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Abstract 

The synthesis of new 3D nanostructures via the self-assembly of organic-inorganic hybrids from 
polyoxometalate (POM) Lindqvist-type hexamolybdate with dopamine has been explored. The as-
prepared nanostructures were investigated for use as nanocarriers for the drug temozolomide (TMZ), 
which is used in chemotherapy. The release behavior of TMZ from the nanocarrier at different pHs was 
studied. The surface morphologies, topographies, and sizes of the nanostructures, as well as their 
chemical compositions and identities, were investigated via HPLC, FTIR, XRD, SEM, and XPS. The 
nanocarriers showed an interesting pH-dependent release behavior, indicating the potential for their use 
in drug delivery systems. 

 

 

1. Introduction 

Brain tumors such as glioblastoma, despite comprising only 2% of all adult cancer diagnoses , 
are among the most debilitating of such malignant diseases.1,2 Temozolomide (TMZ)  
(3,4-dihydro-3-methyl-4-oxoimidazo-[5,1-d]-as-tetrazine-8-carboxamide TZ) is an 
imidazotetrazine derivative alkylating drug developed in the 1980s through rational drug 
design by the UK Cancer Research Campaign. It is used to treat primary brain tumors, 
especially glioblastoma multiforme (GBM).3,4 TMZ was approved by the FDA for use as an 
oral capsule on August 11, 1999, and for use in intravenous form on February 27, 2009.1 TMZ 
is a prodrug of imidazotetrazine that needs to be hydrolyzed nonenzymatically in vivo  at  
physiological  pH  in  order  to  alkylate adenine/guanine residues. This process damages DNA 
through cycles of unsuccessful repairing, ultimately leading to cell death.5 TMZ is a first-line 
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drug for GBM treatment, although it has a short half-life in the body and GBM cells show 
resistance. Therefore, high doses and repeated administration of TMZ are needed, which leads 
to significant side effects; hence, its efficiency is limited. For this reason, new controlled release 
strategies for TMZ are needed to maintain therapeutic doses for extended periods, and also to 
overcome the above limitations. Thus, nanomedicine can be envisaged as a promising approach 
to the therapy of brain tumors with TMZ by building new nanostructures with varied and 
superior properties as nanocarriers.  

Along with other building blocks, polyoxometalates (POMs), which are highly negatively 
charged metal oxygen nanoclusters whose sizes and shapes are amenable to control, have 
received considerable attention as suitable inorganic building blocks for drug delivery systems 
owing to their potential to increase biocompatibility, enable the selective recognition of 
biological targets, and modify the bioactivity and cytotoxicity of drugs.6–11 In recent years, 
many pioneering studies have reported the synthesis of the hierarchical nanostructure of 
dopamine and POMs for the oral delivery of certain drugs.12–14 However, the majority of such 
studies have focused mainly on Keggin, Anderson and Dawson POMs combined with bioactive 
components such as dopamine to fabricate 3D multifunctional nanostructures.15–17 Lindqvist-
type hexamolybdate is the most interesting of the polyoxometalates in this regard, and hence 
has increasingly been investigated due to its potential applications in electronic and photonic 
devices.10,18,19 To the best of our knowledge, the fabrication of 3D nanostructures that combine 
dopamine and Lindqvist-type hexamolybdate has not previously been reported. This study aims 
to investigate the formation of nanostructures from POM, particularly Lindqvist-type 
hexamolybedate, with dopamine (DA) as a nanocarrier for pH-controlled oral drug delivery of 
TMZ. The as-prepared nanostructures were characterized, and their physical-chemical 
properties studied. 

 

2. EXPERIMENTAL SECTION 

2.1 MATERIALS 

Dopamine hydrochloride (DA) was purchased from Thermo Fisher Scientific. Tris 
(hydroxymethyl) aminomethane (Tris HCL) and phosphate-buffered saline (PBS) were 
purchased from HiMedia (India). TMZ was obtained from Sigma-Aldrich. Glycine was 
purchased from Thomas Baker. 

2.2 SYNTHESIS OF 3D NANOSTRUCTURES 

The nanostructures were formed in a [1:1] ratio of POM-DA. In a typical procedure, solutions 
of DA (1 mg) and POM (hexamolybdate) (1 mg) were separately prepared in 10 mM Tris HCl 
solution (pH 10.5, 0.5 ml). The POM solution was immediately added to the DA solution. 
Within 30 seconds of this addition, the color of the solution visibly changed to red (see Fig. 
S1). The mixture was aged for 2 h, then centrifuged (5000 rpm, 5 min) and washed three times 
with water to afford the final product. 
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2.3 LOADING OF AS-PREPARED NANOSTRUCTURES WITH TMZ 

In this study, the model drug was TMZ. A nanopowder of POM-DA was immersed in an 
aqueous solution of TMZ (0.5 mg/ml, 5ml). The mixture was shaken for 12 h at 25°C, and the 
resulting product was then washed with pure water three times. In order to remove any unbound 
drug, the product was then centrifuged at 5000 rpm for 5 min. To determine the proportion of 
TMZ loaded onto the nano-POM-DA, the amount of unloaded TMZ remaining in the 
supernatant was determined via HPLC using the chromatographic conditions reported in Table 
1. 

