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Abstract:



The aim of this study was to prepare a novel targeting drug delivery system for 2-Methoxyestradiol (2ME) in order to improve the clinical application of this antitumor drug. It is based in nanoparticles (NPs) of titanium dioxide (TiO2) coated with polyethylene glycol (PEG) and loaded with 2ME. A complete IR and Raman characterization have been made to confirm the formation of TiO2–PEG–2ME composite. Vibrational modes have been assigned for TiO2, PEG, and 2ME and functionalized TiO2–PEG and TiO2–PEG–2ME. The observed variation in peak position of FTIR and Raman of each for these composites has been elucidated in terms of intermolecular interactions between PEG–2ME and TiO2, obtaining step-by-step the modification processes that were attributed to the conjugation of PEG and 2ME to TiO2 NPs. Modifying TiO2 NPs with PEG loaded with the 2ME drug revealed that the titanium dioxide nanocarrier possesses an effective adsorption capability, and we discuss their potential application as a system of drug delivery.
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1. Introduction


Due to the unique properties afforded by their size, nanoparticles (NPs) possess a wide range of applications in the industrial, electrical, agricultural, pharmaceutical, and medical fields. For anticancer applications, nanoparticles can be easily modified and conjugated with multiple functionalities, such as targeting molecules, imaging agents, and drugs [1,2]. Nanoparticles are used as a drug carrier for the specific delivery of drugs to cancer cells. In targeted drug delivery, the anticancer drug is delivered specifically to the cancer cells, reducing the toxicity to normal cells.



Titanium dioxide (TiO2) is considered to be a potential semiconductor for biocidal applications due to its photocatalytic properties, which explain its ability to destroy bacteria, viruses, and even cancer cells [3,4]. In this context, TiO2 NPs have considerable potential in biomedicines, and a variety of works have been conducted to develop new antibacterial and drug delivery systems based on this nanoparticle [5,6,7,8]. Additionally, TiO2 has been classified as a biologically inert substance in animals and humans [9,10], and it has good biocompatibility and no toxicity in vitro or in vivo [11].



The application of TiO2 NPs in biosystems may be difficult, due to their poor dispersibility and stability in water or biological sera. To improve the colloidal behavior of NPs in biological systems, it is necessary to study the surface properties and colloidal stability of TiO2 NPs [11,12,13]. Recent studies have focused on covering the surface of TiO2 NPs with polymeric materials to eliminate aggregation and sedimentation [11,14], reduce toxicity, and develop biocompatibility [15]. In this context, polyethylene glycol (PEG)—due to its hydrophilic character—permits the modification of the surface of NPs in order to prevent agglomeration, and also renders NPs resistant to protein adsorption and enhances their biocompatibility [15,16,17].



2-Methoxyestradiol (2ME) is an endogenous estrogen metabolite with antiangiogenic and anticancer properties, although it has a poor solubility and low bioavailability for in vivo models [18]. With the purpose of maintaining its high anticancer efficacy, different reports are found in the literature about the incorporation of 2ME in different types of NPs, such as metallic NPs [19,20], polymerics NPs, and other nanostructured materials [21,22]. These studies confirm that NPs conjugated with 2ME are more effective from the point of view of cancer cell killing in comparison to 2ME alone. In this work, based on the suitable properties of TiO2 and PEG, as well as the potential use of 2ME in the treatment of many cancer types [18], we formulated 2ME-loaded TiO2–PEG nanoparticles that protect the anticancer agent from early degradation. TiO2 nanoparticles were modified with PEG to improve their suspension stability, and then 2ME was loaded on TiO2–PEG conjugate (TiO2–PEG–2ME). This research was performed based on the possibility of the combined application of TiO2 NPs (as a nanocarrier) with PEG (to improve the colloidal stability) and 2ME (as an anticancer drug).




2. Materials and Methods


2.1. Synthesis of TiO2 Nanoparticles


TiO2 nanospheres were synthesized using the sol–gel method [23]. The reagents used in the synthesis of the nanoparticles and in their organic modifications were titanium isopropoxide (TTIP; Aldrich, reagent grade, 99%), isopropanol, nitric acid (HNO3), distilled water, and hexadecyl trimethoxysilane (Mod-TiO2) (Aldrich, reagent grade, 98%) was used for the modification of TiO2 nanoparticles [24].




