bottom 96-well microplate, 1 × 104 cells per well were inoculated, 
with treatments being added after 24 h of adherence. The wells were 
then washed two times with 1× PBS after a 24 h exposure, and 50 μL of 
supernatant was collected and added to a new plate followed by the 
addition of 50 μL of Griess solution (1:1 mixture of solution A [1 % 
sulfanilamide in 5 % phosphoric acid] and solution B [0.1 % N-1- 
naphthylethylenediamine dihydrochloride]) for 15 min at room tem-
perature. The absorbance at 554 nm was measured using a spectro-
photometer (Thermo Scientific™ Multiskan™ GO Microplate). The 
concentration of nitrite in the supernatant was quantified from a stan-
dard curve with known concentrations of nitrite (expressed in mM) 
described in the kit. 

2.10. Detection of reactive oxygen species (ROS) by fluorescent probe 
DCFH-DA 

ROS production was measured using the fluorescent probe DCFH-DA 
(2′,7′-Dichlorodihydrofluorescein Diacetate) (Sigma-Aldrich). 1 × 104 

cells per well were inoculated into a black flat-bottomed, clear-bottomed 
96-well microplate. After 24 h of adhesion, materials with different 
concentrations were added. After the 24-h exposure times, the wells 
were washed 2 times with 1× PBS and 100 μL of the 100 mM probe 
diluted in DMEM without FBS were added. The reaction took place for 
30 min at 37 ◦C and 5 % CO2 protected from light. The reagent solution 
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was then removed and the wells washed with PBS 1× followed by the 
addition of an additional 100 μL of PBS per well, followed by reading the 
absorbance at 485–530 nm on the Spectra MAX i3® plate spectropho-
tometer (Molecular Devices). The values obtained will be transformed 
into percentages using Eq. (1). 

2.11. Identification of ROS produced by the material 

To probe the role of ROS along the biocidal process, scavenger 
measurements were performed. A total of 50.0 mg of each sample was 
added in equivalent amounts: ammonium oxalate (AO, (NH4)2C2O4. 
H2O; 99.5 %, Aldrich), p-benzoquinone (BQ, C6H4O2, Merck), silver 
nitrate (SN, AgNO3; 99.8 %, Vetec) and ascorbic acid (AA, HC6H7O6; 
99.5 %, Aldrich), acting as scavengers for h+, superoxide radicals (•O2

− ), 
e− and hydroxyl radicals (•OH), respectively. These equivalent amounts 
were added to 50.0 mL of Rhodamine B (RhB, C28H31CIN2O3; 99.8 %, 
Synth) solution (1 × 10− 5 mol L− 1). The solution was placed in an ul-
trasound bath for further particle dispersion and left in the dark for 30 

min at 25 ◦C under constant stirring. Then, the 6-lamp UV–Vis light 
(PHILIPS TL-D, 15 W, 3.6 mV/cm2) was switched on and an aliquot was 
removed after an irradiation of 120 min. The aliquot was analyzed on an 
absorption spectrophotometer in the UV–Vis region (V-660 spectro-
photometer, JASCO) by monitoring the decrease in the characteristic 
RhB peak at 554 nm. 

2.12. Phytotoxicity 

The effect of Ag4V2O7, β-AgVO3 and Ag4V2O7/β-AgVO3 hetero-
structures (10:1) on the growth of Lactuca sativa (L. sativa) and Cucumis 
sativus (C. sativus) plants was evaluated according to the method 
described by Dória et al. [52] and Wang et al. [53]. Briefly, the seeds 
were disinfected for 15 min with 4 % sodium hypochlorite and then 
washed with distilled water. Subsequently, 20 seeds of each cultivar 
were separated on a Petri dish with filter paper (80 mg/cm2), put into 
contact with 4 mL of sample solutions (at concentrations of 10,000 μg/ 
mL, 1000 μg/mL, 100 μg/mL, 10 μg/mL and 1 μg/mL), closed with PVC 

