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1. INTRODUCTION 

Conventional drug delivery systems may have limitations such as poor solubility, 

fluctuation in plasma concentration, patient incompliance, concentration decrease at the 

site of action, and poor pharmacokinetics (PK) (1). In contrast, nanotechnology-based drug 

delivery systems can help in delivering sparingly water-soluble drugs to their target 

location, achieving higher oral bioavailability, prolonging the drug blood circulation 

period, thus causing fewer plasma fluctuations with reduced adverse effects, easing the cell 

uptake of drugs (2). Furthermore, nanosized drugs may show better stability and, therefore, 

enhance the shelf life and acceptability of drugs by increasing either their uptake efficacy 

or patient compliance.  

The cell internalization of nanosized delivery structures is more efficient compared to 

micro-sized particles (3). Metallic, organic, inorganic and polymeric nanostructures are 

often used as targeted drug delivery systems, particularly for poorly soluble and poorly 

permeable APIs. The biophysical and chemical characteristics such as shape and size have 

a significant influence on nanostructure efficacy (4). Nanotubes have a surface area five 

times higher than that of other NPs and an ideal inner diameter of 5–6 nm, which is suitable 

for loading even with large biological molecules. Furthermore, tubular NPs can be cell 

internalized in a higher percentage compared to their spherical counterparts (5). 

The first nanotubes to be synthesized were carbon nanotubes (CNTs) in 1991 by Lijima, 

whereas titanate nanotubes (TNTs) were synthesized in 1996 by Hoyer (6). CNTs and 

TNTs display considerable similarities regarding their impressive mechanical, electrical, 

and optical properties. CNTs have promising results as drug delivery systems, but due to 

their high hydrophobicity, they accumulate in the human body, which leads to a risk of 

toxicity and carcinogenicity. Thus, CNTs are insoluble in aqueous solutions and cannot be 

used immediately in biomedical applications, whereas TNTs display strong hydrophilicity 

due to the capillary effect and their partially hydroxylated surface that can combine with 

hydrogen bonds, causing outstanding wettability. Moreover, TNTs display excellent 

biocompatibility due to their good wettability and therefore improve cell adhesion (3). 

Furthermore, the surface charge of CNTs is a function of the pH of the solution, but TNTs 

have negative ζ-potential due to their partially hydroxylated surface. Based on the 
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previously mentioned distinctive and promising characteristics of TNTs, we have selected 

them for further investigations. 
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2. AIMS 

Tablets are the most common solid dosage form amongst marketed medicines and they 

enhance patient compliance thanks to their wide-ranging advantages. However, it has been 

detected that 60–70% of the drug molecules are poorly water-soluble and/or poorly 

permeable, which leads to difficulties in their absorption from the GIT following oral 

administration (7). Many approaches were taken to overcome this challenge, such as 

crystalline solid formulations, including salt formation and micronization of the crystalline 

compound (8), amorphous formulations, including solid solutions and other formulation 

strategies (9), and lipid formation, including solid dispersion (10). Nevertheless, these 

methods still face many obstacles, such as the unachievable salt formation of neutral 

compounds, the undesired particle size reduction of poorly wettable drugs, the uncertain 

physical stability of the product, potential drug or polymer crystallization, or low surfactant 

tolerance in chronic use (7). Therefore, poorly water-soluble and poorly permeable drugs 

still pose a major challenge to be manufactured as tablets.  

TNTs have captivating characteristics, such as biocompatibility, hydrophilicity, surface 

chemistry, tunable geometries, and the ability to modify drug release kinetics (11). 

Furthermore, TNTs can load a higher amount of drug compared to CNTs (12) and TNTs 

are superior to CNTs from the aspect of processability, biocompatibility and wettability.  

For this purpose, our study was performed to demonstrate the importance of not only the 

optimized TNT-drug composites as an oral drug delivery system, but also their 

functionalization effect on enhancing drug absorption from the GIT. 

 

The main hypotheses of my research work were as follows: 

I. The optimization of the product quality of TNT-drug composites may be achieved 

by choosing a solvent with proper characteristics, e.g., dissolving ability, protic-

aprotic nature and evaporation properties. 

II. The functionalization of TNTs enables their hydrophobicity to be tailored, thereby 

improving their permeability. 

III. Functionalization will not affect the toxicity profile of TNTs negatively.  
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3. LITERATURE BACKGROUND 

3.1. Preparation methods of TNTs 

Titania (TiO2) is distinctive among the different types of ceramics due to its special 

optical, chemical, and electrical properties. TiO2 exists as rutile, anatase or brookite, which 

have different structural features. Furthermore, nanosized titania displays unique 

chemistry, in which its particle size, amount of structural defects and methods of synthesis 

hugely affect its stability, interphase transition and interfacial contact (13). 

TNTs are classified according to the synthesis parameters used to prepare TNTs, such 

as template-assisted synthesis, hydrothermal treatments, or electrochemical treatments (5), 

which cause variations in their physical features (e.g., length, and inner diameter and outer 

diameter distributions).  

Each preparation method has pros and cons. The electrochemical treatment results in 

self-organized TNT layers with large (~100 nm) diameter, suitable for the surface 

modification of Ti implants. However, the length varies (2–101 µm) and they are not 

suitable for many biomedical applications due to their size and potential clearance by the 

reticuloendothelial system (14). Template-assisted synthesis provides variable (50–400 

nm) diameters based on the template pore size (15). Hydrothermal treatment produces 

small (5–10 nm) diameter and (100–1000) nm length with variable dimensions, porosity 

and specific surface depending on temperature, NaOH concentration, sonication and acidic 

post-treatment. However, nanosheets result as byproducts (~10% of batch) and the 

produced TNTs are strongly agglomerated, which need to be dispersed before 

bioapplication (14).  

 

3.2. Applications of TNTs 

Nanotubes have distinctive characteristics such as their biocompatibility, mechanical 

properties, hollow monolithic structure, considerable molecule-binding capacity and 

versatile binding mechanisms, which make them ideal carriers in pharmaceutical 

applications. Nanotubes can bind drugs by wrapping or filling; functional groups are used 

to attach the biological molecules to the surface in the former, whereas biological 

molecules are loaded inside nanotubes in the latter (16).  
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CNTs have been widely used in the medical field with promising results, such as using 

them in the diagnosis of  diseases as biosensors (17), bone tissue-engineering as bioactive 

scaffolds  (18), implanted catheters (19).  

TNTs have so far been applied mainly in dentistry, orthopedics, and cardiovascular 

surgery (20). However, based on their unique properties, such as surface characteristics, 

chemical resistivity, biocompatibility, and promising toxicological profiles, they are also a 

promising technique as oral drug delivery systems.   

 

3.3. Physicochemical properties of TNTs 

CNTs display highly hydrophobic surfaces characteristics since they preserve the apolar 

characteristics of native graphene/graphite nanosheets, which leads to the blockage of body 

organ pathways and toxicity (21). Functionalization can improve their solubility and reduce 

their toxicity (19). However, there is still a need to find other alternatives with similar 

characteristics and better processability, wettability and biocompatibility.  

By contrast, TNTs show strong hydrophilic characteristics due to their partially 

hydroxylated surface, and their combination with hydrogen bonds causes superior 

wettability (22) but often leads to the agglomeration of the particles, especially in dry forms 

(14). In addition, the hydrophilicity of TNTs is also supported by the capillary effect, 

resulting in the quick penetration of water droplets into the tube pores, and by their 

crystallinity, given that the amorphous, mixed crystalline phase shows high polarity 

because of the O–Ti–O bonds and the extensive presence of hydroxyl groups on the TNT 

surface. TNTs have good wettability due to their high surface energy and polarity, which 

improve cell adhesion and hence their biocompatibility; bone cell adhesion and 

differentiation were improved by the use of TNT-covered implants. Moreover, TNTs were 

nontoxic when internalized by cells (23). Therefore, TNTs are expected to have good 

applicability for therapeutic use in the clinic (24). 

3.4. Functionalization 

Functionalization is the attaching of appropriate molecules to the nanostructure surface 

to improve aqueous solubility, reduce toxicity, increase biocompatibility (25), achieve 



10 
 

targeted drug delivery, obtain selective binding to the desired epitope, achieve controlled 

drug release, facilitate cellular internalization, enhance bio-distribution, and improve 

biofluid circulation. Many types of functionalization molecules have been used, such as 

polyethylene glycol (PEG), polyvinylpyrrolidone (PVP), cellulose, polypeptides, dextran, 

and silica (26).  

CNTs can be functionalized covalently or non-covalently on the tips and side walls, 

although CNT tips have a higher functionalization affinity compared with the side walls 

(25). Noncovalent functionalization, including Van der Waals interactions, π-π interactions 

and hydrophobic interactions, causes minimal damage to the CNT surface and maintains 

the aromatic structure and, consequently, the electronic characteristics of CNTs. However, 

the disadvantage is that this kind of functionalization is not appropriate for targeted drug 

delivery applications because of the weak forces formed (27). By contrast, covalent 

functionalization of CNTs can be achieved via oxidizing them by strong acids, such as 

nitric and sulfuric acids (28). Hence, the forming of carboxylic acid groups because of the 

high negative charge increases the hydrophilicity, water solubility, and biocompatibility of 

CNTs (29). By contrast, the disadvantage is that covalent functionalization damages CNT 

side walls and, thus, CNTs cannot be used in some applications, such as imaging (30).  

Similarly, the surface characteristics, such as the negative charge at physiological pH 

caused by the presence of hydroxyl groups on their surface above their isoelectric point 

(pH 3.7), enable TNTs to react with a variety of functional molecules (31). The 

functionalization of TNTs improves their stability for vectorization applications and 

enables them to carry therapeutic molecules (32). Table 1 details the methods for the 

functionalization of TNTs. 
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Table 1: Functionalization possibilities of TNTs 

Reagent(s) Aim of functionalization/ grafting Res 

Dopamine; Tris buffer; with bone 

morphogenetic protein 2 (BMP2) 

Enhance bone osseointegration   (33) 

3-isocyanatopropyltriethoxy 

Silane; PEG; PEI  
Enhance the dispersion of TNTs in water and 

their surface reactivity  

(34) 

Allyltriethoxysilane; 

propyltriethoxysilane  

Form stable suspensions in THF    (35) 

Antimicrobial peptides (HHC-36) 

 

Prevent formation of biofilms (based on 

bactericide and bacteriostatic effects)  

(36) 

APTES; RGD peptide  Promote initial attachment and proliferation 

of hMSCs    

(37) 

KRSR Increase osteogenic differentiation and 

preosteoblast adhesion and spreading on the 

TNT surface    

(38) 

CDI; PhoA; EGF and BMP2 growth 

factors 
Increase number and activity of  MSCs     (39) 

Gelatin-stabilized gold NPs  Improve MC3T3-E1 osteoblast cell adhesion 

and propagation (achieved)     

(40) 

Chitosan Achieve sustained release of loaded drug 

(selenium or quercetin) from TNTs 

(41, 42) 

 

3.5. Solid state dispersion 

Conventional drugs face many obstacles, such as limited solubility, poor 

pharmacodynamics, low selectivity and side effects. Most of the current drugs on the 

market are hydrophobic and poorly soluble or insoluble in water, which restricts their 

systemic delivery (43). Drugs in the oral administration route ought to be released and 

dissolve before absorption. Therefore, many approaches have been used to improve their 

bioavailability, such as particle size reduction, solid-state alternation, complexation, solid 

dispersions, soft gel technology, forming emulsions, microemulsions, micelles, polymeric 

micelles, liposomes, pharmaceutical salts, and pro-drugs (44). 

Particle size reduction causes an increment in the specific surface area and thus in 

dissolution rate and absorption (45) although the stabilization of particle size can be a 

critical issue. On the other hand, solid state dispersion can not only improve the solubility, 

dissolution rate, and bioavailability of poorly water-soluble drugs, but also sort out the 

stability problems of micronized/nanonized drugs due to their dispersion in an inert solid 

carrier or matrix as fine particles or molecularly (46). This approach has other advantages, 
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such as increasing the glass transition temperature of the solid dispersion matrix (47), 

boosting stability due to the potential interactions between the drug and carrier functional 

groups (48), or the displacement of crystalline structure by an amorphous form (49), which 

leads to local solubility and wettability improvement of poorly soluble drugs (50) and 

higher solubility and dissolution rate for the metastable drug polymorphs connected to the 

carrier due to the suppression of drug precipitation from the supersaturated solution (51). 

Solid dispersions can be classified into many categories, including solid solutions, drug–

carrier complexes, glassy solutions or suspensions, simple eutectic mixtures, and 

amorphous drug precipitates in a crystalline carrier. The preparation method of solid state 

dispersions can vary, including the fusion process, the solvent method, the fusion-solvent 

method, spray drying, lyophilization, hot-melt extrusion, the electrospinning method, 

supercritical fluid technology, and spraying on beads using a fluidized-bed coating system 

(44).  

In the solvent method, both the drug and the carrier dissolve in a suitable solvent. After 

that, the solvent evaporates at an elevated temperature or under vacuum. The components 

are supersaturated and simultaneously precipitated, leading to a solid residue. The 

advantages of this method are the ability to control drug particle size by monitoring the 

temperature and the solvent evaporation rate (45), the capability of evaporating solvents at 

a lower temperature, and reduced pressure for thermolabile drugs or for frozen systems. 

The drawbacks of this method are the difficulty of choosing the appropriate solvent for 

both the drug and the carrier, since most of the carriers are hydrophilic, while the drugs are 

hydrophobic (52), the necessity of complete solvent removal, especially if the solvents can 

plasticize the carrier (53), and the large volume of solvent required to dissolve both the 

drug and the carrier, which is not economical in some cases (44). It is important to totally 

remove the organic and/or toxic solvents from the system under vacuum. For this purpose, 

many sensitive techniques can be used to detect the trace amounts of solvents, such as 

differential scanning calorimetry (DSC), thermogravimetric (TG) analysis, or differential 

thermal analysis (DTA) (44).  



13 
 

In the present work, we tried to improve the bioavailability of poorly water-soluble and 

poorly permeable drugs by dispersing them in TNTs as a solid carrier using the solvent 

method. 

3.6. Toxicity of nanotubes 

3.6.1. Toxicity of CNTs 

CNTs have highly hydrophobic surfaces, which leads to the accumulation of highly 

apolar molecules in the tissues, resulting in the blockage of body organ pathways and 

toxicity. Nonetheless, many factors affect the toxicity of CNTs, such as size, shape, purity, 

surface chemistry, and the existence of transition metal catalysts (54). Furthermore, the 

toxicity of CNTs is related to their administration route, in which mild symptoms were 

observed after intravenous, oral and dermal administration, while severe inflammation with 

toxicity in the respiratory system was reported after inhalation (3). However, no significant 

lung inflammation or tissue damage was noticed after direct inhalation of CNTs according 

to another study (3). 

 

3.6.2. Toxicity of titanium dioxide nanoparticles 

Titanium dioxide nanoparticles (TiO2 NPs) are widely used in various fields, such as 

food, agriculture, environmental protection or medicine, building engineering and cosmetic 

industry (55). TiO2 NPs exist in three different crystal structures: as anatase, rutile, and 

brookite (56), which differ in the Ti-O bond length range, which is 1.931-2.004 Å for rutile, 

1.914-2.005 Å for anatase and 1.850-2.099 Å for brookite (Fig 1). 
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Figure 1. The primitive unit cell of (a) rutile, (b) anatase and (c) brookite TiO2. 

Anatase has more industrial applications because of its photocatalytic activity, though 

it is the most toxic form in comparison to rutile and brookite (56). Furthermore, the global 

market released 117 various products in the food and beverage field based on 

nanotechnology (57). Using TiO2 NPs in foodstuff is permissible in the USA and Europe 

where its percentage does not exceed 1% of the total product weight in the former and the 

quantum satis concept is applied in the latter (58). In Great Britain, children up to 10 years 

old can take 2–3 mg TiO2 NPs/1 kg of body weight (bw) per day, whereas adults can take 

about 1 mg TiO2/kg bw/day (56). Nonetheless, there has been much debate on the safety 

of TiO2 NPs due to their various applications in food industry, regarding toxicity 

considerations. The International Agency for Research on Cancer (IARC) classified TiO2 

NP pigment as a prospective carcinogenic factor from group 2B (59). On the other hand, 

the European Food Safety Authority (EFSA) was not concerned about E171 (titanium 

dioxide) safety in 2016 (58). However, there is still no sufficient research data on the 

acceptable daily intake of TiO2 NPs and the safety margin was determined as 2.25 mg TiO2 

NPs/kg bw/day based on tests involving animals (58).  

The toxicity of TiO2 NPs in the human body is mostly linked to apoptosis (60) and might 

lead to DNA damage (61) and disturb glucose and lipid homeostasis in mice and rats 

according to some studies. Moreover, TiO2 NPs might accumulate after inhalation or oral 

exposure in the heart, cardiac muscle, lungs, alimentary tract, liver, kidneys and spleen 
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(62). The toxicity and accumulation of TiO2 NPs in body organs are affected by the size of 

the nanoparticle, since after one single dose of oral administration to mice particles with 

80 nm diameter accumulated in the liver, while particles with the size of 25 nm assembled 

in the spleen and slightly in the lungs and kidneys (63). 

PEG alters TiO2 NPs properties by reducing the cytotoxicity and the stress-related 

stimulation of genes (64). The presence of PEG, combining catalytic chain transfer and 

thiolene polymer layers around TiO2 NPs, reduces protein adsorption onto their surface 

and adjusts particle surface chemistry, which lead to an increment of cellular uptake and 

reduction of the cytotoxicity of human lung epithelial cell lines A549 and NCI-H1299 (65). 

The transfer of TiO2 NPs from the gastro-intestinal tract (GIT) into blood circulation is 

influenced by many factors, such as species, type of nanoparticles, size, dispersability or 

particle charging (66). According to recent studies, TiO2 NPs were scarcely absorbed from 

the GIT in humans and rats. In addition, their particle size did not affect absorption after 

administering various particle sizes (15 nm/100 nm/ < 5000 nm) as a single dose of TiO2 

NPs (5 mg/kg bw/day), which may correlate with their hydrophilicity (67). 