2.4 RELEASE (IN VITRO) OF LOADED TMZ 

TMZ release was achieved by immersing a sample of nanostructures loaded with TMZ (10 mg) 
under agitation on a shaker plate (500 rpm) in two mediums: an acidic medium (pH 2.8, 
glycine-HCl buffer solution), and a neutral medium (pH 7.4, phosphate-buffered saline (PBS) 
solution) over a period of 24 h. The amount of TMZ released in each case was determined by 
taking aliquots (0.5 ml) of the supernatant at timed intervals. Finally, the amount of TMZ 
released was measured on the basis of HPLC analysis using the UFLC system of a Shimadzu 
20A with a UV detector. The chromatographic conditions were optimized, and which are 
reported in Table 1. 

 

Table 1. Chromatographic conditions 

Column C18 

Mobile phase Acetonitrile 60:40 Water HPLC 

Detector (Wavelength) 328 nm 

Flow rate 1.0 

Column temperature 37°C 

Injection volume 20 μL 

Run time 10 min 

 

2.5 CHARACTERIZATION TECHNIQUES 

X-ray diffraction (XRD) was performed via a powder X-Ray diffractometer (Siemens model 
D500) using a Cu filter. Scanning electron microscopy (SEM) (ZEISS model: Sigma VP) was 
performed under vacuum conditions at a voltage of 25 kV to analyze the size, morphology, and 
topographical features of the nanostructures. X-ray photoelectron spectroscopy (XPS) (Bes 
Tek, Germany) was performed with a monochromatic Al Kα1 X-ray source (1486.6 eV) to 
investigate the chemical composition of the nanostructures. 
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3. RESULTS AND DISCUSSION   

3.1 X-ray DIFFRACTION ANALYSIS   

XRD measurements were used to investigate the as-prepared nanostructures. Fig.1-C presents 
the XRD patterns of the as prepared POM-DA compared to POM (Fig.1-A) and DA (Fig.1-B), 
where several characteristic Bragg reflections of Lindqvist-type hexamolybdate POMs (2θ = 
16.5o), as well as other peaks at 2θ = 20o, and 26.5o for DA, could clearly be observed, 
indicating the successful complexation of DA with POM Lindqvist-type hexamolybdates 
through strong interactions. Compared to its POM and DA precursors, the POM-DA structure 
showed broader peaks, which can be attributed the smaller crystalline particle size, confirming 
the nano-character of the resultant POM-DA composite. These results were also supported by 
the SEM analysis, which indicated the formation, and illustrated the topography, of the 
nanostructures, as per Fig. 3. After loading TMZ into the POM-DA nanocomposite, the XRD 
patterns (Fig.1-D) showed minimal change compared to the POM-DA composite, though 
boarder peaks were observed. 

Fourier-transform infrared (FT-IR) spectra of POM-DA-TMZ nanocomposites in comparison 
with MTZ and POM, respectively, showed the most characteristic bands of each of the 
components (POM and TMZ), though with slight shifts at 794, 960, and 1446 cm-1 for the 
POM, indicative of complexation, as shown in Fig. 2. 
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Fig. 1: XRD patterns of (A) POM hexamolybedate; (B) DA; (C) the as-prepared nanostructure 
prior to loading with TMZ; and (D) the as-prepared nanostructure after loading with TMZ. 
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Fig. 2. FTIR spectra of the POM-DA nanocomposite loaded with TMZ (black), POM 
Lindqvist-type (red), and TMZ (blue). 

 

3.2 SCANNING ELECTRON MICROSCOPY (SEM) ANALYSIS  

         The morphology of the as-prepared nanostructures of POM-DA before and after loading 
with TMZ were investigated via SEM. As can be seen from Fig. 3, which shows the SEM 
micrographs of the POM-DA nanostructure, the nanostructure itself consists of hierarchical 
microsphere structures with a size of about 1 μm constructed from a multitude of nanopetals 
of thicknesses ranging from 20 to 40 nm and widths of 300-500  nm. 3D hierarchical structures 
were formed from the central connection of these nanopetals. The loading of TMZ onto the 
hierarchical microsphere structures resulted in totally different morphological (shape and size) 
structures compared to POM-DA. As can be seen from Fig. 4, nanosphere particles with 
diameters ranging from 20 to 45 nm are formed upon loading with TMZ. These considerable 
changes in both morphology and size can be attributed to the TMZ loaded onto the surface of 
POM-DA nanostructure. These findings are consistent with the XRD results, which showed a 
change to a smaller particle size upon loading of TMZ compared to the naked POM-DA 
nanostructures. 
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Fig .3. SEM images of the as-prepared nanostructures prior to loading with TMZ. 