Fig. 1. Morphological characterization by SEM of a) Ag4V2O7, b) β-AgVO3 and heterostructures: c) 100:1 d) 50:1, e) 20:1 and f) 10:1.  
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film paper in order not to lose moisture, and kept at 22 ± 3 ◦C for 5 days 
without any exposure to light. As a negative control, 4 mL of distilled 
water was used. The results were performed in triplicate. After 5 days, 
the number of germinated seeds and root lengths was used to calculate 
the germination indices (GI) and relative growth indices (RGI) through 
Eqs. (2) and (3): 

GI =
RLS x NGS
RLC x NGC

× 100 (2)  

RGI =
RLS
RLC

× 100 (3)  

where RLS is the relative length of the sample root, RLC is the relative 
length of the control root, NGS is the number of germinated seeds in the 
sample, and NGC is the number of germinated seeds in the control. 

2.13. Statistical analysis 

The data in this study are expressed as mean ± SD and analyzed 
using GraphPad Prism 7.0 (San Diego, California, USA) and Sigmaplot 
software (version 14). The entire study was performed in biological 
triplicates, at least, and in three independent experiments. The data 
were analyzed using Shapiro-Wilk test, analysis of variance by Brown- 
Forsythe test, analysis with One-Way RM ANOVA to verify the para-
metric or non-parametric nature of the data and post-hoc test of Tukey's 
multiple comparisons. Results are presented as the median with upper 
and lower quartiles: Me [Q1; Q3]. Statistical significance was set at p <
0.05. 

3. Results and discussion 

The structural analysis of Ag4V2O7, β-AgVO3 and Ag4V2O7/β-AgVO3 
heterostructures (10:1, 20:1, 50:1 and 100:1) by XRD, Raman, FTIR and 
PL revealed the formation of the pure Ag4V2O7 and β-AgVO3 and the 
heterostructures, as shown in detail in the Supporting Information 
(Figs. S1–S7 and Tables S1–2). Microhexagons with average size of ca. 
2.7 μm in width and 1 μm in thickness corresponding to Ag4V2O7 can be 
seen in the SEM image in Fig. 1a, while nanorods with diameters of 
45–70 nm corresponding to β-AgVO3 can be observed in Fig. 1b. These 
images are consistent with the literature [20,52]. Fig. 1c–f reveal 
β-AgVO3 nanorods on the surface of Ag4V2O7 microhexagons, confirm-
ing the formation of Ag4V2O7:β-AgVO3 heterostructures. In addition, 
such microhexagons are not completely covered by the nanorods, thus 
causing the surfaces of both vanadates to be available for interaction 
with the microorganisms in the surrounding medium. Moreover, there 
may be electron transfer between both semiconductors, which is rele-
vant to ROS production, as discussed later on. 

The TEM images in Fig. 2 show the Ag4V2O7 microhexagons, the 
β-AgVO3 nanorods and the interface between Ag4V2O7 and β-AgVO3 
particles where it is possible to observe that the Ag4V2O7 microhexagon 
is covered by β-AgVO3 nanorods. Irregular spherical nanocrystals in 
Fig. 2a–b are due to an instability of the silver vanadate structure 
exposed to electron beam irradiation, which ends up creating Ag0 

nanocrystals. The elemental composition was investigated using EDS 
mappings (Fig. 2d–f), with the colors assigned to the elements V (va-
nadium, yellow color), Ag (silver, yellow color) and O (oxygen, cyan 
color). These elements have overlapped profiles and coincide with the 

c

a) b) c)

d) e) f)V V V

Ag Ag Ag

O O O

100 nm 200 nm 200 nm

1 µm 1 µm 1 µm

Fig. 2. Low-magnification TEM images of (a) Ag4V2O7, (b) β-AgVO3 and (c) heterostructure 10:1, and EDS mappings of (d) Ag4V2O7, (e) β-AgVO3 and (f) heter-
ostructure 10:1. 
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main microhexagons and nanorods in Fig. 2a–c, evidencing the β-AgVO3 
and Ag4V2O7 structures. 

