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SYNOPSIS 

 

50 polyoxometalates (POMs) including 7 original compounds, 40 synthesized based on literature 

methodology and 3 commercially-available products were characterized in terms of physico-chemical 

properties via atomic absorption, UV-Vis, FT-IR, ESR and NMR spectroscopy, thermal analysis and 

transmission electron microscopy. Hypoglycemic, antibacterial and antitumor biological activities were 

studied. Based on our in vivo and in vitro studies, we concluded that the two W-POMs we tested in the 

treatment of streptozotocin-induced diabetic rats and for stimulating mesenchymal stem cells 

differentiation into insulin-producing cells achieved their hypoglycemiant effects by two concomitant 

mechanisms: they prevented the apoptosis of pancreatic β-cells and stimulated differentiation of 

pancreatic resident stem cells into new insulin-producing cells. The antibacterial activities of 37 POMs 

were tested on Gram-positive and negative bacteria vs. nine antibiotics and 10 POMs presented 

significant antibacterial activity at the concentrations tested. Antitumor activities of 9 Mo-POMs and 18 

W-POMs were investigated in vitro on HUVEC and HeLa cell lines. All Mo-POMs and 9 W-POMs 

initiating apoptosis due to their cytotoxic effects on both cell lines, 7 W-POMs had no effect on cell 

proliferation, while 2 compounds stimulated it.  

 

 

 

KEY WORDS:  

 

polyoxometalates, tungsten, vanadium, molibden, synthesis, antibacterian activity, diabetes, pancreatic 

beta-cells, stem cells, antitumoral activity 



INTRODUCTION 

 

Developing innovative nanocompounds exhibiting effective antiviral, antibacterial and antitumor 

effects can provide an alternative approach to conventional treatments of cancer and infectious diseases, 

some of the most serious threats to human health. Due to their unique physical and chemical properties, 

these inorganic metal oxide clusters with high negative charge modeled through derivatization are 

suitable for the synthesis of nanocomposites with targeted biological properties. Polyoxometalates are 

considered intelligent nanomaterials as these oligomeric aggregates are formed by “green” self-assembly 

processes, the cheapest in the industry.  

Their biomedical applications have been extensively developed in the last three decades, based 

on the particularity that modeling any of the molecular property of nanoPOMs (slight changes in 

polarity, redox potential, surface charge distribution, shape or pH) can decisively reconfigure their 

ability to specifically recognize targeted macromolecules (proteins, DNA, RNA etc.) of various 

normal/pathological biological substrates and the reactivity of such macromolecules under the influence 

of nanoPOMs. Such complex nano-manipulation possibilities opened by newly available technologies 

marks this area as one of the most active in the scientific and technological research. 

These perspectives provide the foundation of this thesis. 

The results presented herein were obtained as follows: 

 synthesis and various physico-chemical characterization of some polyoxometalates were 

performed in the Department of Chemistry - Inorganic Chemistry within the Faculty of 

Chemistry and Chemical Engineering of the "Babes-Bolyai" University, Cluj-Napoca; 

 physico-chemical characterization of polyoxometalates was conducted in the Discipline of 

Physical Chemistry and Discipline of General and Inorganic Chemistry, Faculty of Pharmacy, 

"Iuliu Haţieganu" University of Medicine and Pharmacy, Cluj-Napoca, in co-operation with the 

"Raluca Ripan" Institute of Chemistry, Cluj-Napoca; 

 characterization of the relationship between molecular structure and biological activity was a 

joint effort involving several research units in Cluj-Napoca. As such: determination of the 

antibacterial activity of the synthesized compounds implied the cooperation with three 

disciplines within the Faculty of Veterinary Medicine, University of Agricultural Sciences and 

Veterinary Medicine in Cluj-Napoca, i.e. the Microbiology, Immunology and Epidemiology 



Discipline, the Reproduction, Obstetrics and Reproduction Pathology Discipline and the 

Infectious Diseases and Preventive Medicine Discipline;  

 determination of the anti-tumor activity (in vitro study) was performed in cooperation with the 

Laboratory of Radiobiology and Tumor Biology, "Prof. Dr. Ion Chiricuţă" Oncology Institute, 

Cluj-Napoca; 

 determination of the hypoglycemic activity of two polyoxometalates (in vivo study) was 

performed in the Electron Microscopy Laboratory of the Cell and Molecular Biology Discipline, 

Faculty of Medicine, "Iuliu Haţieganu" University of Medicine and Pharmacy, with the 

participation of Assistant lecturer Modeste Wankeu-Nya, MSc, PhD, from the Department of 

Animal Organisms Biology, Faculty of Science, University of Douala, Cameroon; 

 determination of the hypoglycemic activity of two polyoxometalates (in vitro study) was 

performed in cooperation with the Laboratory of Radiobiology and Tumor Biology, "Prof. Dr. 

Ion Chiricuţă" Oncology Institute, Cluj-Napoca; 

The results presented in this work were published, communicated or are pending to be published.  

 

 

MOTIVES IN CHOOSING THIS RESEARCH THEME 

 

This PhD thesis contributes in providing new knowledge in the dynamic field of nanocompounds, a 

topical national and international research theme in view of their exponentially growing number of new 

applications in medicine, energy, catalysis, materials science etc. Biologically active nanocompounds 

are needed for providing new and relatively inexpensive inorganic drug formulations that would 

improve the quality of life. Our efforts included theoretical contributions in understanding the 

mechanisms leading to the self-assembling of certain polyoxometalates presenting biological activity, 

synthesis of such huge archetypal complexes (including the synthesis of 7 brand-new compounds), and 

in detailed analyses of the relationship between the chemical structure of certain classes of 

polyoxometalates and their biological activity.  

 

 

 

 

 



OBJECTIVES 

 

The objectives of this research were: 

1. Synthesis of several types of polyoxometalates and clusters, including: 

- polyoxometalates presenting saturated structures  

- polyoxometalates presenting lacunary structures  

- POMs presenting mono-lacunary Keggin structures with identical addenda atoms  

- POMs presenting mono-lacunary Keggin structures with mixed addenda atoms  

- POMs presenting tri-lacunary Keggin structures  

- POMs presenting sandwich trilacunary Keggin and pseudo-Keggin structures  

- POMs presenting sandwich trilacunary pseudo-Keggin structures with BiW9 blocks  

- POMs presenting Wells-Dawson mono-lacunary structures with mixed addenda atoms  

- clusters with organometallic fragments  

- clusters with f cations  

2. Physico-chemical analyses of all synthesized compounds, including:  

- elemental analysis 

- determination of the chemical structure by spectroscopic methods  

- UV-Vis 

- FTIR 

- NMR 

- stability in aqueous solutions at a physiological pH 

- thermogravimetric analysis 

3. Establishing the biological activity of the synthesized compounds 

- antibacterial activity 

- anti-tumor activity 

- hypoglycemic activity  

4. Establishing relations between chemical structure and biological activity  

- determination of the factors susceptible to optimize synthesis methods  

- determination of derivatization schemes susceptible to elicit a maximum biological response  

   from the targeted biological substrates 



PART I. STATE OF THE ART  

 

Chapter 1. Theoretical aspects in the study of polyoxometalates 

 

Polyoxometalates were discovered by Schele in 1727 [1] and later on by Berzelius in 1826. In 

1862 Marignac [2] established their chemical composition and in 1934 Keggin determined the structure 

of the [X
n+

M12O40]
(8-n)-

compounds (later called the Keggin structure) based on X-ray diffraction [3-5]. A 

real revolution in structural terms came six decades later, when isolation of single crystals from 

molybdenum blue solutions revealed the huge polioxometalate wheel structure encapsulating 158 Mo 

atoms and the high symmetry of the complex and its surprising solubility were observed. The discovery 

dramatically changed state of the art data, opening new fields in nanochemistry and nanomaterials. 

Polyoxometalates are coordinate covalent compounds of several polyoxoanions usually of group 

5 or 6 transition metals in their high oxidation states, mainly molybdenum(VI), tungsten(VI), 

vanadium(V), niobium(V) or tantalum(V), linked together by shared oxygen atoms to form large 3-

dimensional frameworks that may include one or more hetero-atoms such as phosphorus or silicon [6,9]. 

