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By hydrothermal method, porous TiO2 spheres with pompon morphology are successfully synthesized in the tetrabutyl titanate (TBT)–acetic acid (HAc) system with no other additives. The morphological, structural and textural properties of the specimen are figured out by transmission electron microscopy (TEM), scanning electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FT-IR), X-ray powder diffraction (XRD), N2 adsorption/desorption, and fluorescence microscope. The results show the pompon-like morphology of porous TiO2 with high specific surface area and large pore volume, which can be used as a drug carrier. In this paper, doxorubicin hydrochloride (DOX) is chosen as drug model to understand the process of drug release. And results indicate that the porous TiO2 is biocompatible and can be used for continuing drug-release, which shows lots of possibilities in medical fields.
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INTRODUCTION
Porous material is a kind of network structure material composed of interconnected or closed holes, which is widely used in the field of drug delivery. Because of its large specific surface area, controllable pore size and functional modification, it can be loaded with different kinds of drug molecules and used in various drug delivery routes. For example, dexamethasone porous silicon particles can continuously release drugs to vitreous and retina (Hou et al., 2016), new porous polymer soluplus can improve the solubility of budesonide and make it absorbed through nasal cavity (Pozzoli et al., 2017), inhaled sildenafil poly (lactic co glycolic acid) (PLGA) porous particles can be used for the treatment of pulmonary hypertension and can reduce the dosage (Rashid et al., 2017) Polyaniline/porous silicon hybrid carrier loaded with doxorubicin hydrochloride for intravenous injection combined with photothermal therapy has a significant synergistic anti-tumor effect (Xia et al., 2017). By implanting lentivirus loaded macroporous sponge in the sheath for regeneration after spinal cord injury (Thomas et al., 2015), porous silicon dioxide lipid hybrid carrier can improve the dissolution rate of oral ibuprofen (Schultz et al., 2018). Among different kinds of porous materials, porous TiO2 has attracted enormous attention due to its high specific surface area, orderly structure, tunable pore size, favorable biocompatibility and easy-modified surface (Qin et al., 2011), which can be potentially applied to catalysis (Lorenz et al., 2006), sensing (Song et al., 2006a), biology (Li et al., 2009) and some other fields (Song et al., 2006b). To date, TiO2 with different morphologies, pore sizes (Ming et al., 2011), and structures (Li et al., 2009) have been extensively studied. Research on nanostructured porous material in drug release has been going on for over ten years. Thus, the advantages of such material and the effects of morphology on sustained-release performance have been systematically studied. Besides, the surface morphology of carrier material determines the contact area between carrier material and body fluids, and then influence sustained-release mechanisms. Therefore, it is greatly significant to develop novel TiO2 with diverse morphology used in drug-release field. Recently, the research of TiO2 materials as drug carriers mainly focuses on the TiO2-P25 nanoparticles (Song et al., 2006b; Ming et al., 2011; Zhang et al., 2012), functioned TiO2 nanoparticles (Yamaguchi et al., 2010; Naghibi et al., 2014; Du et al., 2015), and TiO2 nanotube arrays (Peng et al., 2009; Song et al., 2009; Shokuhfar et al., 2013; Xu et al., 2015). Some applications of TiO2 are being developed such as Fe3O4@TiO2 nanoparticles with core–shell structure have been explored as drug carrier to inhibited the growth of ovarian carcinoma cells (Arora et al., 2012). So far, the application in medical treatment has been limited by the aggregation of the TiO2 nanoparticles, which causes the decline of photocatalytic reactivity and the low specificity of cancer cells. Some researches reveal that the problems mentioned above can be solved by coating TiO2 with silica or polyethylene glycol (PEG) to decrease the aggregation (Yamaguchi et al., 2010; Arora et al., 2012; Naghibi et al., 2014; Du et al., 2015). Folate can be grafted on the surface of TiO2 nanoparticles to conduct them toward target cells (Naghibi et al., 2014; Feng et al., 2015). In addition, TiO2 nanoparticles exhibit specific capability to conduct photodynamic and sonodynamic therapy. During the therapy, the reactive oxygen species is formed and induces cytotoxicity against cancer cells significantly (Lagopati et al., 2010; Yamaguchi et al., 2011; Ninomiya et al., 2012; Feng et al., 2015). Therefore, there will be better treatment for cancer by combining photodynamic therapy or sonodynamic therapy of TiO2 with drug loading (Song et al., 2006b; Naghibi et al., 2014; Shen et al., 2014). Besides, it is well known that the extent of the interface between the drug-carrying particle and body fluids is determined by the surface morphology which also has influence on drug-release kinetics. So, with different morphologies of TiO2 the relationship between drug-release properties and surface morphology can be figured out and that will be really helpful to develop more effective drug delivery. So far, there are only few reports on the preparation of porous TiO2 for drug loading. For example, mesoporous TiO2 whiskers could carry more doxorubicin hydrochloride (DOX) than TiO2 nanoparticles (Li et al., 2009). Jang et al. prepared mesoporous TiO2 hollow nanoparticles by template method, which could load large amount of camptothecin for the hollow cavity structure (Kim et al., 2012).