2.2. Modification of TiO2 NPs by PEG


TiO2 NPs need to be modified to prevent their aggregation and sedimentation. One of the most well known methods for the modification of NPs is covering them with polymeric materials [15,17]. In this study, PEG 6000 (Sigma Aldrich, St. Louis, MO, USA) was used as the modification agent. In order to conjugate PEG to TiO2 NPs, 100 mL of the suspension with a TiO2 concentration of 1 g/L was prepared. After sonication for 2 h, 200 mg PEG was added, and the reaction mixture was sonicated for 3 h. The PEG–TiO2 NPs were centrifuged at 5000 rpm for 30 min at 25 ∘C. After modification, the PEG–TiO2 NPs were dried at 60 ∘C for 1 h.




2.3. Drug Encapsulation and Loading Efficiencies


TiO2–PEG NPs (0.1 mg) were dispersed in 10 mL distilled water, and then 100 [image: there is no content]L of 2ME (Sigma Aldrich) at a concentration 10 [image: there is no content]g/[image: there is no content]L was added and stirred smoothly for 3 h. After modification, the TiO2–PEG–2ME NPs were dried at 60 ∘C for 1 h. For each sample, 100 [image: there is no content]L of TiO2–PEG–2ME was filtered using 0.45 [image: there is no content]m polyvinylidene difluoride (PVDF) membrane syringe filters (Merck, Kenilworth, NJ, USA), and the flow-trough was centrifuged at 10,000 rpm per min at 4 ∘C. Samples (20 [image: there is no content]L) were injected into the Reodyne valve of a liquid chromatograph (Agilent 1200s, Palo Alto, CA, USA), and were separated in a reverse phase column C18 (150 × 4.6 mm, 5 [image: there is no content]m; Agilent, Zorbax, XDB-C18) at room temperature with formic acid 0.1%:methanol (8:92) with flow of 0.5 mL/min for 30 min. The detection was performed using an electrospray ionization triple quad tandem mass spectrometer (Agilent 6410, Palo Alto, CA, USA) in negative mode, with 300 ∘C temperature, 3500 V ionization voltage, and 8 L/min of nitrogen flow. Quantitation was performed using the multiple reaction monitoring (MRM) mode, with experimental determination of majoritarian mass-charge ratios (m/z) (2-MeOE2: 301 → 286). The working curve was obtained by standard 2ME solutions with different concentrations. The loading amounts ([image: there is no content]) were calculated using the equation


[image: there is no content]



(1)




where [image: there is no content] is 2ME total and [image: there is no content] is 2ME in the supernatant.



A schematic representation of TiO2–PEG conjugation and 2-ME drug loading in the TiO2–PEG composite is shown in Figure 1.


Figure 1. Schematic representation of the functionalization of PEG–TiO2 and TiO2–PEG–2ME (2ME image is supported by [25]). (2ME: 2-Methoxyestradiol; PEG: polyethylene glycol.)
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2.4. Characterization of TiO2, TiO2–PEG, and TiO2–PEG–2ME NPs


The morphology of TiO2 NPs was analyzed by transmission electron microscopy (TEM) using a JEOL ARM 200 F microscope operated with an acceleration voltage of 20 kV. Samples for TEM measurements were prepared by placing a drop of TiO2 on a carbon-coated standard copper grid (400 mesh) and letting the solvent evaporate.



The functionalization of TiO2 NPs by PEG and the conjugation of TiO2–PEG with 2ME were examined by attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR). The FTIR spectra were collected in the 4000–1000 cm−1 range, with a resolution of 4 cm−1 at room temperature by using a Thermo Nicolet IS10 spectrometer provided with single bounce Ge crystal Smart-iTR accessory. In order to complement the FTIR spectra, Raman spectroscopy was performed by using a LabRAM HR800 spectrometer provided with a green He-Ne laser (534 nm) as the excitation source. The Raman spectra were collected in the region 3600–100 cm−1, with a spectral resolution of 0.3 cm−1. The number of accumulated scans for each recorded spectrum was two, and the exposure time was 30 s. All of the experiments were performed at room temperature.