A first classification divides them into iso-polyoxometalates and hetero-polyoxometalates 

pending on the absence or presence of hetero-atoms in their composition. While iso-polyoxometalates 

are based on the Lindqvist structure ([M6O19]
n-

), hetero-polyoxometalates exhibit a larger variation. 

Following Keggin’s discovery, several other types of hetero-polyoxometalates presenting complete or 

lacunary structures were found. [2,6-8] 

A general formula that underpins their structure can be expressed as [HaXxZzMmMn
*
OyLlHh

*
]
p-

, 

where H are ionizable hydrogen atoms, X are primary heteroatoms, Z are secondary heteroatoms, M are 

first addenda atoms, M* are second addenda atoms; O are oxygen atoms, L are ligands and H* are 

hydrogen constitutive atoms.[7,8] 

 

Chapter 2. Synthesis and analyses of polyoxometalates: current stage of research  

 

Polyoxometalates’ syntheses are complex processes involving molecular reorganization, 

therefore reaction mechanisms leading to the formation of new compounds are rather difficult to 

establish. However, several possibilities are well documented, such as the "all-in-one-pot" synthesis or 

indirect synthesis from other polyoxoanions. A number of parameters need to be strictly controlled, 

including pH and temperature (vital in generating the self-assembling mechanism), reflux, hydrothermal 



or ambiental conditions, the type and concentration of oxigenic anions, the presence/absence and 

concentration of certain heteroatoms or addenda atoms, ionic strength, the presence of reducing agents 

or the composition and organic/inorganic nature of the solvent(s).[2, 23] 

The "all-in-one-pot" synthesis takes place in a single of few step(s) and consists in decreasing 

(for W or Mo) or increasing (for V) the pH of an aqueous solution of oxometalates, thus increasing the 

nuclearity of the oxoanion fragments. Incorporation of heteroatoms, lacunary fragments or ligands 

contribute significantly to changes in the structure and architecture of final synthesis products. No 

intermediate separation/purification steps are needed. 

 

Fig. I.2.1. The „all in one-pot” synthesis [modified from 23]. 

 

The most frequently used methods to determine optimal conditions for the aqueous synthesis of 

polyoxometalates and characterize various chemical species in terms of molecular structure are the 

colorimetric, spectrophotometric, conductometric and polarographic methods.  

The conductometric (or potentiometric) method is used in the aqueous synthesis of colorless 

reactants. According to the electrical quantity that is measured, potentiometric titrations involve the 

measurement of the potential difference between two electrodes of a cell, while conductometric 

titrations determine the electrical conductance or resistance. 

Polarography is a voltammetric measurement whose response is determined by combined 

diffusion/convection mass transport. Polarography and cyclic voltammetry are based on the 

polyoxometalates’ reversible reduction which can influence optimal conditions in forming chemical 

species, and this method was successfully used in discovering new isomers or heteropolyanion 

fragments. [8] 



Spectroscopy (study of the interaction between matter and electromagnetic radiation) is widely 

used in determining various physical properties. UV-Vis (the ultraviolet and visible spectroscopy), 

microwave spectroscopy, IR spectroscopy, FT-IR (Fourier transform infrared spectroscopy), Raman 

spectroscopy, SERS (surface enhanced Raman spectroscopy), SERRS, SPR (surface plasmon resonance 

spectroscopy), ERS (electron spin resonance spectroscopy), NMR (nuclear magnetic resonance 

spectroscopy) are among the most frequently employed techniques. Other physical investigations 

include mass spectrometry (FABMS: fast-atom bombardment mass spectroscopy), thermogravimetric 

analysis or crystallographic studies based on X-ray diffraction [24-31]. 

Physical and chemical characterization by elemental and thermogravimetric analysis, 

fluorescence spectroscopy techniques, UV-Vis, NIR, Raman and SERS vibrational spectroscopy, Raman 

confocal or atomic force microscopy, followed by remodeling (derivatization) and in vitro and in vivo 

testing, is the key to enhance polyoxometalates’ biological effects [53-55]. 

 

Chapter 3. Polyoxometalates’ applications and practical relevance  

 

Because of their structural diversity and of the many types of possible interactions,  

polyoxometalates show specific physico-chemical properties that provide them with a large versatility. 

In analytical chemistry polyoxometalates have been widely used for the detection, separation and 

dosing of dozens of elements. The presence of multiple drugs in biological samples is determined using 

polyoxometalates. They are also used in staining different tissue preparations.  

Possible applications: analytical reagents, pigments, dyes, tonner ink, catalysis, photo/electro-

catalysis, photovoltaic cells, opto-electronic devices, biology and medicine. In this chapter a brief 

description of the POMs’ applications based on their molecular interaction is provided (see fig. I.3.2)  

 
Fig. I.3.2. Applications of polyoxometalates 



Chapter 4. Polyoxometalates: biologically active nanocompounds presenting multiple medical 

applications  

 

In regard of their possible medical applications, heteropolyoxometalates are more efficient than 

isopolyoxometalates in terms of biological activity because of their versatility in allowing structural 

changes during syntheses processes. Biological compatibility is their toughest challenge, as being 

inorganic substances is a major disadvantage. However, changes in their molecular properties (redox 

potential, electrical charge distribution, acidity), functionalization, kinetically controlled selective 

assembly, stabilization in aqueous media and derivatization may enhance their compatibility with the 

biological environment at a physiological pH [62]. Their most important biological actions with possible 

applications in medicine (antibacterial, antiviral and antitumor activity) were highlighted during our 

applied research studies. 

Although several studies clearly demonstrated the ability of various heteropolyoxoanions to 

penetrate cell membranes, the complex molecular penetration mechanism is still enigmatic. 

The antibacterial activity of the polyoxometalates was demonstrated on a large number of strains 

resistant to antibiotic action. Various studies (Tajima and Yamase in particular) reported certain 

antibacterial activities of polyoxometalates combined with β-lactamics (first efficient antibiotics) 

observed on the likes of Escherichia coli, Methicillin-resistant Staphylococcus aureus (MRSA), 

Vancomycin-resistant Staphylococcus aureus (VRSA), Helicobacter pylori or Bacillus subtilis [72-80]. 

More recently heteropolyoxometalates were recently employed in fighting the prionic diseases.[84] 

Reported since 1971, the antiviral activity of the polyoxometalates was observed on viruses such 

as MLSV (murine leukemia sarcoma virus), VSV (vesicular stomatitis virus), polio virus, rubella virus, 

RLV (Rauscher leukemia virus), RV (Rabies virus), Rhabdovirus or EBV (EBV – Epstein-Barr virus) 

[94-102]. Promissing results give polyoxometalates a fighting chance against HIV, HBV, hepatic (liver) 

or herpetic viruses (HSV-1, HSV-2, HCMV), and against some aggressive flu viruses as well [102,103]. 

Several studies indicated that the reverse transcriptase of the HIV-1 virus is selectively inhibited by 

certain polyoxometalates [100]. As they do not directly interact with viruses in the host organisms, 

polyoxometalates’ main action is antiviral, not virucidal. Their action depends on size, charge, structure, 

polyoxoanions and counter-anions’ composition, as well as the virus type (DNA, RNA) or cell lines on 

which the polyoxometalates’ activity was tested [72]. 



Molecular interactions between Keggin polyoxoanions and bovine hemoglobin proved the 

potency of the anticoagulant action of polyoxometalates as they strongly inhibited protein tyrosine 

phosphatase. Chronometering the dynamics of human blood coagulation processes confirmed that 

Keggin saturated polyoxometalates exhibit anticoagulant activity mainly based on the polyoxoanions’ 

degree of hydration [123-125]. 

Data on the anticancer mechanism exerted by polyoxometalates are not well understood, the only 

in vivo human study in 1965 reporting succesful blockage of urinary blade carcinoma evolution under 

treatment with tungsten and molybdenic acids combined with coffein [106]. In vitro studies on 

malignant cells lines revealed that the polyoxometalates’ antitumor activity surpases that of certain 

cytostatic drugs [107-109]. It was observed that the polyoxoanion influences antitumor activity, while 

the cation determines its biodisponibility (solubility). By activating the apoptotic pathway in reducing 

mitochondrial activity, polyoxometalates inhibit ATP generation based on a redox reaction, as proposed 

by Yamase. Polyoxometalates were found to present great specificity against CK2 protein-kinase, a 

global anti-apoptotic agent [110-115].  

