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Polyoxovanadates inhibition of Escherichia coli growth shows a 
reverse correlation with Ca2+-ATPase inhibition 
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, Anjana Anandan Vannathan
5
, Sib 

Sankar Mal
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 and Manuel Aureliano
4,6* 

 

Recently, a global analysis of the structure-activity-relationship of a series of polyoxometalates 

(POMs) referred that the most active POMs were ascribed to be polyoxovanadates (POVs), 

especially decavanadate (V10), which was very active against certain bacteria (Bijelic et al, Chem 

Comm, 2018). The present study explores this observation and compares the effects of three 

POVs namely MnV11, MnV13 and V10 against Escherichia coli growth. It was observed that MnV11 

presents the lowest growth inhibition (GI50) value for Escherichia coli followed by MnV13 

compound being about 2 times lower than V10, respectively the values obtained were 0.21, 0.27 

and 0.58 mM. All three compounds were more effective than vanadate alone (GI50   = 1.1 mM) and 

also than decaniobate, Nb10 (GI50 > 10 mM), a isostructural POM of V10. However, the POVs 

exhibiting the highest antibacterial activity (MnV11) shows to have the lowest Ca
2+

- ATPase 

inhibitor capacity (IC50 = 58 µM) whereas decavanadate, which was also very active against this 

membranar ATPase (IC50=15 µM), was the less active against bacteria growth suggesting that 

POVs inhibition of ion pumps might not be associate with the inhibition of Escherichia coli growth. 

Introduction 

Since the first paper published in the 70´s, today it can be found 

about 4,623 articles with the topic “Polyoxometalates”. In the last 

seven years (2011-2017) the number has increase 1.5 times in 

comparison to the previous ones (2004-2010), from 1,446 to 2,228, 

after a quick research at the Web of Science. Polyoxometalates 

(POMs) present a diversity of different structure and size, with a 

versatile combination of metals having applications in several fields 

such as catalysis, prevention of corrosion, smart glasses, 

macromolecular crystallography, among others, besides being 

recently to be very relevant to the medicine field [1-6]. In fact, due 

to the rapid progress of the research field of POMs, POM-based 

hybrid and nanocomposite structures with antibacterial and 

anticancer activities, these topics have been recently reviewed 

[7,8].  

As bacterial resistance is growing every year all around the world, 

together with the toxicity of chemotherapeutic agents, POMs have 

been selected by many researchers due to its promising results as 

alternative antibacterial substances [7]. In this fundamental review, 

it was established a future perspective of the application of POMs, 

POM-based hybrids and/or nanocomposites as antimicrobial agents 

[7]. Furthermore, a detailed analysis of the reported antibacterial 

activities of POMs in order to obtain a structure-activity-

relationship, which was currently missing in this field, push forward 

the use of these metallodrugs in the combat of pathogenic 

microorganisms [7]. Besides the antibacterial activities, POMs 

applications as anticancer, antidiabetic and antiparasitic agents, 

among others, have also been described [7,8,9,10]. However, even 

if POMs’s applications in medicine are extensive and well 

documented, the mechanism of action by which each POM exert its 

effects as potential inhibitors of bacteria and tumor proliferation is 

still not well understood [7,8]. For example, the antitumor activity 
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enhanced by these versatile inorganic compounds it seems to be 

due, at least in part, to the inhibition of certain enzymes such as 

alkaline phosphatases, kinases, ecto-nucleotidases, and P-type 

ATPases [8,11-15]. Regarding the former type of enzymes, it was 

recently referred that several POMs inhibits not only in vitro but 

also in vivo P-type ATPases such as Ca
2+

-ATPase and Na
+
/K

+
-ATPase 

[16]. In addition, several POMs, particularly decavanadate seems 

also to strongly interfere with several biochemical processes such as 

muscle contraction and mitochondria respiration [17,18,19], while 

others can exert a immunomodulatory activity [20]. POMs have also 

shown promising against Alzheimer’s disease once it was referred 

to strongly inhibit amyloid aggregation associated with this disease 

[21,22]. 

Decavanadate, is an polyoxometalate with 10 octahedral 

vanadium(V) centres (V10O28
6-

), known to interact with a wide range 

of biomolecules and exerts several biological activities, not only in 

vitro but also in vivo, by affecting, for example, mitochondrial 

function, increasing glucose uptake in adipocytes, inhibiting the 

process of muscle contraction as well as actin polymerization 

besides inducing changes in oxidative stress parameters differently 

from the monomeric oxovanadate [17,18,19,23-25]. So far, the 

most cited paper regarding decavanadate (V10) in biology is the 

interaction of V10 in a spatially selective manner within the protein 

cages of virions [26]. Besides preventing the formation of virions, 

decavanadate is also able to inhibit the virus activities by preventing 

the virus-cell host binding [26]. In our laboratory there is a long 

tradition in the preparation of decavanadate solutions 

[16,17,18,23,24,25]. We started thirty five years ago, in 1984, 

during the study of the interactions of Mo, W and V oxoanions with 

monosaccharides by NMR spectroscopy. Currently, we are focused 

mainly on studies about the POMs interactions with P-type ATPases 

besides on antibacterial activities by polyoxovanadates (POVs) and 

polyoxotungstates (POTs) (Fig. 1). Several research kingdoms were 

crossed during this period of time, some much larger time than 

expected such as calcium ATPase domain (from 1991 to 2018) and 

actin (from 2006 to 2018) whereas others were smaller as expected 

such as myosin (1988 to 2007) and the in vivo studies (from 2000 to 

2008) (Fig. 1). 