3. Results and Discussion


Figure 2 shows transmission electron micrographs of TiO2 NPs, revealing a quasi-spherical morphology with average diameters of around 10 nm, and a relatively narrow size dispersion characteristic of the sol–gel method.


Figure 2. Transmission electron microscopy (TEM) image of TiO2 nanoparticles (NPs).
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3.1. FTIR Analysis


Figure 3 shows a sequence of FTIR spectra for TiO2 NPs, PEG, TiO2 coated with PEG, 2ME, and composite TiO2–PEG–2ME. In Figure 3a, the FTIR spectrum of TiO2 NPs clearly shows tree bands. The first band is the broadest, and is observed at 3500 cm−1, corresponding to the stretching vibration of the hydroxyl group O-H of the TiO2 NPs. The second band is observed around 1630 cm−1, corresponding to bending modes of water Ti-OH; the last is a prominent peak at 1383 cm−1 related to Ti-O modes [26,27]. In Figure 3b, the FTIR spectrum of PEG is shown. The peaks around 2888, 2920, and 2888 cm−1 are attributed to the alkyl chain of polymer; the bands at 1342 and 1100 cm−1 are due to C-H bending and C-O stretching vibration, respectively; and the band at 1242 cm−1 corresponds to C-H twisting vibrations [16,17,26]. The IR spectrum of TiO2–PEG is given in Figure 3c, where new bands appear due to the presence of PEG (such as the bands around 2880, 1352, and 1105 cm−1, corresponding to C-H stretching vibrations, C-H bending, and C-O stretching vibration); all these bands are shifted from their original position in PEG, exhibiting hydrogen-bonding nature and confirming PEG’s interaction with the surface of TiO2 NPs.


Figure 3. Fourier-transform infrared (FTIR) spectra for (a) TiO2; (b) PEG; (c) TiO2–PEG; (d) 2ME, and (e) TiO2–PEG–2ME. The magnified view of (d) and (e) on the right side shows the IR spectrum for TiO2–PEG–2ME in the range 1800–1000 cm−1; in this zone, it is possible to identify the peaks associated with aromatic ring C=C stretching vibration in of 2ME (zone 1) and tree peak associated with the methoxy group O-CH3 and the alcohol group C-OH (zone 2); these zones are showed in the upper right side in an schematic representation of the 2-Methoxyestradiol molecule. The color of spheres (gray, red and light gray) represent Carbon (C), Oxigen (O) and Hydrogen (H) atoms.
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The FTIR spectrum of 2ME and functionalized TiO2–PEG NPs with 2ME is given in Figure 3d,e. The FTIR spectrum of 2ME alone is characterized by a number of characteristic bands occurring at 3417, 3182, 3000, 2963, 2907, 2809, and 1600 cm−1, and in the ranges 1500–1400 cm−1 and 1300–1000 cm−1; the last bands are the fingerprint of 2ME. The bands between 3417 and 3000 cm−1 are due to hydroxyl stretching vibration bands. The band at 3000 cm−1 belongs to the C-H bond stretching vibration. The bands at 2963, 2907, and 2809 cm−1 correspond to stretching vibration of functional groups CH, CH2, and CH3. The vibration at 1600 cm−1 corresponds to C=C bond stretching vibration in the aromatic ring (zone 1 in Figure 3). The bands in the range 1500–1400 cm−1 are due to CH, CH2, and CH3 bending vibration and those in 1300–1200 cm−1 correspond to vibration of the methoxy group O-CH3 and the alcohol group C-OH (zone 2 in Figure 3). In the FTIR spectrum of TiO2–PEG–2ME in Figure 3e, new bands belonging to 2ME are observed—these bonds occurring mainly in the region 1525–1000 cm−1. In this zone, we can distinguish peaks located at 1525 and 1420 cm−1 (zone 2) corresponding to the bending vibration of functional groups CH, CH2, and CH3. These bands are shifted from their original position at 1526 and 1422 cm−1 in pure 2ME. In zone 1 we found bands appearing at 1260, 1232, and 1205 cm−1, slightly shifted from their original position in 2ME [20,28]. We can identify the most important bands of 2ME corresponding to methoxy and alcohol functional groups. This confirms the attachment of 2ME into the composite TiO2–PEG.