In the 80’s a number of in vivo experiments using streptozotocin or alloxan established the 

hypoglycemic activity of certain vanadium-based compounds, but indicated high toxicity levels [149-

152]. Vanadyl sulfate is used as a nutrition supplement and tested since 2000 in clinical trials with 

promising results and no significant side effects, but further studies concentrated on tungsten and 

molybdenum compounds to reduce toxicity while enhancing the hypoglycemic activity [145-148]. It has 

been determined that vanadium enhances insulin action, but actual mechanisms are still under debate 

[149-152]. Latest research considered using Dawson polyoxometalates presenting both vanadium and 

tungsten. 

 

II. PERSONAL CONTRIBUTIONS  
 

Chapter 1. Synthesis and physico-chemical analyses of polyoxometalates presenting saturated and 

lacunary structures 

 

51 polyoxometalates including 7 original compounds, 41 synthesized based on literature 

methodology and 3 commercially-available products were characterized in terms of physico-chemical 

properties. 



The newly synthesised 7 polyoxomethalates are: 

1. (NH4)4[NBu4]5[Na(BuSn)3Sb9W21O86]·17H2O (POM 2 D=POM BI-28) 

2. Na8[La2(H2O)6(Bi2W20O70)]·37H2O (POM T-8) 

3. Na15[(CeO)3(OH2)2(BiW9O33)2]·45H2O (POM T-10) 

4. K6[SiVW11O40]·12H2O (POM BI-30) 

5. K6[Si(VO)Mo2W9O39]·11H2O (POM BI-7) 

6. Na5[Fe(H2O)GeW11O39]·26H2O (POM BI-24a,b=POM T-26) 

7. Na14[Mn3(H2O)3(SiW9O34)2]·25H2O (POM BI-27=POM T-11). 

 

Synthesis and physicochemical characterization of (NH4)4[NBu4]5[Na(BuSn)3Sb9W21O86]·17H2O. 

 

 The (NH4)4[NBu4]5[Na(BuSn)3Sb9W21O86]·17H2O complex (POM2D=POM BI-28) with an 

original formula proposed here, specific for the synthesis of a larger polyoxometalate derived with 

organometallic fragments, was newly prepared and characterized as follows: 

To a 3.3 mmol solution made of 0.66 mL C4H9SnCl3 in 50mL bidistilled and deionized water, 

powdered (NH4)17Na[NaSb9W21O86]·14H2O (6.94 g, 1 mmol) was added quickly and under continuous 

stirring at 50-60ºC. Within a few seconds, most of 21-tungsto-9-antimonate cryptate dissolved and the 

solution became clear; its final pH was 5.0. Traces of unreacted tungstoantimonate were filtered out 

after 10 minutes, and (NBu4)Br (1 g, 2.7 mmol) was subsequently added in small amounts to the filtrate 

and a white precipitate was obtained. The precipitate was then collected on a fine glass frit, dried under a 

water aspirator vacuum system for 1h, washed with saturated (NBu4)Br solution and dried overnight 

under vacuum to give a yield of 3.60 g (39%). A white powder of this solid compound was obtained by 

the method of vapor diffusion with ethanol; yield 2.94 g (31%) [80].  

The elemental analysis of the POM2 was consistent with our proposed formula: 

(NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O. Calculated: for C92H257N9NaSb9Sn3W21O103 

(M=8473.62): C, 13.04; H, 3.06; N, 1.49; Na, 0.27; Sb, 12.93; Sn, 4.20; W, 45.56; H2O, 3.61. Found: C, 

13.06; H, 3.10; N, 1.54; Na, 0.28; Sb, 12.94; Sn, 4.35; W, 45.61; H2O, 3.64.  



Thermal analysis of the POM2 nanocompound revealed the presence of 17 molecules of crystal 

(lattice) water. The most interesting aspect of our study was the interaction between BuSn
3+

 and 

[NaSb9W21O86]
18-

 by a cyclic self-assembly of the (B-β-SbW7O24)
3-

 anions linked by two Sb3O7 external 

fragments in which [Na(BuSn)3Sb9W21O86]
9-

 polyoxometalate complexes were formed. The product of 

reaction between [NaSb9W21O86]
18-

 and BuSn
3+ 

ions in aqueous solution, isolated as the mixed 

ammonium and tetra-butyl ammonium salt, proved to be (NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O 

in which one B-β-[NaSb9W21O86]
18-

 anion was linked by O-Sn-O bridges. The polyoxotungstate anion 

consisted of a B-β-[NaSb9W21O86]
 
fragment (L2), which linked three BuSn

3+ 
fragments in three 

pentavacant ligands by five terminal oxygens, and all tin ions had one terminal n-butyl, resulting in 

octahedral coordination geometry. This anion (POM2) was the first one derived from B-β-

[NaSb9W21O86]
18-

 anion and butyltin cations. Tungstoantimonate (III) anion [NaSb9W21O86]
18-

 contained 

three {SbW7O24} groups linked to a central core of two {Sb3O7} groups, encapsulating a sodium cation, 

forming the central active site. The {SbW7O24} units were pentavacant lacunary derivatives of the 

hypothetical Keggin {β-SbW12} anion, by removal of five WO6 octahedra (a W3O13 triplet and one 

octahedron from two different triplets), forming another six sites disposed two towards the three 

{SbW7O24} subunits. Two adjacent lacunary sites on each {SbW7O24} group could be occupied with one 

or two transition cations in order to form nanocomplexes (see figura II.2.11) [81,82]. 

 
 

Fig. II.2.11 Structure of the B-β-[NaSb9W21O86]
18-

 polyanion, poliedric representation of the three 

{SbW7} fragments: WO6 polihedre in purple, Oxigen atom – white ball, Sb atoms - pinkballs, large 

orange ball - Na
+
 [modified after Zhang, 1995]. 

 

Thermal analyses revealed the following: The first important process was the weight loss, 

accompanied by two endothermal effects at temperatures in the range of 40-240°C. This corresponded to 



the elimination of 17 (3.61%) water molecules, with loss of the lattice water in two steps. The next 

important process observed at 200-350°C related to changes in the polyanionic architecture, compared 

with other polyoxometalates. Above 380°C, after combustion of organic components, inorganic residue 

exhibited some minor exothermal effects probably due to a polymorphic transformation. 

The UV electronic spectra of HPA-23 as L2 and of POM2 (POM BI-28) exhibited two charge-

transfer bands, also observed for L1 and POM1, characteristic for polyoxometalate structures.  

 
Fig. II.2.2. UV spectra of L2 (in black) and POM2=POM BI-28 (in red). 

 

Table 1. UV spectra chemical shift (nm/cm
-1

). 

  

 ν2 (W=Ot) ν1 (W-Oc,e-W) 

L2-HPA23 194 nm/51546 cm
-1

 250 nm/40000 cm
-1

 

POM2 191 nm/52356 cm
-1

 275 nm/36363 cm
-1

 
  Oi is a internal oxygen which links Sb and W atoms; Oc,e are the oxygen atoms which 

  connect corner and edge sharing WO6 octahedra; and Ot is a terminal oxygen. 

 

The UV spectra of L2 and POM2 were very similar, providing evidence that the charge transfer 

inside the polyoxotungstate structure was not significantly affected by coordination. The more intense 

band, corresponding to the pπ(Ot)→dπ(W) transition, was centered at 51 546 cm
-1

(194 nm) in L2 and at 

52 356 cm
-1 

(191 nm) in POM2 (Ot is a terminal oxygen). This was in agreement with the coordination 

of metallic ions by the terminal oxygen atoms of the pentavacant ligand L2. The broader band centered 

at 40 000 cm
-1 

(250 nm) in the L2 spectrum belonged to the pπ(Oc,e)→ dπ*(W) charge transfer transition 

in the tricentric bands W-Oc,e-W. (Oc,e are the oxygen atoms which connect corner and edge sharing 

octahedra.) This band was much more shifted toward lower energies in the case of POM2 at 36 363 cm
-1 

(275 nm). This finding was in agreement with the intensification of inequivalence in these bonds, also 

showing a symmetry decrease originating from distortion of the corresponding WO6 octahedra. 