 

3.6.3. Toxicity of TNTs 

TNTs are remarkable compared to other TiO2 derived nanomaterials in application 

fields due to their nanotubular structure (68). TNTs are superior to CNTs from the aspect 

of toxicity; TNTs displayed no cytotoxicity on A549 lung epithelial cell lines compared to 

CNTs in a 7-day incubation study (69). In addition, another study showed that TNTs 

exhibited no cytotoxicity on Caco-2 cells up to 5 mg/mL concentration in short-term 

treatment. However, non-tubular high-density granules were identified as TiO2 NPs on the 

surface of the endoplasmic reticulum in the treated cells because they could pass into the 

Caco-2 monolayer. Thus, hydrothermal TNTs are auspicious carries for intestinal drug 

delivery (24). Nonetheless, it should be considered that the surface characteristics such as 

its charge highly influence the cytotoxicity of TNTs. Sodium titanate NaxTiOy+z displays 

low toxicity (68-69) in comparison to hydrogen titanate HxTiOy+z, which poses a 

considerable cytotoxic risk on H596 human lung tumor cell line (69, 70) and on HEp-2 

cells (71). Likewise, manganese and potassium titanate nanotubes and nanofibers promoted 

reactive oxygen species in some mammalian cell lines (72, 73). 
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TiO2 nanostructures have been reported to increase the risk of neurological events risk 

after passing the blood–brain barrier (74, 75). Other studies reported the accumulation of 

unmetabolized TiO2 nanostructures in some organs such as the liver and spleen, and with 

a less degree in the brain, kidneys, lungs, GIT and heart (76, 77). Many factors play a role 

in the tissue distribution of TiO2 nanostructures such as their morphology (78), size and 

surface charge (79, 80). Different tissue distribution and toxicity profiles were 

demonstrated after a single and successive intravenous administration of TiO2 nanotubes, 

rods, and ribbons in rats, in which nanotubes displayed the most toxic effect and the largest 

accumulation, following that nanorods and ribbons (80). 

The biodistribution and excretion of TNTs also are highly affected by their 

physicochemical properties like their hydrophilicity, surface charge, and hydrodynamic 

diameter (dH), in which small NPs with dH < 6 nm could be cleared through the kidneys, 

while larger NPs with dH > 6 nm could be eliminated through the liver and 

reticuloendothelial system (RES). The clearance of NPs from the body could be increased 

partially by polymer coatings or fastly by surface charge due to the adsorption of plasma 

proteins (14). 

Ren et al, investigated the toxicity, uptake pathways and excretion of TNTs in three 

strains of free-living ciliates of the genus Tetrahymena which are a wild type strain 

(SB210) and two mutant strains (SB255, NP1). The results revealed that TNTs caused 

cytotoxicity in high concentrations. Using 10 mg/l of TNTs for 120 min resulted in their 

accumulation in NP1 and SB255 in a higher or comparable percentage comparing to 

SB210, whereas using 10 mg/l of TNTs for 24 h caused a larger decline in cell density of 

NP1 (38.2 %) and SB255 (36.8 %) in comparison to SB210 (26.5 %) (81). 
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4. MATERIALS 

4.1. Hydrothermally synthetized titanate nanotubes and their composites 

TiO2 and NaOH were used to prepare the hydrothermal TNTs. HCl 0.01 M was used to 

prepare TiHCl. Atenolol (ATN) (TEVA Pharmaceuticals PLC, Debrecen, Hungary), 

methanol (0.0168% water content) (Molar Chemicals Kft, Hungary) and 0.01 M aqueous 

solution of HCl (HCl 0.01 M) (Molar Chemicals Kft, Hungary) were applied to prepare 

TNT-ATN composites (TiATN). Hydrochlorothiazide (HCT) (TEVA Pharmaceuticals 

PLC, Debrecen, Hungary), 1 M aqueous solution of sodium hydroxide (NaOH 1M) (Molar 

Chemicals Kft, Hungary), DMF (0.012% water content) (Molar Chemicals Kft, Hungary), 

and DMSO (0.027% water content) (Molar Chemicals Kft, Hungary) were used for the 

synthesis of TNT-HCT (TiHCT).  

4.2. Functionalization 

Trichloro-octyl-silane (TCOS) (Sigma-Aldrich, St. Louis, Missouri, United States) and 

Sodium stearate (NaSt) (VWR International, Radnor, Pennsylvania, United States) and 

MgCl2 (Molar Chemicals Kft, Hungary) were used to functionalize TNTs. 

 

5. METHODS 

5.1. Preparation of TNTs and their composites 

5.1.1. Hydrothermal synthesis of TNTs 

5.1.1.1. Pristine sodium trititanate (Na2Ti3O7) nanotubes (TNTs) 

120 g of NaOH was added to 300 mL of distilled water on a magnetic stirrer for a few 

minutes and then 75 g of TiO2 (anatase) for 15 min was added. The mixture was put in the 

autoclave inside an oven at 185 °C for 24 h and then cooled at room temperature for 2 h, 

followed by cooling with cold water. After that, TNTs were washed with distilled water 

under vacuum and by using filter No#4. 

 

 

https://www.google.com/search?safe=strict&client=firefox-b-d&sxsrf=ALeKk02uq6m_zEMbDkBSIw_n7YnWUI3s0g:1593252794209&q=St.+Louis&stick=H4sIAAAAAAAAAOPgE-LUz9U3sLC0SK5U4gAxzcoryrW0spOt9POL0hPzMqsSSzLz81A4VhmpiSmFpYlFJalFxYtYOYNL9BR88kszi3ewMgIA78eh6VIAAAA&sa=X&ved=2ahUKEwiC59eW4aHqAhVylYsKHY5pA9UQmxMoATAkegQIDhAD
https://www.google.com/search?safe=strict&client=firefox-b-d&sxsrf=ALeKk00CjL0TvNprM-iaGPiABqJ_T44VHg:1593253063198&q=Radnor,+Pennsylvania&stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1hFghJT8vKLdBQCUvPyiitzyoAKE3ewMgIA6mx-jV8AAAA&sa=X&ved=2ahUKEwiGzfmW4qHqAhVns4sKHd5kAwkQmxMoATASegQIBxAD
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5.1.1.2. Hydrogen trititanate (H2Ti3O7) nanotubes (H-TNTs) 

A homogenous suspension was prepared by adding 50 g of TNTs in 300 mL of HCl 

0.01 M in an ultrasonic bath. After that, 200 mL of HCl 0.01 M was added to the previous 

suspension on a magnetic stirrer and the mixture was dried in a drying oven for 24 h to 

remove the solvent. 

5.1.1.3. Magnesium trititanate (MgTi3O7) nanotubes (Mg-TNTs) 

100 g of Na-TNT was added to 1L of 0.1 M MgCl2 solution on a magnetic stirrer for 1 

day. Then, the mixture was filtered by using glass filter No#4 under vacuum to obtain Mg-

TNTs. This procedure was repeated three times to make sure that no Na-TNTs existed 

anymore. Finally, Mg-TNTs were washed with distilled water 8 times under vacuum and 

by using glass filter No#4. 

 

5.1.2. Preparation of TNT-drug composites 

5.1.2.1. TiATN- Methanol 

Figure 2. represents the general flow chart of the preparation of TNT-drug composites 

on the example of TiATN-methanol composites. 
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Figure 2. Preparation scheme of (1:1) TiATN composites using methanol as solvent. 

 

5.1.2.2. TiATN-HCl/ TiHCT-DMF/ TiHCT-DMSO 

1:1 ratio of TiATN-HCl, TiHCT–DMF and TiHCT–DMSO composites were prepared 

by adding 50 g of TNTs in 1000 mL of the respective solvent in an ultrasonic bath, and 50 

g of ATN or HCT with 1000 mL of the solvent on a magnetic stirrer. Then, the two prepared 

mixtures were added to each other on a magnetic stirrer until a homogenous mixture was 

obtained, which was put in a vacuum distillation device to remove the solvent. 

 

5.1.2.3. TiHCT-NaOH 

1:1 ratio of TiHCT–NaOH composite was prepared by adding 50 g of TNTs to 1000 

mL of NaOH 1 M in an ultrasonic bath to get a homogenous suspension, and 50 g of HCT 

in 500 mL of NaOH 1 M on a magnetic stirrer until complete dissolution. Then the two 

prepared mixtures were added to each other on a magnetic stirrer until reaching 

homogeneity. After that, 130 mL of HCl 37% was added to neutralize the final mixture, 
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which was washed with distilled water in a vacuum dryer until pH = 9 to eliminate the 

solvent. Finally, the obtained powder was dried in a drying oven (Sanyo Electric Co., Ltd, 

Osaka, Japan) for 24 h to get the required composite. 

 

5.2. Functionalization of TNTs 

5.2.1. TCOS-TNTs  

For functionalization with TCOS, hydrogen trititanate (H2Ti3O7) nanotubes (H-TNTs) 

were prepared by ion exchange via the washing of TNTs with HCl. TOCS-TNTs were 

prepared by adding 0.5 g of H-TNTs to 15 mL of toluene in ultrasonic bath for 1 h until a 

homogenous suspension was obtained. After that, the suspension was heated to 80 °C in a 

condenser, which was connected to nitrogen gas for 30 min. Then, TCOS reagent was 

added to the previous system in different concentrations, e.g. 1- 2- 10- 50- 100- 500- 1000 

µl, covering the 0.001:1 - 2:1 molar ratios, respectively and mixed for one day. Finally, the 

functionalized TNTs were washed by hexane 8 times and dried in a drying oven at 80 °C. 

 

5.2.2. MgSt- TNTs 

10 g of Mg-TNTs was added to 200 mL of distilled water in ultrasonic bath for 30 min. 

Following that, the mixture was heated to 80 °C in a magnetic stirrer (Thermo Fisher 

Scientific, Waltham, MA, USA) and Na stearate was added in different (e.g. 0.001:1-0.1:1) 

molar ratios to this system for 1 night. Finally, St-TNTs were filtered by using filter No#4 

under vacuum and dried in a drying oven.  

 

5.3. Morphology and size investigation 

Scanning electron microscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo, Japan) and 

transmission electron microscope (TEM) (FEI Tecnai G2 20 X-TWIN, Hillsboro, OR, 

USA) were used to study the morphology and size of TNTs. The APIs, TNTs, and the 

composites were coated with a thin conductive gold layer by a sputter coating unit (Polaron 

E5100, VG Microtech, London, UK) for the SEM measurements. The images were taken 

at an accelerating voltage of 10.0 kV, the used air pressure was 1.3–13 mPa during the 

https://www.google.com/search?safe=strict&client=firefox-b-d&sxsrf=ALeKk03Vy86MKG-JTllzCwEypo2_oN5jkg:1593252035409&q=Waltham,+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWMXCE3NKMhJzdRR8E4uLE5MzSotTS0qKd7AyAgC_w9ZWYAAAAA&sa=X&ved=2ahUKEwiKtu6s3qHqAhVK-yoKHdEZAoIQmxMoATAbegQIDBAD
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analyses. TEM images were taken at 100 kV of electron energy, and those images served 

to analyze the particle size of TNTs by using Image J 1.47 t (National Institute of Health, 

Bethesda, MD, USA) software. 

 

5.4. FT-IR spectrophotometer  

The interactions between the APIs and the TNTs were determined by using a Thermo 

Nicolet Avatar 330 FT-IR spectrometer (Thermo Fisher Scientific Ltd., Waltham, MA, 

USA). Measurements were conducted with a Transmission E.S.P. accessory by using 256 

scans at a resolution of 4 nm and applying H2O and CO2 corrections. Spectragryph 1.2.8 

software (Friedrich Menges, Obersdorf, Germany) was used to evaluate the results. For 

better comparability of the original spectra of raw materials with their composites, the 

signal of TNTs was subtracted from the composite spectra and the spectra were normalized 

to the highest peak which belongs to C=O stretching. 

5.5. Surface free energy measurement 

The surface free energy was determined with a DataPhysics OCA20 (DataPhysics 

Instruments GmbH, Filderstadt, Germany) optical contact angle tester by using the sessile 

drop method. Water and diiodomethane were applied as the polar and apolar test liquids 

by dropping them onto the surface of 13-mm-diameter tablets prepared with a Specac 

hydraulic press (Specac Ltd., Orpington, UK) at a pressure of 3 tons. Wu Equations (1) and 

(2) were used to calculate the disperse (γs
D) and polar (γs

P) components of the total surface 

free energy (γs) of the solid. 

 

(1-cosΘ1)γ1=4(((γ1
Dγs

D)/(γ1
D+γs

D))+(( γ1
Pγs

P)/(γ1
P+γs

P)))    (1) 

 

(1-cosΘ2)γ2=4(((γ2
Dγs

D)/(γ2
D+γs

D))+(( γ2
Pγs

P)/(γ2
P+γs

P)))    (2) 

 

 

Where γ1 and γ2 are the surface tension of the first and second liquids, respectively.   

Polarity was calculated according to Equation (3): 

 



22 
 

Polarity= γs
P/γs * 100        (3) 

 

5.6. Thermoanalytical analysis 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

utilized to investigate the thermal behavior of TNTs, APIs, and composites. A TGA/DSC1 

simultaneous analyzer (Mettler-Toledo Ltd., Budapest, Hungary) was used to carry out 

TGA and DSC tests, in which the samples were heated steadily from 25 to 500 °C with a 

heating rate of 10 K/min, using nitrogen as purge gas. The mass of the samples was 10 ± 1 

mg in a closed aluminum pan (100 µL). STARe Software (Mettler-Toledo Ltd, Budapest 

Hungary) was used to assess the obtained curves, where the curves of APIs, TNTs, and the 

composite were compared by normalizing the results to sample weight and to the 

temperature of the reference pan. 

 

5.7. Drug release  

A DT700 (Erweka GmbH, Heusenstamm, Germany) dissolution tester was used to 

study drug release using the USP II method and a dissolution media of pH 1.2 enzyme-free 

artificial gastric juice at 37 °C. Samples of 5 mL were taken after 5 min, 10 min, 15 min, 

30 min, 60 min, 90 min, and 120 min. A GENESYS 10S UV–VIS spectrophotometer 

(Thermo Fisher Scientific Ltd., Waltham, MA, USA) was used to measure the 

concentrations of the released drug, which were assessed with Sigmaplot v12 (Systat 

Sofware Inc., San Jose, CA, USA) software. 

 

5.8. CHNS elemental analysis 

The content of carbon, hydrogen, nitrogen, and sulphur in organic materials was 

investigated rapidly by conducting CHNS elemental analysis. A Vario EL cube elemental 

analyzer (Elementar, Langenselbold, Germany) was used to analyze H, C, N, and S 

contents in the samples. 50 to 100 mg of samples (no flux added) were ignited in an 
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oxygen–He gas atmosphere furnace at around 1150 °C and filled in Sn-foils. A set of 

chromatographic columns with a thermal conductivity detector was used to detect the 

resulting gases containing N, C, H, and S. The sample measurement time was 9 mins and 

was repeated 3 times, and the values were calibrated against the reference materials BAM-

U110, JP-1, and CRPG BE-N.  

 

5.9. Cytotoxicity and permeability detection 

Unfunctionalized nanotubes (Na-, H- and Mg-TNTs), and samples with the possible 

highest, and moderate hydrophobicity were selected form TCOS- and St-TNT series were 

selected for toxicity and permeability tests. Permeability and cytotoxicity experiments 

were tested on a Caco-2 human adenocarcinoma cell line. Cells were maintained at 37 °C 

in a 5% CO2 atmosphere by regular passage in Dulbecco’s modified Eagle’s medium 

(Sigma–Aldrich), supplemented with 2 mM L-glutamine, 100 mg/L gentamycin and 10% 

heat inactivated foetal bovine serum (Sigma-Aldrich). The passage number of the cells was 

between 25 and 42. Dulbecco’s modified Eagle’s medium (Sigma–Aldrich) was used to 

keep the cells’ regular passage of 25 to 42 on average. Both experiments were performed 

7 days after cell passaging when the monolayer was formed. The reagents were purchased 

from Sigma-Aldrich (Budapest, Hungary) and the Caco-2 cell line was obtained from the 

European Collection of Cell Cultures (UK). The cells had been monitored before and after 

the treatment via Olympos CKX41 Inverted Microscope by eye estimation. The monolayer 

did not show any alteration during the procedure.  

 

5.9.1. Cytotoxicity test 

Cytotoxicity was tested by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (Sigma catalog no. M2128) (MTT) assay in which Caco-2 cells were implanted 

in 96-well plates at a final density of 104 cells/well (VWR International, Radnor, 

Pennsylvania, United States) and exposed to increased concentrations of TNT in Hank’s 

balanced salt solution (HBSS) at 37 °C for 120 min.  

The 5 mg/ml solution of MTT in PBS was filtered to sterilize and remove the remaining 

insoluble residue of MTT. The MTT solution (10 µl/100 µl medium) was added to all wells 

https://www.google.com/search?safe=strict&client=firefox-b-d&sxsrf=ALeKk00CjL0TvNprM-iaGPiABqJ_T44VHg:1593253063198&q=Radnor,+Pennsylvania&stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1hFghJT8vKLdBQCUvPyiitzyoAKE3ewMgIA6mx-jV8AAAA&sa=X&ved=2ahUKEwiGzfmW4qHqAhVns4sKHd5kAwkQmxMoATASegQIBxAD
https://www.google.com/search?safe=strict&client=firefox-b-d&sxsrf=ALeKk00CjL0TvNprM-iaGPiABqJ_T44VHg:1593253063198&q=Radnor,+Pennsylvania&stick=H4sIAAAAAAAAAOPgE-LUz9U3sMiKT7JU4gIxjQqMk4uytbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFi1hFghJT8vKLdBQCUvPyiitzyoAKE3ewMgIA6mx-jV8AAAA&sa=X&ved=2ahUKEwiGzfmW4qHqAhVns4sKHd5kAwkQmxMoATASegQIBxAD
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which were incubated at 37°C for 4 h followed by the addition of HCl-isopropanol which 

was mixed rigorously to dissolve the dark blue crystals. Within one hour, the plates were 

read on a Dynatech MR580 Microelisa reader using a test wavelength of 570 nm, a 

reference wavelength of 690 nm and a calibration setting of 1.99 (or 1.00 if the samples 

were strongly colored). Extreme high concentrations were applied to evaluate MTT test 

sensitivity in these measurements. To exclude any interferences between the absorbance of 

living cells performed formazan crystals and the test solutions, a phosphate buffer (PBS) 

washing method had been deployed after the TNTs sample incubation. Cell viability was 

represented as a percentage of the untreated control. 