 

Fig. 4. SEM images of the as-prepared nanostructures after loading with TMZ. 

 

3.3 X-Ray PHOTOELECTRON SPECTRA (XPS) 

XPS spectroscopy was performed to identify the elemental composition of the nanocomposites, 
the results of which are presented in Fig. 5. These confirm the presence of C, N, and Mo, with 
peaks corresponding to C1s (BE = 289 eV), N1s (BE = 404 eV), and Mo3d5/2 (BE = 237 eV). 
The C1s and the N1s signals can be attributed to the carbon and amido in DA (and TMZ in 
(b)), while the Mo3d can be attributed to POM Lindqvist-type hexamolybdate. It can clearly 
be seen that the N1s band comprises two peaks: the first, at 404 eV, can be assigned to 
alkylamines, whilst the second, at higher binding energy, can be attributed to protonation of the 
amine groups in DA, confirming the existence of electrostatic interactions between POM and 
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DA.13 XPS results again confirm the successful complexation of DA with POM Lindqvist-type 
hexamolybdate. 

 

 

Fig. 5: X-Ray photoelectron spectra  of: (a) the as-prepared POM-DA nanostructure prior to 
loading with TMZ; and (b) the as-prepared POM-DA nanostructure after loading with TMZ. 

 

3.4 RELEASE BEHAVIOR OF TMZ LOADED ONTO AS-PREPARED 
NANOSTRUCTURES 

In this study, the potential of the nanostructures to act as carriers in oral drug delivery were 
explored by studying the loading and release behavior of TMZ in media of different pHs. Upon 
loading of TMZ onto the nanostructures, a color change from dark red to red was clearly seen, 
as shown in Fig. S1, indicating the successful loading of TMZ. The amount of TMZ loaded 
onto the POM-DA nanostructures was determined via HPLC and was found to be about 38% 
(by weight), which represents a high loading efficiency. This could be attributed to the large 
relative surface area (smaller particle size compared to POM-DA prior to loading) of the 
nanostructures. The utilization of pH changes within the gastrointestinal (GI) tract is one of the 
most interesting methods in the design of oral delivery protocols for drugs in which two pH 
changes are chosen, the first mimicking the acidic conditions of the stomach (pH 1–3), and the 
second the more basic conditions of the intestines (pH 5–8). Fig. 6 shows the release profile of 
TMZ at pH 2.8 and pH 7.4 over 24 h, from which it can clearly be seen that release was pH 
dependent. As can be seen from Fig. 6, at pH 7.4 the release of TMZ reaches 97% in 24 h, 
where in the first four hours the amount released shows a dramatic increase, at up to 90%, 
which is then followed by a more sustained release over the following 20 h.  
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Fig. 6 Release behavior of TMZ loaded onto nanostructures at pH 7.4 (blue) and pH 2.8 (black). 

 

On the other hand, at pH 2.8 the total amount of TMZ released over 24 h was only 64%. An 
‘eruption’ release of up to 25% was seen in the first 30 minutes at both pH 7.4 and 2.8, which 
can be attributed to the physisorption of TMZ onto the dispersed POM-DA nanostructure 
powder. Compared to the pH 7.4 release profile, the amount of TMZ released at pH 2.8 in the 
first hour was relatively small, at up to 30%, indicating that the absorption of TMZ is favored 
at lower pH. Thus, it can clearly be concluded that the release behavior of TMZ from POM-
DA nanostructures was pH-responsive. The above results clearly demonstrate the potential use 
of POM-DA nanostructures as nanocarriers for the oral delivery of TMZ in the therapy for 
certain cancers. 

 

4. CONCLUSION 

In this study, we have successfully prepared new nanocarriers of DA and POM loaded with 
TMZ (38% loading) via self-assembly as a means of oral drug delivery. The as-prepared 
nanocarrier form of TMZ was fully characterized via XRD, FTIR, XPS, and SEM. The as-
prepared oral form of TMZ showed an excellent pH-dependent release of TMZ, where the 
release rate at pH 7.4 was considerably faster than at pH 2.8. Further work is requested to 
investigate these nanostructures for other drug systems and to study their Pharmacokinetics 
properties of the resulted oral drug delivery systems. 
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