The processes involved in the inactivation of K. pneumoniae by these 
materials as antimicrobial agents can occur via electrochemical [54], 
photochemical and photocatalytic processes [55]; however, it may also 
take place in dark environments when mediated by semiconductors 
[56,57]. Herein, we tested Ag4V2O7, β-AgVO3 and the heterostructures 
(10:1, 20:1, 50:1 and 100:1) against four strains of K. pneumoniae, one 
with standard characteristics (ATCC 1706); two of them (A34057 and 
A54970) classified as resistant; and one community-isolated (A58240). 
According to Table 2, total inhibition of all K. pneumoniae strains was 
reached with only 125 μg/mL of Ag4V2O7 or β-AgVO3. An even higher 
efficiency was obtained with the heterostructures due to their syner-
gistic effects. The inhibition of K. pneumoniae A54970 and A34057 was 
achieved with the heterostructures 20:1, 50:1 and 100:1 at 62.5 μg/mL. 
For K. pneumoniae ATCC 1706, K. pneumoniae A34057 and 
K. pneumoniae A58240, a concentration of 31.25 μg/mL of the hetero-
structures 10:1 was found to be effective for inhibition. The MIC values 
for the heterostructures against K. pneumoniae in Table 3 are lower than 
those reported in the literature for silver- and silver vanadate-based 
materials. The suspension from the wells with no turbidity of each 
strain was inoculated in BHI agar plate and incubated for 24 h. No 
bacteria growth was observed in any of the concentrations, hence con-
firming the bactericidal activity and indicating that the MIC is equal to 
the MBC. 

The cytotoxicity of heterostructure 10:1 was analyzed using 3 T3 
murine cells, which are normal and healthy mouse embryonic fibro-
blasts from Swiss embryos [58]. This cell line is often used for pre-
liminary screening of materials prior to in vivo evaluation. This 
heterostructure was chosen because it presents one of the best MIC re-
sults and has the highest amount of β-AgVO3. Five concentrations of this 
heterostructure were chosen: two above and two below the MIC value. 
MTT salt and NR dye assays were employed, as these are typical assays 
for drug screening [59]. The heterostructure decreased the percentage of 

cell viability in 3 T3 fibroblasts after 24 h exposure in all concentrations 
and in both MTT and NR assays, as demonstrated in Fig. 3A–B. This 
cytotoxicity was found in dental applications based on β-AgVO3 tested in 
human gingival fibroblasts (FGH strain) [60]. The cell viability of FGH, 
THP-1 (leukemic monocytes) and NOK-SI (oral keratinocytes) was also 
observed using α-AgVO3, α-Ag2WO4, and β-Ag2MoO4 microcrystals 
[34]. A qualitative analysis of cell morphology was made 24 h after 
exposure to different concentrations of heterostructure 10:1. The images 
in Fig. 3C indicate changes in cell morphology induced by the hetero-
structure, with a lower number of viable cells, a decrease in cell size and 
a change in shape in comparison with the control group. These changes 
were observed for the concentrations of 31.25, 62.5 and 125 μg/mL, 
while cell morphology was preserved in the control group, which is 
consistent with the cell viability results. Cellular cytotoxicity may be 
related to several factors and be mediated by some pathways, such as the 
production of reactive nitrogen species (RNS) [59]. Fig. 3D shows that 
the number of RNS in 3 T3 cells exposed to the heterostructure at con-
centrations of 31.25, 62.5 and 125 μg/mL considerably increased in 
comparison with the control group. It is reported that the production of 
RNS induces cellular damage, resulting in nitrous stress [61]. In addi-
tion, it also impairs mitochondrial activity and may alter the cellular 
metabolic profile [62,63]. Fig. 3E shows the values in % of ROS gener-
ation compared to the control. There was intracellular production, but in 
a smaller amount than the control. Organisms exposed to oxygen pro-
duce ROS in their normal metabolism. In certain pathological situations, 
the production of these species increases. In both situations, the so- 
called oxidative stress occurs: reactive oxygen species are normally 
(but not always) powerful oxidizing agents that damage all types of 
cellular structure, from membrane lipids to DNA, as well as the RNS 
[64]. It is believed that ROS inhibition occurred due to the arrest in the 
cell cycle causing the cells to stay in G1, with no cell growth for phase S 
which corroborates the decrease in cellular viability [65]. This effect is 
connected with the contact of cells with the material, which can cause 
several adverse effects to these cells (such as extracellular ROS pro-
duction, ionic release, stress by physical contact, etc). To avoid such 
cytotoxic effects with the Ag4V2O7/β-AgVO3 heterostructures in their 
free form, they need to be incorporated into coatings and polymers. 