Herein, TiO2 sphere with pompon morphology has been successfully synthesized by a hydrothermal process. This special appearance morphology possesses high surface area which is essential for the mass transfer because it is easier for drugs to access to active-sites, which makes it favorable for TiO2 to load drugs.
EXPERIMENTAL SECTION
Materials
Tetrabutyl titanate (TBT) was purchased from Kermel (China). HAc was purchased from Xilong chemicals (China). DOX was purchased from Sigma-Aldrich (China). Carboxyfluorescein and Quercetin were purchased from Aladdin (China). Congo red was purchased from BASF (China). Sudan Ⅳ and Rhodamine B were purchased from Guoyao Reagents (China). RPMI-1640 culture medium and fetal bovine serum (FBS) was purchased from Gibco (United States). All other reagents, including ethanol, HCl, K2HPO4, NaH2PO4, and NaOH were purchased from Xilong chemicals (China). DOX, Carboxyfluorescein, Quercetin, Congo Red, Sudan Ⅳ, and Rhodamine B stock solutions were freshly prepared and stored in the dark at 4°C. The ultrapure water was used in all experiments.
Method
Synthesis of Porous TiO2 Spheres
By following hydrothermal solvothermal method reported in the literature (Ye et al., 2010), porous TiO2 was easily synthesized with some modifications. Typically, 0.6 ml of TBT was dropwise added to 30 ml of HAc and the mixed solution was continually stirred for 10 min. After that, the white suspension was transferred into 50 ml Teflon-lined stainless-steel autoclave and kept in the oven for 3 h at 200°C. After cooling down to room temperature, the product was collected by centrifugation, then washed with ethanol several times and dried at 60°C overnight. At last, the dried product was calcined at 450°C for 3 h to remove the residual organics. field-emission scanning electron microscope (SEM, SUPRA55 ZEISS, United States) and transmission electron microscopy (TEM, Tecnai-F30) were used to observe the morphology of samples. The fourier transform infrared (FT−IR) measurement was characterized by a Thermo Scientific Nicolet iS10 FT−IR Spectrometer (United States). X-ray powder diffraction (XRD) measurement was carried out with Rigaku D/max-2500 diffractometer with Cu Kα radiation (λ = 0.1542 nm, 40 kV, 100 mA). The specific surface area and pore size distribution of were obtained by the Brunauer–Emmett–Teller (BET, Micrometrics ASAP 2010) method through the detection of N2 adsorption desorption at −196°C. Before the test, the sample is degassed in vacuum. Energy dispersive spectroscopy (EDS, Oxford, Britain) was used to analysis chemical composition of samples.
Drugs Adsorption by Porous TiO2 Spheres
To measure adsorption capability towards drugs, 1 mg as-prepared TiO2 powder was dispersed in DOX (3 ml, 2 mmol) solutions. After that the samples were sealed immediately and soaked for 12 h under stirring in dark at 37°C. Then the solution was centrifuged to get the supernatant which was later measured by UV-Vis absorption spectra, the sediment was collected and freeze-dried to get DOX loaded TiO2.
