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HIGHLIGHTS 

 Fabrication of hybrid nanostructures of PEGylated MoO3-[Ru(bpy)3]
2+      

 [Ru(bpy)3]
2+ improves the opto-electrochemical properties of MoO3 nanostructure 

 Electrodes of MoO3-[Ru(bpy)3]
2+ exhibit amplified voltammetric properties 

 PEGylation enhances the cellular biocompatibility of hybrid MoO3-[Ru(bpy)3]
2+ 

 

Abstract 

 Simple and versatile methodology to synthesis hybrid nanostructures with multi-

functionality for device application is advantageous. Herein, we report the synthesis of MoO3 

nanostructures integrated with [Ru(bpy)3]
2+ and PEGylation to obtain hybrid MoO3-

[Ru(bpy)3]
2+ nanostructures. Chemically interacted [Ru(bpy)3]

2+ provides optical and 

electrochemical properties to the hybrid structures. PEG3k enhances the aqueous solubility of 

the hybrid system. Morphology, chemical structure, optical and electrochemical properties of 

hybrid nanostructures were studied from electron microscopic, spectroscopic and 

voltammetric techniques. The synthesized hybrid nanostructures exhibited a metal-to-ligand 

charge transfer absorbance and emission bands in the range of 450 nm and 605 nm, 

respectively. Electrode modified with MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k 

exhibit improved voltammetric properties than pristine MoO3. Confocal cellular imaging 

supported that these hybrid particles were easily uptaken by endothelial cells with minimal 

cytotoxic effects. The hybrid nanocomplex displayed unique opto-electrochemical, cellular 
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biocompatibility and imaging features that may be an ideal platform for electrochemical 

biosensor devices with simultaneous bioimaging function.  

 

Keywords: Molybdenum trioxide, [Ru(bpy)3]
2+, Opto-electrochemical sensitizer, PEGylation, 

Cellular bioimaging    

 

1. Introduction 

 Transition metal oxides such as molybdenum trioxide (MoO3) is recently re-emerging 

as advanced functional material for various interdisciplinary applications viz., photocatalysis 

[1], supercapacitors [2], electrochromics [3], sensors [4], additives in paints [5] and other 

biological applications [6]. Owing to its wide band gap (2.90 eV) semiconducting nature, 

high coloration efficiency and long-term thermochemical stability MoO3 nanostructures are 

significantly explored for photochromic and thermochromic properties [1,7]. Very recently 

pristine MoO3 nanoparticles and MoO3 embedded polymer films have been investigated for 

anti-microbial applications [8,9]. Tran et. al., demonstrated the potential cytotoxicity of 

chemically prepared MoO3 nanoplates against invasive breast cancer iMCF7 cells [10]. 

Hybridization of metal oxide nanoparticles with optically and electrochemically active 

substances, through elemental doping and chemical conjugation, is the latest topic of interest 

potential for device construction (photo-electrochemical system) and biosensors [11]. Key 

factors influencing the development of advanced functional materials are appropriate choice 

of active constituents (inorganic or inorganic-organic complex), method of preparation and 

modification.  

 Efforts have been contributed in the development of novel composite structures based 

on MoO3. For instance, He et al., have prepared the Au nanoparticles spin-coated on the 

surface of MoO3 thin films to obtain the enhanced UV photochromic effect [12]. Pt 

nanoparticles chemisorbed on MoOx modified electrodes are established for electrochemical 

reduction of oxygen and its application in enzymatic glucose biosensor [13]. In addition to 

inorganic materials, organic polymer amalgamated with MoO3 structure is also reported such 

as polyimide conjugated MoO3 nanoflake as photocatalyst for hydrogen evolution from water 

under solar-light [14]. Highly ordered polyaniline on the interface layers of MoO3 prepared 

by ion-exchange reaction in presence of dodecylamine, as an intercalator precursor, exhibited 

an enhanced electrical conductivity [15]. From these literature, it is apparent that 

functionalization of MoO3 nanostructures using inorganic/organic components are potential 

strategy to create multifunctional applications.  
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 Ruthenium bipyridine complex ([Ru(bpy)3]
2+) is an amphiphilic molecule, with a 

three-dimensional spatial arrangement, composed of three bipyridine ligands binding to a 

metal Ru at the center. Due to its large Stokes fluorescence shift, quantum emission, 

enhanced thermal stability and electrochemical properties, [Ru(bpy)3]
2+ dye complex is 

explored for functionalization of different metal/carbon nanostructures. For instance, 