Vibrational spectra. All of the prepared POMs and their corresponding ligands have 

characteristic IR spectral bands in the range 700-1000 cm
-1

 [83]. FT-IR spectra of polyoxometalates 

generally exhibited contributions of the polyoxoanion framework [84-87]. These bands were shifted by 

comparison with lacunary polyoxometalates because of the structural changes caused by the 

coordination of the vanadyl (VO)
2+

 ions in POM1 or organometallic (butyltin) fragments in POM2. In 

this work, the FT-IR spectrum of new (NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O (POM2) 

nanocomplex, when compared to the spectrum of (NH4)17Na[NaSb9W21O86]·14H2O (L2) (Figure 

II.2.3), information was provided concerning the coordination of BuSn
3+

 ions by the different type of 

oxygen atoms from POM2. As was predicted, L2 and POM2 displayed the IR spectral bands 

characteristic of polyoxometalates. (Table II.2.2). 

 
Figure II.2.3. FT-IR spectra of L2 (in black) and POM2 (in red). 

 

Table II.2.2. Vibrational frequencies (cm
-1

) from FT-IR spectra of L2 and POM2. 

Assignment L2 POM2  

νas(W=Ot) 933s 958s, 927m 

νas(W-Oc-W) 870s, 845s 881s, 871s, 851s 

νas(W-Oe-W) 797vs, 749vs 800vs, 766vs 

νas(Sb-Oi) 657s, 518w 681s, 613m, 549s 

νas(Sn-O) - 681s, 549s 

νas(C-Sn-O) - 681s, 549s 

νas(C-Sn) - 489m, 418m 

ν(C-N) - 1293m, 701 sh 

νas(O-H) from H2O 3416s 3485s, 3373vs 

νas(N-H) from NH4
+ 3144vs, 3022sh 3171m, br 

δ(W-O-W) 493w 489vw 

δ(Sb-O) 446m 431w 

δ(O-H) from H2O 1617m 1648m, 1621sh 

δ(N-H) from NH4
+
 1400vs 1404s 

νas(C-H) from butyl - 1000-1300, 1700-1950, >2800 



 

NMR spectra. The 
1
H- and 

13
C-NMR spectra indicated the equivalence of all of the butyltin groups. 

Unfortunately, we have not been able to obtain high quality spectra to date. This may be due to the very 

low solubility of compounds in the used solvent (CDCl3) [94]. However, the
 1

H- and 
13

C-NMR spectra 

of the n-BuSnCl3 and POM2 were quite similar and exhibited the expected resonances. They also 

showed four signals typical of the butyl group; however, these signals (in POM2) were relative shifted 

as compared to n-BuSnCl3 (as the reference standard) [95]. These values are shown in Table II.2.3. 

 

Table II.2.3. The chemical shifts (δ, ppm) of resonance signals from 
1
H-NMR  

and 
13

C-NMR spectra of n-BuSnCl3 and POM2. 

 
1
H-NMR spectra n-BuSnCl3 POM2  

CH2,α 2.41 2.05 

CH2,β 1.90 1.85 

CH2,γ 1.50 1.42 

CH3,δ 0.98 0.88 
13

C-NMR spectra n-BuSnCl3 POM2 

CH2,α 33.54 32.04 

CH2,β 26.93 27.83 

CH2,γ 25.74 26.22 

CH3,δ 13.44 13.51 

                   - Sn – 
α
CH2 – 

β
CH2 – 

γ
CH2 – 

δ
CH3 

 

Comparison of the 
1
H-NMR spectra of (NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O and free 

butyltin-trichloride indicated that they were nearly identical, which may be due either to the weak 

binding constant or to the swift exchange of butyltin fragments on the NMR time scale. In addition, due 

to the diamagnetic character of W(VI), the complexation shifts were slightly different as expected 

[95,96]. For POM2, the 
1
H-NMR chemical shifts (δ, ppm) of resonance signals were centered at 2.05 

(multiplet, CH2,α), 1.85 (quintet, CH2,β), 1.42 (sextuplet, CH2,γ), and 0.88 (triplet, CH3,δ), relative to n-

BuSnCl3 (2.41; 1.90; 1.50 and 0.98 ppm) in the aliphatic region. The 
1
H-NMR spectrum was not very 

well resolved, and yet all resonances could be unambiguously assigned; nevertheless, the allure 

spectrum suggested the existence of a single chemical species, namely POM2. 

The 
13

C-NMR chemical shift of carbon signals showed a correlation with the nature of the 

butyltin group and with the new C-Sn-O bound
 
[95] as in the POM2 structure. The 

13
C-NMR resonance 

signals in the POM2 spectra were slightly shifted at 32.04 (CH2,α), 27.83 (CH2,β), 26.22 (CH2,γ), and 

13.51 (CH3,δ) ppm compared to the free n-BuSnCl3 (33.54; 26.93; 25.74 and 13.44 ppm), consistent 

with the coordination of tin atoms attached to the terminal oxygen atoms tied to tungsten (VI) atoms. 



The 
13

C-NMR spectrum of POM2 in CDCl3 displayed the expected resonances for the aliphatic carbon 

atoms and showed four clean lines, confirming the purity and the single-product nature. 

 

Synthesis and physicochemical characterization of Na8[La2(H2O)6(Bi2W20O70)]·37H2O (POMT-8) 

 

 This synthesis was carried out in aqueous solution by mixing the ingredients in acid medium, 

according to stoichimetry of the chemical reactions taking place. The compound was further 

characterized by several physical and chemical methods. 

Two BiW9 subunits of the heteropolyoxoanions formed during synthesis capture two WO6 

octahedron and two La
3+

 cations in a sandwich structure, the proposed resulting compound presenting a 

Bi2W20 structure with a C2h symmetry (including an inversion center) being shown in Figure II.2.15  

 

 
Fig. II.2.15. Polyhedral representation of the [La2(H2O)6(Bi2W20O70)]8

-
 polyoxoanion (in purple: WO6 

octaedra; in gray: WO6 octaedra rotated 60º; green balls: La
3+

 ions; yellow balls: Bi heteroatoms of the 

BiO4 tetrahedra; pink balls: coordinated water molecules; red balls: oxygen atoms). 

 

The lanthanide ions are thus heptacoordinated in a pentagonal bipyramidal geometry. These 

structures can self-assemble in dimers and can form monodimensional layers. 

 

Synthesis and physicochemical characterization of Na15[(CeO)3(H2O)2(BiW9O33)2]·48H2O 

 

 This synthesis was carried out in aqueous solution by mixing the ingredients in acid medium, 

according to stoichimetry of the chemical reactions taking place, in a modified version of the method 



presented by Gouzerh în 2002.The compound was further characterized by several physical and 

chemical methods. 

Sandwich structures with f metal ions incorporated in their structure have been described by 

Knoth [21]. For this newly synthesized compound we propose a Na15[(CeO)3(H2O)2(BiW9O33)2]·48H2O 

structure, as shown in Figure II.2.19. 

 
Figure II.2.19. Polyhedral representation of the Na15[(CeO)3(H2O)2(BiW9O33)2]·48H2O 

polyoxometalate structure (in purple: WO6 octaedra; black balls: Ce
3+

 ions; yellow balls: Bi heteroatoms 

of the sandwich structure; green balls: oxygen atoms; pink balls: water molecules). 

 

Chapter 3. Biological activity of the synthesized polyoxometalates  

3.1 The hypoglycemic activity of two polyoxometalates - in vitro and in vivo studies 

Introduction 

Several groups of researchers, including one led by Nomiya, has characterized certain molecules 

polyoxometalates as insulin-mimetic and having hypoglycemic activity [153]. The study presents the 

results of investigations concerning two heteropolioxowolframaţi hypoglycemic activity were not 

investigated in this perspective, POM1 = K11H[(VO)3(SbW9O33)2]·27H2O = PM-1002 (described for the 

first time in literature Yamase et al, 2001) and POM 2 = (NH4)4(NBu4)5[Na(BuSn)3Sb9W21O86]·17H2O 

first proposed here in this thesis, proved to have hypoglycaemic activity. 