 

Although V10 has been detected in some acid cell organelles, the 

processes of transport of intact decavanadate as well as others 

POMs and their permeation through cellular membrane is not 

known [23,25,27,28]. In addition, the existence of decavanadate in 

cells is still object of discussion [25,28]. Nevertheless, it was 

suggested that once formed it can interact with ATPases as well as 

others membrane associated enzymes including ion pumps, sialyl- 

and sulfo-transferases most likely from the extracellular side of the 

membrane. Thus, decavanadate and similarly others POMs could, at 

least partially, be responsible for the prevention of several 

processes such as respiration [17,18,19] (or other redox processes) 

and concomitantly for the observed antibacterial activity [7] as well 

as in the combat against cancer [8,29]. 

As microorganisms represent a serious threat to human health and 

have been the origin of different kinds of epidemics it is of great 

importance to push this field forward in order to better understand 

the potential significance of POMs in the combat against bacteria. 

Regarding the antibacterial activity of POMs, it was found that for 

Helicobacter pylori, POMs exhibiting the highest activity were 

mostly Keggin-type POTs, polyoxovanadotungstates and large highly 

negatively charged POMs, whereas in Streptococcus pneumoniae, 

the most active POMs were ascribed to be POVs, especially 

decavanadate, which was also very active against other bacteria [7]. 

It is well known that Escherichia coli (E. coli) infection is related with 

hygienic conditions inducing several diseases in humans such as 

urinary tract infections, colitis, and diarrhea [30]. In the present 

study, we report and compare the effects of decavanadate, 

decaniobate and two manganesepolyoxovanadates against E. coli. 

Furthermore, we analyzed the relationship between the inhibition 

of bacterial growth and the capacity of inhibiting the Ca
2+

- ATPase 

by these POVs. It was observed that the POV exhibiting the highest 

antibacterial activity shows to have the lowest Ca
2+

-ATPase inhibitor 

capacity whereas decavanadate, which was also very active against 

Ca
2+

-ATPase was comparatively the less active against E. coli. 

Figure 1. Timeline of Aureliano and co-workers decavanadate 

studies since 1985 to 2018. Several research kingdoms were cross 

some much larger than expected whereas others were smaller. 
 

2. Experimental section 

2.1. Preparation of polyoxometalatates 

Manganesepolyoxovanadates K5MnV11O33·10H2O (abbreviated 

MnV11) and K7MnV13O38·18H2O (abbreviated MnV13) were 

synthesized according to published procedures [31,32]. The two 

compounds were crystalline in nature. We have confirmed those 

compounds by FTIR (Fig. S1 and Fig. S2). Aqueous stock solutions of 

these POVs were prepared in concentrations up to 1 or 4 mM stock 

solution in water considering a Mr of 1518.92 g/mol for MnV11 and 

1923.12 g/mol for MnV13, respectively. Solutions of MnV11 and 
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MnV13 were prepared daily wherever adequate by dissolution of the 

solid compounds in water and kept on ice during the utilization to 

avoid putative POM decomposition. Other common analytical 

solutions described below for the preparation of the calcium pump 

vesicles and for the kinetic studies, were prepared from reagents 

obtained from Sigma-Aldrich (Portugal). Ammonium metavanadate 

(99.9% NH4VO3) was also purchased from Sigma-Aldrich. Pale 

yellow stock solutions of ammonium metavanadate (50 mM) were 

prepared in water after solubilization. The pH of this solution was 

then adjusted with NaOH to 10.5 and heated until we obtain a 

collorless solution. After cooling, to half of this solution of vanadate, 

HCl was added until pH 4.0 resulting an orange colored solution of 

decavanadate with 5 mM concentration. 

Therefore, with the same “mother” vanadate solution we obtained 

two working solutions: vanadate (50 mM V1, pH 10.5) and 

decavanadate (5 mM V10 (50 mM V-atoms), pH 4.0), similarly as 

previously described in studies of V10 interactions with proteins and 

also in in vivo studies [17,18,33,34]. Decaniobate solutions (100 mM 

Nb10) were prepared in water from tetramethylammonium 

decaniobate [N(CH3)4]6[Nb10O28]·6H2O, Mr of 1930.01 g/mol, that 

was synthesized according to methods described elsewhere [35]. 

Here, we are analysing the antibacterial effects of POMs belonging 

to common representative structure of isopolyanions such as V10, 

(and also for Nb10) as well as POVs which contain one additional 

element (heteropolyanions) such as MnV11 and MnV13, belonging 

these vanadomanganates, at least the latter one to the lacunary 

Keggin archetype. 

2.2. Antibacterial action 

 

Inhibition of bacterial growth by the compounds in this work was 

studied with cultures of E. coli (ATCC 25922) in LB medium, by two 

experimental approaches. Minimum inhibitory concentrations 

(MIC) were measured by the serial two-fold dilution method. 

Dilutions of each compound in LB broth (final volume 100 ml) were 

prepared in the range 64 to 4096 µg/ml (anion mass), inoculated (5 

ml) and incubated 18 hours at 35 ºC. Manganesepolyoxovanadates 

MnV11 and MnV13 were tested only up to 2048 µg/ml concentration 

because of their limited solubility. After incubation, occurrence or 

absence of bacterial growth was visually examined. The pH of the 

culture media with the compounds was checked at end of 

incubations and all values were approximately equal to 6, except 

the cultures with Nb10 at the higher concentration that showed a 

slight alkalinisation to pH 8. In other set of experiments, the 

inhibitory potency of low milimolar concentrations of the 

compounds against E. coli growth was evaluated in 3-hour cultures. 

Compounds were added to LB medium (final volume 1200 ml), that 

was inoculated with 5 µl of an overnight culture of bacteria and 

incubated at 37 °C for 3 hours. Vanadate (50 mM, pH 10.5) and 

decavanadate (5 mM V10 (50 mM V-atoms), pH 4.0) stock solutions 

were added to the bacterial assay media. Control cultures were run 

in parallel in the same conditions but only deionized water added to 

medium. 