 

5.9.2. Permeability test 

To test permeability, Caco-2 cells were seeded on ThinCert™ (Greiner Bio-One, 

Hungary) inserts at a final density of 8x104 cells/insert, and monolayers were incubated 

apically with 2 ml of 1 mg/ml TNT for 120 min after removing cell culture medium. The 

donor and acceptor phases were then completely removed. The concentration of Ti in the 

two phases were measured with an energy dispersive X-ray fluorescent analyzer (Philips 

MiniPal PW 4025, Philips Analytical, the Netherlands), using standard sample holder, with 

a 3.6 µm thick polyesterpetp X-ray film. The internal diameter of the sample holders was 

narrowed to 8 mm to ensure approx. 1 cm layer thickness, with 500 µL sample volume. 30 

s measurement time was applied with 100 µA current and 8 kV acceleration voltage, using 

Kapton filter. For calibration, a series of standards were prepared by dissolving TiO2 in 

phosphate buffered saline, with a Ti content of 10, 50, 100, 200, 500 and 1000 ppm, 

respectively, where 10 ppm equals with the approximate limit of detection. The accuracy 

of the method is 1 ppm. The R2 of the calibration curve was 0.9987. Six parallel 

measurements were performed with each sample. 
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6. RESULTS AND DISSCUSSION 

6.1. Optimization of the composite formation process and product quality 

Based on the results of a previous study (82), the quality of TNT-drug composites is 

also related to the parameters of the chosen solvent. Thus, in our first hypothesis the protic-

aprotic nature, the volatility and the solubility of drugs were identified as key factors of 

optimal solvent selection, in which a strong interaction between the drug and the carrier 

could be achieved. The characteristics of the produced TNT-drug composites were 

investigated by using SEM, TEM, OCA, TG/DSC and FT-IR measurements. Additionally, 

a UV-VIS dissolution tester was utilized to test the drug release profile. 

6.1.1. Properties of the TNT and TNT-HCl 

TNTs prepared by hydrothermal synthesis have an asymmetric, open-ended, and 

particular spiral cross-sectioned tubular structure (82). The first step of our study was to 

test the reproducibility and robustness of the previously described synthesis method of 

TNTs (82) to ensure constant quality since the synthesis conditions strongly affect the 

dimensions and surface characteristics of TNTs. 

 

Figure 3. TEM (a,c) and SEM (b,d) micrographs of TNTs (a,b) and TNT–HCl 0.01 M 

(c,d) samples 
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The TEM images (Figure 3a) showed that the preparation method was successful in 

which TNTs were produced without nanowire formation, where the average length of 

TNTs was 116.22 nm (SD ± 49.49 nm) and the average diameter was 10.99 nm (SD ± 

10.15 nm), which considerably approaches the previously described results of Sipos et al. 

(82). 

The SEM images (Figure 3b) displayed the characteristic aggregates of almost distinct 

and randomly oriented TNTs. Furthermore, there was no considerable difference in the 

surface characteristics of the new and the previous batch of TNTs according to the contact 

angle measurements (Table 2). 

Table 2: Surface free energy and polarity of TNTs, atenolol (ATN), hydrochlorothiazide 

(HCT), and their composites. 

Material 
Уs 

(mJ/m2) 
SD 

УsDisp 

(mJ/m2) 
SD 

УsPol 

(mJ/m2) 
SD Polarity% 

TNTs (previous) 80.72 ±0.64 43.78 ±0.54 36.94 ±0.35 45.76 

TNTs (current) 80.85 ±1.18 44.55 ±0.53 36.31 ±1.04 44.90 

TNT-HCl  78.63 ±2.07 43.10 ±0.27 35.53 ±2.05 45.19 

ATN 59.48 ±3.99 36.70 ±2.96 22.77 ±2.68 38.20 

TiATN-ethanol 60.14 ±4.25 40.45 ±1.48 19.68 ±3.87 32.72 

TiATN-methanol 58.04 ±2.01 37.12 ±1.19 20.92 ±1.47 36.04 

TiATN-HCl 68.37 ±2.26 34.83 ±0.05 33.54 ±2.26 49.06 

HCT 69.51 ±2.71 43.33 ±0.79 26.18 ±2.59 37.60 

TiHCT-ethanol 78.25 ±0.86 44.65 ±0.57 33.60 ±0.64 42.93 

TiHCT-NaOH 1M 77.54 ±1.89 44.52 ±0.80 33.02 ±1.71 42.59 

TiHCT-DMF 71.47 ±2.63 42.53 ±0.29 28.94 ±2.63 40.49 

TiHCT-DMS 73.92 ±1.42 45.29 ±0.08 28.63 ±1.42 38.72 

 

The effect of diluted 0.01 M HCl on the properties of TNTs was tested by preparing 

TNT–HCl samples as a reference, since the nanotubular structure may be decomposed in 

the strong acidic media (Figure 3c,d). The TEM images showed a slight decrease in the 

dimensions of TNT-HCl compared to native TNTs, with an average length of 83.92 nm 

(SD ± 42.48 nm) and an average diameter of 8.78 nm (SD ± 1.76 nm). Nevertheless, neither 

the surface characteristics (Table 2) nor the FT-IR spectrum (Fig. 4) displayed a 

considerable difference from the results of native TNTs. Therefore, no noteworthy 

difference was expected in the behavior of TNT and TNT–HCl from the aspect of 

composite formation ability. 
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Figure 4. FT-IR spectra of TNTs and TNT–HCl 0.01 M. 

 

6.1.2. Effect of various solvents on composite formation with ATN 

In the previous study of Sipos et al. (82) it was confirmed that composite formation was 

insufficient for TiATN-ethanol (Fig. 5b) since both the aggregates of TNTs and the smooth 

surfaced particles of crystalline ATN (Fig. 5a) were clearly visible in the SEM images. A 

stronger interaction but still insufficient composite formation was observed in the TiATN-

methanol sample (Fig. 5c), in which a strong surface coverage of ATN particles with TNTs 

could be noticed. Interestingly, a more adequate composite formation and the accumulation 

of ATN nanocrystals on the surface of the composite without the existence of individual 

ATN crystals was achieved in TiATN-HCl (Fig. 5d), where a rough surface and highly 

ordered aggregations were detected.  

The OCA measurement (Table 2) showed that the γs for TiATN-ethanol, TiATN-

methanol and ATN were almost identical to each other, which may indicate not pure TNTs 

but TNT-ATN composites aggregated to the surface of bigger ATN particles. In contrast, 

distinctly different values of γs and polarity for TiATN-HCl were detected, which may 

reflect not only a kind of interaction between NH3
+ from ATN and the hydrophilic sites in 

TNTs enriching the hydrophobic regions in TNTs, but also a different particle forming 

mechanism than in the case of other solvents, which leads to a different expected behavior 

during processing and use. 
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Figure 5. SEM micrographs of atenolol (a), TiATN-ethanol (b), TiATN-methanol (c), 

and TiATN-HCl 0.01 M (d). 

However, the results obtained from the morphological investigations were only partially 

supported by the DSC/TG and FT-IR measurements. Fig. 6 displays that the DSC curve of 

ATN contains an endothermic and a broad exothermic peak. The sharp endothermic peak 

at 155.21 °C represents the fusion of the compound and the exothermic peak describes its 

decomposition, which is supported by the TG curve of ATN. Likewise, TiATN-ethanol 

and TiATN-methanol composites have an endothermic peak at 161 °C and 159.84 °C, 

respectively. The enthalpy of fusion declined from -154.795 Jg-1 in ATN to -74.97 Jg-1 and 

-50.71 Jg-1 in TiATN-ethanol and TiATN-methanol, respectively, which may indicate the 

poor composite formation when using ethanol or methanol as solvents. Only a minor size 

reduction may be achieved in the case of TiATN-methanol. On the other hand, a higher 

shift in fusion temperature and a significant decrease in fusion enthalpy to -40.55 Jg-1 were 

detected in the TiATN-HCl composite, which may be due to the stronger interactions and 

the considerable particle size reduction of ATN (83).  
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Figure 6. DSC and TG curves of TNT, ATN, TiATN-methanol, TiATN-ethanol and 

TiATN-HCl 

These results were in accordance with the SEM images, where less crystallization was 

observed and they were also supported by the FT-IR spectra, which displayed no 

substantial differences between the spectra of ATN, TiATN-ethanol and TiATN-methanol 

(Fig. 7). On the other hand, changes in the TiATN-HCl spectrum were observed, namely 

the appearance of a new peak at 1560 cm-1, indicating the protonation of the carbonamide 

group and wide low intensity peaks between 1900-2100 cm-1 and 2300-2500 cm-1, 

indicating the protonation of the secondary amino group.  

For better comparability, the spectra of ATN and its composites were normalized to the 

C=O stretching peak at 1637 cm-1 (Fig. 7). The non-considerable differences in the 

characteristic peaks of pure ATN at 2964 cm-1 (C-H stretching in CH3), 2922 cm-1 (C-H 

stretching in CH2), 2865.8 cm-1 (C-H stretching), 1614 cm-1 (conjugated C=C in the 

aromatic ring), and 885.9 cm-1 (C=CH2 vibrations) suggest that the C-C skeleton of the 

molecule is not affected by the composite formation process. Nevertheless, the minor left-

shift of the peak at 2800 cm-1 indicates the involvement of the secondary amino group in 

the drug-carrier interactions in TiATN-HCl samples. 
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Figure 7. FT-IR spectra of ATN, TiATN-ethanol, TiATN-methanol and  

TiATN-HCl0.01M. 

 

TiATN-methanol and TiATN-HCl showed a considerable decrease in the relative 

intensity at 3356 cm-1 compared to ATN and TiATN-ethanol, which indicates the 

participation of the secondary -OH as a hydrogen donor in TNT-ATN conjugation. In 

addition, TiATN-methanol and TiATN-HCl displayed a similar decrease in the relative 

intensity of the peak at 3173 cm-1, which suggests the participation of the carbonamide 

group in hydrogen bonding formation. The shift of the peak from 1637 cm-1 to 1650 cm-1 

and 1659 cm-1 in TiATN-HCl and TiATN-ethanol samples, respectively, and the 

appearance of a peak at 1558 cm-1 in TIATN-HCl also supports the participation of amide 

N as H donor and C=O as H acceptor in the conjugation process. 

Moreover, the formation of ATN chloride salt was indicated by the appearance of a new 

broad peak at around 2000 cm-1. The participation of secondary alcohol in the conjugation 

was observed by the shift of the peak in TiATN-ethanol from 1382 cm-1 to 1385 cm-1 

belonging to the associated β-OH vibration. Furthermore, a stronger association between 

TNTs and ATN in TiATN-HCl was investigated by the stronger shifts of the peaks 

belonging to β-OH deformation vibration.  
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All these data suggest that the considerable differences in the formation process of 

TiATN composites depend on the chosen solvent. The SEM and OCA results of TiATN-

ethanol samples indicate that ATN nanocrystals covered Ti nanotubes besides the existence 

of bigger ATN crystals in the system. This may be explained by the phenomenon that the 

highest solubility of ATN can be observed in the 70 w/w% ethanol solution (84). The fast 

supersaturation of the solution was induced by the fast evaporation of the ethanol content 

during solvent removal, which resulted in an intensive nanocrystal formation on the surface 

of TNTs as nuclei, whereas the rest of the ATN may undergo a slower crystallization 

process due to the slower evaporation rate of and strong H-bond based interactions with 

water. Similarly, the fast nanocrystal formation on the surface of TNTs was characterized 

by the fast evaporation of water-free methanol, which led to stronger composites. However, 

the strongest reaction between TNTs and ATN was achieved by using HCl 0.01 M as a 

solvent in spite of the slow evaporation rate, which can be explained by the protonation of 

the carboxyl amide and secondary amino groups of ATN, resulting in repulsion between 

ATN molecules and in a possible increase in their H-bonding strength in the presence of 

polyfunctional carriers as TNTs (85). These effects also cause characteristic ATN-TNT 

interactions, which result in an increased dissolution rate from the composites due the 

formation of stable nanocrystals on the surface of the carrier (Fig. 8). 

 

Figure 8. Dissolution study of TiATN composites in gastric juice (non-sink conditions) 
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In conclusion, ATN shows good solubility in 70 w/w% ethanol solution, methanol and 

HCl 0.01M. The Janus-faced properties of the TiATN-ethanol sample can be explained by 

the fast supersaturation of the solution resulting from the fast evaporation of the ethanol 

content followed by the slower speed of water removal, which induced the concentration 

of ATN molecules and promoted the formation of ATN-ATN bonds instead of ATN-TNT 

ones. This latter effect was not observed during the fast removal of water-free methanol, 

whereas the repulsive effect between protonated ATN molecules prohibited the formation 

of ATN-ATN interactions despite the slower solvent removal speed in 0.01 M HCl 

solution. 

 

6.1.3. Effect of various solvents on composite formation with HCT 

The SEM micrographs display the strong recrystallization of HCT (Fig. 9a) from 

ethanol and NaOH (Fig. 9b,c) with the appearance of HCT crystals covered by the 

composites. On the other hand, no considerable recrystallization was observed in TiHCT-

DMF and TiHCT-DMSO (Fig. 9d,e), and only strong compacts of TNTs with increased 

thickness are visible, which suggests an appropriate loading of the nanotubes with the API, 

which was also supported by the results of the OCA measurements (Table 2) and DSC 

analysis.  

The OCA results showed that γs and polarity values for TiHCT-ethanol and TiHCT-

NaOH were higher compared to HCT due to the accumulation of TNTs on the surface of 

HCT crystals. In contrast, TiHCT-DMF and TiHCT-DMSO revealed γs values similar to 

HCT due to the surface coverage of TNTs with HCT molecules. 
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Figure 9. SEM micrographs of HCT (a), TiHCT-ethanol (b), TiHCT-NaOH (c), 

TiHCT-DMF (d), TiHCT-DMSO (e). 

 

The DSC curve (Fig. 10) of HCT shows that the fusion of the API could be recognized 

near 270.67 °C, which was followed by a characteristic exothermic event near 320 °C, 

ascribed to the decomposition of the material. The TiHCT-NaOH composite exhibited a 

slight shift in the melting peak to 269.74 °C, which indicates poor composite formation 

from this solvent, and this can be explained by the long evaporation time of the aqueous 

medium, which resulted in the domination of crystal growth and not core formation. This 
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effect is also strengthened by the deprotonation of the sulfonamide group, which decreases 

the H-bond forming ability of HCT. TiHCT-ethanol and TiHCT-DMF revealed a higher 

shift in the melting peak at 257.2 °C and 234.17 °C, respectively, which indicates a stronger 

interaction when using ethanol and DMF. The explanation for what happened in TiHCT-

ethanol samples is the same as for ATN, that the fast evaporation of ethanol indicates nuclei 

formation, while the slow evaporation of water shows the growth of HCT crystals. 

Nevertheless, improved composite formation was expected in the water-free DMF and 

DMSO samples in spite of the slower evaporation rate due to their aprotic nature, which 

induced the recrystallisation of HCT on the surface of TNTs as nuclei. The expectation was 

right for DMF, but interestingly, no fusion peak can be seen in the case of TiHCT-DMSO 

composites, which can be explained by the formation of amorphous HCT particles instead 

of nanocrystals. 

Figure 10. DSC and TG curves of TNT, HCT, TiHCT-ethanol, TiHCT-NaOH, TiHCT-

DMF and TiHCT-DMSO. 

 

All those findings were in accordance with the results of the XRPD results (Fig. 11). 
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Figure 11. XRPD spectra of HCT and its composites 

 

The X-ray diffractogram of TiHCT-DMSO shows only the characteristic peaks of the 

crystalline TNTs, which clearly shows HCT bonding with TNTs in an amorphous form, 

which is highly expected to ensure an improved dissolution rate, whereas the other 

composites contained HCT in a (nano)crystalline form. However, a new polymorphic form 

of HCT was recrystallized from DMF (the metastable Form II or DMF solvate instead of 

the starting stable Form I) (86, 87). 
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Figure 12. FT-IR spectra of HCT and its composites 

 

The FT-IR spectra were normalized to the peak at 1319 cm-1 (Fig. 12). The peaks at 

3391 cm-1 show non-associated NH stretching, and the right shift of this peak at  

3269 cm-1 indicates the increasing strength of interactions between TNT and HCT in the 

order of TiHCT-ethanol, TiHCT-NaOH, TiHCT-DMF and TiHCT-DMSO. The merging 

of these peaks in DMSO suggests a very strong association, which may also be due to the 

amorphous state of the drug in the composite. The slight right shift of the N-H bend signal 

at 1605 cm-1 and the change in the intensity ratio of the peaks at 1555 cm-1 and 1538 cm-1 

also relate to the participation of sulfonamide and secondary amino groups in the composite 

formation.  

The minor modification of the C=N stretch signals between 1319-1375 cm-1, or the 

varying intensities in the 420-910 cm-1 region due to C-Cl stretching alteration and 

benzothiazidine ring skeletal vibration also indicate these interactions. Meanwhile, the left 

shift and the merging of the peak triplet at 1182 cm-1, 1058 cm-1 and 1151 cm-1 indicate the 

involvement of S=O groups as hydrogen acceptors in the interactions.  

The strength of interactions fundamentally determines the dissolution rate of the drug 

from the composites (Fig. 13). There was no considerable difference in the dissolution rates 

of pure HCT and TiHCT-ethanol composite, in which the weakest interaction was 

observed. The increasing strength of the interactions resulted in a controlled dissolution 

rate, which was similar to that of diclofenac-TNT composites (82) and led to the switch of 

release kinetics from first order to power law model described by Korsmeyer and Peppas. 
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TiHCT-DMSO exhibited the most considerable elongation of drug release despite the 

amorphous state of the drug, which may suggest an increased release rate, due to the lack 

of crystal lattice. It is well visible that the decrease in the release rate of TiHCT-NaOH was 

higher than expected, which may be due to the large size of the HCT particles due to the 

slow recrystallization of the drug from the solvent. 

 

 

Figure 13. Dissolution study of TiHCT composites in gastric juice (non-sink 

conditions). 

In conclusion, the results of HCT composites were not so obvious. HCT was dissolved 

in 70 w/w% ethanol solution and NaOH 1 M as an analog of the experiments with ATN. 