Hypoglicemic effects of the two polyoxometalates have been established in an in vivo study after 

their oral administration in rats with diabetes induced by STZ (streptozotocin). In order to elucidate the 

molecular mechanism of action of polyoxometalate, in vitro experiments showed two POMs ability to 

stimulate the differentiation of stem cells into insulin-producing cells and secreting. 



 

 
 

Fig. II.3.1.1. Hypoglicemic effects of the polyoxometalates  

 

Materials and methods 

In vivo study 

We used male Wistar rats in which diabetes was induced with STZ (50 mg/kg b.w.) 

intraperitoneally injected in a single dose (Wankeu-Nya et al., 2013). Blood drop collected by 

venipuncture from each rat were analyzed with Accu-Chek®Active glucose meter (F. Hoffmann, La 

Roche Diagnostics Ltd.). Glycemia levels higher than 200 mg/dL recorded in all STZ injected rats were 

considered as indicative for diabetes.  

Four control groups were established: healthy control group treated with POM1, POM2 and 

bidistilled water and two diabetic groups treated with POM1 and POM2. In all groups treated with 

POMs, the daily dosages (as 1 mg/mL solutions in Millipore water) were up to a cumulative dose of 4 

mg/kg b.w. at the end of the 3 weeks of treatment. The blood glucose was monitored at 14 and 21 days 

respectively – when the rats were killed under general anesthesia.  

Distribution and ultrastructural characteristics of the secretory vesicles of endocrine pancreas β 

cells and insulin-producing cells, as well as the hepatotoxicity assessment as induced by POMs 

administration, were determined following the transmission electron microscopy (TEM) standardized 

analytical protocol JEOL JEM 1010 (JEOL Ltd., Tokyo, Japan). Secretory vesicle diameters of β cells 

and their inside electron-dense granules were measured using the Cell^D morphometry software 

(Olympus Soft Imaging Solutions GmbH, Münster, Germany). 



In vitro study 

Three cell lines were used in this study: human bone marrow adult mesenchymal stem cells (M-MSCs), 

human umbilical vein endothelial cells (HUVECs) and human amniotic membrane adult mesenchymal 

stem cells (A-MSCs). M-MSCs and A-MSCs were cultured in standard stem cell medium, while 

HUVECs were cultured in RPMI-1640 medium.  

A-MSCs cells in vitro differentiation into insulin progenitor cells was performed based on the protocol 

of pancreatic differentiation.  

Statistical Analysis  

GraphPad Prism 5.00 software (GraphPad Software Inc., La Jolla, USA) was used for the statistical 

analysis and for the graphical representation of the results. The differences were considered statistically 

significant at p<0.05. 

Results and discussion 

The size of the two POMs were measured manually using the Cell^D software (6093 

measurements for each POM) based on TEM micrographs. Distribution of POMs sizes is shown in 

Figure II. 3.1.2 . 

 

 
Fig. II.3.1.2. Nanocompounds sizes. A. TEM image of POM1; B. TEM image of POM2;  

C. POMs’ diameter distribution (in black: 2-3 nm, in white: 3-4 nm; in purple: above 4 nm). 

 

Effects of POMs on Body Weight and on Food Intake 

No statistical significant effects of the various treatments were observed with regard of food 

intake during the study. Concerning the body weight of the animals, among the negative controls, only 



the HCG group constantly gained weight. The groups treated with POMs underwent an initial increase 

after 14 days, but with a come back towards the end of the study. On the other hand, in all diabetic 

groups (positive controls, and two treated with POMs), a continuous loss of weight was observed during 

the whole experiment. 

Hypoglycemic effects of POMs  

The blood glucose level had constant values in the three negative control groups during the entire 

study. In the positive control group, the STZ treatment was followed by a dramatic increase of glycemia 

due to a high number of affected β-cells by STZ. In the two STZ-diabetic groups treated with POMs, the 

increase of glycemia was much less pronounced as compared to the positive control group during and at 

the end of the experiment. There were no statistical significant differences between the levels of blood 

glucose measured in the day 21 in the diabetic groups treated with POM1 and POM2, but POM1 exerted 

greater hypoglycemic effects. These aspects are highlighted in figure Fig. II.3.1.3.  

 
Fig. II.3.1.3. Evolution of blood glucose level during treatment on all experimental groups. 

A. Day 1; B. Day 14; C. Day 21. 

 

Ultrastructural Aspects of Pancreatic β-Cells  

The main ultrastructural characteristic of these cells in the healthy rats group consisted in the 

presence of many secretory vesicles with a normal distribution within the β cells. It turned out that fixing 

methods based on glutaraldehyde and osmium tetroxide are responsible for the "classic ultrastructure " 

of β cells secretory vesicles, exhibiting an electron-dense core (insulin granules) surrounded by a large 



gauzy halo. The calculated average diameter of secretory vesicles in the healthy group of rats was 

466.67 ± 58.40 nm and the average diameter of the electron-dense core was 264.01 ± 45.29 nm. 

In the positive control group many apoptotic β-cells were found in the islets. They were shrunken 

and detached from the neghbouring cells, presenting irregular nuclei, clumped chromatin granules and 

dilated perinuclear space, dilated endoplasmic reticulum as well as highly vacuolized cytoplasm. 

However, other β-cells preserved a generally normal ultrastructure, exhibiting round or oval shaped 

euchromatinic nuclei, rough endoplasmic reticulum with normal ultrastructural aspect and prominent 

Golgi apparatus. On the other hand, multilamellar bodies were observed in their cytoplasm and 

mitochondria were ballooned, with rarefied matrix and disrupted cristae. Most of the secretory vesicles 

were devoid of the dense core of insulin, or with very small cores. The number of normal-looking 

secretory vesicles was markedly decreased, most of them having only a thin, bright rim around the 

insulin core that occupied almost entirely the secretory vesicles. Some of these granules were immature, 

with reduced electron density. The mean diameter of the secretory vesicles in this group was 

273.30±42.88 nm, and for the dense core, a mean diameter of 193.84±101.58 nm was calculated.  

The β-cells in the diabeticgroup treated with POM1 displayed oval shaped euchromatinic nuclei 

with irregular outline, dilated endoplasmic reticulum and prominent Golgi apparatus. Among their 

secretory vesicles, present in high number, many had normal ultrastructural aspect even though they had 

smaller diameters. Many other vesicles observed were still devoid of the dense core, and some of the 

empty vesicles had larger diameters. The mean diameter of the secretory vesicles in this group was 

359.88±67.12 nm, and for the dense core, a mean diameter of 124.82±111.29 nm was calculated.  

 
 

Fig. II.3.1.4. Ultrastructural aspects (TEM micrographs) of pancreatic β cells from different 

experimental groups. A. healthy rats; B. STZ-induced diabetic rats; C. diabetic rats treated with POM1; 

D. diabetic rats treated with POM2. 



In the group of diabetic rats treated with POM2, rare apoptotic β-cells were found. The intact 

remained β-cells in this group were in higher number as compared to diabetic control group. The 

secretory vesicles were present in high number, but the vesicles without the central dense granule of 

insulin prevailed. Few vesicles contained small dense cores, and even fewer were those with insulin 

granules of normal sizes. The mean diameter of the secretory vesicles in this group was 178.05±50.03 

nm, and for the dense core, a mean diameter of 51.22±71.20 nm was calculated.  

An obvious correlation between the average size of secretory vesicles (and their dense cores) and 

blood glucose levels was observed only when comparing control (healthy and diabetic) groups. In the 

group treated with POM1, individual β cells exhibited a ultrastructural pattern similar to β cells of 

healthy controls rats. This indicated a high recovery of their secretory functions, a finding supported by 

secretory vesicles’ larger diameters. In the group of diabetic rats treated with POM2, β cells were more 

like those in the control group of diabetic rats, an aspect that could explain differencesin the 

hypoglycemic activity of the two POMs. 