Ag@SiO2 and Au@SiO2 for photocatalysis [16], Ag/chitosan for fluorescence quenching 

based biomolecular probing [17], graphene for electro-chemical and luminescence 

immunosensor [18,19]. In this context, hybridization of MoO3 nanostructures with opto-

electrochemically active inorganic-organic complex like [Ru(bpy)3]
2+ is expected to provide 

multifunctional properties. Here, [Ru(bpy)3]
2+ is used for the first time as an “opto-

electrochemical sensitizer” on the surface of MoO3 structures. Possible functionalization 

chemistry expected between microstructures of MoO3 and [Ru(bpy)3]
2+ are electrostatic, 

anion π-interactions and cation π-interactions. Fundamental changes in the optical 

absorbance, photoluminescence (PL), chemical structure and surface topography of MoO3 

functionalized [Ru(bpy)3]
2+ (MoO3-[Ru(bpy)]2+) structures are studied with those of pristine 

MoO3. The preliminary electrochemical properties of the different MoO3-based nanostructure 

modified electrodes were studied to explore its further applicability in electrochemical 

biosensors. To enable the biocompatibility, functionalized composite structure was enriched 

with polyethylene glycol (PEG3K, 3K represents Mw: 3000). Cytocompatibility of the resulted 

pristine MoO3, MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG were tested with brain 

endothelial cells, as in vitro model. Observed synergistic optical/electrochemical properties of 

MoO3-[Ru(bpy)3]
2+/PEG3k with enriched biocompatibility enable their usefulness in 

multidisciplinary applications.  

 

2. Experimental section 

2.1 Synthesis of MoO3 nanostructures 

 Nanostructures of MoO3 were synthesized following the experimental protocol 

described in the literature [9], which is included in the section S1.2 of Supplementary 

material. 

2.2 Surface modification of MoO3 nanostructures with [Ru(bpy)3]
2+ 

 In a glass vial, 20 mg of MoO3 powder and 20 mg of Ru(bpy)3Cl2• 6H2O was 

dissolved in 20 mL of DI H2O:ethanol (1:1) mixture. The reaction vial is heated at 45 °C with 

a magnetically controlled stirring at 750 rpm for overnight, in dark environment. Reacted 

mixture containing particulate structures were separated by centrifugation at 8000 rpm for 20 
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min and washed twice with deionized (DI) water/ethanol. Isolated powders were redispersed 

in DI water for further investigation. 

2.3 PEGylation of MoO3-[Ru(bpy)3]
2+ nanostructures 

 20 mg of MoO3-[Ru(bpy)3]
2+ powder and 40 mg of PEG3k was dissolved in 20 mL of 

DI water and kept in ultrasonication bath with a setting temperature of 45 °C for 70 min. 

Afterward the reacted mixture is centrifuged (at 8000 rpm, 20 min), washed and utilized for 

further characterization. 

2.4 Cell Culture 

 To understand the biocompatibility of the functionalized and non-functionalized 

MoO3 nanostructures, brain endothelial cells (bEnd.3) were used as in vitro model system. 

Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 

10% fetal bovine serum (FBS) and incubated at 37oC, and 5% CO2 in a humidified 

atmosphere. Unless otherwise stated, all experiments were performed by seeding the cells at a 

density of 3×104 cells/cm2.  

2.5 Cell viability assay and confocal microscopic imaging 

 Cytocompatibility of the different nanostructures such as MoO3, MoO3-[Ru(bpy)3]
2+ 

and MoO3-[Ru(bpy)3]
2+/PEG3k were determined using the cell viability assay of bEnd.3 cells. 