Nevertheless, the quality of the TiHCT-NaOH composites did not meet expectations, 

which can be explained by the strong drug-solvent interaction resulting in the 

deprotonation of the drug molecule and a decrease in the intensity of drug-carrier 

interactions within the composites. Therefore, DMF and DMSO were applied to eliminate 

this effect and detect the impact of their use on the efficacy of composite formation. DMF 

and DMSO were successful in forming the TiHCT composites since H-bonding was 

formed between HCT and TNTs due to the lack of drug-solvent interactions. Nevertheless, 
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despite the stabilized nanocrystalline form or HCT “recrystallizing” from DMSO in an 

amorphous form, an extended release of HCT from the composites was noted due to the 

very strong drug-carrier interactions. 

Overall, the assumptions of the first hypothesis were confirmed as protic-aprotic nature, 

solvent volatility and drug solubility play key roles in the composite formation process. 

The formation of strong TNT-API composites may be achieved optimally by choosing a 

highly volatile aprotic solvent. Nevertheless, taking into consideration the privileged use 

of protic solvents if the drug is protonable. However, the high strength of drug-carrier 

interactions may influence drug detachment and thus the final product characteristics, 

including release rate and behaviour in biological environment. The strength of interactions 

may be optimized by tailoring the surface characteristics of TNTs by functional 

modifications. 

 

6.2. The functionalization of TNTs 

Besides the optimization of the strength of drug-carrier interactions, the 

functionalization of TNTs is essential to achieve proper bioavailability since the 

hydrophilicity of TNT-drug composites negatively affects their permeability through the 

GIT. Therefore, in the present study, TCOS and MgSt were selected to functionalize TNTs, 

to prove that the functionalization of hydrophilic TNTs with hydrophobic materials is a 

good technique to enhance their absorption into the systemic circulation. The success of 

functionalization was detected using OCA and CHNS elemental analysis. The Caco-2 cell 

line was utilized to test cytotoxicity and permeability by using MTT assay and energy 

dispersive X-ray fluorescent analyzer, respectively. 

6.2.1. Physical properties of functionalized TNTs 

Pristine Na-TNTs (Fig 14a) have a considerably elongated structure with an outer 

diameter of 8-12 nm, and highly variable length (100-1000 nm). H-TNTs (Fig 14b) show 

identical physical dimensions but have an increased aggregation tendency due to the 

decreasing electrostatic repulsion resulting from the removal of Na+ ions. Mg-TNTs (Fig. 

14c) have the same diameter of 8-12 nm but the mechanical agitation during the ion-

exchange procedure resulted in considerable fragmentation, so the length of the nanotubes 
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varies mostly in the 100-300 nm range. Similar fragmentation of the longer nanotubes was 

observed in the case of the functionalized samples (Fig. 14d-g) along with a slight 

increment of the outer diameter, which depends on the amount and orientation of the 

functionalizing agent on the surface of TNTs. Nevertheless, all samples have a strongly 

elongated tubular structure with an aspect ratio >10. 

 

 

Figure 14. Scanning electron micrographs of Na-TNT (a), H-TNT (b), Mg-TNT (c), 

TCOS-TNT 10 (d), TCOS-TNT 50 (e), St-TNT (0.05:1) (f) and St-TNT (0.1:1) (g) 

samples with 150000x magnification 

 

The OCA measurement showed a gradual increment in the aqueous contact angle with 

the increasing concentration of TCOS up to a concentration of 100 µL. These results were 

supported by the CHNS elemental analysis, which displayed continuous augmentation in 

carbon percentage with the increasing amount of functionalizing TCOS (Fig.15).  
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Figure 15. The aqueous contact angles (CA) and carbon percentage (C%) of TCOS-

TNTs and St-TNTs at different reagent concentrations (CA of TCOS-TNT (black line); 

C% of TCOS-TNT (black dashed line), CA of St-TNT (red line), C% of St-TNT (red 

dashed line) 

 

In contrast, the OCA measurement revealed that low concentrations of St could just 

slightly increase the aqueous contact angle of Mg-TNTs, but after exceeding a certain 

threshold around 0.035:1 ratio and despite the linear increment of the carbon content, the 

surface turned from hydrophilic to hydrophobic (Fig. 15). A possible explanation that 

above this threshold the St molecules are oriented differently on the surface of TNTs, 

prohibiting the access of water to the sample. After that only a slight increment could be 

detected until it stabilizes between 80-90°, but it should be noted, that the maximum 

aqueous contact angle is considerably smaller as in the case of TOCS-TNTs. 

According to OCA and CHNS measurements for TCOS-TNTs, it is well visible that the 

increasing amount of the reagent highly increased the surface hydrophobicity and complete 

surface coverage was achieved by the application of 100 µL reagent volume (e.g. 0.2:1 

molar ratio). However, the results were different in case of MgSt-TNTs where less St 

coverage resulted in getting a hydrophobic surface that may bear an advantage of keeping 
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more binding sites for the drugs which may lead to a higher possible drug load in this 

system. 

 

6.2.2. Toxicity and permeability of functionalized TNTs 

In a previous study (24), no detectable cytotoxicity of Na-TNTs was observed up to a 

concentration of 5 mg/mL, but in the current study a considerable decrease in cell viability 

was observed if Mg-TNTs were applied in this concentration (Fig. 16).  

 

 

Figure 16. The viability assays of Caco-2 cells after being exposed to functionalized 

TNTs  

This may indicate that the replacement of Na+ to Mg2+ ions on the surface of TNTs also 

has negative influence on cell interactions, but based on the MTT cytotoxicity test, it is still 

considered as non-cytotoxic in the concentration range of 0.01-2 mg/mL. In addition, 

considerable differences were observed in the toxicity of various functionalized TNTs, 

especially at higher concentrations. The toxicity results displayed a considerable decrease 

in cell viability for TCOS-TNT 10 and 50 µl samples, possibly due the use of H-TNT as a 

starting material, which would be in accordance with the previously discussed findings (69, 

70). However, no similar effect was shown by the 100, 500, and 1000 µL samples. A 

possible explanation is that these samples were too hydrophobic for appropriate 

dispersion/dissolution in the aqueous media and were therefore not taken up by the cells. 

In the case of St functionalized samples, a decrease in cell viability was only observed at 5 

mg/mL, which showed no difference from the values observed for Mg-TNTs, which 
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indicates that the effect may be connected to the presence of Mg2+ ions and not to St 

molecules. 

 

6.2.3. Permeability results 

During the permeability test, the highest safe concentration (1 mg/mL) was applied to 

achieve a higher maximum drug-dose during further utilization. The transepithelial 

electrical resistance (TEER) of the cells before TNT exposure was 602±116 Ω/cm2. For 

Caco-2 cells, this value may vary in a very large range (200-2400 Ω/cm2) (88), the obtained 

results indicate an intact cell layer. Nevertheless, a considerable decrease (22.1±16.7%, 

12.4±11.1%, 37.1±8.4% and 23.6±17.4% for TCOS-TNT 10, TCOS-TNT 50, St-TNT 

(0.05:1), and St-TNT (0.1:1) samples, respectively) in the TEER values was observed after 

exposure to TNTs, which indicates the perturbation of the integrity of the cell membrane 

or tight-junctions. However, microscopic investigation showed no change in the cell 

morphology or layer-integrity, before and after the test, which may indicate a periodic 

distortion of the membrane integrity by the penetrating nanotubes. Nevertheless, the 

relative change of various samples showed partial correlation with the results of the 

permeability tests (Table 3), which revealed that the aqueous contact angle (CA) values 

should be between 60-90° to achieve appropriate absorption, while the cell integrity was 

exhibited the smallest distortion for samples between 80-90°CA. Below 40° the surface is 

too hydrophilic to achieve passive transportation through the cell membrane, while in the 

40-60° range the samples may be absorbed considerably slower than the ones with 60-90° 

CA, and causes higher distortions in cell integrity, possibly due to the higher 

hydrophilicity. In a previous study Fenyvesi et al. (24) have found no detectable number 

of pristine Na-TNTs on the basolateral side of the cell monolayer, indicating that the 

intestinal cell layer is impermeable to this material, possibly due to its high hydrophilicity. 

In contrast, present study revealed that functionalized samples exhibited considerable 

permeability through the cell monolayer (Table 3). According to the results, the penetration 

of samples with small (30°) CA is hindered as more than 40% of the originally inserted 

value was still detected on the apical side. The best permeability rate was observed for 

samples with 70-90° CA, where the amount permeated to the basolateral side was increased 
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with the increasing CA. In case of sample TCOS-TNT 100 where the CA was around 140° 

no detectable amount was measured both in apical and basal compartment. A possible 

explanation that due to the inappropriate wetting and dispersion, the TNTs were 

sedimented and adhered to the cell layer without visible absorption through the membranes 

or were completely accumulated in the cells, which would bear a potential risk of toxicity. 

Nevertheless, in both cases the sample is inappropriate for the planned application.   

 

Table 3: Results of the permeability tests 

Material Aqueous CA (°) Apical amount (%) Basal amount (%) 

TCOS-TNT 10 27.70±2.10 40.94±10.49 8.47±0.30 

TCOS-TNT 50 86.66±1.90 27.94±14.83 8.39±0.24 

TCOS-TNT 100 146.65±0.60 n.m n.m 

St-TNT 47 71.75±3.58 26.98±  6.66 8.75±0.78 

St-TNT 94 89.55±7.66 27.16±11.13 11.49±0.67 

This part of the experimental work emphasized the importance of functionalizing TNTs 

to improve their absorption after oral administration. We confirmed the second hypothesis, 

according to which increasing the hydrophobicity of TNTs may increase cell permeability. 

Nevertheless, the validity of the third hypothesis, namely that increased hydrophobicity 

may not affect toxicity, should be partially reconsidered since the functionalized samples 

exhibited slightly increased toxicity, but it was connected to the altered surface charge due 

to ion exchange during the functionalization procedure.  
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7. CONCLUSIONS AND PRACTICAL USEFULNESS  

In this study, TNT composites with ATN and HCT were prepared to improve the drug 

dissolution profile from the composites in which ATN and HCT were chosen as model 

drugs from the third and fourth classes of BCS.  

I. Choosing the appropriate solvent is essential from the aspect of composite 

formation efficacy. Solvent volatility is important, but its protic/aprotic nature 

depends on the drug properties, with protic solvents being preferable for protonable 

drugs, otherwise aprotic solvents are more advantageous. 

II. The extent of the strength of interaction between TNTs and drugs directly affects 

drug detachment inside the human body, thus it should be estimated based on the 

administered oral dosage form, in which weak interaction is enough in immediate 

release drugs and strong interaction is favored for extended-release purposes.  

TNTs were functionalized to obtain increased hydrophobicity and enhance their 

absorption from the GIT, with two different methods compared to each other. For this 

purpose, TCOS and St were used in different concentrations with a view to optimizing the 

functionalization method and determining the optimal functionalization percentage.  

I. The functionalization of TNTs is crucial to enhance their hydrophobicity and 

therefore their permeability and may strengthen the interaction between TNTs and 

drugs.  

II. The toxicity of functionalized TNTs has to be checked due to the changed surface 

charge. 

 

The practical relevance and new approaches of this research work are the following 

I. Our hypothesis of choosing the optimal solvent proved to be a promising approach 

for enhancing the solubility of poorly water-soluble drugs. 

II. Functionalized TNTs are potential drug carriers for the oral administration route 

since they display good permeability and toxicity profiles. 
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Standpoint on the priority of TNTs and
CNTs as targeted drug delivery systems

Yasmin Ranjous, Géza Regdon Jr., Klára Pintye-Hódi and Tamás Sovány, t.sovany@pharm.u-szeged.hu

Conventional drug delivery systems have limitations according to their toxicity and poor solubility,

bioavailability, stability, and pharmacokinetics (PK). Here, we highlight the importance of

functionalized titanate nanotubes (TNTs) as targeted drug delivery systems. We discuss the differences in

the physicochemical properties of TNTs and carbon nanotubes (CNTs) and focus on the use of

functionalization to improve their characteristics. TNTs are promising materials for drug delivery

systems because of their superb properties compared with CNTs, such as their processability, wettability,

and biocompatibility. Functionalization improves nanoparticles (NPs) via their surface modification

and enables them to achieve the targeted therapy.

Introduction
Conventional drugs often have poor solubility, PK,

biopharmaceutical properties, and stability or

cause toxicity [1]. By contrast, nanotechnology-

based drug delivery systems can improve the

solubility, absorption, permeation, retention time,

and bioavailability of drug molecules in target

tissues, as well as improving their stability and,

therefore, enhancing the shelf-life and accept-

ability of drugs by increasing either their uptake

efficacy or patient compliance [2].

Nanosized delivery systems can be internal-

ized by cells more effectively compared with

micro-sized particles. In addition, NPs can be

formulated in various shapes, sizes, and com-

positions, and can be modified physicochemi-

cally and functionally to obtain specific

properties depending on the requirements of

both the drug molecule and the targeted organ

[1]. Nanotubes have an ideal inner diameter of

5–6 nm for loading with large biological

molecules, with a surface area five times higher

than that of other NPs. Furthermore, cell inter-

nalization is higher in the case of tubular NPs

compared with their spherical counterparts (H.P.

Kulkarni, PhD thesis, University of North Carolina

at Chapel Hill, 2008).

The first nanotubes to be discovered were

CNTs. The first synthesis method was

described by Lijima in 1991, whereas TNTs were

first synthesized by Hoyer via template-assisted

synthesis in 1996 (reviewed in Ref. [3]).

Nevertheless, over the past decades,

numerous synthesis routes with various

advantages and disadvantages have been

developed (Tables 1 and 2).

Structure and classification
Although both CNTs and TNTs have a tubular

structure, there are general differences in their

structure. CNTs are allotropes of carbon made

from graphene/graphite and are rolled up into

concentric cylinders with various wall numbers,

on which their classification is based.

Single-walled CNTs (SWNTs) have a diameter

of 1 nm and length up to centimeters, prepared

by rolling a single graphene sheet to form a

cylinder. The conducting properties of SWNTs

depend on the wrapping nature [10], which is

represented by chiral vectors (n, m). A zigzag

structure is obtained when m = 0, an armchair is

obtained when n=m, and a chiral structure is

obtained when m lies between the zigzag and

the armchair structure values.

Although double-walled CNTs (DWNTs) gen-

erally have the same morphology and properties

as SWNTs [11], they also exhibit several advan-

tages, such as significantly improved resistance

to chemicals, the same thermal and electrical

stability as multiwalled CNTs (MWNTs), but the

same flexibility as SWNTs [12].

MWNTs have a diameter from 2 nm to 100 nm

and a length of tens of microns. They have two
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structural models: the ‘Russian Doll’ model,

when graphite sheets are ordered in concentric

cylinders (Fig. 1), and the ‘Parchment’ model

[11], when a single sheet of graphite is rolled in

around itself. The layers have different chiralities

with inconsiderable interlayer electronic

coupling, and can shift randomly between

metallic and semiconducting varieties. The main

advantage of MWNTs is that their stiffness is

higher than that of SWNTs, especially during

compression [12]. The length-to-diameter ratio

of MWNTs is >1 000 000 given that they are

nanometers in diameter and several millimeters

in length [3].

By contrast, TNTs are rolled up into a spiral

(Fig. 1). with an inner cavity of~4 nm and have an

amorphous or crystalline structure depending

on the specific electrochemical parameters [8].

The TNTs obtained after anodization are amor-

phous and not photoactive, whereas high

temperature annealing converts amorphous

TNTs into a crystalline form (anatase or rutile)

and, hence, broadens their application range.

TNTs are classified according to the synthesis

parameters used to prepare TNTs, such as with

template-assisted synthesis, hydrothermal

treatments, or electrochemical treatments (H.P.

Kulkarni, PhD thesis, University of North Carolina

at Chapel Hill, 2008), which cause variations in

their physical features (e.g., length, and inner

diameter and outer diameter distributions).

Comparison of the physicochemical
properties
CNTs have highly hydrophobic surfaces because

they preserve the apolar characteristics of native

graphene/graphite nanosheets and are

insoluble in aqueous solutions [13], where the

surface charge of CNTs is a function of the pH of

the solution [14]. However, their solubility can be

enhanced by functionalization [12], which can

also facilitate their movement in the body and

reduce both the blockage of body organ

pathways and toxicity, partially by hindering

the accumulation of highly apolar molecules in

tissue. Nevertheless, the grade of toxicity (in vivo

and in vitro) is determined by diverse factors,

such as size, shape, purity, surface chemistry,

and the existence of transition metal catalysts.

Furthermore, it appears that the effect of CNTs

on organs is related to the administration route

used [15]. Intravenous, oral, and dermal ad-

ministration of CNTs can cause only mild

symptoms, whereas inhalation can result in

severe inflammation and toxicity to the

respiratory system. By contrast, another study

reported that no significant lung inflammation

or tissue damage was observed following direct

inhalation of CNTs.