Ultrastructural Aspects of Hepatocytes  

Examination of TEM micrographs from the negative control group of rats revealed the normal 

utrastructure of hepatocytes. In the positive control group, important ultrastructural changes of 

hepatocytes were recorded. Hepatocytes in the diabetic group treated with POM1 displayed oval shaped 

euchromatinic nuclei with prominent nuleoli and irregular outline, dilated endoplasmic reticulum and 

numerous heterogeneous secondary lysosomes as main ultrastructural features. The ultrastructure of 

hepatocytes in the diabetic group treated with POM2 was very similar to that of hepatocytes in group 1, 

but a lower number of cells appeared to be affected, presenting irregular nuclei and secondary lysosomes 

in high number. These ultrastructural findings indicated that POMs (in the dosages used here) were able 

to restore the initially disturbed metabolic activity of hepatocytes in diabetic rats. Our results imply a 

lack of detectable toxic effect of the two POMs. This has been confirmed by MTT assays performed on 

cultured cells. 

Testing POMs cytotoxicity by MTT assay 

HUVEC cells were almost not affected by POM1 – only one of the highest doses proved to have 

significant inhibitory effect (0.11 mg/mL), but were more sensitive to almost all tested POM2 

concentrations. POM1 induced an increased proliferation rate of M-MSCs, changes that were 

statistically significant at concentrations of 1.12 and 0.56 µg/mL. The effect of POM2 was cytotoxic at 

high concentrations of 0.2 and 0.11 mg/mL. Concentrations lower than 9 µg/mL also determined a 



higher growth of MSCs but not of the same amplitude as POM1. According to these results, 

concentration of 9 µg/mL for POM1 and POM2 (the highest dose that proved to be non-toxic for M-

MSCs) was established for further in vitro differentiation experiments.  

Differentiation of stem cells into insulin-producing cells 

Differentiation of stem cells in the presence of the two POMs, following differentiation protocols 

over 4 weeks, included three stages. All tests were performed in triplicate in order to check the 

reproducibility of the results. Making use of dithizone staining (a specific dye for labeling functional 

insulin assembled into hexamers), stem cell differentiation was demonstrated in the insulin-producing 

cells and insulin-secreting. The presence of numerous dithizone positive clusters was noted in all three 

samples, to a greater extent in A-MSCs treated with POMs. 

 

 
 

Fig. II.3.1.10. Phase contrast microscopy images: A-MSCs cells differentiate into insulin-producing and 

insulin-secreting pancreatic cells. AC: A-MSCs differentiated into progenitor pancreatic cells at the end 

of the differentiation process, after being cultured 6 days in a medium supplemented with glucagon P3 

and TGFβ1. A. Control, many dithizono-positive cell clusters; B. In POM1-treated A-MSCs much more 

dithizono-positive cell clusters were formed; C. POM2 treatment also resulted in a large number of 

dithizono-positive cells. Details of A-C point out cell clusters containing insulin; in B clusters stained 

with dithizone are observed, as well as the presence of red-coloured secreted insulin outside the clusters 

(marked with an arrow). 



 

These results have proved the ability of both POMs to accelerate differentiation of stem cells into 

insulin-producing cells. Of the two POMs tested POM1 exerted a stronger influence, and the presence of 

insulin inside the differentiated stem cells was confirmed by the deep red color observed in all cell 

clusters. In addition, in both POMs the intensity of the red color in some specific cell groups was not so 

widespread, but near such clusters an amorphous red colored "cloud" was noted. This is even more 

important than the efficient synthesis of insulin by the stem differentiated cells, as it shows that these 

cells not only do have the ability to synthesize insulin, but also the ability to secrete the produced 

insulin. 

 

Conclusions 

The two polyoxometalates with average diameters of 2-4 nm presented a significant 

hypoglycemic activity, subsequent to the oral treatment in an animal model of STZ - induced diabetes. 

The tris(vanadyl)-substituted tungsto-antimonate(III)-anion (POM1) tested here proved to be stronger in 

all respects compared to the tris-butyltin-21-tungsto-9-antimonate(III)-anion (POM2). In addition, one 

of the main benefits emerging from this study was the dose-dependant low toxicity of these 

nanocompounds. Based on in vivo and in vitro studies, we concluded that the two polyoxometalates 

tested here have exercised their hypoglycemic effects via two different mechanisms concomitently: they 

prevented the apoptosis of pancreatic β-cells (and the further reduction in the amount of insulin) and 

stimulated resident stem cell differentiation into new insulin-producing and insulin-secreting pancreatic 

cells. 

 

3.2. The antibacterial activity of synthesized polyoxometalates – in vitro study 

Introduction 

One of the most interesting applications of polyoxometalates (POMs) is to establish their antibacterial 

activities and behavior similar to the antibiotics. Being known antibiotic resistance of bacteria, the 

discovery of new compounds with strong antibacterial features is an important goal. 

In this chapter, we describe the results of the test of antibacterial activities of 37 POMs as follows: 30 

compounds in the 1st set compared with amoxicillin (broad-spectrum antibiotic) and 7 in the 2nd set of 

compounds, pseudo-Keggin polyoxometalates with trilacunare "sandwich" structure (having 

incorporated into their structure the cations of the transition metals) compared with 9 antibiotics. 



These compounds have been tested against several strains of Gram-positive and Gram-negative bacteria. 

Some tested POMs showed certain antibacterial effects, being a possible alternative to used 

chemotherapeutic agents. The image below summarizes the effects observed. 

 
Fig. II.3.2.1. Antibacterial effects of polyoxometalates (graphical abstract). 

 

Materials and methods 

Determination of antibacterial activity by difusimetric method 

Antibacterial activity of POMs (set I) was determined by difusimetric method, in accordance with the 

standards imposed by the Clinical and Laboratory Standards Institute (2009). The used protocols were 

adapted for this study and have used five reference strains, two Gram-positives (Staphylcoccus aureus 

and Bacillus cereus) and three species of Gram-negative bacteria (Escherichia coli, Salmonella 

enteritidis and Pseudomonas aeruginosa), purchased from the American Type Culture Collection 

(ATCC, Manassas, VA, USA). The reading of the results was done by measuring the diameter of the 

zone (area) of inhibition. Highlighting the effects of the POMs was achieved through the method of 

Gram coloration. 

The 2nd set POMs were tested in vitro against six reference bacterial strains (two species of Gram-

positive bacteria – S. aureus, B. cereus – and four species of Gram-negative bacteria – E. coli, S. 

enteritidis, P. Aeruginosa, S. typhimurium), as well as against a strain of Methicillin-resistant 

Staphylococcus aureus (MRSA) isolated from a patient with chronic ischemia and amputated leg. 

Determination of antibacterial activity by microdilution method 

Determination of the minimum inhibitory concentration (MIC) 

Minimum inhibitory activity against bacteria caused by the action of the 30 POMs (set I) was 

established by microdilution method standardized by the National Committee for Clinical Laboratory 

Standards (2009), and the MIC of the 7 POMs (set II) was established by the serial microdilution 



method in liquid form of nutrient environment. Both tests were conducted on the same bacterial strains 

that are specific to each set. The reading results were achieved by appreciation the limit (dilution), i.e. 

the well in which the nanocompounds inhibited bacterial development. 

Determination of the minimum bactericidal concentration (MBC) 

Minimum bactericidal activity was done only for the POMs belonging to the 1st set, and was determined 

using the microdilution method on the five bacterial species. The reading was done after 24 hours of 

incubation by observing the bacterial proliferation in culture medium. POMs were considered having 

bactericidal activities if they have not enabled the bacterial growth in these culture media. 

Results and discussions 

There were observed better effects of some POMs, with the bacterial strain- and POM’s structure-

dependent efficiency by measuring the diameter (in mm) of the inhibition zone of bacterial growth. 

 

 
 

Fig. II.3.2.2. Effect of POMs (1-30) compared to the control (CN, negative control, control group) over 

the germs of Staphylococcus aureus strain (ATCC 6538P); it is observed the presence of zones of 

inhibition caused by some tested POMs and the absence in others. 

 

The single compound that has proven antibacterial activity against all 5 tested bacterial strains proved to 

be compound 28 (POM2D = POM-28), maintaining the stronger action than amoxicillin even if 

sometimes it decreased. 

We can mention that only 9 of the 30 tested compounds, at a concentration of 20 µg, did not show 

antibacterial activity. We assume that the use of higher concentrations of compounds closely related to 

amoxicillin would improve their antibacterial action. 