Once tested in animal cells, the toxic effect was analyzed in plant 
organisms, in order to understand the impacts of these materials on the 
development of L. sativa and C. sativus. The phytotoxicity of Ag4V2O7, 
β-AgVO3 and Ag4V2O7:β-AgVO3 (10:1) was analyzed through germina-
tion (GI) and relative growth indices (RGI) of the roots of L. sativa and 
C. sativus cultivars. Fig. 4 shows low GI and RGI rates compared to the 
control group for both cultivars at high sample concentrations. It can be 
noted that both the GI and RGI increased with decreasing concentra-
tions, whereas no phytotoxic effect was observed at 1 μg/mL. It is known 
that β-AgVO3 has lower phytotoxicity than the other samples and that L. 
sativa is more affected by Ag4V2O7 than C. sativus. This phytotoxicity is 
related to the production of ROS by the vanadates. Seed exposure to ROS 
leads to high local oxidative stress, which in turn can cause starch 
degradation and seed calcification [66]. Moreover, these species are also 
identified as non-enzymatic growth factors of radicle elongation and 
endosperm weakening, which are essential for endosperm seed germi-
nation [67]. According to Leep et al., the contact of seeds with vanadium 
species can reduce seed growth and produce significant morphological 
changes [68]. Depending on the concentration, silver species can also 
impair plant growth and germination due to their interaction with 

Table 2 
Minimal inhibitory and bactericidal concentrations (MIC/MBC) for Ag4V2O7, β-AgVO3 and heterostructures in K. pneumoniae strains.   

K. pneumoniae Ag4V2O7 100:1 50:1 20:1 10:1 β-AgVO3 

MIC/MBC (μg/mL) ATCC 1706  125  125  125  31.25  31.25  125 
A54970  125  62.5  62.5  62.5  62.5  125 
A34057  125  62.5  62.5  62.5  31.25  125 
A58240  125  125  62.5  62.5  31.25  125  

Table 3 
MIC values for the activity of silver vanadates against different microorganisms 
and other silver-based materials against K. pneumoniae.  

Microorganisms Material MIC (μg/mL) Reference 

K. pneumoniae (ATCC 1706) Ag4V2O7:β- 
AgVO3  

31.25 This work 
K. pneumoniae (A54970)  62.5 
K. pneumoniae (ATCC 51503) Ag0  33.75 [77] 
K. pneumoniae (K5)  67.5 
K. pneumoniae (K112)  33.75 
K. pneumoniae Ag0  300 [78] 
S. aureus (MRSA ATCC 33591) α-AgVO3  62.5 [15] 
E. faecalis (ATCC 29212) β-AgVO3:Ag0  500 [76] 
P. aeruginosa (ATCC 27853)  31.25 
E. coli (ATCC 25922)  31.25 
S. aureus (ATCC 25923) β-AgVO3:Ag0  31.25 [77] 
S. mutans (ATCC 25175)  250 
P. aeruginosa (ATCC 27853)  31.25 
C. albicans (ATCC 10231)  62.5 
S. aureus (MRSA ATCC 33591) 

& 
S. aureus (MSSA ATCC 25923) 