Drug Discovery Today �Volume 24, Number 9 � September 2019 PERSPECTIVE

TABLE 1

Comparison of CNT preparation methods

Method Product Advantages Disadvantages Refs

Arc discharge SWNTs 0.6–1.4 nm in diameter or;
MWNTs with 1–3 nm inner and
10 nm outer diameter

Upscalable for volume production;
nanotube diameter distribution can
vary; yield up to 90%

Solid graphite source required;
requires high temperature; SWNTs
only obtained with use of metal

[4]

Laser ablation SWNTs 1–2 nm in diameter and 5–
20 mm long, or fullerenes

High-quality nanotubes; yield up to
70%

Solid graphite source required; not
suitable for manufacture of MWNTs
because of short length

[5]

Chemical vapor deposition (CVD) SWNTs 0.6–4 nm in diameter or
MWNTs 10–240 nm in diameter

Distinguished configuration and
positional control

Two-step method; typical yield is
30%; often riddled with defects

[6]

Plasma-enhanced CVD SWNTs or MWNTs No solid graphite source required Complicated process [6]
Alcohol catalytic CVD SWNTs 1 nm in diameter SWNTs produced on large scale and

at low cost
Obstacles in creating high-purity
SWNTs

[6]

Hydrothermal Methods MWNTs with 10–100 nm inner and
50–150 nm outer diameter
nanorods, nanowires, nanobelts
and nano-onions

Starting materials stable at ambient
temperature; low temperature
(150–180 �C) required; no
hydrocarbon or carrier gas required

[7]

TABLE 2

Comparison of TNT preparation methods

Method Advantages Disadvantages Refs

Electrochemical treatment Self-organized TNT layers with large (~100 nm)
diameter; suitable for surface modification of Ti
implants

Length varies (2–101 mm); not suitable for many
biomedical applications because of size and potential
clearance by reticuloendothelial system

[8]

Template-assisted synthesis Variable (50–400 nm) diameter based on template
pore size

[9]

Hydrothermal treatment Small (5–10 nm) diameter and 100–1000 nm length;
variable dimensions, porosity and specific surface
depending on temperature, NaOH concentration,
sonication and acidic post-treatment

Strongly agglomerated TNTs, which need to be
dispersed before bioapplication; nanosheets result as
byproducts (~10% of batch)

[8]

TNT MWCNT
Drug Discovery Today 

FIGURE 1

Schematic representation of the structural differences between titanate nanotubes (TNTs) and
multiwalled carbon nanotubes (MWCNTs).
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By contrast, TNTs display strong hydrophilicity

because of their partially hydroxylated surface,

which causes a negative z-potential (after

washing until pH = 6) that, when combined with

hydrogen bonds, causes superior wettability

[16] but often leads to the agglomeration of the

particles, especially in dry forms [8]. Their

hydrophilicity is also supported by the

capillary effect, resulting in the quick penetra-

tion of water droplets into the tube pores, and

by their crystallinity, given that the amorphous,

mixed crystalline phase shows high polarity

because of the O–Ti–O bonds and to the ex-

tensive presence of hydroxyl groups on the TNT

surface. Furthermore, the structure of TNTs also

influences the contact angle, which decreases

with increases in both tube and pore diameters

and with increasing anodization voltage or

thermal treatment up to 450 �C; however, be-

yond 450 �C, their hydrophilicity decreases be-

cause of the detachment of hydroxyl groups

from the surface [17]. The high surface energy

and polarity causes good wettability and, hence,

improved cell adhesion. Therefore, TNTs showed

extremely good biocompatibility. Bone cell ad-

hesion and differentiation were improved by the

use of TNT-covered implants and were proven to

be better than those with a pure Ti surface. TNTs

were also nontoxic when internalized by cells

[18–20]; thus, they appear to have good appli-

cability for therapeutic use in the clinic [21].

Despite their different surface characteristics,

CNTs and TNTs exhibit considerable similarities

regarding their impressive mechanical, electri-

cal, and optical properties. Nanotubular struc-

tures usually have good mechanical properties.

In CNTs, the covalent bonds between carbon

atoms lead to high tensile strength (up to 63

GPa) and Young’s modulus of elasticity (1–1.8

TPa depending on the diameter and the chirality

of the tube) [3]. Therefore, SWNTs are stronger

than steel by 10 to 100 times per unit weight. By

contrast, MWNTs have lower Young’s modulus

values than SWNTs because stress is only sup-

ported by the outer graphite shelf on account of

weak intertube cohesion. Similarly, TNTs exhibit

high, but one grade lower Young’s modulus

(230 GPa) and tensile strength (680 MPa) com-

pared with SWNTs. Nevertheless, these values

still reflect impressive mechanical properties,

supported by the results of Sipos et al., who

reported that TNTs and their composites formed

with various drugs showed supreme flowability,

compressibility, and compactibility compared

with crystalline APIs, thus proving their superior

processability [22–24]. In terms of their electrical

behavior, CNTs display semiconducting or

metallic resistance, capacitance, and inductance

properties because of their electronic structure

and symmetry of graphene [12]. SWNTs can be

either semiconducting or metallic, whereas

MWNTs are semiconducting. The electrical

conductivity of self-organized TNTs is based on

their crystalline structure and is tunable with the

annealing temperature, because when the

amorphous material converts into anatase at

300 �C, it results in significantly higher con-

ductivity, whereas the conversion of anatase

into the more resistive rutile above 500 �C
reduces the conductivity [25]. In terms of their

optical properties, both CNTs and TNTs show

optical absorbance: the absorbance of CNTs is in

near-infrared (NIR) zone [12], whereas TNTs

display wider photo absorption properties, al-

though not as good as TiO2 NPs. However, when

rare earth ions (Pr31, Er31, Nd31, and Yb31) were

intercalated into TNTs, higher photolumines-

cence emission was observed compared with

pristine Na-TNTs [26]. Overall, these remarkable

properties make CNTs and TNTs an ideal target

for a range of diagnostic, biomedical, or

pharmaceutical applications.

Applications
The high binding capacity and unique physi-

cochemical, especially electrical properties of

nanotubes can be well utilized in specific mol-

ecule recognition and other diagnostic appli-

cations. CNTs can be used as biosensors to

diagnose diseases, record the pulse and tem-

perature of a patient, and measure blood glu-

cose, or other biomolecules, such as H2O2,

organophosphate pesticides, or cancer markers,

in diagnosis and treatment [12,27–29]. In addi-

tion, their good biocompatibility and mechani-

cal properties also make nanotubular structures

suitable for tissue-engineering applications.

CNTs can improve the mechanical strength of

implanted catheters and, hence, reduce

thrombus formation in cardiovascular surgeries

[12]. CNT-coated polyurethane has high inter-

connected porosity, bioactivity, and nanostruc-

tured surface topography. Thus, CNTs can be

used as bioactive scaffolds in bone tissue en-

gineering and provide new properties, such as

electrical conductivity, to these scaffolds [30], or,

when filled with calcium, they can be used

directly as a bone substitute, with improved

mechanical properties because of their high

tensile strength [3]. Consequently, they can help

in directing cell growth [12]. Correspondingly,

TNT coatings on scaffolds reinforce cell growth

on the biodegradable photopolymer scaffolds

[31] and also promote bone formation by has-

tening osteoblast growth by 300–400% com-

pared with non-anodized Ti surfaces [32]. This

effect was further improved when TNTs were

coated with biocompatible polymer films com-

prising chitosan and poly(lactic-co-glycolic acid),

when superior osteoblast adhesion and cell

proliferation were achieved, compared with

uncoated TNTs [33].

Given their unique characteristics, such as

their hollow monolithic structure, nanoneedle

shape, considerable molecule-binding capacity

and versatile binding mechanisms, nanotubes

are also ideal carriers in other biomedical and

pharmaceutical applications. Two different

methods exist for binding: wrapping, when

drugs and biological molecules are attached to

the surface through functional groups; and fill-

ing, when drugs and biological molecules are

loaded inside CNTs [34].

CNTs display immunogenicity and devised

antibody responses linked to viral protein VP1 of

foot-and-mouth disease virus (FMDV), which

could be utilized for the stimulation of the

immune system [3]. The high RNA binding and

internalization capacity also make CNTs suitable

for cytoplasm or cell core targeting and valuable

as vectors to transfer genes and drugs into cells

to cure cancer and various genetic disorders

[35]. However, SWNTs are more useful compared

with MWNTs because of their 1D structure,

efficient drug-loading capacity, and large sur-

face area [36]. CNTs conjugated to small inter-

fering (si)RNA molecules were successful in

silencing the expression of CD4 cell surface

receptors and CXCR4 co-receptors, thus inhi-

biting the infection of T cells by HIV [37]. Drug-

embedded CNTs can also be utilized to kill

viruses in viral ulcers without antibody pro-

duction against the drug, because viruses

present no intrinsic immunogenicity for CNTs

[38]. CNTs can carry streptavidin and cyto-

chrome C into the cell cytoplasm via the en-

docytosis pathway [12] and showed high

selectivity to kill cancer cells after internaliza-

tion, achieved by hyperthermia because of their

thermal conductivity [39]. However, MWCTs are

more suitable than are SWCTs for thermal cancer

treatment given that MWNTs absorb NIR radia-

tion faster than do SWNTs [40].

Nevertheless, CNTs can be applied for drug

delivery and targeting without external stimu-

lation because the SWCNT-anticancer drug

complex increases blood circulation time, en-

hancing permeability and the retention effect by

tumor cells [41], as shown by the successful

delivery of amphotericin B [42], the successful

delivery and retention of polyphosphazene

platinum to the brain [43], the successful oral

administration of erythropoietin (EPO) [43] and

the slow release of cisplatin in an aqueous
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environment to terminate the growth of human

lung cancer cells [44].

Based on their physicochemical properties,

TNTs offer fewer opportunities to attach drugs

or other molecules; however, based on their

unique properties, such as biocompatibility,

mechanical strength, and chemical resistivity,

they are proposed to be ideal materials for the

development of various medical implants and

devices. Thus, TNTs have so far been applied

mainly in dentistry, orthopedics, and cardio-

vascular surgery [45].

Functionalization of TNTs and CNTs
Functionalization is the attaching of appropriate

molecules to the nanostructure surface to

render them soluble in water, reduce toxicity,

increase biocompatibility [46], achieve targeted

drug delivery, obtain selective binding to the

desired epitope, achieve controlled drug release,

facilitate cellular internalization, enhance bio-

distribution, and improve biofluid circulation.

Many types of functionalization molecule have

been used, such as polyethylene glycol (PEG),

polyvinylpyrrolidone (PVP), cellulose,

polypeptides, dextran, and silica [2].

CNTs can be functionalized covalently or

noncovalently on the tips and side walls, al-

though CNT tips have a higher functionaliza-

tion affinity compared with the side walls [46].

Noncovalent functionalization, including Van

der Waals interactions, p–p interactions, and

hydrophobic interactions, causes minimal

damage to the CNT surface and maintains the

aromatic structure and, consequently, the

electronic characteristics of CNTs. However, the

disadvantage is that this kind of functionali-

zation is not appropriate for targeted drug

delivery applications because of the weak

forces formed [47]. By contrast, covalent func-

tionalization of CNTs can be achieved via oxi-

dizing them by strong acids, such as nitric and

sulfuric acids [48]. Hence, the forming of car-

boxylic acid groups because of the high neg-

ative charge increases the hydrophilicity, water

solubility, and biocompatibility of CNTs [49]. By

contrast, the disadvantage is that covalent

functionalization damages CNT side walls and,

thus, CNTs cannot be used in some applica-

tions, such as imaging [37]. Nevertheless, the

presence of carboxylic and other oxygen-

containing groups on the surface of CNTs also

allows the covalent attachment of functional

molecules [50]. The covalent surface functio-

nalization of CNTs with amine-terminated PEG

stabilizes CNT dispersions in various media and

reduces deleterious effects on cultured cells

[51], and oxidation debris (i.e., the breaking

CNTs during oxidation or oxidizing

carbonaceous nontubular structures in pristine

CNT samples).

Similarly, the surface characteristics, such as

the negative charge at physiological pH caused

by the presence of hydroxyl groups on their

surface above their isoelectric point (pH 3.7),

enable TNTs to react with a variety of functional

molecules [52]. The functionalization of TNTs

improves their stability for vectorization

applications and enables them to carry

therapeutic molecules [53]. Tables 3 and 4 detail

methods for the functionalization of CNTs and

TNTs, respectively.
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TABLE 3

Functionalization possibilities of CNTs

Reagent(s) Aim of functionalization/grafting Refs

Nitric acid (HNO3) Carboxylic groups covered MWNTs; increase solubility [54]
NH2(CH2CH2O)2–CH2CH2NH2 NH2 covering of MWNTs; increase solubility; decrease aggregation; decrease cytotoxic

effects
[55]

Second-generation poly (amidoamine) dendrimer
(G2-PAMAM)

Increase surface binding ability of DNA probe by supplying large number of amino groups [56]

Folate moiety Selective destruction of cancer cells labeled with folate receptor tumor markers;
NIR-triggered cell death without harming receptor-free normal cells

[39]

Phospholipid-PEG2000-NH2 Photothermal cancer treatment in mice by NIR irradiation [51]
HNO3 and salicylaldehyde Reduce reaction step number and reaction time [50]
HNO3 and H2SO4 mixture; 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide hydrochloride; N-hydroxysuccinimide;
P-glycoprotein antibody

Specific recognition of multidrug-resistant human leukemia cells (K562R) [57]

TABLE 4

Functionalization possibilities of TNTs

Reagent(s) Aim of functionalization/grafting Res

Dopamine; Tris buffer; bone
morphogenetic protein 2 (BMP2)

Enhance bone osseointegration [58]

3-isocyanatopropyltriethoxy; PEG;
polyethylene imine (PEI)

Enhance TNT dispersion in water and reactivity [53]

Allyltriethoxysilane; propyltriethoxysilane Form stable suspensions in tetrahydrofuran (THF) [59]
Antimicrobial peptides (HHC-36) Prevent formation of biofilms (based on bactericide and bacteriostatic effect) [60]
3-aminopropyltriethoxysilane; RGD
peptide

Promote initial attachment and proliferation of human mesenchymal stem cells (hMSCs) [61]

KRSR Increase osteogenic differentiation and pre-osteoblast adhesion and spread on TNT surface [62]
N,N-carbonyl diimidazole; 11-hydroxy-
undecylphosphonic acid; EGF and BMP2
growth factors

Increasing number and activity of MSCs [63]

Gelatin-stabilized gold NPs Improve MC3T3-E1 osteoblast cell adhesion and propagation (achieved) [64]
Chitosan Achieve sustained release of loaded drug (selenium or quercetin) from TNTs [65,66]
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Concluding remarks
Drug delivery devices based on nanotubular

structures are ideal for modern theranostic

applications because of their advantageous

properties. However, they can bear the risk of

toxicity attributable to their size, surface

charge, chemical composition, chemical re-

activity, chemical structure, crystal structure,

shape, solubility, and degree of agglomera-

tion. Moreover, nanomaterials can cause oxi-

dative stress and damage phagocytosis inside

the cells, reduce cell viability, and suppress cell

proliferation by producing reactive oxygen

species or remaining in the body because of

their ability to evade the reticuloendothelial

system.

Despite many promising results and numer-

ous advantages, pristine CNTs are insoluble in

water and most solvents; thus, they cannot be

used immediately in biomedical applications.

Furthermore, they bear a considerable risk of

toxicity and carcinogenicity because they ac-

cumulate in the human body because of their

strongly hydrophobic nature and residual metal

catalysts, which increases their ability to pro-

duce O2� anions, lipid peroxidation, or physical

blockage generated from agglomeration at high

doses, given that CNTs also have a strong

electrostatic attraction.

By contrast, TNTs have exhibited promising

toxicological profiles and good biocompatibility

in numerous studies and a vital affinity for bone

cell adhesion and differentiation, which allows

their use in dentistry, orthopedics, and cardio-

vascular surgery. Therefore, and as a result of

their tubular structure, CNT-similar chemical

resistivity, mechanical strength, and electron

mobility, TNTs might be promising alternatives

for developing medical implants and devices.

Nevertheless, despite these advantages, TNTs,

especially hydrothermally synthetized free TNTs,

are poorly studied in terms of their use in drug

delivery applications, possibly because of their

hydrophilic nature, which improves their

biocompatibility and decreases the risk of ad-

verse effects, but also acts negatively on their

absorption and cell internalization properties.

Thus, functionalization might be key to im-

proving their applicability, given that the range

of possibilities is almost as wide as for CNTs.

Noncovalent bindings based on van der Waals

forces, hydrogen bonds or p–p interactions are

easily achievable, which maintain the aromatic

structure and electronic characteristics;

obtaining covalent functionalization with ether-

or esterification of the free surface -OH groups is

also possible. With the selection of the appro-

priate functional groups, the surface properties

and, therefore, their absorption and

internalization capacity could be improved

without the considerable elevation of the risk of

toxicity. Furthermore, their similar mechanical,

electrical, and optical parameters could provide

the same level of processability and range for

external stimuli-adjusted targeting possibilities

as CNTs.

In terms of their low toxicity and advanta-

geous physicochemical properties, the further

investigation, use, and application of hydro-

thermally synthetized TNTs is recommended for

the development of new advanced drug

delivery systems.
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Abstract: Recently, there has been an increasing interest in the application of nanotubular structures
for drug delivery. There are several promising results with carbon nanotubes; however, in light of
some toxicity issues, the search for alternative materials has come into focus. The objective of the
present study was to investigate the influence of the applied solvent on the composite formation of
titanate nanotubes (TNTs) with various drugs in order to improve their pharmacokinetics, such as
solubility, stability, and bioavailability. Composites were formed by the dissolution of atenolol
(ATN) and hydrochlorothiazide (HCT) in ethanol, methanol, 0.01 M hydrochloric acid or in ethanol,
1M sodium hydroxide, dimethylformamide (DMF), dimethyl sulfoxide (DMSO), respectively, and then
they were mixed with a suspension of TNTs under sonication for 30 min and vacuum-dried for
24 h. The structural properties of composites were characterized by SEM, TEM, FT-IR, differential
scanning calorimetry (DSC), thermogravimetric (TG) analysis, and optical contact angle (OCA)
measurements. Drug release was determined from the fast disintegrating tablets using a dissolution
tester coupled with a UV–Vis spectrometer. The results revealed that not only the good solubility of
the drug in the applied solvent, but also the high volatility of the solvent, is necessary for an optimal
composite-formation process.

Keywords: atenolol; hydrochlorothiazide; titanate nanotubes; composite formation; solvent selection

1. Introduction

Oral administration is the main route of drug administration for a systemic effect [1].
Orally administered drugs should be released from the dosage form and dissolve before absorption.
Thus, numerous attempts such as complexation, particle size reduction, solid state alternation,
the application of soft gel technology, solid dispersions, using cosolvents or forming emulsions,
microemulsions, micelles, polymeric micelles, liposomes, pharmaceutical salts, and pro-drugs have
been made to increase the dissolution rate of the drugs in order to improve their bioavailability [2].
Particle size reduction is an easy and suitable approach to increase the dissolution rate and thus the
absorption due to the increment in specific surface area [3]; however, the stabilization of particle size
may be a critical issue in this approach.