Conclusions 

For testing the antibacterial activity of POMs (set I and set II), taking into consideration 

pathological aspects, I chose several types of reference Gram-positive (Staphylococcus aureus, Bacillus 

cereus) and of Gram-negative (Salmonella enteritidis, Salmonella typhimurium, Escherichia coli and 

Pseudomonas aeruginosa) bacterial strains, as well as a strain of Methicillin-resistant Staphylococcus 

aureus (MRSA) isolated from a patient with chronic ischemia and an amputated leg. 

1. Characterization of tested POMs were successful in terms of structure-antibacterial activity 

relationship. Antibacterial effects of these compounds are directly dependent on their structure and 

bacterial strain tested. Thus, there are compounds that do not inhibit bacterial growth (some POMs with 

monolacunary Keggin structure), while in the case of trilacunary Keggin and trilacunary/sandwich 

Keggin structures bacteria did not show resistance. Clusters in general (POM BI-19, 20, 28) and POMs 

with pseudo-Keggin trilacunary/sandwich structure (POM BI-26) exhibited the most powerful 

antibacterial effect on all tested bacterial strains even when used in small quantities (20 µg). Its 

efficiency was higher than that of tested antibiotic (25 µg amoxicillin) and was caused by the 

[Sb
III

W9O33]
9- 

constitutive unit of the pseudo –Keggin structure. Some POMs presented bacteriostatic 

effect, but not bactericidal. 

2. Simple non-complexed butyl-ammonium salts presented a weaker antibacterial effect on all 

tested bacterial strains compared to those with butyltin fragments. We can argue that the pseudo-

Keggin’s constitutive unit [Sb
III

W9O33]
9-

 is responsible for the very good antibacterial activity exhibited 

by the pseudo-Keggin trilacunary/sandwich-structured POMs (POM BI-20, 26, 27, 28). 

3. In addition, the POM BI-28 cluster complexed with butyl-tin chloride was associated with an 

intense antibacterial action. In our opinion, this was caused by the [Sb
III

W9O33]
9- 

pseudo-Keggin’s 

constitutive unit, as well as by the three butyltin organometallic fragments in the cluster’s structure. 

4. Five of the seven POMs in the 2nd set demonstrated competitive antibacterial effects 

compared to nine antibiotics, against both Gram-positive (S. aureus and B. cereus) and Gram-negative 

(E. coli, S. enteritidis, S. typhimurium, P. aeruginosa) bacterial species, and also (very important) 

against antibiotic-resistant microbial strains (MRSA and P. aeruginosa). 

5. Antibacterial effects of five of the 2nd set POMs (1-5) were due to their chemical structure: 

heteropolyoxotungstates with pseudo-Keggin sandwich structures containing Bi
3+

 as heteroatoms and 

three gaps "filled" with different transitional metals cations. The last two POMs of the 2nd set (6-7) 



presented very weak antibacterial activity: POM 6 (containing Fe
3+

) was effective against P. aeruginosa 

and B. cereus, while POM 7 (containing Fe
2+

) exhibited no antibacterial effects. 

 

3.3. Antitumor activity of synthesized polyoxometalates - in vitro studies 

 

Introduction 

 The antitumor activity of hepta- or hexa-tungsten/molybdate POMs was found to be stronger 

than that of certain cytostatics (cisplatin, 5-fluorouracil, gemcitabine), testing being carried out on tumor 

cell lines isolated from tumors of patients diagnosed with different types of cancer: pulmonary, gastric, 

pancreatic and breast cancer [107-109, 113, 115]. By inhibiting ATP synthesis, POMs diminish the 

mitochondrial activity and in the end activate cell apoptosis. Some pharmacokinetic and 

pharmacodynamic properties of polyoxometalates justify the study of their cytotoxic potential. 

 This chapter presents the results (summarized in Figure II.3.3.1) achieved by in vitro 

investigations on two cell lines (HUVEC and HeLa), evaluating the antitumor potential of 

heteropolyoxomolibdates compared to that of heteropolyoxotungstates as well as to that of an Anderson 

compound. 

 

Fig. II.3.3.1. Antitumor effects of polyoxometalates (graphical abstract) 

 

 

 

 



Materials and methods 

Biological systems 

We used two cell lines, a normal HUVEC endothelial cell line (Human Umbilical Vein 

Endothelial Cells) and a HeLa cervical cancer tumor line (originating from a HPV 16 infection, i.e. 

oncogenic Human Papilloma Virus 16 serotype). 

Preparation of the POMs solutions  

POMs were solubilized in bidistilled water, ethanol or DMSO (dimethyl sulfoxide) to yield stock 

solutions that were further diluted in the culture medium from the maximum 10 mg/ml concentration to 

0.0125 mg/mL for POMs T2, 19, 20, 21, 22 and 23, and from a maximum concentration of 1 mg/mL to 

0.00125 mg/mL for POM T15 and 16. The aqueous solutions were then filtered on sterilized Millipore 

filters of 0.22 μm porosity. 

MTT assays were conducted on HUVEC and HeLa cells when found in the exponential phase of 

cell growth using 96-well plates. A known number of cells (2x104) were seeded into each well 

containing 200 μL complete medium. After 16 hours of overnight cultivation, the cells were treated with 

the substances under study. Each determination was performed in triplicate. After 24 hours of treatment, 

the medium was aspirated and to each well 100 ml of 1 mg/ml MTT (Thyazolyl Blue Tetrazolium 

Bromide, Sigma-Aldrich) solution were added. 

After the incubation was completed, the MTT solution was aspirated from the wells and 

formazan crystals were dissolved in 150 μL DMSO (dimethyl sulfoxide)/well to give a color reaction. A 

BioTek Synergy 2 plate reader was used to measure the optical density at 492 nm.  

A Zeiss Axiovert D1 microscope in reverse phase was employed to capture 20x, 40x and 1000x 

optical microscopy images prior to DMSO solubilization in order to observe morphological changes of 

treatment-exposed cells. Image acquisition was performed by a MRC color camera using Axiovision Rel 

8.6 software. 

Statistical analysis was conducted on a GraphPad Prism 5 software. The data were processed 

using one-way ANOVA analysis "Dunnett's Multiple Comparison Test", stating that p<0.05. 

 

 

 

 



Results and discussion 

Determination of the antitumoral activity of the heteropolyoxomolibdates 

POM M2 

200mg/mL stock solutions in bidistilled water were prepared for POM M2. Both HUVEC and HeLa 

cells showed increased sensitivity to high doses up to 0.5 mg/mL, as shown in Figure II.3.3.2. At these 

concentrations differences compared to control (untreated) samples were statistically significant 

(p<0.0001). 

 

Fig. II.3.3.2. MTT testing of HUVEC and HeLa cells with POM M2 (graphical abstract) 

 

A decrease in the number of tumor cells was observed at high concentrations (10 and 5 mg/mL) 

via optical microscopy. These cells changed their morphology, becoming bigger and being displayed at 

the surface of the cultivationplate. Some of them detached from the plate, suggesting the initiation of 

apoptosis (Figure II.3.3.3 and figure II.3.3.11). 



 

 

Fig. II.3.3.3. Morphological aspects of HUVEC and HeLa cells treated with POM M2  

(10mg/mL and 5 mg/mL). 

 

Optical microscopy revealed that at high concentrations (10 and 5 mg/mL)cells were covered by 

the resulting precipitate, but at 2,5 mg/mL extremely affected cells in terms of morphology (rounded 

cells, probably in apoptosis) and number were also visible. 

 

Fig. II.3.3.11. Morphological aspects of HUVEC and HeLa cells treated with POM M20  

(10mg/mL and 2.5 mg/mL). 

 

 



Determination of the antitumor activity of heteropolyoxowtungstates 

POM W3 

200mg/mL stock solutions in bidistilled water were prepared for POM W3. In the case of the 

highly hydrosoluble W3, HeLa tumor cells exhibited increased sensitivity compared to normal HUVEC 

endothelial cells, even at low doses of 1mg/mL (figure II.3.3.22). Differences compared to control 

(untreated) samples were statistically significant (p<0.0001). 

 

Figure II.3.3.22. MTT testing of HUVEC and HeLa cells treated with POM W3 (graphical abstract) 

 The same apoptotic cell layout with rounded shapes and decrease in the number of tumor 

cells were observed at high concentrations (Figure II.3.3.23). Internalisation and accumulation of W3 

POM near the perinuclear space is observed, suggesting a nanocompound behavior. 