4. Raman Analysis


In the Figure 4, we can see a complete Raman spectra of TiO2, PEG, 2-ME, composite TiO2–PEG, and functionalized TiO2–PEG–2ME NPs.


Figure 4. The left and right side graphs show the Raman spectra for (a) TiO2; (b) PEG, and (c) TiO2–PEG, recorded in the zone 150–3200 cm−1; (d) 2ME; and (e) TiO2–PEG–2ME in the region 1000–3200 cm−1, respectively.



[image: Applsci 07 00049 g004]






4.1. Raman TiO2


The anatase phase of TiO2 NPs has six Raman active modes (A1g + 2B1g + 3Eg). This is shown in Figure 4a, and it is in agreement with other Raman analysis for the anatase phase of TiO2 NPs [28,29,30].




4.2. Raman Spectrum PEG


The Raman spectrum of PEG is presented in Figure 4b. The most representative band positions are the stretching vibrations of alkyl chains observed at 2938, 2886, and 2843 cm−1 [31,32,33]; we can see that these vibration groups are more strong in the Raman spectra than in the IR spectra. The bands at 1478 and 1442 cm−1 are assigned to the bending mode of the C-H group. The bands that appeared at 1279 and 1229 cm−1 correspond to C-H twisting vibrations. The C-O, C-O-H, and C-C stretching vibrations are located in the 1142–1126 cm−1 range [32]; this vibrational mode can also be found more strongly in the IR spectra. The bands at 846 and 860 cm−1 are assigned to the skeletal vibrations of PEG [28,34,35]. The positions at 533 and 362 cm−1 correspond to C-C-O bending vibration, and the last band at around 225 cm−1 corresponds to PEG skeletal deformation mode [33].




4.3. Raman Spectra Analysis of TiO2–PEG


The Raman active vibrational modes of TiO2 localized in the range of the 400–600 cm−1 band in TiO2–PEG did not show any appreciable shift, indicating that upon the addition of PEG, the structure of TiO2 is not affected (Figure 4c). This confirms that the crystalline phase of TiO2 NPs is preserved in the functionalization process. It should also be mentioned that the intensities in the region between 1000–3200 cm−1 have been amplified, because this zone is less intensive compared to the TiO2 band (the ratio of intensities between the bands of TiO2 and the bands that arise due to the functionalization with PEG is [image: there is no content]= 50).



On the other hand, due to the functionalization of TiO2’s surface with PEG, we can observe a broad peak at around 1000–1200 cm−1 attributable to C-C and C-O stretching vibrations. Two sharp peaks between 2800–3000 cm−1 are also observed, corresponding to C-H stretching vibration; these peaks confirm the addition of PEG with TiO2 (Figure 4c). The prominent peak localized in the range of 2800–3000 cm−1 corresponds to the stretching vibrations of the methylene group C-H of TiO2–PEG found at 2883 cm−1; this band is shifted about 3 cm−1 from its original position (at 2886 cm−1 in pure PEG). This slight shift suggests the formation of hydrogen bridge bonds, these bonds have arisen due to the Van Der Waals interaction between the OH groups of TiO2 and the hydroxyl group of PEG [28,32,34,35]. These results demonstrate that the surface modification of TiO2 NPs by PEG is highly influenced by the intermolecular interactions between these two materials. We can observe that the vibration of C-C, C-O, and C-H groups (located in the range 1000–1200 cm−1) are as prominent as in the IR and Raman spectra.