Solid state dispersion is a particularly promising technique to enhance the solubility,
dissolution rate, and bioavailability of poorly water-soluble drugs and to resolve the stability problems
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of micronized/nanonized drugs, which are dispersed in an inert solid carrier or matrix either as
fine particles or molecularly [4]. This technique has numerous advantages from many aspects,
such as improved stability due to the probable interactions between the drug and carrier functional
groups [5], the increment of glass transition temperature of the solid dispersion matrix [6] or the
displacement of crystalline structure by an amorphous form [7,8], resulting in local solubility and
wettability improvement of poorly soluble drugs [9], and suppression of drug precipitation from
the supersaturated solution to achieve higher solubility and dissolution rate for the metastable drug
polymorphs connected to the carrier [10]. Solid dispersions may be divided into multiple classes
including solid solutions, drug–carrier complexes, glassy solutions or suspensions, simple eutectic
mixtures, and amorphous drug precipitates in a crystalline carrier [11]. Solid state dispersions can
be prepared with various methods including the fusion process, solvent method, fusion-solvent
method, spray drying, lyophilization, hot-melt extrusion, the electrospinning method, supercritical
fluid technology, and spraying on beads using a fluidized-bed coating system [2]. In the solvent
method, the drug and the carrier are dissolved in a suitable solvent, which will later be evaporated at
an elevated temperature or under vacuum. Then, supersaturation and simultaneous precipitation of the
components happens, resulting in a solid residue. Afterwards, organic and/or toxic solvents should be
completely removed under vacuum. For this purpose, many sensitive techniques can be used to detect
the trace amounts of solvents, such as differential scanning calorimetry (DSC), thermogravimetric (TG)
analysis, or differential thermal analysis (DTA) [2]. The upsides of this method are the ability to control
drug particle size by monitoring the temperature and the solvent evaporation rate [3], the capability
of evaporating solvents at a lower temperature, and reduced pressure for thermolabile drugs or for
frozen systems [2]. The downsides of this method are the difficulty of choosing the appropriate
solvent for both the drug and the carrier, since most of the carriers are hydrophilic while the drugs are
hydrophobic [12], the necessity of complete solvent removal, especially if the solvents can plasticize
the carrier [13], and the large volume of solvent required to dissolve both the drug and the carrier,
which is not economical in some cases [2].

Conventional drugs have many limitations, such as restricted drug solubility, undesirable
pharmacodynamics, side effects, short circulating time, and lack of selectivity [14–17]. Of the drugs
currently on the market, 90% are hydrophobic and poorly soluble or insoluble in water, which restricts
systemic delivery [18]. However, nanocarriers may improve solubility, absorption, permeation,
and retention in the target tissues, as well as the bioavailability, circulation time, and stability of drug
molecules [19]. Furthermore, they may protect various drug molecules from premature degradation
in the body and show higher uptake efficiency in the target cells compared to normal cells [20].
Nanotubes not only have an exemplary inner diameter of 5–6 nm, which makes them able to contain
therapeutic drugs and large biological molecules, but also a large surface area and distinct outside
geometry, which enable them to be modified and multi-functionalized [21].

Titanate nanotubes (TNTs) have particularly appealing characteristics, such as hydrophilicity,
biocompatibility, high surface area, stable tubular structures [22], controllable dimensions, tunable
geometries, surface chemistry, and the ability to modulate drug release kinetics [23]. In addition,
layered titanate nanostructures have been used in several industrial applications, such as pharmaceutics,
energy storage, photocatalysis, electronics, paints, and coatings. Moreover, 1D titanate nanomaterials
are receiving more scientific interest, evidenced by the fact that about one new paper is published daily,
according to an ISI Web of Science topic search [23]. Furthermore, TNTs can be used as drug carriers
since they can load a higher amount of drug compared to carbone nanotubes (CNTs) [24].

In a previous work, 70% ethanol solution was used as a solvent to prepare composites with various
drugs [25]. The selected solvent was able to improve the poor aqueous solubility of diclofenac sodium,
atenolol (ATN), and hydrochlorothiazide (HCT) [26–28] or improve the crystallization of the highly
water-soluble diltiazem HCl, while providing uniform process conditions for better comparability.
Nevertheless, the result revealed that the composite formation was suboptimal for ATN and HCT.
According to our hypothesis, the suboptimal solubility of the drug in the solvent, the featured
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crystal growth due to slow evaporation, and the intensive drug–solvent interactions may be possible
explanations. The present study aims to optimize the composite formation of TNTs with atenolol
(ATN) and hydrochlorothiazide (HCT), thus improving the solubility and bioavailability of the active
pharmaceutical ingredients (APIs). These drugs have poor bioavailability due to different reasons.
ATN belongs to the 3rd class of the Biopharmaceutical Classification System (BCS), so it has good
solubility but poor permeability, which results in a lower than 50% absorption rate from the GI tract,
especially if it is taken with food. HCT belongs to BCS class IV, so poor bioavailability is due to poor
solubility and permeability. The successful binding of these drugs to an appropriate nanocarrier
in nanocrystalline or especially in amorphous form may considerably increase their bioavailability.
Therefore, the selection of the optimal solvents and process conditions is essential for such drugs.

2. Materials and Methods

The titanate nanotubes (TNTs), TNT-ATN (TiATN), and TNT-HCT (TiHCT) composites were
prepared at the University of Szeged’s Department of Applied and Environmental Chemistry following
the general composite formation method described by Sipos et al. [25]. However, since composite
formation was not completely successful in the previous study, the 70% ethanol solution was replaced
with methanol (0.0168% water content) and 0.01 M aqueous solution of HCl (HCl 0.01 M) or with 1 M
aqueous solution of sodium hydroxide (NaOH 1M), DMF (0.012% water content), and DMSO (0.027%
water content) for the synthesis of TiATN and TiHCT, respectively. The water content of the solvents
was determined with Karl–Fisher titration. The solvents were purchased from Molar Chemicals Ltd.,
Budapest, Hungary. In addition, since TNTs exhibit instability below pH 2, TNTs treated with HCl
0.01 M were prepared as a reference to detect if this solvent may cause any change in the properties of
titanate nanotubes.

ATN and HCT were kindly supplied by TEVA Pharmaceuticals PLC, Debrecen, Hungary and
Gedeon Richter PLC, Budapest, Hungary, respectively. The excipients used for tablets were Avicel PH
112 (FMC Biopolymer Inc., Philadelphia, PA, USA), Tablettose 70 (Meggle Pharma GmbH, Wasserburg
am Inn, Germany), talc, and magnesium stearate (both from Molar Chemicals Ltd., Budapest, Hungary).

Hydrothermally synthetized TNTs were prepared by adding 120 g of NaOH in 300 mL of distilled
water on a magnetic stirrer for a few minutes and then adding 75 g of TiO2 for 15 min. After that,
the mixture was put in the autoclave at 185 ◦C for 24 h then cooled at room temperature for 2 h,
followed by cooling with cold water. TNTs were washed with distilled water under vacuum and by
using filter No:4.

TNTs with HCl 0.01 M were prepared by adding 50 g of TNTs in 300 mL of HCl 0.01 M in
an ultrasonic bath until a homogenous suspension was obtained. After that, 200 mL of HCl 0.01 M was
added to the previous suspension on a magnetic stirrer and the mixture was dried in a dry oven for
24 h to remove the solvent.

A 1:1 ratio of TiATN–methanol and TiATN–HCl composites were prepared by adding 50 g of
TNTs in 300 mL of methanol in an ultrasonic bath until a homogenous suspension was obtained and
50 g of atenolol in 200 mL of methanol on a magnetic stirrer. After that, the two mixtures were added
to each other on the magnetic stirrer, and the final mixture was put in a vacuum distillation device
until complete removal of the solvent.

To prepare a 1:1 ratio of TiHCT–NaOH composite, 50 g of TNTs were put in 1000 mL of NaOH 1
M in an ultrasonic bath to get a homogenous suspension, and 50 g of HCT was dissolved in 500 mL of
NaOH 1 M on a magnetic stirrer until complete dissolution. Furthermore, the two prepared mixtures
were added to each other on a magnetic stirrer until reaching homogeneity. After that, 130 mL of HCl
37% was added to neutralize the final mixture, which was washed with distilled water in a vacuum
dryer until pH = 9 to eliminate the solvent. Finally, the obtained powder was dried in a dry oven for
24 h to get the required composites TiATN and TiHCT.

A 1:1 ratio of TiHCT–DMF and TiHCT–DMSO composites were prepared by adding 50 g of TNTs
in 1000 mL of DMF in an ultrasonic bath and 50 g of HCT with 1000 mL of DMF on a magnetic stirrer.
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Then, the two prepared mixtures were added to each other on a magnetic stirrer until a homogenous
mixture was obtained, which was put in a vacuum distillation device to remove the solvent.

The morphology and size of the TNTs and composites were investigated by scanning electron
microscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo, Japan) and transmission electron microscope
(TEM) (FEI Tecnai G2 20 X-TWIN, Hillsboro, OR, USA). The APIs, TNTs, and the composites were
coated with a thin conductive gold layer by a sputter coating unit (Polaron E5100, VG Microtech,
London, UK) for the SEM measurements. The images were taken at an accelerating voltage of 10.0
kV, the used air pressure was 1.3–13 mPa during the analyses. TEM images were taken at 100 kV of
electron energy, and those images served to analyze the particle size of TNTs by using Image J 1.47 t
(National Institute of Health, Bethesda, MD, USA) software.

To detect the interactions between the APIs and the TNTs, a Thermo Nicolet Avatar 330 FT-IR
spectrometer (Thermo Fisher Scientific Ltd., Waltham, MA, USA) was used. Measurements were
performed with a Transmission E.S.P. accessory by using 256 scans at a resolution of 4 nm and applying
H2O and CO2 corrections. Results were evaluated with Spectragryph 1.2.8 software (Friedrich Menges,
Obersdorf, Germany). For better comparability of the original spectra of ATN and HCT with the
TiATN and TiHCT composites, respectively, the signal of TNTs was subtracted from the composite
spectra and the spectra were normalized to the highest peak which belongs to C=O stretching.

The surface free energy of the prepared samples was determined with a DataPhysics OCA20
(DataPhysics Instruments GmbH, Filderstadt, Germany) optical contact angle tester by using the sessile
drop method. Polar and apolar test liquid (water and diiodomethane) were used and dropped onto
the surface of 13-mm-diameter tablets prepared with a Specac hydraulic press (Specac Ltd., Orpington,
UK) at a pressure of 3 tons. Disperse (γs

D) and polar (γs
P) components of the total surface free energy

(γs) of the solid were calculated according to Wu Equations (1) and (2).

(1 − cosΘ1)γ1 = 4(((γ1
Dγs

D)/(γ1
D + γs

D)) + ((γ1
Pγs

P)/(γ1
P + γs

P))), (1)

(1 − cosΘ2)γ2 = 4(((γ2
Dγs

D)/(γ2
D + γs

D)) + ((γ2
Pγs

P)/(γ2
P + γs

P))), (2)

where γ1 is the surface tension of the first and γ2 is the surface tension of the second liquid.
Polarity was calculated according to the following Equation (3):

Polarity = УsP/Уs × 100. (3)

The thermal behavior of TNTs, APIs, and composites was determined by thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analysis. TGA and DSC tests were
performed by a Mettler Toledo TGA/DSC1 simultaneous analyzer (Mettler-Toledo Ltd., Budapest,
Hungary) in which the samples were heated steadily from 25 to 500 ◦C with a heating rate of 10 K/min,
using nitrogen as purge gas. The mass of the samples was 10 ± 1 mg in a closed aluminum pan (100 µL).
The curves were evaluated with STARe Software (Mettler-Toledo Ltd, Budapest Hungary). To compare
the curves of the API, TNTs, and the composite, the results were normalized to sample weight and to
the temperature of the reference pan.

Tablets containing APIs or API–TNT composites (Table 1) were formulated to study drug
release. The powders were mixed with a Turbula mixer (Willy A. Bachofen Maschinenfabrik AG,
Muttenz, Switzerland) for 8 min without magnesium stearate and for an additional 2 min with it.
Tablets (300 mg) containing 50 mg of API were prepared with a Korsch EK0 eccentric tablet press (E.
Korsch Maschinenfabrik GmbH, Berlin, Germany) instrumented with strain gauges and a displacement
transducer using 10-mm-diameter flat punches and a 5 kN compression force for all compositions.
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Table 1. Compositions of active pharmaceutical ingredient (API) and titanate nanotube
(TNT)–API tablets.

Materials API Tablets TNT-API Tablets

API 16.7% -
TNT–API - 33.3%

Avicel PH 112 50.0% 39.5%
Tablettose 29.3% 23.2%

Talc 3.0% 3.0%
Mg stearate 1.0% 1.0%

Drug release was determined with an Erweka DT700 (Erweka GmbH, Heusenstamm, Germany)
dissolution tester using the USP II method. Dissolution was applied at 37 ◦C using pH 1.2 enzyme-free
artificial gastric juice as dissolution media. Samples of 5 mL were taken after 5 min, 10 min, 15 min,
30 min, 60 min, 90 min, and 120 min. The concentration of the released drug was measured with
a ThermoScientific GENESYS 10S UV–Vis spectrophotometer (Thermo Fisher Scientific Ltd., Waltham,
MA, USA), and the results were evaluated with Sigmaplot v12 (Systat Sofware Inc., San Jose, CA,
USA) software.

3. Results

3.1. Properties of the TNTs

Hydrothermal synthesis produces TNTs with asymmetric, open-ended, and particular spiral
cross-sectioned tubular structure [25]. The dimensions and surface characteristics of TNTs are sensitive
to the synthesis conditions. Since the present work compares the properties of freshly synthetized
TNTs and TNT–API composites with those from the previous work [25], the appropriate reproduction
of the properties of the starting TNTs was essential.

According to TEM images (Figure 1a), TNTs were effectively prepared without nanowire formation.
The obtained TNTs had an average length of 116.22 nm (SD ± 49.49 nm) and an average diameter of
10.99 nm (SD ± 10.15 nm), which considerably approaches the previously described results of Sipos
et al. [25]. The SEM images (Figure 1b) also exhibited the characteristic aggregates of almost distinct
and randomly oriented TNTs. Furthermore, the results of the contact angle measurements showed no
significant difference in the surface characteristics of the new and the previous batch of TNTs (Table 2).

TNT–HCl samples were also prepared as a reference to investigate the effect of diluted 0.01 M HCl
on the properties of TNTs (Figure 1c,d) since strong acidic media may induce the decomposition of the
nanotubular structure. The dimensions of TNT–HCl were slightly smaller than TNTs, with an average
length of 83.92 nm (SD ± 42.48 nm) and an average diameter of 8.78 nm (SD ± 1.76 nm). However,
neither the surface characteristics (Table 2) nor the FT-IR spectrum (Figure 2) showed a significant
difference from the results of the native TNTs. Thus, no considerable difference was expected in the
behavior of TNT and TNT–HCl from the aspect of composite formation ability.
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Figure 1. TEM (a,c) and SEM (b,d) micrographs of TNTs (a,b) and TNT–HCl 0.01 M (c,d).

Table 2. Surface free energy and polarity of TNTs, atenolol (ATN), hydrochlorothiazide (HCT),
and their composites.

Material Уs (mJ/m2) SD УsDisp (mJ/m2) SD УsPol (mJ/m2) SD Polarity %

TNTs (previous) 80.72 ±0.64 43.78 ±0.54 36.94 ±0.35 45.76
TNTs (current) 80.85 ±1.18 44.55 ±0.53 36.31 ±1.04 44.90

TNT–HCl 78.63 ±2.07 43.10 ±0.27 35.53 ±2.05 45.19
ATN 59.48 ±3.99 36.70 ±2.96 22.77 ±2.68 38.20

TiATN–ethanol 60.14 ±4.25 40.45 ±1.48 19.68 ±3.87 32.72
TiATN–methanol 58.04 ±2.01 37.12 ±1.19 20.92 ±1.47 36.04

TiATN–HCl 68.37 ±2.26 34.83 ±0.05 33.54 ±2.26 49.06
HCT 69.51 ±2.71 43.33 ±0.79 26.18 ±2.59 37.60

TiHCT–ethanol 78.25 ±0.86 44.65 ±0.57 33.60 ±0.64 42.93
TiHCT–NaOH 1M 77.54 ±1.89 44.52 ±0.80 33.02 ±1.71 42.59

TiHCT–DMF 71.47 ±2.63 42.53 ±0.29 28.94 ±2.63 40.49
TiHCT–DMS 73.92 ±1.42 45.29 ±0.08 28.63 ±1.42 38.72
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Figure 2. FT-IR spectra of TNTs and TNT–HCl 0.01 M.

3.2. Effect of Various Solvents on Composite Formation with ATN

SEM images (Figure 3) show that the composite formation was insufficient for TiATN–ethanol
(Figure 3b) since the smooth-surfaced particles of crystalline ATN (Figure 3a) are clearly visible beside
the aggregates of TNTs. In contrast, a strong surface coverage of ATN particles with TNTs may
be observed in the micrographs of the TiATN–methanol sample (Figure 3c), indicating a stronger
interaction but still insufficient composite formation between the drug and the carrier. A rough surface
and highly ordered aggregations can be observed in TiATN–HCl (Figure 3d), which may indicate
a more adequate composite formation and the accumulation of ATN nanocrystals on the surface of the
composite without the existence of individual ATN crystals.

Figure 3. SEM micrographs of atenolol (a), TiATN–ethanol (b), TiATN–methanol (c), and TiATN–HCl
0.01 M (d).

Interestingly, the γs (Table 1) for TiATN–ethanol and TiATN–methanol were almost identical to
ATN, which may indicate not pure TNTs but TNT–ATN composites aggregated to the surface of bigger
ATN particles. However, the γs and polarity values for TiATN–HCl were distinctly different from
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the pure ATN and TNTs, which may reflect not only a kind of interaction between NH3
+ from ATN

and the hydrophilic sites in TNTs enriching the hydrophobic regions in TNTs, but also a different
particle-forming mechanism than in the case of other solvents, which leads to a different expected
behavior during processing and use.

Nevertheless, the consequences drawn from the morphological investigations were only partially
supported by the DSC/TG and FT-IR measurements. It is visible in Figure 4 that the DSC curve of
ATN contains an endothermic and a broad exothermic peak. The sharp endothermic peak at 155.21 ◦C
represents the fusion of the compound, and the exothermic peak describes its decomposition, which is
supported by the TG curve of ATN. Similarly, TiATN–ethanol and TiATN–methanol composites
have an endothermic peak at 161 ◦C and 159.84 ◦C, respectively. A decrease in the enthalpy of
fusion was noticed from −154.795 Jg−1 in ATN to −74.97 Jg−1 and −50.71 Jg−1 in TiATN–ethanol
and TiATN–methanol, respectively, which suggests that poor composite formation was achieved by
using ethanol or methanol as solvent. Only a minor size reduction may be concluded in the case
of TiATN–methanol. In contrast, the shift of the fusion temperature was higher in the TiATN–HCl
composite, and the enthalpy of fusion significantly decreased to −40.55 Jg−1, which may be explained
by the stronger interactions and by the considerable particle size reduction of ATN [29], which was
in accordance with the SEM images where less crystallization was observed. These results were also
supported by the FT-IR spectra, which displayed no substantial differences between the spectra of
ATN, TiATN–ethanol, and TiATN–methanol (Figure 5), whereas the appearance of a new peak at
1560 cm−1 indicating the protonation of the carbonamide group and wide low intensity peaks between
1900–2100 cm−1 and 2300–2500 cm−1 indicating the protonation of the secondary amino group were
noticed in the spectrum of TiATN–HCl.