Measurement of Drug Release
The in vitro drug release test was performed as follows. 50 mg DOX–TiO2 sample was placed into a dialysis membrane bag (molecular-weight cut off 5000 kDa) and then immersed in 20 ml phosphate buffer solution (PBS, pH = 7.4) solution under gentle stirring in dark conditions at 37°C. A certain amount of buffer solution was extracted at time intervals and the equal amount of fresh PBS was immediately injected into the original PBS solution to keep the volume of 20 ml. The amount of released DOX in the extracted PBS solution was measured by UV-vis spectrophotometry. Drug release rate was calculated based on the intensity of drugs by Ultraviolet-visible (UV−vis) absorption spectra (Agilent Cary 60, United States).
Intracellular Release of Drug
HeLa (human adenocarcinoma) cells were cultivated and maintained in RPMI-1640 medium with 10% FBS at 37°C in an atmosphere of 5% CO2, then cultured in 6-well plates (2.5 × 104 cells per well) for 24 h. After being rinsed twice with PBS solution, DOX–TiO2 was added into each well at a concentration of 20 mg ml−1. After being incubated for 24 h at 37°C, the cells were rinsed with PBS and dyed with 10 mg ml−1 of Hoechst 33324 for 10 min. Finally, the cells were washed twice with PBS and observed by fluorescence microscope. Fluorescence microscope (Nikon 80i, Japan) was used to take images of the samples.
MTT Cytotoxicity Assay
The HeLa cells were cultured in 96-well plate with 10,000 cells per well in CO2 incubator (37°C, 5% CO2, saturated humidity) for 24 h. Then 100 µl RPMI-1640 culture medium with 10% FBS and DOX–TiO2 spheres at different concentration (DOX–TiO2 and TiO2 with the same quantum of DOX, ranging from 0.1–5.0 μg ml−1) was added 100 ml. Each concentration of nanoparticles was added to three wells. After culturing at 37°C for 24 h, the supernatant was removed. Then RPMI-1640 culture medium with 100 µl 0.5 mg ml−1 MTT was added into each well to incubate at 37°C for 4 h. After removing the supernatant, 150 µl DMSO was added into each well. The result of absorbance (the wavelength of determination is 570 nm) was obtained after cytolysis. HeLa cells incubated without nanoparticles were taken as the control groups, and cell viability was the standard to judge the cytotoxicity of nanoparticles.
RESULTS AND DISCUSSION
Fabrication of TiO2 Spheres
The morphology of TiO2 has an important influence on its drug loading and release. The TiO2 particles were produced with relatively uniform size as shown in Figure 1A. After zooming in, they are pompon-like spheres with a diameter of ∼2.0 µm. The highly porous structure of TiO2 spheres can be observed from the scanning electron microscope and transmission electron microscopy images with higher magnification (Figures 1B–D). Chemical composition analysis by Energy dispersive spectroscopy (Figure 2) illustrates that the porous spheres are composed of titanium and oxygen elements. The same synthesis method can sometimes form different morphology of TiO2, which is mainly related to some influencing factors. The common influencing factors are temperature, pH value, adding certain ions, reaction time, and so on. At present, the morphologies of TiO2 are spherical, microsphere, hollow sphere, flower, nanofiber, nanotube, flake, rod, etc. At this research, the pompon like TiO2 microspheres were synthesized by using ethanol as solvent at 200°C and the structure has not been reported before.
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[image: Figure 1]FIGURE 1 | (A–C) Scanning electron microscope and (D) transmission electron microscopy images of porous TiO2 spheres with different magnifications.
[image: Figure 2]FIGURE 2 | Energy dispersive spectroscopy microanalysis spectrum of porous TiO2 spheres.