Cells seeded in 96-well plates and after overnight incubation were treated with or without 

various concentrations of MoO3 functionalized nanostructures for 12 h and 24 h duration. The 

concentrations for each material are varied from 0 to 100 µg/mL. Interference from the ligand 

conjugated MoO3 species were assessed by addition of the assay reagents with the above 

concentration of MoO3 particles but without cells. Cell viability was assessed using the Cell 

Titer 96 Aqueous One Solution Assay kit (G3580, Promega, WI, USA) according to the 

manufacturer instructions. Cell Titer solution (20 µL) was added to each well for 2 h and the 

plates were incubated at 37oC and protected from light before making the measurements. The 

absorbance was recorded at 490 nm on microplate reader (BioTek Synergy 2, USA). 

 Cellular imaging was carried out using a LSM 710 Axio Observer confocal 

microscope (Carl Zeiss, Oberkochen, Germany) in the visible excitation wavelength of 458 

nm. The fluorescence emissions were collected using a 560 nm long pass filter, to collect 

only [Ru(bpy)3]
2+ emission beyond 560 nm [20]. The images were acquired at 24 h after the 

treatment with MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k using Plan Apochromatic 

63 × 1.4 oil immersion objectives. 
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3. Results and discussion 

Scheme 1 illustrates the overall synthesis and electrode processing of hybrid 

materials. Fine powders of MoO3 structures are synthesized using the wet-chemical reaction 

of aqueous ammonium molybdate (NH4)2MoO4 and HCl as precursor reagents. As-resulted 

precipitate of molybdic acid (H2MoO4) were purified and calcinated at 500 °C for 2 h to 

obtain the MoO3 samples. Owing to its 2D lattice structures MoO3 surfaces are convenient for 

functionalization reaction with [Ru(bpy)3]
2+. Cationic metal center Ru2+ could react with 

MoO3 species through electrostatic interaction. The existence of π-networks in the three bpy 

ligands could possibly mediate both cationic-π interactions and anionic-π interactions with 

MoO3 via Mox+ or Mo-O-Mox+ and Mo=O‒, respectively. Relevant chemical structure 

analyses are discussed under FT-IR section. PEGylation of MoO3-[Ru(bpy)3]
2+ is achieved 

through ultrasonication, which supported the coating of PEG components on the surface of 

MoO3-[Ru(bpy)3]
2+. Acoustic microstreaming and cavitational bubbles from ultrasonication 

are known for coating the polymer layers on various nano/microstructures [21]. In this study, 

PEG moieties adsorbed on the surface of MoO3-[Ru(bpy)3]
2+ through intermolecular forces. 

Such PEGylated hybrid structures are useful for fabrication of biocompatible device 

discussed in the following sections.  

 

Fig.1A shows the UV-vis absorbance of MoO3 at 215 nm, ascribed to the charged 

inter band transition of (MoO6)
6‒ octahedrons mediated by the trapping electrons of Mo6+↔ 

Mo5+ [9,22]. Aqueous [Ru(bpy)3]
2+ exhibit the characteristic absorbance at 243, 285 and 450 

nm attributed to the intra-ligand transition π→π*, bpy π→π1
* transition and metal-to-ligand 

charge transfer (MLCT) bands of [Ru(bpy)3]
2+, respectively [20]. Noticeable shoulder hump 

located at 420 nm is also corresponding to the MLCT (t2g (Ru)-π* (bpy) transitions). Upon 

interaction between the MoO3 and dye [Ru(bpy)3]
2+, significant changes were observed in the 

inherent transition bands of hybrid system. Notably, the inter band transitions of MoO3 is not 

identified and the intra-ligand π→π* transition of [Ru(bpy)3]
2+ is diminished. Further, the 

intensity of bpy π→π1
*and MLCT bands were also significantly weakened with narrow peak 

width compared to the pristine dye. Observed changes in the individual peaks reveal the 

possible structural interactions between the two components and its influence in the optical 

properties. 