For better comparability, the spectra of ATN and its composites were normalized to the C=O
stretching peak at 1637 cm−1 (Figure 5). The characteristic peaks of pure ATN at 2964 cm−1 (C–H
stretching in CH3), 2922 cm−1 (C–H stretching in CH2), 2865.8 cm−1 (C–H stretching), 1614 cm−1

(conjugated C=C in the aromatic ring), and 885.9 cm−1 (C=CH2 vibrations) did not show considerable
differences, indicating that the C–C skeleton of the molecule is not affected by the composite formation
process. However, the minor left-shift of the peak at 2800 cm−1 indicates the involvement of the
secondary amino group in the drug carrier interactions in TiATN–HCl samples. A considerable
decrease in the relative intensity at 3356 cm−1 can be noticed in TiATN–methanol and TiATN–HCl
compared to ATN and TiATN–ethanol, which refers to the participation of the secondary –OH as
a hydrogen donor in TNT–ATN conjugation. Furthermore, a similar decrease of the relative intensity
of the peak at 3173 cm−1 may be observed for TiATN–methanol and TiATN–HCl, which indicates
the participation of the carbonamide group in hydrogen bonding formation. The shift of the peak
from 1637 cm−1 to 1650 cm−1 and 1659 cm−1 in TiATN–HCl and TiATN–ethanol samples, respectively,
and the appearance of a peak at 1558 cm−1 in TIATN–HCl also supports the participation of the amide
N as H donor and the C=O as H acceptor in the conjugation process. Moreover, the appearance of
a new broad peak at around 2000 cm−1 indicates the formation of ATN chloride salt. The shift of the
peak in TiATN–ethanol from 1382 cm−1 to 1385 cm−1, belonging to the associated β-OH vibration,
indicates the role of the secondary alcohol in the conjugation. Similar, but stronger shifts of the peaks
belonging to the β–OH deformation vibration were also observed in TiATN–HCl, which indicates
stronger association between TNTs and ATN in this sample.
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Figure 4. Differential scanning calorimetry (DSC) and thermogravimetric (TG) curves of TNT, ATN,
TiATN–methanol, TiATN–ethanol, and TiATN–HCl.

Figure 5. FT-IR spectra of atenolol, TiATN–ethanol, TiATN–methanol, and TiATN–HCl 0.01 M.

All of these data indicate considerable solvent-dependent differences in the formation process of
TiATN composites. The surface characteristics and SEM images of TiATN ethanol samples indicate that
ATN nanocrystals covered Ti nanotubes and also that bigger ATN crystals may be found in the system.
This may be explained by the phenomenon that the highest solubility of ATN can be observed in the
70 w/w% ethanol solution [27]. The fast evaporation of the ethanol content during solvent removal may
induce the fast supersaturation of the solution, which can result in intensive nanocrystal formation
on the surface of TNTs as nuclei. On the other hand, the rest of the ATN may undergo a slower
crystallization process due to the slower evaporation rate of and strong H-bond-based interactions with
water. Similarly, the fast evaporation of the water-free methanol featured fast nanocrystal formation on
the TNTs surface and resulted in stronger composites. Nevertheless, despite the slow evaporation
rate, the strongest reaction between TNTs and ATN was achieved by using HCl 0.01 M as a solvent.
This may be explained by the protonation of the carboxyl amide and secondary amino groups of ATN,
which results in repulsion between ATN molecules and may increase their H-bonding strength in the
presence of polyfunctional carriers such as TNTs [30]. These effects also lead to featured ATN–TNT
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interactions, which result in an increased dissolution rate from the composites due the formation of
stable nanocrystals on the carriers’ surface (Figure 6).

Figure 6. Dissolution study of TiATN composites in gastric juice (non-sink conditions).

3.3. Effect of Various Solvents on the Composite Formation with HCT

The SEM micrographs reveal a strong recrystallization of HCT (Figure 7a) from ethanol and NaOH
(Figure 7b,c) with the appearance of HCT crystals covered by the composites. In contrast, in the case of
TiHCT–DMF and TiHCT–DMSO (Figure 7d,e), no considerable recrystallization was observed and only
strong compacts of TNTs with increased thickness are visible, which indicates an appropriate loading
of the nanotubes with the API, which was also supported by the results of the OCA measurements
(Table 1) and DSC analysis.

The OCA results revealed that γs and polarity values for TiHCT–ethanol and TiHCT–NaOH were
higher compared to HCT due to the accumulation of TNTs on the surface of HCT crystals, whereas
TiHCT–DMF and TiHCT–DMSO showed γs values similar to HCT due to the surface coverage of TNTs
with HCT molecules.

The DSC curve of HCT reveals that the fusion of the API could be recognized near 270.67 ◦C,
which was followed by a characteristic exothermic event near 320 ◦C, ascribed to the decomposition of
the material (Figure 8). There was a slight shift in the melting peak in TiHCT–NaOH composites to
269.74 ◦C, which indicates poor composite formation from this solvent. This can be explained by the
long evaporation time of the aqueous medium, which resulted in the domination of crystal growth and
not the core formation. This effect is also strengthened by the deprotonation of the sulfonamide group,
which decreases the H-bond-forming ability of HCT. A higher shift in the melting peak was noticed
at 257.2 ◦C and 234.17 ◦C in TiHCT–ethanol and TiHCT–DMF, respectively; this reflects a stronger
interaction when using ethanol and DMF. In the case of TiHCT–ethanol samples, the explanation may
be the same as for ATN: that the fast evaporation of ethanol indicates nuclei formation, while the slow
evaporation of water features the growth of HCT crystals. In contrast, despite the slower evaporation
rate, an improved composite formation was expected for the water-free DMF and DMSO due to
their aprotic nature, which induced the recrystallisation of HCT on the surface of TNTs as nuclei.
The expectation was confirmed for DMF but interestingly, no fusion peak can be seen in the case of
TiHCT–DMSO composites, which can be explained by the formation of amorphous HCT particles
instead of nanocrystals. All these findings were in accordance with the results of the X-ray powder
diffraction (XRPD) results (Figure 9).
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Figure 7. SEM micrographs of HCT (a), TiHCT–ethanol (b), TiHCT–NaOH (c), TiHCT–DMF (d),
TiHCT–DMSO (e).
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Figure 8. DSC and TG curves of TNT, HCT, TiHCT–ethanol, TiHCT–NaOH, TiHCT–DMF,
and TiHCT–DMSO.

Figure 9. X-ray diffractograms of HCT and its composites.

It is clearly visible that the X-ray diffractogram of TiHCT–DMSO contains only the characteristic
peaks of the crystalline TNTs, which clearly indicates that we were able to bond HCT to TNTs in
an amorphous form, which is highly desirable to ensure an improved dissolution rate, while the other
composites contained HCT in a (nano) crystalline form. Nevertheless, it is also notable that a new
polymorphic form of HCT was recrystallized from DMF (the metastable Form II or DMF solvate instead
of the starting stable form I) [31,32].

The spectra were normalized to the peak at 1319 cm−1 (Figure 10). The peaks at 3391 cm−1

belong to non-associated NH stretching, the right shift of this peak and that at 3269 cm−1 indicate the
increasing strength of interactions between TNT and HCT in the order of TiHCT–ethanol, TiHCT–NaOH,
TiHCT–DMF, and TiHCT–DMSO. The very strong association indicated by the merging of these peaks
in the case of DMSO may also be due to the amorphous state of the drug in the composite. The slight
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right-shift of the N–H bend signal at 1605 cm−1, and the change in the intensity ratio of the peaks at
1555 cm−1 and 1538 cm−1 also indicate the participation of sulfonamide and secondary amino groups
in the composite formation.

Figure 10. FT-IR spectra of HCT and its composites.

The minor modification of the C=N stretch signals between 1319–1375 cm−1 or the varying
intensities in the 420–910 cm−1 region due to C–Cl stretching alteration and benzothiazidine ring
skeletal vibration are also related to these interactions. Meanwhile, the left-shift and the merging of
the peak triplet at 1182 cm−1, 1058 cm−1, and 1151 cm−1 indicate the involvement of S=O groups as
hydrogen acceptors in the interactions.

The strength of interactions basically determined the dissolution rate of the drug from the
composites. There was no significant difference in the dissolution rates of pure HCT and TiHCT–ethanol
composites where the weakest interaction was observed (Figure 11). The increasing strength of the
interactions resulted in a controlled dissolution rate, which was similar to that of diclofenac–TNT
composites [25] and resulted in the switch of release kinetics from first order to power law model
described by Korsmeyer and Peppas. The most considerable elongation of drug release was observed
in the case of TiHCT–DMSO, despite the amorphous state of the drug, which may assume an increased
release rate due to the lack of a crystal lattice. It is also notable that the decrease in the release rate of
TiHCT–NaOH was higher than expected, which may be due to the large size of the HCT particles due
to the slow recrystallization of the drug from the solvent.
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Figure 11. Dissolution study of TiHCT composites in gastric juice (non-sink conditions).

4. Discussion

Based on these results, it may be concluded that choosing the appropriate solvent is essential from
the aspect of composite formation efficacy. The solubility of the API in the selected solvent is important
as regards process performance and economy, but its volatility and protic/aprotic nature seems to
be more important from the aspect of the strength and quality of composites. ATN exhibits good
solubility in 70 w/w% ethanol solution, methanol, and HCl 0.01 M. The Janus-faced properties of the
TiATN–ethanol sample may be explained by the fast supersaturation of the solution as a result of the fast
evaporation of the ethanol content followed by the slower removal speed of water, which induced the
concentration of ATN molecules and featured the formation of ATN–ATN bonds instead of ATN–TNT
ones. This latter effect was not observed during the fast removal of water-free methanol, while in
the case of 0.01 M HCl solution, the repulsive effect between protonated ATN molecules prohibited
the formation of ATN–ATN interactions despite the slower solvent removal speed. The featured
drug–carrier interactions and the stabilization of the drug in the nanocrystalline state highly improved
the dissolution rate from the TiATN composites.

In contrast, the results with HCT were not so obvious. HCT was dissolved in 70 w/w% ethanol
solution and NaOH 1 M as an analog of the experiments with ATN. However, the quality of the
TiHCT–NaOH composites was below expectations, which may be explained by the strong interaction
between the drug and the solvent, which may lead to the deprotonation of the drug molecule and may
decrease the intensity of drug–carrier interactions within the composites. To eliminate this effect, a pair
of aprotic solvents was applied, and DMF and DMSO were successful in forming the TiHCT composites
since H-bonding was featured between HCT and TNTs due to the lack of drug–solvent interactions.
Nevertheless, it is notable that despite the stabilized nanocrystalline form or HCT “recrystallizing”
from DMSO in an amorphous form, the very strong drug–carrier interactions resulted in an extended
release of the drug from the composites.

In conclusion, the selection of a highly volatile aprotic solvent may be the best way for the
preparation of strong TNT–API composites, but the use of protic solvents could also be advantageous
if it results in the protonation of the drug molecule. Nevertheless, care must be taken regarding the
strength of drug–carrier interactions since they may influence the detachment of the drug and therefore
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exhibit considerable influence on the characteristics of the products, determining processability,
release rate, and behavior in a biological environment.
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Introduction

Titanium dioxide nanoparticles (TiO2 NPs) are one 
of the most commonly applied nanoparticles in 
various fields, such as building engineering, agri-
culture, food and cosmetic industry, environmen-
tal protection or medicine (1). TiO2 NPs exist in 
three different structures: as anatase, rutile, and 
brookite (2) (Figure 1.), which differ in their crystal 
structure where the Ti-O bond length ranges are 
1.931- 2.004 Å for rutile, 1.914- 2.005 Å for anatase 
and 1.850- 2.099 Å for brookite (3). 

Despite that anatase is the most toxic form com-
paring to rutile and brookite (4), it has more in-
dustrial applications due to its photocatalytic ac-
tivity (2). Moreover, the global market presented 
117 various products in food and beverage field 
based on nanotechnology (5). It is allowed in USA 
to use TiO2 NPs in foodstuff when its percentage 
does not exceed 1% of the total product weight (6). 
However, Europe is following the “quantum sa-
tis” concept (7). Furthermore, a child can take 2-4 
times more TiO2 NPs/ 1  kg of body weight (bw) 

per a day in comparison to an adult person, which 
was determined in Great Britain as 2–3 mg TiO2/kg 
bw/day for children less than 10 years old, where-
as adults can take about 1 mg TiO2/kg bw/day(4). 
Nevertheless, the vast TiO2 NPs applications in 
food industry resulted in diverse debates on their 
safety, regarding to toxicity considerations. TiO2 
NPs pigment is categorized as a prospective carci-
nogenic factor from group 2B by the International 
Agency for Research on Cancer (IARC)(8). In con-
trast, there is no matter of concern on the safety of 
E171 (titanium dioxide) in 2016 according to the 
European Food Safety Authority (EFSA)(7). Never-
theless, there are no adequate research data on the 
acceptable daily intake of TiO2 NPs and the safety 
margin was determined as 2.25  mg TiO2 NPs/kg 
bw/day built on tests involving animals (7).

TiO2 NPs toxicity on human body has been con-
nected mostly to apoptosis (9) and some studies 
displayed that TiO2 NPs may cause DNA damage 
(10) and disturb glucose and lipid homeostasis in 
mice and rats. In addition, TiO2 NPs may accumu-
late in the lungs, alimentary tract, liver, kidneys, 

Titanate nanotubes (TNTs) are promising vectors for drug delivery due to their unique physicochemical properties such as biocom-
patibility, mechanical strength, and chemical resistivity. However, considering their strong hydrophilicity, pristine TNTs exert very 
limited permeability through the intestinal cell layer. The aim of this study was to turn the surface characteristics and thus enhance 
the permeability of TNTs by functionalization. TNTs were functionalized with trichloro(octyl)silane (TCOS) and magnesium stearate 
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spleen, heart, and cardiac muscle after inhalation 
or oral exposure (11). Interestingly, the nanoparti-
cle size influences their toxicity and accumulation 
in different organs in which the larger particles 
with 80 nm size are largely assembled in the liver 
whereas the smaller particles with 25 nm diameter 
can accumulate in the spleen and slightly in the 
lungs and kidneys after a one-time oral adminis-
tration to mice (12).

TiO2 NPs modification with polyethylene glycol 
(PEG) decreases the cytotoxicity and the induction 
of stress-related genes (13). Furthermore, the pres-
ence of PEG combining catalytic chain transfer 
and thiolene polymer layers around TiO2 NPs 
leads to not only the reduction of protein adsorp-
tion onto their surface, but also the reduction of 
the size of aggregated particles and the alteration 
of particle surface chemistry that results in an in-
creased cellular uptake and diminishment of cyto-
toxicity for both human lung epithelial cell lines 
A549 and NCI-H1299 (14).

The extent of TiO2 NPs absorption from the gas-
tro-intestinal tract (GIT) into systemic circulation 
depends on many factors such as species, type of 
nanoparticles, size, dispersability or particle 
charging (15). Recent studies indicated that TiO2 
NPs were barely transferred from the GIT into the 
blood circulation in humans and rats. Further-
more, there was no impact of the particle size on 
their absorption when administrating a single 
dose of TiO2 NPs (5 mg/kg bw/day) with different 
particle sizes (15  nm/ 100  nm/ < 5000  nm), which 
may related to their hydrophilicity (16).

TiO2 nanostructures have been reported to 
cause neurological risk after passing the blood– 

brain barrier (17, 18). Another studies reported the 
accumulation of TiO2 nanostructures without me-
tabolism in some organs such as the liver and 
spleen, and with a less degree in the brain, kid-
neys, lungs, GIT and heart (19, 20). Many factors 
play a role in the tissue distribution of TiO2 nano-
structures such as their morphology (21), size and 
surface charge (22, 23).

Different tissue distribution and toxicity pro-
files were demonstrated after a single and succes-
sive intravenous administration of TiO2 nano-
tubes, rods, and ribbons in rats, in which nano-
tubes displayed the most toxic effect and the larg-
est accumulation, following that nanorods and 
ribbons (21).

Ren et al, investigated the toxicity, uptake path-
ways and excretion of TNTs in three strains of 
free-living ciliates of the genus Tetrahymena 
which are a wild type strain (SB210) and two mu-
tant strains (SB255, NP1) (24). The results revealed 
that TNTs caused cytotoxicity in high concentra-
tions. Using 10 mg/l of TNTs for 120 min resulted 
in their accumulation in NP1 and SB255 in a high-
er or comparable percentage comparing to SB210, 
whereas using 10 mg/l of TNTs for 24 h caused a 
larger decline in cell density of NP1 (38.2 %) and 
SB255 (36.8 %) in comparison to SB210 (26.5 %) 
(24).

TNTs are of emerging interest amongst the TiO2 
derived nanomaterials since their nanotubular 
structure bears special advantages in various ap-
plication fields (25). Therefore, they became prom-
ising alternatives of carbon-based nanotubes, es-
pecially since they showed no cytotoxicity in a 7 
days incubation study on A549 lung epithelial cell 
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lines, in contrast with single-walled- and multi-
walled carbon nanotubes (26). Similarly, no cyto-
toxicity was observed on Caco-2 cells up to 5 mg/
ml concentration, so hydrothermally synthetized 
TNTs are promising vectors also for intestinal 
drug delivery, since they do not cause cytotoxicity 
in short-term treatment and no notable number of 
TNTs was identified. However, non-tubular high-
density granules were detected on the surface of 
the endoplasmic reticulum in the treated cells and 
these granules were identified as TiO2 NPs that 
passed into the Caco-2 monolayer (27). Neverthe-
less, it is notable that the surface charge and char-
acteristics seems to play a key role in titanate cyto-
toxicity. Sodium titanate NaxTiOy+z exhibit low 
risk (26-28) from toxicological aspect, hydrogen ti-
tanate HxTiOy+z bears considerable risk of cyto-
toxic effects investigated on H596 human lung tu-
mor cell line (28, 29) and on HEp-2 cells (30). Simi-
lar signs were observed in some mammalian cell 
lines investigating manganese or potassium titan-
ate nanotubes and nanofibers possibly by the pro-
moting of reactive oxygen species (31, 32). 