α-AgVO3:HA 1  1000 [33] 
α-AgVO3:HA 6  250 
α-AgVO3  125 

E. coli β-AgVO3  100 [79] 
L. innocua  150 
S. aureus  50  
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functional groups in plant cells [69]. 
The mechanisms involved in the bactericidal, cytotoxic and phyto-

toxic activities are associated with the generation of reactive oxygen 
species (ROS), as demonstrated below. The ROS generation by Ag4V2O7, 
β-AgVO3 and their heterojunction (10:1) was quantified through RhB 
photodegradation tests. According to Table 4, there was an increased 
RhB photodegradation by the heterostructure, which was more effective 
for redox reactions and yielded more ROS than the pure silver 

vanadates. The species generated during photocatalysis was determined 
through scavenger tests using AA, SN, BQ and AO as scavengers for •OH, 
e− , •O2

− and h+, respectively. A significant decrease in the photocatalytic 
efficiency was observed for the scavengers BQ and AA, confirming that 
•OH and •O2

− are the main species involved in the RhB photodegradation. 
Thus, it can be inferred that these species are also responsible for the 
bactericidal, cytotoxic and phytotoxic activities observed herein, being 
in congruence with the literature [10,33]. 

Fig. 3. Effect of heterostructure 10:1 on 3 T3 fibroblasts after 24 h exposure to different concentrations (125, 62.5, 31.25, 15.6 and 7.8 μg/mL) in comparison with 
control (cells + medium). (a) Cell viability (%) MTT and (b) Cell viability (%) NR. (c) Cell morphology of fibroblast. (d) NO production [concentration] vs. control. 
(e) ROS generation (%). *p < 0.5; **p < 0.01; ***p < 0.001; ****p < 0.005. The results were presented as the median with the upper and lower quartiles: Me 
[Q1; Q3]. 

M. Assis et al.                                                                                                                                                                                                                                    



Biomaterials Advances 141 (2022) 213097

8

The formation of heterojunctions in the heterostructures can be 
explained by analyzing the energy spectra of semiconductors. Their 
optical band gap, Eg, was estimated by extrapolating the linear portion 
of the UV− Vis spectra using the Kubelka− Munk function [70] and 
assuming n = ½, since both Ag4V2O7 and β-AgVO3 exhibited indirect 
transitions [19,71]. Results for [F(R∞)hν]2 vs. hν were plotted to 
determine the Eg values of the powders (Fig. 5). It can be seen that both 
Ag4V2O7 and β-AgVO3 had strong visible light absorption, with band 
gaps of 2.31 and 2.07 eV, respectively – which is consistent with the 
results reported in the literature [72]. 

Charge transfer processes between clusters from distinct structures 
are expected to take place in the heterostructure. Therefore, to obtain 
further information on its electronic structure, the energies associated 
with the edges of ECB and EVB for Ag4V2O7 and β-AgVO3 were estimated 
using Mulliken's theory of electronegativity: 

EVB = X + 0.5Eg − Ee (4)  

ECB = EVB − Eg (5)  

X =
[
χ (A)aχ (B)bχ (C)c

]1/(a+b+c)
(6)  

χ =
1
2
(Eea +Ei) (7)  

where EVB is the valence band edge potential, ECB is the conduction band 
edge potential, Eg is the band gap energy, X is electronegativity or 
Sanderson electronegativity (a, b, c are the atom number of com-
pounds), Ee is the energy of free electrons vs. hydrogen (4.5 eV), and χ is 
the Mulliken electronegativity, which is the arithmetic mean of the first 
ionization energy (Ei) of the metal and the electron affinity (Eea) of each 
semiconductor atom [73]. Fig. 6 displays the band diagrams, where it is 
possible to observe that the Eg for Ag4V2O7 and β-AgVO3 is 2.31 eV and 
2.07 eV, respectively. By using X and Eg, the ECB and EVB for Ag4V2O7 are 
0.07 eV and 2.38 eV, respectively, while the ECB and EVB for β-AgVO3 are 
0.33 and 2.40 eV, respectively (see Table S3). There are three different 
types of semiconductor heterojunctions, which are classified according 
to the positions of the valence (VB) and conduction bands (CB). The 
heterojunction between Ag4V2O7 and β-AgVO3 is type II (staggered gap), 
that is, the migration of charges can occur in opposite directions. In this 
configuration, e− are accumulated in one semiconductor (Ag4V2O7), 
while h+ are accumulated in the other (β-AgVO3) [74]. This behavior 
arises from the reorganization of defective energy states induced by 
changes in the structural order [75]. The importance of the electronic 
structure and charge distribution is confirmed by PL measurements 
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Fig. 4. GI (a, b) and RGI (c, d) rates for L. sativa and C. sativus cultivars against Ag4V2O7, β-AgVO3 and Ag4V2O7:β-AgVO3 (10:1).  