Route 1 Synthesis of TiO2
A tentative mechanism for the formation of anatase TiO2 mesocrystals was proposed as illustrated in Route 1. In the current solvothermal synthesis at 200°C, the reaction between Ti(OC4H9)4 and HAc first resulted in the coordination of HAc to titanium centers to form unstable titanium acetate complexes (CH3COO)xTi(OC4H9)4-x by ligand exchange/substitution, concomitant with the release of C4H9OH (Eq. 1). The produced C4H9OH could then react with the solvent HAc to form water by a slow esterification reaction (Eq. 2). Subsequently, Ti-O-Ti bonds would form by both hydrolysis-condensation and nonhydrolytic condensation processes (Eqs 3,4) leading to the formation of crystallized pompon-like TiO2. In the current situation, the nascent anatase nanocrystals with high surface energies might be temporarily stabilized by acetic acid, which could then orient each other to form a crystallographic oriented mesocrystalline architecture with some butyl acetate enwrapped in the interparticle pores. Finally, nanoporous anatase TiO2 mesocrystals with preserved morphology will result from removal of the organic residuals by subsequent calcination, accompanied by a moderate increase in the size of the nanocrystal subunits. During the mesoscale assembly of the pompon-like-shaped, anatase mesocrystals with a single-crystal-like structure, the solvent acetic acid played multiple roles. First, it acted as the chemical modifier of TBT to lower its reactivity. Second, it reacted with TBT to form transient or metastable precursors for slow release of soluble titanium-containing species for the continuous formation of nascent anatase nanocrystals. Third, it acted as the stabilizing solvent to temporarily stabilize the tiny anatase nanocrystals against immediate single crystal formation or uncontrolled aggregation, but the binding to the {001} facets was relative weak, so that the subsequent oriented attachment along the [001] direction could take place readily. Fourth, it reacted with TBT to produce butyl acetate that played the role of porogen or template during the oriented aggregation of anatase nanocrystals to form mesocrystals (Ye et al., 2010).
It can be seen from the Figure 3 that both have the characteristic diffraction absorption peak of Ti: 2θ = 35.2°, 38.6°, 40.3°, 53.1°, 63.0°, this is caused by the titanium substrate. Different from Figure 3A, new peaks appears at 2θ = 25.2°, 37.9°, 47.8°, 53.9°, 54.9° in Figure 3B. This is the characteristic absorption peak of TiO2 anatase, which may be due to the transformation of TiO2 from amorphous to anatase after hydrothermal treatment.
[image: Figure 3]FIGURE 3 | X-ray powder diffraction pattern of the Titanium sheet (A) and porous TiO2 microspheres (B).
Drug Loading Properties
In order to clarify the relationship between the carrier and the drug, we used FT-IR spectroscopy to detect the sample. The FT-IR spectra of TiO2, DOX–TiO2, and pure DOX are presented in Figure 4. The bands at 3,425 is attributed to the stretching mode and the “scissor”-bending mode of −OH, respectively, which come from H2O absorbed on the surface of the products and −OH on the surface of TiO2 (Chen et al., 2009). The absorption band at 690 cm−1 is attributed to Ti–O stretching vibration (Chen et al., 2009; Cui M. et al., 2012). The bands at 1641 and 1500 cm−1 may attributed to C = O and C-O-C of by products of the reaction as route 1 showed (Ye et al., 2010). Two characteristic absorption peaks at 1619 and 1580 cm−1 are ascribed to the stretching vibration of C = O from the anthraquinone ring of DOX. The peaks at 993 and 2930 cm−1 are assigned to the C–O–C and CH3 stretching vibration of DOX, respectively. The couple of the peaks are also observed in DOX–TiO2, and no new bands are observed. According to the results, it can be speculated that DOX is loaded onto TiO2 surface mainly through noncovalent bond.
[image: Figure 4]FIGURE 4 | (A) FT-IR spectra of TiO2 (blue), DOX–TiO2 (black), and pure DOX (red). (B) magnification of rectangular box in (A).
In vitro and Intracellular Release of Drugs
It is accepted that the DOX molecules are entrapped within the pores by immersing process and liberated via a diffusion-controlled manner. In addition, the hydroxyl, carboxyl, and carbonyl groups in drug molecules can form hydrogen bonding with Ti–OH groups on the porous TiO2 surface. At the drug release stage, PBS solution carry the drugs out of TiO2 pores by dissolving the drugs. Before the dynamic concentration equilibrium is achieved, the continuous drug release is conducted by diffusion-controlled manner which maily depends on the dynamic equilibrium between the drug concentration inside the pores and the drug concentration in the bulk solution in PBS. Thus, a sustained drug release stage is reached.