The functionalization of nanomaterials is im-
portant to improve their surface characteristics 
and achieve the targeted drug delivery. TNTs have 
negative charge at physiological pH due to their 
partially hydroxylated surface, thus they can inter-
act with different molecules (33). TNTs functional-
ization enhances their stability and increase their 

capacity as drug carriers (34). A variety of mole-
cules have been used in TNTs functionalization 
such as using dopamine; tris buffer; bone morpho-
genetic protein 2 (BMP2) to improve the bone os-
seointegration, allyltriethoxysilane; propyltrieth-
oxysilane to achieve stable suspensions in tetrahy-
drofuran (THF), and chitosan to control the drug 
release; PEG or polyethylene imine (PEI) to im-
prove the dispersion and reactivity of TNTs in wa-
ter, antimicrobial peptides (HHC-36) to stop the 
biofilms formation, and 3-aminopropyltriethoxysi-
lane or RGD peptide to enhance the human mes-
enchymal stem cells (hMSCs) attachment and pro-
liferation (25). The aim of present study was to de-
velop functionalized TNTs with tailored surface 
characteristics for drug delivery applications and 
investigate how the functionalization of the highly 
hydrophilic TNTs will increase their hydrophobic-
ity and may influence their toxicity profile and 
their absorption from the gastro-intestinal tract. 

Materials and Methods:

The pristine sodium trititanate (Na2Ti3O7) nano-
tubes (Na-TNTs) were prepared at the following 
the general method described by Sipos et al. (35), 
by dissolving 120 g of sodium hydroxide (NaOH) 
in 300 mL of distilled water on a magnetic stirrer 
and then adding 75 g of TiO2 (anatase) for 15 min. 
Following that, the mixture was moved to the au-

Figure 1 The primitive unit cell of (a) rutile, (b) anatase and (c) brookite TiO2.
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toclave that was put inside an oven at 185°C for 24 
h, then cooled at room temperature for 2 h, fol-
lowed by cooling with cold water. Then, TNTs 
were washed with distilled water using filter No:4 
and under vacuum (35). 

Trichloro octyl silane (TCOS) (Sigma-Aldrich, 
St. Louis, Missouri, United States) were attached 
to hydrogen trititanate (H2Ti3O7) nanotubes (H-
TNTs). H-TNTs were prepared by adding 50 g of 
the pristine Na-TNTs in 300 mL of HCl 0.01 M in 
an ultrasonic bath until a homogenous suspension 
was obtained. Following that, 200 mL of HCl 0.01 
M was added to the previous suspension on a 
magnetic stirrer and the mixture was dried in a 
dry oven for 24 h to remove the solvent. 

TOCS-TNTs were prepared by adding 0.5 g of 
H-TNTs to 15 mL of toluene in ultrasonic bath for 
1 h until a homogenous suspension was obtained. 
After that, the suspension was heated at 80 °C in a 
condenser which was connected to nitrogen gas 
for 30 min. Then, TCOS was added to the previous 
system in different volumes, e.g. 1- 2- 10- 50- 100- 
500- 1000 µL, covering the 0.001:1 - 2:1 molar ra-
tios, respectively and mixed for one day. Finally, 
the functionalized TNTs were washed by hexane 8 
times and dried in a drying oven at 80 °C (Sanyo 
Electric Co., Ltd, Osaka, Japan).

Mg-stearate (MgSt) functionalized TNTs were pre-
pared in two step process. In the first step sodium ions 
of Na-TNTs were replaced with Mg by adding 100 g of 
Na-TNTs to 1L of 0.1M MgCl2 solution on magnetic 
stirrer for 1 day. Then, the mixture was filtered by using 
glass filter No#4 under vacuum to obtain magnesium tr-
ititanate (MgTi3O7) nanotubes (Mg-TNTs). This proce-
dure was repeated three times to make sure that no Na-
TNTs are existing anymore. Then, Mg-TNTs were 
washed with distilled water 8 times under vacuum and 
by using glass filter No#4. After that, 10 g of Mg-TNTs 
were added to 200 ml of distilled water in ultrasonic 
bath for 30 min. Following that, the mixture was heated 
to 80 °C in a magnetic stirrer (Thermo Fisher Scientific, 
Waltham, MA, USA) and Na stearate (VWR Interna-
tional, Radnor, Pennsylvania, United States) was added 
in different (e.g. 0.001:1-0.1:1) molar ratios to this sys-
tem for 1 night. Finally, St-TNTs were filtered by using 
filter No#4 under vacuum and dried in a drying oven. 

The morphology of the different preparation of 
TNTs was investigated by scanning electron mi-
croscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo, 
Japan) in which samples were coated with a thin 
conductive gold layer by a sputter coating unit 
(Polaron E5100, VG Microtech, London, UK). The 
images were taken at an accelerating voltage of 

10.0 kV, and the used air pressure was 1.3–13 mPa 
during the analyses. The size of the nanotubes de-
termined using ImageJ 1.51. (National Institute of 
Health, MD, USA).

The surface free energy of the functionalized TNTs 
was measured with a DataPhysicsOCA20 (DataPhysics 
Instruments GmbH, Filderstadt, Germany) optical con-
tact angle tester applying sessile drop method. Polar 
and apolar test liquids (water and diiodomethane, re-
spectively) were used and dropped onto the surface of 
13-mm-diameter additive-free comprimates of the sam-
ples, which were prepared with a Specac hydraulic 
press (Specac Ltd., Orpington, UK) at a pressure of 3 
tons. Disperse (γs

D) and polar (γs
p) components of the 

total surface free energy (γs) of the solid were calculat-
ed according to Wu Equations [17].

CHNS elemental analysis was applied for the 
rapid determination of carbon, hydrogen, nitro-
gen, and sulphur in organic materials. Samples 
were analyzed to detect the H, C, N, and S con-
tents in a vario EL cube elemental analyzer (Ele-
mentar, Langenselbold, Germany). Sn-foils were 
filled with 50 to 100 mg samples (no flux added) 
which were ignited in oxygen–He gas atmosphere 
furnace at around 1150 °C. N, C, H, and S were 
analyzed by releasing the resulted gases in a set of 
chromatographic columns and analyzing those 
gases with a thermal conductivity detector. The 
sample measurement time was 9 mins and was re-
peated 3 times. All values were calibrated against 
the reference materials BAM-U110, JP-1, and 
CRPG BE-N. 

Unfunctionalized nanotubes (Na-, H- and Mg-
TNTs), and samples with the possible highest, and 
moderate hidrophobicity were selected form 
TCOS- and St-TNT series were selected for toxici-
ty and permeability tests. Permeability and cyto-
toxicity experiments were tested on Caco-2 hu-
man adenocarcinoma cell line. Cells were main-
tained at 37°C in a 5% CO2 atmosphere by regular 
passage in Dulbecco’s modified Eagle’s medium 
(Sigma–Aldrich), supplemented with 2 mM L-glu-
tamine, 100 mg/l gentamycin and 10% heat inacti-
vated foetal bovine serum (Sigma-Aldrich). The 
passage number of the cells was between 25 and 
42. Dulbecco’s modified Eagle’s medium (Sigma–
Aldrich) was used to keep the cells’ regular pas-
sage in average of 25 to 42. Both experiments were 
performed 7 days after cell passaging when the 
monolayer was formed. The reagents were pur-
chased from Sigma-Aldrich (Budapest, Hungary) 
and Caco-2 cell line was originated from the Euro-
pean Collection of Cell Cultures (UK). The cells 
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had been monitored before and after the treat-
ment via Olympos CKX41 Inverted Microscope by 
eye estimation. The monolayer did not show any 
alteration during the procedure. 

Cytotoxicity was tested by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(Sigma catalog no. M2128)(MTT) assay in which 
Caco-2 cells were implanted in 96-well plates at a 
final density of 104 cells/well (VWR International, 
Radnor, Pennsylvania, United States) and exposed 
to increased concentrations of TNT in Hank’s bal-
anced salt solution (HBSS) at 37°C for 120 min. 

The 5 mg/ml solution of MTT in PBS was fil-
tered to sterilize and remove the remaining insol-
uble residue of MTT. The MTT solution (10 µl/100 
µl medium) was added to all wells which were in-
cubated at 37°C for 4 h followed by the addition of 
HCl-isopropanol which was mixed rigorously to 
dissolve the dark blue crystals. Within one hour, 
the plates were read on a Dynatech MR580 Micro-
elisa reader using a test wavelength of 570 nm, a 
reference wavelength of 690 nm and a calibration 
setting of 1.99 (or 1.00 if the samples were strongly 
colored). Extreme high concentrations were ap-
plied to evaluate MTT test sensitivity in these 
measurements. To exclude any interferences be-
tween the absorbance of living cells performed 
formazan crystals and the test solutions, a phos-
phate buffer (PBS) washing method had been de-
ployed after the TNTs sample incubation. Cell via-
bility was represented as a percentage of the un-
treated control.

To test permeability, Caco-2 cells were seeded 
on ThinCert™ (Greiner Bio-One, Hungary) inserts 

at a final density of 8x104 cells/insert, and mon-
olayers were incubated apically with 1 mg/ml 
TNT for 120 min after removing cell culture medi-
um. The donor and acceptor phases were then 
completely removed. The concentration of Ti in 
the two phases were measured with an energy 
dispersive X-ray fluorescent analyzer (Philips 
MiniPal PW 4025, Philips Analytical, the Nether-
lands), using standard sample holder, with a 3.6 
µm thick polyesterpetp X-ray film. The internal 
diameter of the sample holders was narrowed to 8 
mm to ensure approx. 1 cm layer thickness, with 
500 µL sample volume. 30 s measurement time 
was applied with 100 µA current and 8 kV accel-
eration voltage, using Kapton filter. Six parallel 
measurements were performed with each sample.

Results and discussion

Physical properties of the functionalized TNTs 

Pristine Na-TNTs (Figure 2a) have considerably 
elongated structure with 8-12 nm outer diameter, 
and highly variable length (100-1000 nm). H-TNTs 
(Figure 2b) exert identical physical dimensions but 
have increased aggregation tendency due the de-
creasing electrostatic repulsion resulted by the re-
moval of Na+ ions. Mg-TNTs (Figure. 2c) have the 
same 8-12 nm outer diameter but the mechanical 
agitation during the ion-exchange procedure re-
sulted considerable fragmentation, so the length 
of the nanotubes varies mostly in the 100-300 nm 
range. Similar fragmentation of the longer nano-
tubes was observed in case of the functionalized 

Figure 2 Scanning electron micrographs of Na-TNT (a), H-TNT (b), Mg-TNT (c), TCOS-TNT 10 (d), TCOS-TNT 50 (e), 
St-TNT (0,05:1) (f) and St-TNT (0.1:1) (g) samples with 150.000x magnification
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samples (Figure. 2d-g) along with a slight incre-
ment of the outer diameter which depends on the 
amount and orientation of the functionalizing 
agent on the TNTs surface. Nevertheless, all sam-
ples have strongly elongated tubular structure 
with an aspect ratio >10.

The OCA measurement showed a gradual in-
crement in the aqueous contact angle with the in-
creasing volume of TCOS up to 100 µL volume. 
Those results were supported by the CHNS ele-
mental analysis that displayed a continuous aug-
mentation in carbon percentage with the increas-
ing amount of functionalizing TCOS (Figure.3). 

In contrast, the OCA measurement revealed 
that low concentrations of St could just slightly in-
crease the aqueous contact angle of the Mg-TNTs, 
but after the exceeding of a certain threshold 
around 0.035:1 ratio and despite the linear incre-
ment of the carbon content, the surface turned 
from hydrophilic to hydrophobic (Figure. 3). A 
possible explanation that above this threshold the 
St molecules are oriented differently on the sur-
face of TNTs, prohibiting the access of water to the 

sample. After that only a slight increment could be 
detected until it stabilizes between 80-90°, but it 
should be noted, that the maximum aqueous con-
tact angle is considerably smaller as in the case of 
TOCS-TNTs. 

Toxicity and permeability of the functionalized TNTs

In a previous study no detectable cytotoxicity of 
Na-TNTs was observed up to 5 mg/ml concentra-
tion (27), but in the current study a considerable 
decrease in cell viability was observed if Mg-TNTs 
were applied in this concentration (Figure 4). This 
may indicate that the replacement of Na+ to Mg2+ 
ions on the surface of TNTs also has negative in-
fluence on the cell interactions but based on the 
MTT cytotoxicity test it still be considered as non-
cytotoxic in the 0,01-2 mg/ml concentration range. 
In addition, considerable differences were ob-
served in the toxicity of various functionalized 
TNTs especially at higher concentrations. In case 
of St functionalized samples, the cell viability de-
crease was only observed at 5 mg/ml, which 

Figure 3 The aqueous contact angles (CA) and carbon percentage (C%) of TCOS-TNTs and St-TNTs at different reagent 
concentrations (CA of TCOS-TNT (black line); C% of TCOS-TNT (black dashed line), CA of St-TNT (red line), C% of St-
TNT (red dashed line)
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showed no difference from the values observed at 
Mg-TNTs. 

Permeability results: 

During permeability test the highest safe concen-
tration (1 mg/ml) was applied, to enable the 
achievement of higher maximum drug-dose dur-
ing further utilization. The transepithelial electri-
cal resistance (TEER) of the cells before TNTs ex-
posure was 602±116 Ω/cm2. For Caco-2 cells this 
value may vary in a very high range (200-2400 Ω/
cm2) (36), the obtained results indicate an intact 
cell layer. Nevertheless, a considerable relative de-
crease (22.1±16.7%, 12.4±11.1%, 37.1±8.4% and 
23.6±17.4% for TCOS-TNT 10, TCOS-TNT 50, St-
TNT (0.05:1), and St-TNT (0.1:1) samples, respec-
tively) of the TEER values was observed after 
TNTs exposure, indicating the perturbation of the 
integrity of cell-membrane or tight-junctions. 
However, microscopic investigation showed no 
change in the cell morphology or layer-integrity, 
before and after the test, which may indicate a pe-
riodic distortion of the membrane integrity by the 
penetrating nanotubes. Nevertheless, the relative 
change of various samples showed partial correla-
tion with the results of permeability tests (Table 1), 
which revealed that the aqueous contact angle 

(CA) values should be between 60-90° to achieve 
appropriate absorption, while the cell integrity 
was exhibited the smallest distortion for samples 
between 80-90°CA. Below 40° the surface is too 
hydrophilic to achieve passive transportation 
through the cell membrane, while in the 40-60° 
range the samples may absorbed considerably 
slower as the ones with 60-90° CA, and causes 
higher distortions in cell integrity, possibly due to 
the higher hydrophilicity. 

According to OCA and CHNS measurements 
for TCOS-TNTs, it is well visible that the increas-
ing amount of the reagent highly increased the 
surface hydrophobicity and complete surface cov-
erage was achieved by the application of 100 µL 
reagent volume (e.g. 0.2:1 molar ratio). However, 
the results were different in case of MgSt-TNTs 
where less St coverage resulted in getting a hydro-
phobic surface that may bear an advantage of 
keeping more binding sites for the drugs which 
may lead to a higher possible drug load in this 
system.

The toxicity results displayed a considerable 
decrease in the cell viability in case of TCOS-TNT 
10- and 50- samples, possibly due the use of H-
TNT as starting material, which would be in ac-
cordance of the previously discussed findings (28, 
29). However, no similar effect was shown by the 

Table 1 Results of the permeability tests
Material Apical amount (%) Basal amount (%)
TCOS-TNT 10 40,94±10,49 8,47±0,30
TCOS-TNT 50 27,94±14,83 8,39±0,24
TCOS-TNT 100 n.m n.m
St-TNT 47 26,98±6,66 8,75±0,78
St-TNT 94 27,16±11,13 11,49±0,67

n.m = not measurable

Figure 4 The viability assays of Caco-2 cells after being exposed to functionalized TNTs
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100- 500- and 1000 µL samples. A possible expla-
nation, that these samples were too hydrophobic 
for appropriate dispersion/dissolution in the 
aqueous media, and therefore were not taken up 
by the cells. On the other hand, the lower toxicity 
presented by MgSt-TNTs which was like Mg-
TNTs indicates that the effect may be connected to 
the presence of Mg2+ ions and not to the St mole-
cules.

In this study, the best permeability rate was ob-
served for samples with 90° CA, while in case of 
sample TCOS-TNT 100 where the CA was around 
140° no detectable amount was measured both in 
apical and basal compartment. A possible expla-
nation that due to the inappropriate wetting and 
dispersion, the TNTs were sedimented and ad-
hered to the cell layer without visible absorption 
through the membranes or were completely accu-
mulated in the cells, which would bear a potential 
risk of toxicity. Nevertheless, in both cases the 
sample is inappropriate for the planned applica-
tion.

Conclusions

In the present study, two various approaches of 
TNTs functionalization were compared to obtain 
increased hydrophobicity and enhance their ab-
sorption from GIT. TCOS, TCOdS and St were 
used for this purpose in different concentrations 
to optimize the functionalization method and de-
termine the optimal functionalization percentage. 

The results revealed a linear relation between 
the surface hydrophobicity and the concentration 
of the used TCOS and TCOdS. However, the dif-
ferent molecular size had no significant effect on 
the hydrophobicity of functionalized TNTs de-
spite the increasing percentage of carbon that was 
displayed by CHNS elemental analysis. The maxi-
mum hydrophobicity was achieved by using 100 
µL reagent which showed 140° aqueous CA. 

In contrast, St functionalized TNTs exhibited 
90° maximal aqueous CA, which depends nonlin-
early on the carbon content. The change in the sur-
face properties after a certain threshold may indi-
cate the changing orientation of St molecules on 
TNTs surface. This result indicates that turning 
the surface properties with St is more complicated 
and can be done in narrower range, but the opti-
mal surface hydrophobicity could still be 
achieved. Furthermore, the fact that Mg-TNTs ex-
hibit lower degree of cytotoxicity as H-TNTs, and 
the functionalization is done in aqueous medium 

instead of organic solvents supports the superiori-
ty of the St method for the proposed approach 
since the preparation was cheaper, faster, easier to 
be upscaled and less toxic.
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