Bacterial growth was assessed by the optical density (OD) of 

cultures at 600 nm, and absorbance of the culture supernatant after 

centrifugation (10000 g for 10 min) was also measured for possible 

changes in the optical absorbance of media. Inhibition of bacterial 

growth was obtained from the increase of optical density at 600 nm 

of cultures in the presence of tested compound normalized to the 

increase observed in the control culture in the absence of the 

compounds and with the same starting bacterial culture. Data 

presented are the mean ± standard error from three independent 

experiments. 

Stability studies using UV/Vis spectroscopy were performed for all 

the compounds in water and in the medium after 0 and 3 hours 

upon dilution.  It was only observed changes in decavanadate 

UV/Vis spectra after 3 hours incubation on the medium as well as in 

water (Fig. S3). This observation is in agreement with previous 

studies where the half-life time of V10 decomposition were 

determined for several experimental conditions [17,18,33,34]. 

However, it has been referred that the rate of decavanadate 

decomposition is slow (half-life time of hours) enough to allow 

observing its effects [23,33,34]. Furthermore, it was suggested that 

decameric vanadate is stabilized upon interaction with proteins 

[36]. 

By analyzing the UV/Vis spectra at Fig S3, after 3 hours, 

decavanadate species that absorbs at 400 nm are still present in 

medium solution (Fig. S3B). As it can be observed in Fig. S3B, there 

is an evidence for a decrease in V10 content after 3 hours. In 

addition, it was observed that these V10 as well as the V1 samples in 

the presence of the bacteria have a greenish colour after 3 hours 

incubation (Fig. S4). This observation is probably due to the 

reduction of the vanadium(V) to oxidovanadium(IV) which is blue, 

and that in combination with the yellow colour, due to the presence 

of decavanadate, results in a final green color solution (Fig. S4) after 

3 hours incubation. Moreover, in Fig. 2 it can be observed that the 

yellow color of V10 persists even after 18 h incubation if bacteria is 

blocked, while the color changes to blue-green with bacterial 

growth. Conversely, in the presence of the colourless monomeric 

vanadate V1 it was observed a blue colour due to the formation of 

oxidovanadium(IV) species bound to certain compounds or proteins 

present in the medium (Fig. S4). 

Bactericidal action of the compounds was also investigated by 

inoculating fresh media with a small volume of cultures from the 

previous growth inhibition studies. Growth was observed after 24 

hours incubation in all cases. It was observed that the presence of 

the each of MnV11, MnV13, V10 , Nb10 and V1 do not impede the 

normal growth of E. coli discarding a bactericidal effect of the 

compounds in the conditions studied. 

2.3 Preparation of sarcoplasmic reticulum Ca
2 

-ATPase vesicles 

 

Isolated sarcoplasmic reticulum (SR) vesicles prepared from rabbit 

skeletal muscles as described elsewhere [37], were suspended in 

0.1 M KCl, 10 mM HEPES (pH 7.0), diluted 1:1 with 2.0 M sucrose 
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and frozen in liquid nitrogen prior to storage at -80 °C. The protein 

concentration was determined spectrophotometrically at 595 nm, 

by the Bradford method, using bovine serum albumin as a standard 

and in the presence of 0.125% of sodium dodecyl sulphate (SDS). 

The percentage of each protein present in the SRVs preparations 

was determined through densitometry analysis of SDS-

polyacrylamide gel electrophoresis (7.5% acrylamide). The SR Ca
2+

-

ATPase analysed by SDS polyacrylamide gel electrophoresis 

comprised at least 70% of the total protein in the SR-vesicles and it 

was the only ATPase present. 

We use this SR Ca
2+

-ATPase preps since 1991 in previously 

described studies on the effects of vanadates and it represents an 

excellent model to study the effects of several compounds in 

calcium ATPase activity and in calcium homeostasis. Detailed 

description of experimental procedures necessary for inhibition 

studies, characterization and preparation of sarcoplasmatic 

reticulum Ca
2+

-ATPase vesicles can be found elsewhere [16,37]. The 

model used was previously characterized in previous papers and it 

maintains the adequate properties to analyze the effects of the 

POVs in enzyme activity, as previously ascertain [16,37]. 

2.4. Effects of POVs in the ATP hydrolysis by the SR Ca
2+

-ATPase 

Steady-state assays of the sarcoplasmic reticulum (SR) Ca
2+

-ATPase 

were measured spectrophotometrically at 22 ˚C using the coupled 

enzyme pyruvate kinase/lactate dehydrogenase assay, as described 

elsewhere [16,37] under the following conditions: 25 mM HEPES 

(pH 7.0), 100 mM KCl, 5 mM MgCl2, 50 μM CaCl2, 2.5 mM ATP, 0.42 

mM phosphoenolpyruvate, 0.25 mM NADH, 18 IU lactate 

dehydrogenase and 7.5 IU pyruvate kinase, with or without each of 

the several POMs. The experiments were initiated by the addition 

of 10 μg/ml calcium ATPase, in the presence and absence of 4% 

(w/w) of calcium ionophore A23187, and followed for 5 minutes, as 

briefly described below. Freshly prepared POVs solutions were 

added to the medium immediately prior to sarcoplasmic reticulum 

Ca
2+

-ATPase addition. The ATPase activity and the inhibition was 

measured taken into consideration the decrease of the OD per 

minute in the absence (100%) and in the presence of the POVs 

[16,37]. After the addition of the enzymes to the medium, NADH 

was added followed by the vesicles containing Ca
2+

-ATPase. Finally, 

after the addition of ATP the absorbance was recorded during 

about 1 minute (basal activity) and then the ionophore was added 

the following decreased of the absorbance was measured during 

about 2 minutes (uncoupled ATPase activity). All experiments were 

performed at least in triplicate. The inhibitory power of the 

investigated POV was evaluated determining IC50 values meaning 

the POM concentration inducing 50% of Ca
2+

-ATPase inhibition of 

the enzyme activity. 