Table 4 
Identification of ROS generated by the semiconductor.  

Scavengers β-AgVO3 

(Efficiency; %) 
Ag4V2O7 (Efficiency; %) Ag4V2O7:β-AgVO3 

(Efficiency; %) 

No scavenger  59  72  87 
AO  59  71  70 
AA  1  1  3 
SN  45  72  75 
BQ  6  11  9  
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(Figs. S4–S8). The flow of e− -h+ pairs can be facilitated through the 
heterojunction, which increases the probability of redox reactions with 
the constituents of the used medium (i.e., H2O, O2 and organic 
molecules). 

When ROS is produced by semiconductors, H2O loses an e− to form 
an •OH and a proton (H•). Simultaneously, an e− is transferred to the O2 
molecule, forming a superoxide anion (•O2

− ). In turn, to maintain the 
balance of charge and mass this ion interacts with H•, forming a 
hydrogen peroxide radical (•OOH). ROS can then enters the 

microorganism membranes and reacts with the existing phosphate and 
sulfate groups, leading to cell death or preventing its replication by 
stopping the production of essential proteins [8] In limited amounts, 
ROS is required for cellular homeostasis and redox signaling. Sustained 
attack of endogenous and exogenous ROS results in conformational and 
oxidative changes in key biomolecules, lipid peroxidation, protein 
carbonylation, formation of carbonyl adducts (aldehyde/ketone), 
nitration, sulfoxidation, DNA damage, and oxidation of nucleobases 
[76]. Due to its short life-time, most of the damage caused by ROS occurs 

Fig. 5. UV–Vis spectra of (a) Ag4V2O7, b) β-AgVO3 and heterostructures: c) 100:1 d) 50:1, e) 20:1 and f) 10:1.  
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Fig. 6. CB and VB in a) Ag4V2O7, b) β-AgVO3, and C) Ag4V2O7/β-AgVO3 heterostructure.  
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in the cell wall, interrupting the components of the respiratory chain and 
the cellular electrochemical potential, disabling the cell to generate 
energy, and leading to death. The fate of cells, most notably their sur-
vival or death, is determined by cellular responses to physiological 
conditions. Cells are regulated to maintain normal development and 
tissue homeostasis, in addition to offering protection against a variety of 
diseases. A representative scheme of these results is illustrated in Fig. 7. 

4. Conclusions 

We described the synthesis and characterization of Ag4V2O7/ 
β-AgVO3 heterostructures, which proved to have the ability to kill Kle-
bisiella pneumoniae ATCC 1706 and its antibiotic-resistant A54970 
strain. The heterostructures were found to be more efficient than the free 
vanadates due to their increased ROS generation with consequent for-
mation of hydroxyl (•OH) and superoxide (•O2

− ) radicals. Unfortunately, 
the most efficient bactericidal agent, i.e., Ag4V2O7/β-AgVO3 hetero-
structure 10:1, was also considered to be toxic to mouse 3 T3 fibroblasts, 
besides exhibiting phytotoxicity above 1 μg/mL for the germination of 
C. sativus and L. sativa seeds. Therefore, practical applications of the 
proposed heterostructures are envisaged in coatings where leaching is 
avoided or encapsulated. 
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