4.4. Raman Spectra Analysis of 2ME


Figure 4d shows the most important vibrations of 2ME, corresponding to the range 1000–3200 cm−1. In this range, the following features can be distinguished; the steroidal C-H and CH2 groups located in the range from 2800 cm−1 to about 3100 cm−1, and the OH band which absorbs in the zone of 1200–1350 cm−1—this vibration mode is sensitive to hydrogen bonding. Alcohols and CH3 groups are also located in this region. A broad peak could be observed around 1400–1500 cm−1 due to aromatic ring chain stretching vibrations of C-C-H and others at 1600 cm−1, where the C=C aromatic ring chain vibrations are located [28,36,37]—both modes are possible to distinguish in IR spectra.




4.5. Raman Spectra Analysis of TiO2–PEG–2ME


The Raman spectrum of the functionalized TiO2 NPs which have been coated with PEG and loaded with 2ME is given in Figure 4e. This figure displays the Raman spectra above 1000 cm−1 (the low frequency bands of TiO2 were not modified during the functionalization process). The Raman spectrum of TiO2–PEG–2ME was slightly modified in the range of 1250–1450 cm−1 with respect to TiO2–PEG (Figure 4c). In this range, we can find the resulting vibration mode between PEG and 2ME. The first band, located around 1300 cm−1, corresponds to C-H vibration of PEG and O-H vibration of 2ME; this band became more broad in comparison with the band located in the same range in TiO2–PEG (Figure 4c). The second band, located around 1447 cm−1, corresponds to the vibration of C-H plus O-H vibration and the aromatic ring C-C-H vibration group of pure PEG and 2ME, respectively [28,37]. This band became more pronounced and defined due to the new hydrogen bridge bonding between PEG and 2ME. It was not possible to identify each the modes of vibration associated with the finger print of 2ME in TiO2–PEG–2ME composite by the use of Raman spectroscopy. The bands corresponding to aromatic ring and functional groups located in the range 1500–1400 cm−1 and 1350–1200 cm−1, respectively, were screened by the C-H vibration mode of PEG. Although a change in form and intensity with respect to TiO2–PEG is evident, this suggests the contribution of the functional groups of 2ME in the composite. However, the bands located around 1600 and 3000 cm−1 (corresponding to C=C aromatic ring chain vibrations and C-H groups) cannot be distinguished in the TiO2–PEG–2ME nanocomposite. On the other hand, all these vibrations are clearly visible using FTIR spectroscopy.





5. 2ME Loading Capacity


Using the electrospray technique, we have determined that the percentage of loaded charge of 2ME into TiO2–PEG is 9% with a stirring time of 180 min. It has been reported the encapsulation efficiency of 2ME in liposomes was around 8% [38], whereas other studies reported a 2ME encapsulation efficiency of around 3.3% in dendrimers [39]. 2-methoxyestradiol has been also encapsulated in PLGA (poly(DL-lactide-co-glycolic acid)) microparticles, giving a 11.6% 2ME-loading efficiency [40]; thus, our TiO2–PEG–2ME carrier system showed similar loading efficiency as reported in other systems. On the other hand, nanoparticles combined with hydrophilic biodegradable polymers such PEG are non-immunogenic, non-antigenic, and protein resistant, shortening their bioavailability in the blood circulation, and therefore decreasing or eliminating the adsorption of the protein from the surface of the nanoparticle [41]. Furthermore, PEG is soluble in both polar and non-polar solvents, and it is highly soluble in cell membranes, suggesting that TiO2–PEG–2ME nanoparticles have a high potential in biomedical applications.




6. Conclusions


This study shows for the first time the physicochemical characterization of conjugate TiO2–PEG–2ME NPs. Using IR and Raman Spectra, it is possible to follow the modification processes attributed to the conjugation of PEG and 2ME to synthesized TiO2 NPs step by step. 2ME has been considered a promising anticancer drug candidate due to its low toxicity and broad-spectrum anticancer activity; however, the clinical application of 2ME has been hampered by its low solubility, poor gastrointestinal absorption, shorter half-life, and low bioavailability [41]. Drug encapsulation showed that TiO2–PEG–2ME can be a promising candidate for use in drug targeting delivery systems due to the reduced cytotoxicity of TiO2 and the high solubility of PEG. In this context, our TiO2–PEG–2ME composite can improve the disadvantages of 2ME, reinforcing its biomedical applications.
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