3. Results and Discussion 

 

3.1. Inhibition of bacterial growth by polyoxovanadates 

 

Growth inhibition experiments were designed to measure the 

effects of three polyoxovanadates, namely MnV11, MnV13 and V10 

and also to measure the effects of Nb10 and V1 on E. coli growth. 

The values of MIC measured by the broth dilution method 

suggested the compounds have a low activity against the Gram 

negative E. coli. Because of the limited solubility, MnV11 and MnV13 

were tested in concentrations up to 2048 µg/ml, which were unable 

to prevent growth of the bacteria (MIC of these compounds >2048 

µg/ml). MIC values for V10 and V1 were equal to 4096 µg/ml, while 

Nb10 showed an inferior antibacterial activity (Fig. 2). However, in 

some cultures with the higher concentrations of the compounds 

not blocking growth of the bacteria, it was visible a decrease in the 

culture turbidity, suggestive of growth inhibition (Fig. 2). In 

addition, it was evident in the assays with V10 that conversion to a 

green-blue solution occurred on bacterial growth through the 18 

hours incubation time (Fig. 2). Therefore, an additional approach 

was used to further assess the antibacterial activity of the 

compounds in a shorter culture time. 

 

Vanadate solutions are yellow and Fig. 2 shows the yellow color of 

V10 (at high concentration inhibiting bacterial growth) persists even 

after 18 h incubation. With V10 concentration 2048 ug/mL, a 

greenish colour appears, probably due to bacteria-mediated 

reduction of the vanadium(V) to oxidovanadium(IV) which is blue, 

and that in combination with the yellow colour, due to the presence 

of decavanadate, results in a final green colour solution. With 1024 

ug/mL of V10, the colours are paler, and only a light blue-green 

colour is apparent, also interfered by the higher turbidity of this 

suspension with increased bacterial growth. 

Figure 2. Representative microplate from the assays for 

determination of minimum inhibitory concentrations of the 5 

compounds against Escherichia coli. After the 18 hours incubation, 

the microplate was photographed over a black background to 

evidence the turbidity in each well, and over a white background to 

confirm the colours of decavanadate wells. 

 

The bacterial growth after 3 hour incubation was evaluated using 

absorbance at 600 nm and the concentration of vanadium 

compounds used was up to 1 mM for MnV11, MnV13 (Fig. 3) and V10 
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(Fig. 4A) and up to 10 mM for the monomeric vanadate V1 (Fig. 4C) 

and also for decaniobate, Nb10 (Fig. 4B). The GI50 (concentration for 

50% of maximal inhibition of bacterial growth) values were 

calculated for the different POVs. The GI50 values obtained were 

210 M for V11, 270 M for V13 whereas for the V10 experiment a 

value of 580 M was found. Regarding Nb10 experiment, the 

maximum growth inhibition observed was about 30% for 10 mM 

concentration, meaning that the GI50 value is greater than 10 mM 

(Fig. 4B). 

 

In fact, after E. coli incubation during 3 hours with increasing 

concentrations of the different polyoxovanadates (POVs) and also 

with Nb10 and V1 it was observed distinct inhibitory curves for the 

three different POVs as well as for Nb10 and V1 on the bacterial 

growth (Fig. 3 and Fig. 4). MnV11 presents the lowest GI50 value of 

bacterial inhibition (Fig. 3A) being a similar value verified for the 

MnV13 compound (Fig. 3B) which is about 2 times lower than the 

one observed for V10 (Fig. 4A). To assure that the inhibition growth 

effect of MnV11 and MnV13 was not due to manganese (Mn) a 

control test was made in the presence of MnSO4 and the results 

showed no inhibition of E. coli growth by concentrations up to 2 

mM of MnSO4. 

Figure 3. Inhibition of Escherichia coli growth in liquid medium by 

the two manganesepolioxovanadates: A) MnV11, B) MnV13. The 

measurements monitor growth using absorbance at 600 nm and 

concentrations up to 1 mM for MnV11 and MnV13 were used. 

For V10 experiment, it was observed that the inhibition curve is 

different and not reaching a steady state for higher concentrations 

as observed for the others POVs (Fig. 4A). However, if upon 3 hours 

incubation at 37 ºC, all the V10 would totally decomposed into V1 we 

should have obtained an similar curve as observed with V1 

concentrations up to 10 mM (Fig. 4C) and not the curve that it was 

obtained up to 1 mM of V10 (Fig. 4A).  As it can be also observed in 

Fig. 4C, when the E. coli was incubated with V1 a higher GI50 value 

was calculated for the V1 experiment that is 1.1 mM. Thus, the 

more potent inhibition by V10 compared to V1 shows that the V10 is 

inducing an inhibition, and that the E. coli inhibition is not due to 

the V1 formed from hydrolyzed V10. 

Nevertheless, as analyzed by UV/Vis spectra, there is an evidence 

for a slow decrease in V10 content as the experiment progressed up 

to 3 hours (Fig. S3). Although it is suggested that is really 

decavanadate as well as the others POVs which are causing the 

inhibitory growth effect, rather than other smaller species, we 

cannot rule out the possibility the effect is caused by hydrolysis 

products, or some mechanism in which POVs delivers vanadium 

atoms to the cells. Moreover, some of the components of the 

medium may form complexes with vanadate as well as with POV. 

Examples of candidates for complex formation are phosphate, 

peptides and proteins [38, 39]. 