Figure 6A shows the drug-release result of DOX–TiO2 in simulated body fluid and in cells. As for drug-release research in vitro, the process of releasing DOX molecules seen from Figure 6A can be divided into two stages: fast release stage for the first 3 h and continuing release stage in the following 21 h. Certain amount of drug molecules can be absorbed onto the surface of TiO2 spheres via physical effects. However, due to the weak absorption of the drug molecules, the drugs will quickly dissolve into buffer solution and initiate the fast release stage once contacting with buffer solution. After that, drugs absorbed into pores or on the surface of TiO2 spheres by strong hydrogen bonds continue slowly releasing, which induces the second stage and lasts for 21 h. Obviously, TiO2 spheres has the ability of drug storage and slow release. Besides, the initial fast release stage of DOX molecules is important for the treatment of cancer since the amount of released drugs is larger, which can rapidly inhibit multiplication of cancer cells. The rest of cancer cells will gradually die during the process of continual drug releasing. Therefore, the system of DOX–TiO2 is promising in cancer treatment. This release behavior is similar to the drug release behavior in TiO2 nanotubes, both of which are rapid release at the beginning and slow release afterwards. However, compared with titanium dioxide nanotubes, because the surface area of nanotubes is larger and the more drug is adsorbed (Figure 5), its rapid release period and slow release period are longer (Moseke et al., 2012). We fitted the drug release data and found that the drug release was suitable for the first-order kinetic equation, the fitted equation is:
[image: Figure 5]FIGURE 5 | Adsorption–desorption isotherms of the representative the porous TiO2 microspheres. Inset shows the pore size distribution obtained from the adsorption branch.
[image: Figure 6]FIGURE 6 | (A) Drug-release profile for DOX–TiO2 in PBS buffer. (B) HeLa cells incubated with DOX, DOX–TiO2, and TiO2. (C) Representative deconvolution microscope images of HeLa cells treated with DOX–TiO2. Red fluorescence arises from DOX; Highlight red fluorescence dot corresponds to DOX–TiO2; (D) Nuclei were stained blue with Hoechst 33342; (E) Merged image of Hoechst, DOX, and DOX–TiO2 signals. Scale bars is 20 μm.
ln (1-Mt/M∞) = −0.3369t−0.4369, the correlation coefficient R = 0.99
This indicates that the drug release is completed by DOX dissolution and desorption, and that the drug loading is completed by adsorption without chemical reaction, which is consistent with the previous analysis; The amount of drug release per unit time was less and less with the extension of time.
To visualize the cellular uptake of TiO2 spheres and the intracellular distribution of DOX, the samples are readily characterized by optical microscopy. After incubation for 24 h at 37°C, observations reveal that nearly all cells contain DOX–TiO2 spheres, which shows that microspheres can be taken in by HeLa cell, similar as previous reports (Cui J. et al., 2012; Chen et al., 2014). Accumulation of red fluorescence in the cell nuclei is apparent to observe, which shows that nearly all of the nuclei contains DOX. DOX-associated fluorescence images are also presented in the cytoplasm (Figures 6C–E), and this suggests that DOX has been released from DOX–TiO2 samples.
MTT Cytotoxicity Assay
MTT is applied to analyze and study the cell activity, and the result is showed in Figure 6B. Besides that, pure DOX at the same concentration is also added into the medium to culture cells, and the cell viability is detected by MTT. The results indicate that within the limits of consistency the activity of cells incubated by TiO2 spheres culture medium maintains 100%, which manifests that pure TiO2 spheres has great biocompatibility. That is to say that this kind of material is nontoxic, and can be applied to the biomedical field. For the cells incubated in DOX-TiO2 medium, at low concentration cell viability of the system is higher than that of cells incubated in pure DOX medium, while at high concentration cell viability of the system is higher than that of cells incubated in pure DOX medium, which may be due to the different modes to enter cells. The mode of DOX to enter cells is the diffusion, and the mode of DOX–TiO2 to enter cells is endocytosis. So the speed of DOX’s entering cells is faster than that of DOX–TiO2, which accounts for the higher cytotoxicity of DOX at low concentration. At high concentration, DOX–TiO2 is transferred into cancer by endocytosis, and then DOX is released gradually to kill the cancer cells.
CONCLUSION
According to the results of the experiments, some conclusions can be summarized that porous TiO2 with pompon-like sphere morphology can be synthesized by hydrothermal method and the prepared material has lots of excellent physical properties, including high specific surface area, large pore volume, and pompon-like sphere morphology. The drug-release property of TiO2 spheres is chartered by DOX-released test, and the results show its great drug sustained-release properties.
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