Luminescence active hybrid materials are promising for optoelectronics and 

bioimaging applications [23]. Considering the optimal UV-vis absorbance of MoO3 and 

MoO3-[Ru(bpy)3]
2+, herein, the PL emission properties were studied at an excitation 
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wavelength (λex) of 220 and 450 nm (Fig. 1B). At 220 nm, pristine MoO3 exhibit the 

characteristic PL emission bands, in the visible region, at 490, 530 and 540 nm attributed to 

the band-to-band transitions of distorted Mo-O and Mo-O-Mo crystal regions [24]. It has 

been designated that in addition to radiative recombination of electrons and holes, the oxygen 

vacancy defects at the surface of α-MoO3 crystals are responsible for the visible emission 

peaks [25]. Similar to MoO3, MoO3-[Ru(bpy)3]
2+ (excited at 220 nm) also exhibit the visible 

emission bands with a new peak centered at 605 nm, corresponded to the emission from the 

[Ru(bpy)3]
2+, triplet MLCT excited state (3MLCT) to ground state. PL spectra of [Ru(bpy)3]

2+ 

and hybrid were also recorded at λex of 450 nm which again ensured the standard emission 

due to 3MLCT. Interestingly, the MoO3-[Ru(bpy)3]
2+ showed higher emission intensity 

(centered at 605 nm) than pristine dye molecules (at 610 nm). This perhaps attributed to the 

additional photoelectronic transitions derived from the oxygen vacancy site of MoO3 and its 

inter-ligand transitions with the π-networks of bpy regions. Obtained PL results supported the 

optical evidence for the structural interaction within the hybrid MoO3-[Ru(bpy)3]
2+. Surface 

topographic analysis of MoO3 samples from SEM revealed the presence of 2D nanosheet-like 

structures (Fig. S1), which were of ~500 nm long and 100‒200 nm wide. Formation of sheet 

or plate like nanostructures of MoO3 is perhaps due to the synthesis condition optimized in 

the thermal decomposition of molybdic acid into MoO3 [5,9]. Upon reaction with 

[Ru(bpy)3]
2+ and PEG molecules, the crystalline topography of nanostructures are observed 

to have smoothened surface, indicating the possible coating/functionalization (Fig. 1C). 

 

ATR-FT-IR spectroscopy was used to study the chemical structure of individual 

samples (Fig. 2). MoO3 samples exhibit the vibrations of (νMo‒O) and (δMo‒O) at 700 and 

810 cm‒1, respectively. Bands observed at 840 and 985 cm‒1 are corresponding to the 

stretching vibrations of oxygen atoms in Mo‒O‒Mo and Mo=O units, respectively [5]. 

Observed stretching modes support the layered orthorhombic α-MoO3 phase [26]. 

[Ru(bpy)3]
2+ modified MoO3 samples showed distinct changes in the stretching and bending 

vibrations of Mo‒O units located at 660, 705, 725 and 765 cm‒1. Further, stretching modes of 

oxygen in the Mo‒O‒Mo units appeared to have sharp peaks with minor shift at 845, 912 and 

935cm‒1. Group frequencies located in the region 1370 to 1468 cm‒1 are ascribed to the 

(νC=N) of bipyridine, supporting the chemical bonding of bpy ligands with MoO3, via anion π-

interactions/cation π-interactions. PEGylated MoO3‒[Ru(bpy)3]
2+ samples are also studied to 

have group frequencies corresponded to Mo‒O and Mo‒O‒Mo units with minor changes in 

peaks at 704, 760, 840, 900 and 935 cm‒1. Compared to MoO3-[Ru(bpy)3]
2+, PEGylated samples 
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exhibit moderate-to-weak signals from (νC=N) of bpy ligand. This result is perhaps due to the 

surface modification of PEG3k species, which is evidenced from the distinct C-O stretching 

vibrations at 1635 cm‒1. Existence of C-O stretching might occur as a result of hydrolysis 

followed by oxidation of PEG moieties [27]. This peak is typical and not observed in other 

two samples, suggesting the successful PEGylation on MoO3‒[Ru(bpy)3]
2+.   