All the three POVs shows to be more effective than vanadate alone 

(IC50 1.1 mM) and by comparing the inhibition values the effects in 

E. coli growth are not due to the final product of these POVs 

putative decomposition. Therefore, the fact that all the POVs have a 

greater effect than V1 (or 10 V1 molecules regarding V10) supports 

the interpretation that the growth inhibitory effects observed are 

induced by each of the added POVs. Finally, it was observed that 

the E. coli  incubation with decaniobate (Nb10), on contrary to the 

effects observed for the isostructural compound decavanadate 

(V10), only induce a partial inhibition of bacterial growth with GI50 

values higher as 10 mM (Fig. 4B). This lack of effect might be due to 

the stability of Nb10 regarding the oxidation reduction reactions. 

Conversely, decavanadate is well now to induce oxidation of certain 

proteins whereas vanadyl formation can be observed [23,25,36,37].  

The putative reduction of V10 to vanadyl (V
IV

), that, for instance, we 

previously observed with actin, after prolonged period of time. In 

fact, it was needed to wait for 1 hour incubation and to use huge 

amounts of the protein. Still in the presence of the natural ligand 

(ATP) the reduction was not observed. For EPR measurements we 

also need higher amount of the protein and vanadyl than we used 

in the kinetic studies. Under such conditions the vanadyl signal was 

only detected after 60 to 90 minutes of incubation [23,25,36,37]. 

So, at the experimental conditions the redox stability of V10 and the 

other POVs during the biological measurements was not possible to 

be determined. Still, in several papers it has been referred that V(V) 

can be reduced to V(IV) in the cellular environment with the 

consequence that also V(IV) species could contribute to the 

inhibitory action [23,25,40]. However, little is known about the 

speciation of aqueous vanadyl at neutral pH, mainly because at 

this pH there is no electron paramagnetic resonance (EPR) signal, 
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presumably because of the dimerization/oligomerization of the 

vanadyl species or oxidation to vanadate [40]. 

Figure 4. Inhibition of Escherichia coli growth in liquid medium by 

the two isopolyoxometalates, namely; A) V10, B) Nb10 and C) V1 on 

Escherichia coli. The measurements monitor growth using 

absorbance at 600 nm and concentrations of V10 up to 1 mM and up 

to 10 mM for Nb10  and monomeric vanadate V1 were used. 

If we estimated an GI50 value about 12.6 mM, it means that Nb10 is 

about 20 times less potent than V10 in preventing E. coli growth. 

This totally different result for V10 and Nb10  on the inhibition the E. 

coli growth may be probably due to the polyoxovanadates redox 

chemistry once polyoxoniobates are electrochemically more inert. 

Besides, it was observed that although the solutions of V10 and Nb10 

are both kinetically stable under basic pH conditions for at least two 

weeks and at moderate temperature, V10 dissociates at most pH 

values into smaller tetrahedral vanadate oligomers such as V1 and 

V2, whereas Nb10 dissociates into Nb6 under mildly (10 > pH > 7.6) or 

highly alkaline conditions [41].  

On the other hand, the different inhibitory activity on bacterial 

growth for V10 and Nb10 point out that not always the structure and 

charge features will help to clarify and justify the biological activity 

of certain POMs. For instance, analysis of the structure–activity-

relationship of a series of POMs against two bacteria, namely 

Helicobacter pylori and Streptococcus pneumoniae, indicated that 

isostructural POMs, despite having the same size and similar 

charge, can be split into two groups according to their activity [7].  

Nevertheless, regarding bacteria more studies are needed to better 

understand the structure–activity-relationship of POMs. 

To our knowledge, there are not many studies on the E. coli growth 

inhibitory effects by decavanadate and concomitantly very few GI50 

values were found in the literature. Recently, it was described that 

the lack of the chemoprotective effects of some POVs in E. coli 

cultures were due to the low stability of some POVs that 

decompose into some products such as V10 known for several 

biological activities, and potentially toxic for the E.coli [42]. These 

authors referred that PV14 [H6V14O38(PO4)]
5−

 was toxic against E. coli 

because it decomposes into V10. On the other hand V15 [V15O36(Cl)]
6−

 

once it decomposes to give V1, among others oligovanadates, was 

not toxic.  More recently, the same research group further explored 

some of these observations, particularly the V10 effects [43]. 

However, in their studies, the treatment of the E. coli cultures with 

sodium salt of V10 only resulted in significant inhibition at the 

highest concentration tested (GI50 of 1.8 mM). Yet, V10 association 

with nicotinamide and isonicotinamide compounds, showed higher 

toxicity toward E. coli (GI50 of 0.47 and 0.67 mM, respectively) 

compared to V10 [43]. It was suggested that the E.coli V10 cytotoxic 

activity appears to be potentialized by association of V10 with 

nontoxic organic components [41]. However, the value found in 

these studies [43] for V10 (1.8 mM) is more close to the one that we 

found here in the present paper for V1 (1.1 mM) than for V10 (0.58 

mM) probably because the experimental conditions were different 

or decavanadate solutions were not stable to induce its effects. 

The antibacterial activity was previously described for several 

inorganic POVs about twenty years ago against Staphylococcus 

aureus [44]. However, it was verified that polyoxotungstates (POTs) 

and polyoxomolybdates (POMos) are less active and with minimum 

inhibitory concentration (MIC) values between 128 and 8000 µg/ml, 

whereas all the tested POVs showed high antibacterial activities 

with MIC values in the range of 4 - 32 µg/ml. It was suggested that 

POMs severely affect cellular ion gradients and concomitantly lead 

to the cell death of the organism [44]. In fact, it is well known that 

certain POVs such as decavanadate [V10O28]
6-

 interacts with P-type 

ATPases e.g. Ca
2+

-ATPase [16,37]. More recently, in another study, a 

series of three organoantimony(III)-containing hybrid POMs namely 

[(PhSb
III

)4(A-α-Ge
IV

W9O34)2]
12−

, [(PhSb
III

)4(A-α-P
V
W9O34)2]