 

     

Figure II.3.3.23. Left: Morphological aspect of HUVEC and HeLa cells treated with POM W3 

(10mg/mL and 5 mg/mL). Right: Morphological aspect of HUVEC cells treated with POM W3 ( 40x , 

images taken after 48 hours). 



POM W25 

POM W25 is soluble in water and a stock solution of 200 mg/mL was obtained. In the MTT viability 

assay an intense cytotoxic effect was observed for both cell lines. At low doses POM W25 induced the 

proliferation of endothelial cells (normal cells, Figure II.3.3.50). 

 

Figure II.3.3.50. MTT test of HUVEC and HeLa cells treated with POM W25 (graphical abstract). 

 

 Optical microscopy demonstrated that the cytotoxicity mechanism is determined by inducing 

intense apoptosis at high doses both tumor cells and endothelial cells (Figure II.3.3.51). 

 

 

Fig. II.3.3.51. Morphological aspect of HUVEC and HeLa cells treated with POM W25  

(10mg/mL and 5 mg/mL). 



 

 The typical aspect of apoptosis in HeLa cells following treatment with POM W25 at a dose of 

10 mg/mL is observed in Figure II.3.3.52: balooned membrane, chromatin condensation and emergence 

of nuclear fragments. 

 

Figure II.3.3.52. Morphological aspect of HeLa tumor cells treated with POM W25 (10mg/mL). 

Morphological changes typical for apoptosis are observed (400x). 

 

Conclusions 

The antitumor activity of heteropolyoxotungstates 

 The effect of tungsten POMs on both cell lines was different in terms of cell viability and 

influence upon cell growth/proliferation. Thus, some POMs were found to be essentially non-toxic, not 

affecting cell proliferation, while other POMs induced the phenomenon of apoptosis, particularly in high 

doses. The most effective was POM W25, which induced cell death in both tumor and endothelial cells 

at doses as low as 0.25 mg/mL. At low doses, some of the compounds (POM W10 and W14) led to a 

small increase in cell proliferation (HeLa tumor cells). These findings are not that bad considering the 

circumstances, as endothelial cells are the target of anti-tumor treatments as well, the inhibition of tumor 

neovascularization (an aggravating factor in tumor development and metastasis) being an important goal 

of anti-tumor treatment. 

 POM W3 presented a particular feature observed at high magnification optical microscopy. 

Cells treated for 48 hours with a high POM W3 dose accumulated and concentrated near the perinuclear 

space of this compound, suggesting a future behavior similar to the nano-type structures. This 

constitutes a proof regarding the size of these nanocompounds. 



The antitumor activity of heteropolyoxomolibdates 

 All molybdenum POMs exhibited cytotoxic effects on both cell lines, the effect being mainly 

exerted by initiating the apoptosis phenomenon. This effect was observed at both high and low doses 

(POM M2, 15, 16). Selectivity based on the cell line was evident. Thus, POM M2, 15, 16, 20 induced a 

more intense apoptotic effect on HUVEC endothelial cells, while POM M21, 22, 23 acted more strongly 

on HeLa tumor cells. This opens possible therapeutic selectivity options: direct anti-tumor or anti-

angiogenic actions. 

 A major problem regarded the difficult solubilization of some compounds (POM M19, 20, 21, 

22, 23) even in organic solvents and their re-precipitation in the culture medium. Even under such 

circumstances, the tested POMs exercised their cytotoxic effect, sometimes even at low doses. 

 

GENERAL CONCLUSIONS 

1. A number of 50 polyoxometalates including 7 original compounds, 40 synthesized based on 

literature methodology and 3 commercially-available products were characterized in terms of physico-

chemical properties. The newly synthesised 7 polyoxomethalates are:  

(NH4)4[NBu4]5[Na(BuSn)3Sb9W21O86]·17H2O (POM 2 D=POM BI-28);  

Na8[La2(H2O)6(Bi2W20O70)]·37H2O (POM T-8); Na15[(CeO)3(OH2)2(BiW9O33)2]·45H2O (POM T-10); 

K6[SiVW11O40]·12H2O (POM BI-30); K6[Si(VO)Mo2W9O39]·11H2O (POM BI-7);  

Na5[Fe(H2O)GeW11O39]·26H2O (POM BI-24a,b=POM T-26); Na14[Mn3(H2O)3(SiW9O34)2]·25H2O 

(POM BI-27=POM T-11). 

2. The two polyoxometalates with average diameters of 2-4 nm (of which one was newly 

synthesised) presented a significant hypoglycemic activity, subsequent to the oral treatment in an animal 

model of STZ - induced diabetes. The tris(vanadyl)-substituted tungsto-antimonate(III)-anion (POM1) 

tested here proved to be stronger in all respects compared to the tris-butyltin-21-tungsto-9-

antimonate(III)-anion (POM2). In addition, one of the main benefits emerging from this study was the 

dose-dependant low toxicity of these nanocompounds. Based on in vivo and in vitro studies, we 

concluded that the two polyoxometalates tested here have exercised their hypoglycemic effects via two 

different mechanisms concomitently: they prevented the apoptosis of pancreatic β-cells (and the further 

reduction in the amount of insulin) and stimulated resident stem cell differentiation into new insulin-

producing and insulin-secreting pancreatic cells. 



3. Characterization of tested POMs were successful in terms of structure-antibacterial activity 

relationship. Antibacterial effects of these compounds are directly dependent on their structure and 

bacterial strain tested. Thus, there are compounds that do not inhibit bacterial growth (some POMs with 

monolacunary Keggin structure), while in the case of trilacunary Keggin and trilacunary/sandwich 

Keggin structures bacteria did not show resistance. Some POMs exhibited bacteriostatic effects, but 

were not bactericidal. Simple noncomplexed butyl-ammonium salts presented weaker antibacterial 

effects on all tested bacterial strains compared to those with butyltin fragments. We can argue that the 

pseudo-Keggin’s constitutive unit [Sb
III

W9O33]
9-

 is responsible for the very good antibacterial activity 

exhibited by the pseudo-Keggin trilacunary/sandwich-structured POMs (POM BI-20, 26, 27, 28).  Five 

of the seven POMs (1-5) in the 2nd set demonstrated competitive antibacterial effects compared to nine 

antibiotics, against both Gram-positive (S. aureus and B. cereus) and Gram-negative (E. coli, S. 

enteritidis, S. typhimurium, P. aeruginosa) bacterial species, and also (very important) against 

antibiotic-resistant microbial strains (MRSA and P. aeruginosa).  

Antibacterial effects of five of the 2nd set POMs (1-5) were due to their chemical structure: 

heteropolyoxotungstates with pseudo-Keggin sandwich structures containing Bi
3+

 as heteroatoms and 

three gaps "filled" with different transitional metals cations. The last two POMs of the 2nd set (6-7) 

presented very weak antibacterial activity: POM 6 (containing Fe
3+

) was effective against P. aeruginosa 

and B. cereus, while POM 7 (containing Fe
2+

) exhibited no antibacterial effects. 

 4. A number of 25 POMs from 27 of POMs were characterised in terms of antitumor actvity. 

The effect of heteropolyoxotungstates on both cell lines (HUVEC and HeLa) was different in terms of 

cell viability and influence upon cell growth/proliferation. Thus, some POMs were found to be 

essentially non-toxic, not affecting cell proliferation, while other POMs induced the phenomenon of 

apoptosis, particularly in high doses. The most effective was POM W25, which induced cell death in 

both tumor and endothelial cells at doses as low as 0.25 mg/mL. All molybdenum POMs exhibited 

cytotoxic effects on both cell lines, the effect being mainly exerted by initiating the apoptosis 

phenomenon. This effect was observed at both high and low doses (POM M2, 15, 16). Selectivity based 

on the cell line was evident. Thus, POM M2, 15, 16, 20 induced a more intense apoptotic effect on 

HUVEC endothelial cells, while POM M21, 22, 23 acted more strongly on HeLa tumor cells. This opens 

possible therapeutic selectivity options: direct anti-tumor or anti-angiogenic actions. 
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