 Cyclic voltammetric studies were carried out to assess the electrochemical properties 

and its associated molecular interaction of pristine MoO3 and hybridized MoO3 

nanostructures, using methylene blue (MB) as redox mediator. The cyclic voltammograms 

(CVs) measured from three electrodes are shown in Fig. 3A. The MoO3 nanostructures 

modified electrode exhibited a pair of well-resolved redox wave with an anodic and a 

cathodic peak potentials at ‒0.25 V and at ‒0.31 V, respectively, attributed to oxidation-

reduction reaction of MB [28]. In addition to inherent anodic peak of MB, MoO3-

[Ru(bpy)3]
2+ modified electrodes exhibited two additional anodic peaks at ‒0.32 V and ‒0.29 

V, which perhaps related to the oxidation of Ru2+→Ru3+ component exist in the hybrid 

system. Similarly, PEGylated MoO3-[Ru(bpy)3]
2+ modified SPE electrodes enabled the 

anodic peaks at ‒0.30 V and ‒0.28 V. It can be observed that the redox peak current 

intensities generated from MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k electrodes are 

comparatively better than pristine MoO3. This result is ascribed to the synergistic electron-

transfer property originated from Ru functionalization. Further, a scan rate dependent CV 

study (Fig. 3B) of MoO3-[Ru(bpy)3]
2+/PEG electrodes are measured to validate the linear 

relationship with increase of redox response.  

 

The corresponding linear fit for three anodic peaks (Ipa) and one cathodic peak (Ipc) 

currents with scan rate provided a correlation coefficient of 0.9920 (Ipa1), 0.9950 (Ipa2), 

0.9833 (Ipa3) and 0.9880 (Ipc), respectively, suggesting a surface-confined reaction at the 

interface. Due to the PEGylation process the final hybrid enabled a broadened anodic peak 

with no significant improvement in current intensities compared to pristine MoO3-

[Ru(bpy)3]
2+. This might be due to the active barrier layers created by the PEG molecules on 

the surface of inherent MoO3-[Ru(bpy)3]
2+. Development of novel hybrid structures with 

retained inherent electrochemical properties is indeed promising for biomedical device, like 

biosensor platform. 

 Cell viability using MTS assay was performed to evaluate the biocompatibility of 

MoO3, MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k. The results suggests that 

treatment with MoO3 and MoO3-[Ru(bpy)3]
2+ shows no cytotoxicity up to 75 μg/ml for 12 h 
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whereas PEGylated MoO3-[Ru(bpy)3]
2+ further sustains viability up to 100 μg/ml for 12 h. 

Treatment of MoO3 and MoO3-[Ru(bpy)3]
2+ for 24 h with 50 μg/ml and beyond decreased the 

cell viability to almost 50% whereas, the PEGylated MoO3-[Ru(bpy)3]
2+ had no statistical 

significant cytotoxic effect up to 100 μg/ml at 24 h. This clearly shows that unlike the pristine 

MoO3 or its Ru complexed particles the PEGylated ones showed least cytotoxic effect and are 

more biocompatible. To further evaluate the cellular uptake of these biocompatible 

nanostructures, confocal fluorescence microscopic study was performed. 

 The cells treated with MoO3-[Ru(bpy)3]
2+ and the PEGylated MoO3-[Ru(bpy)3]

2+ 

were excited around 450 nm and the fluorescence cellular images were acquired beyond 560 

nm using a long pass filter. Confocal images suggests that the MoO3-[Ru(bpy)3]
2+ are 

uptaken by the cells to a lesser extent still maintaining the cellular morphology (Fig. 4B[I, 

overlay image]). On the other hand the PEGylated MoO3-[Ru(bpy)3]
2+ (Fig. 4B[II, overlay 

image]) shows no changes in the cell morphology after their uptake. It could be assumed that 

most of the MoO3-[Ru(bpy)3]
2+ interact with the serum proteins present in the cell treated 

medium and form large nanoparticle aggregates that limit their cellular uptake unlike the 

PEGylated hybrid. This clearly explains the biocompatibility of MoO3-[Ru(bpy)3]
2+/PEG3k as 

compared to MoO3-[Ru(bpy)3]
2+. Recently, it has been shown that PEGylated MoO3 

nanospheres synthesized have been employed as effective drug delivery and 

chemotherapeutic agents [29]. In another study, MoO3 nanoparticles were used as intrinsic 

biomimetic for the sulfite oxidase activity under physiological conditions, a mitochondrial 

located molybdenum-containing enzyme was used in the detoxification process in the amino 

acid and lipid metabolism [30]. In this study, we have shown that the interaction between the 