10− 
and 

 

[{2−(Me2NCH2C6H4)Sb
III

}3(B-α-As
III

W9O33)]
3−

 (Phe, phenyl group) 

were tested their antibacterial activity on a variety of bacterial 
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strains including E. coli [43]. All three hybrid POMs were stable in 

aqueous media at physiological pH and showed promising 

antibacterial activity against Escherichia coli (MIC values ranging 

from 80 - 130 µg/ml) [45]. These observations were further 

explored by the same groups using other organoantimony(III)-based 

POTs [44]. It was referred that by increasing the number of 

attached {PhSb
III

} groups the antibacterial activity (MIC) was also 

enhanced from 500 to 125 µg/ml [46]. One of the most effective 

organic-inorganic antibacterial hybrid complex consisting of the 

Keggin structure [HSiW12O40]
3-

 , cobalt and the clinical antibacterial 

agent gatifloxacin (C19FH22N3O4), 

[Co
II
(C19FH22N3O4)3][C19FH23N3O4][HSiW12O40] showed a higher 

activity against E. coli with a MIC value of 2.42 µg/ml [47].  

Also recently, Chen et al. have studied the anti-bacterial activity of a 

chitosan-V10 complex against Escherichia coli and Staphylococcus 

aureus [48]. The complex demonstrated the same anti-bacterial 

activity with a minimum inhibitory concentration (MIC) of 12.5 

µg/ml against both bacteria. Last decade, nanohybrid membranes 

consisting of the Keggin structure H5PV2Mo12O40 and 

poly(vinylalcohol)/polyethylenamine (PVA/PEI) were shown to 

exhibited antibacterial activity against E. coli [49]. The bioactivity 

increased with increasing H5PV2Mo12O40 content within the PVA/PEI 

membrane exhibiting MIC values of 2 µg/ml. With similar MIC 

values, another nanocomposite system is that of the same Keggin 

structure H5PV2Mo12O40 and bamboo charcoal (BC) [50]. Recently, 

multilayer films based on the Keggin structures [SiW12O40]
4−

 and 

[PMo12O40]
3− 

within dye methylene blue as well as the antibacterial 

potential of POM ionic liquids (POM-ILs) were reported to be active 

against E. coli, although with lower MIC values in comparison with 

the one referred above [51]. The MIC values for the above 

described antibacterial activity of POMs alone, POM-hybrids and 

nanocomposites against E. coli can be compare in Table S1. 

Besides the studies in bacteria several others recent studies 

showing polyoxovanadate activity against others pathogenic 

microorganisms are emerging, pointing out once again to 

decavanadate and decavanadate compounds to future applications 

as antimicrobial agents [7,52,53]. Thus, a new decavanadate 

functionalized by Zn-fluconazole complexes shows antifungal 

activity against 19 Candida species with MIC values as low as 4 

µg/ml were described [50]. Also very recently, Crans et al, have 

investigated the effect of vanadate and decavanadate on the 

growth of Mycobacterium tuberculosis [53]. Whereas GI50 value 

calculated for the V1 experiment was 2.0 mM for the V10 

experiment 29 M (0.29 mM V-atoms) were found point out once 

again to the specific ability of decavanadate in inducing 

antimicrobial activity. Moreover, it was suggested that 

mycobacteria or some component excreted by the mycobacteria 

catalyses the hydrolysis of V10 thus favouring the transport of 

vanadate by vanadate transporters into the cell [53]. This point of 

view is particularly interesting because it was also previously 

suggested that in vivo exposition to decavanadate induced an 

increase of the amount of vanadium particularly in mitochondria in 

comparison with the exposition to vanadate alone [19,21,32]. In 

fact in these in vivo studies it was verified that for hepatic, cardiac 

and renal tissues decavanadate solutions causes higher vanadium 

accumulation in mitochondria than vanadate solutions, and that 

this is independent of the mode of administration [19,23,34]. 

Regarding mitochondria, probably one of the most potent effects 

for decavanadate so far described is the inhibition of mitochondrial 

oxygen consumption showing an IC50 as low as 99 nM whereas 

lower values were found for mitochondrial membrane 

depolarization (IC50 = 40 nM) [17,18]. 

Putting it all together, and taken in account the similarities between 

mitochondria and bacteria we cannot totally exclude that V10 

interaction with the bacteria surface of the bacteria, might favours 

the delivering a vanadium atoms to the bacterium inducing several 

changes in several oxidative stress parameters, such as GSH 

depletion, ROS production and concomitantly cell death [19]. In 

previous in vivo animal studies the global tendency is that 

decavanadate clearly induces much more changes in mitochondrial 

antioxidant enzymes activities in comparison to vanadate. However, 

no correlation was found between the levels of vanadium in 

mitochondria and antioxidant enzyme activities, upon 

decavanadate exposure [19]. 

3.2 Inhibition of sarcoplasmic reticulum Ca
2+

-ATPase activity by 

manganesepolyoxovanadates 

 

In parallel with the E. coli growth studies performed in the presence 

of several POVs and also Nb10 and V1, the effects of the two 

manganesepolyoxovanadates namely MnV11 and MnV13 on the 

activity of sarcoplasmic reticulum Ca
2+

-ATPase obtained from 

skeletal muscle were also investigated. It was observed that both 

POVs inhibits the Ca
2+

-ATPase activity, expressed as a percentage of 

the control enzyme value obtained without inhibitor, in a 

concentration dependent manner (Fig. 5).  

 

The inhibitory power of MnV11 and MnV13 were evaluated using IC50 

values meaning the POV concentration inducing 50% of Ca
2+

-ATPase 

inhibition of the enzyme activity. IC50 values of 31 and 58 µM were 

determined, respectively for MnV13 and MnV11 (Fig. 5). Ca
2+

-ATPase 

IC50 values of inhibition for decavanadate [V10O28]
6-

 (IC50 = 15 μM) 

and decaniobate [Nb10O28]
6-

 (IC50 = 35 μM) (Nb10) were previously 

described [37]. Using exactly the same experimental conditions as 

described in the present paper regarding to this Ca
2+

-ATPase, IC50 

values below 1 µM were found for some POTs such as P2W18 (0.6 

µM) and Se2W29 (IC50 = 0.3 μM) whereas a lowest potency were 

observed for TeW6 (IC50 = 200 μM) [16]. In the range of inhibitory 

power (IC50) from 1 to 35 μM, besides the V10 and Nb10 referred 

above, Keggin-based POTs such as mono-substituted CoW11 (IC50 = 4 

μM), tri-lacunary α-SiW9O34 (IC50 =16 μM) and α-AsW9O33 (20 μM), 

lacunary Dawson type P2W12O62 (11 μM) and As2W19O67 (28 μM) 

were also described [16,37]. 
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Figure 5. Inhibition of Ca
2+

-ATPase activity by the polyoxometalate 

MnV11 (A) and MnV13 (B) .Ca
2+

-ATPase was measured 

spectrophotometrically at 340 nm and 25 °C, using the coupled 

enzyme pyruvate kinase/lactate dehydrogenase assay. Data are 

plotted as means ± SD. The results shown are the average of 

triplicate experiments. 

 

Here, we show that MnV13 presents a 2-fold stronger inhibition of 

the calcium pump (IC50 = 31 μM) than the Keggin type MnV11 (IC50 = 

58 μM).  Both MnV11 and MnV13 compounds showed to be a Ca
2+

-

ATPase mixed type inhibitors regarding the natural ligand MgATP, 

as it can be observed in Figure 6, for MnV13 (Fig S5 for MnV11). This 

mixed type inhibition was also previously observed for P2W18O62 

and TeW6O24 [16,54] suggested that these POVs and POTs can 

interact with the Ca
2+

-ATPase whether or not the enzyme has 

already bound substrate. Previously, for both Nb10 and V10, it was 

showed a Ca
2+

-ATPase non-competitive type of inhibition [37]. 

 

Only for V10 a binding site in the Ca
2+

-ATPase was previously 

described, involving at least three protein domains including the 

phosphorylation and the nucleotide binding sites [55]. To our 

knowledge, studies about the type of inhibition of others POVs as 

well as mode of interaction with this or others P-type ATPases are 

still to be determined [8,16,38]. P-type ATPases plays a crucial role 

in cellular ion homeostasis and have been described as potential 

molecular targets of polyoxometalates [7,8,16]. It was suggested 

that decavanadate interacts with the ion pumps without needing to 

cross the membrane, which is from the extracellular side [24]. 

 

 

 

Figure 6. Lineweaver-Burk plot of Ca
2+

-ATPase activity in the 

absence (green) and in the presence (orange) of 15 μM of the 

polyoxometalate MnV13, used for determining the type of enzyme 

inhibition. The POV presented a mixed type of inhibition. Data are 

plotted as means ± SD. The results shown are the average of 

triplicate experiments. 

 

Therefore, decavanadate interaction with ion pumps from the 

outside can more rapidly induce changes in cellular ion homeostasis 

with implications in, for example, ROS production and bacterial 

death [7].  P-type ATPase was recently identified in bacteria for the 

supply of Ca
2+

 for growth and important for the integrity of the cell 

envelope [56]. Besides the P-type ATPases, POMs can also affect 

bacterial cells in changing their morphological structure leading 

them to death. Inoue et al. have reported that POMs such as 

As4W40O140 and Sb9W21 could enable morphological changes of H. 

pyroli from bacillary to a U-shaped or coccoid form [57]. Fiorani et 

al. have also revealed extensive degradation of an E. coli strain in 

the disruption of their rod-shaped morphology by a complex 

formed of a chitosan compound with V2Mo10 [58]. 

Regarding V10, it was suggested that V10 interacts with G-actin 

polymerization/depolymerization dynamics in skeletal muscle cells 

[36,59], which can lead to actin cytoskeleton damage and cellular 

death processes [7,8]. Actin is one of the most abundant proteins in 

cells, being involved in many cellular and biological processes. 

However, studies between POMs and cytoskeleton structures are 

scarce and only V10–actin interactions having been so far described 

[59]. Meanwhile XANES and EXAFS studies allowed to confirmed 

previous studies [36] that decavanadate interacts with G-actin but 

not with F-actin whereas oxidovanadium(IV)-species are detected 

within G-actin/decavanadate interactions that induces oxidation of 

the cysteine core residues but not oxidation of the so-called 

cysteine “fast” residues [60].  

3.3 Inhibition of Escherichia coli growth by polyoxovanadates 

shows a reverse correlation with Ca
2+

-ATPase inhibition 

The ATPase from sarcoplasmic reticulum was used as a model for P-

type ATPases. This specific type of ATPase was found important for 
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bacterial calcium regulation and growth [56]. Recently, it was 

described a structure-activity relationships for high affinity towards 

POTs (IC50 < 16 μM) indicating that the inhibition potential of the 

POMs for the Ca
2+

-ATPase inhibition can be correlated with their 

charge density [16]. Conversely, as referred above, for bacteria it 

was possible to determine that isostructural POMs, despite having 

the same size and similar charge, can be split into two groups 

according to their antibacterial activity, considering the MIC values 

for the different POMs. Herein, in order to decipher others specific 

features for these three POVs responsible for the inhibition of E.coli 

growth we analyzed a different approach, that is, a putative 

correlation between the IC50 values of inhibition for Ca
2+

-ATPase, 

and their activity against the bacteria growth, i.e. the GI50 values. 