MoO3 and the [Ru(bpy)3]
2+ helps acquiring the promising fluorescence imaging in the visible 

wavelengths covering ~550 nm to 700 nm through the standard emission due to 3MLCT. The 

PEGylation helps in the cellular biocompatibility and uptake of nanoparticles and the 

preserved PL spectral properties are potential for cellular imaging. Such optical- and redox-

active biocompatible hybrid material is expected to retain the inherent biological activity of 

immobilized antibody/peptide/nucleic acids and perhaps promising for development of 

multifunctional sensor probe based on fluorescence and electrochemistry.  

 

4. Conclusion 

 Hybrid nanostructures of MoO3 integrated [Ru(bpy)3]
2+ surface modified with PEG 

molecules were synthesized successfully. MoO3 nanoparticles with functional groups of Mox+ 

or Mo-O-Mox+ and Mo=O‒ exhibit the layered orthorhombic α-MoO3 phase, which supported 
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the chemical interaction with [Ru(bpy)3]
2+ via cationic-π and anionic-π interactions, 

respectively. Ultrasonication derived microstreaming and cavitational forces mediated the 

intermolecular interaction of PEG3K species on the surface of MoO3-[Ru(bpy)3]
2+ through 

hydrolysis reaction. PEGylation not only promoted the solubility but also enriched the 

cellular biocompatibility of the developed hybrid nanostructures. UV-vis absorbance and 

emission properties of [Ru(bpy)3]
2+ sensitized the optical properties of MoO3 structures. 

Functionalization of [Ru(bpy)3]
2+ show significant improvement in the electrochemical 

properties of MoO3. Developed procedure enhances the facile incorporation of multiple 

functional groups for obtaining the desired opto-electrochemical and bioimaging properties in 

single platform. Additional studies could improve the features of hybrid structure on 

electrode interface, advantageous for construction of biosensors toward variety of biomedical 

applications.   
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Fig. 1. (A) UV-visible absorbance spectra, (B) photoluminescence spectra of (a) MoO3 and 

(b) MoO3-[Ru(bpy)3]
2+ at an excitation wavelength (λex) of 220 nm, (c) [Ru(bpy)3]

2+ and (d) 

MoO3-[Ru(bpy)3]
2+ at λex of 450 nm. (C) HR-TEM images.   
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Fig. 2. ATR-FTIR spectra of MoO3, MoO3-[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k 

powder samples. 
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Fig. 3. CVs of (a) MoO3, (b) MoO3-[Ru(bpy)3]
2+ and (C) MoO3-[Ru(bpy)3]

2+/PEG3k modified 

SPE electrodes measured in 10 mM PBS (pH 7.4) supported with MB (0.5 mg/mL), scan rate 

30 mV/s. (B) CVs of MoO3-[Ru(bpy)3]
2+/PEG3k modified SPE electrode at different scan 

rates (20-50 mV/s) in 10 mM PBS (pH 7.4) supported with MB (0.5 mg/mL). Inset shows the 

corresponding plots of the anodic and cathodic peak currents versus scan rates.  
 

 

 

 

Fig 4. (A) Effects on bEnd.3 cells viability at different concentrations of MoO3, MoO3-

[Ru(bpy)3]
2+ and MoO3-[Ru(bpy)3]

2+/PEG3k. Data presented as mean ± SD; n=3 experiments. 

(B) Confocal images (I row) of MoO3-[Ru(bpy)3]
2+ and (II row) MoO3-[Ru(bpy)3]

2+/PEG3k 

labeled bEnd.3 cells. 
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Scheme 1. Preparation of fine powders of MoO3, functionalization with [Ru(bpy)3]
2+, 

PEGylation and electrode processing using screen printed electrode (SPE). CE: counter 

electrode, RE: reference electrode and *WE: working electrode suitably modified with sheet-

like structures of MoO3 or MoO3-[Ru(bpy)3]
2+ or MoO3-[Ru(bpy)3]

2+ or MoO3-

[Ru(bpy)3]
2+/PEG3k.  

 

 