Apparently, for the range of POVs studied, exhibiting IC50 values 

from 15 up to 58 μM, we observed a reverse correlation between 

their activity (IC50 value) and their GI50 values obtained for E. coli 

(Fig. 7). 

Thus, for the analyzed POVs it was observed a reverse correlation 

between the Ca
2+

- ATPase IC50 values and the Escherichia coli GI50 

values suggesting that decavanadate and others POVs inhibition of 

ion pumps cannot be directly associate with the inhibition of 

Escherichia coli growth. Being effective against Escherichia coli and 

not against the Ca
2+

- ATPase is not really bad news once the 

antibacterial therapeutic drugs requires high efficacy against 

bacteria coupled to a low toxicity against normal cells. On the other 

hand, we might suggest that to produce POMs more effective 

against Escherichia coli they should have specific features that are 

not P-type ATPase inhibitors and thus POMs present advantages as 

a drug in that their structure can be modified in order to produce 

the desire compound. 

Figure 7. Reverse correlation between the IC50 values found for 

MnV11, MnV13 and V10 for Ca
2+

-ATPase inhibition with their growth 

inhibition capacity (GI50) on E. coli. 

Apparently, POVs can inhibit Escherichia coli growth, and shows a 

reverse correlation with Ca
2+

-ATPase inhibition. The putative POVs 

interaction with ion pumps from the outside can more rapidly 

induce changes in cellular ion homeostasis with implications in, for 

example, ROS production and bacterial death [7]. However, the 

antibacterial mechanisms of POMs is not clear, and should be 

further studied [6,7]. On the other hand, once POM is redox active, 

it can induce alone or due to its decomposition production of ROS 

with bactericidal activity against Escherichia coli growth [7,61]. 

Moreover, even if specific POMs can target several processes and 

mechanisms that can be responsible for cell death the question 

remains to clearly understand which one is the early event affected 

by the POM and/or if the simultaneous effects observed are due to 

a putative decomposition within the interaction with the cell [7]. 

For certain chasing similar aims, very recently, it was suggested that 

besides POMs showed to be promising antibacterial agents against 

Moraxella catarrhalis, according to their MIC values POM activity 

mainly depends on composition, shape and size [62]. For the case of 

medium-size POTs it was referred that the antibacterial activity 

correlates with the total net charge [62]. Moreover, based on MIC 

values, it was showed that Dawson-type POMs exhibited highest 

activity and selectivity against M. catarrhalis. However, according to 

time-killing studies it seems clear that only the Preyssler anion 

shown a bacteriostatic effect against M. catarrhalis more close to 

azithromycin [62].  Finally, it was also referred that besides several 

POVs analyzed also the most active POM on M. catarrhalis, the 

Preyssler anion P5W30
14−

 (MIC = 1μg/ml), were inactive against the 

Gram negative E. Coli (MIC > 256 μg/ml) [59].  This value in 

agreement with the MIC value we obtained here and very different 

from the one described before (Table 1). In fact, as referred above, 

for all the POMs analyzed in the present paper we obtained high 

MIC values against E. Coli for all the compounds, therefore 

suggesting based on this MIC value a clear ineffectiveness against 

this type of bacteria. However, more quantitative studies are 

needed to better decipher the structure-activity-relationship of 

antibacterial POMs as well as the mode of antibacterial action of 

POMs on both bacterial growth inhibition and cell death. Further 

understanding of the redox biochemistry and ROS production 

capacity of different POMs may lead to the development of more 

specific antibacterial agents [61]. Finally, in the future, it would be 

beneficial to establish the mode of antibacterial action by each 

POMs to each pathogenic microorganism. 

4. Conclusions 

The studies presented demonstrate that besides decavanadate 

(V10), others two polyoxovanadates namely MnV11 and MnV13 

inhibits the growth of E. coli, whereas the oxovanadates prepared 

from NH4VO3 inhibit growth with 2-6 fold less potency. The greater 

inhibitory selectivity of the MnV11, MnV13 and V10 results are 

important because it demonstrates that besides the simple 

vanadate, polyoxovanadates can inhibit growth of E. coli. In 

addition, it was observed that conversely to V10, Nb10 only induce 

residual effects on E. coli growth. Nb10 is a well know isostructural 

species of decavanadate, suggesting that the stronger 

decavanadate antibacterial activity is due to its specific versatility 

rather than solely its structure and/or charge features. 

It was also observed that Ca
2+

-ATPase activity from sarcoplasmic 

reticulum is inhibited by MnV11 and MnV13  which values of 
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inhibition, IC50 = 58 and 31 μM, respectively, were about 2 to 4 

times less potent than the one previously described for V10 (15 μM). 

Conversely to Nb10 and V10, known to be Ca
2+

-ATPase non-

competitive inhibitors, both MnV11 and MnV13 showed to be mixed 

type inhibitors regarding the natural ligand ATP. Finally, it was 

found that the POVs exhibiting the highest antibacterial activity 

(MnV11) show to have the lowest Ca
2+

- ATPase inhibitory capacity 

(IC50 = 58 µM) whereas decavanadate, which was also very active 

against this ATPase (IC50=15 µM), was less active against E. coli.  

Thus, for the analyzed POVs it was observed a reverse correlation 

between the Ca
2+

- ATPase IC50 values and the Escherichia coli GI50 

values suggesting that decavanadate and others POVs inhibitors of 

ion pumps cannot be directly associate with the inhibition of 

Escherichia coli growth. This type of association is novel and of 

general interest once POMs present advantages as a drug in that 

their structure can be modified to be more or less active against E. 

coli, and P-type calcium ATPases are emerging bacterial targets 

[56]. Nevertheless, although the biological processes affected in 

bacteria by each POMs are yet to be clarified ion pumps as well 

known molecular targets for drugs and polyoxometalates should be 

taken in consideration [7]. 
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