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1. INTRODUCTION

One of the key challenges of pharmaceutical industry is to find suitable methods to
improve the processing, solubility and bioavailability of the available active substances.
From this aspect, the rapidly developing nanotechnology captivated the attention of many
medical scientists in recent years. Among others, organic and inorganic nanotubes got
into the focus of their curiosity due to their promising properties presented in various
scientific fields like physics, chemistry and electronics [1-4]. However, the strict safety
requirements of medical applications shortly decreased the number of potential nanotube
types for adaptation to medical use [5]. Despite the limiting factors, some inorganic
nanotubes such as titanate nanotubes (TNTs) proved to be feasible for therapeutic use [6].
Thereafter several research works were engaged in the investigation of TNTs from the
diagnostic to the active therapeutic fields. Considering that the term titanate nanotube
covers TNTs with extremely diverse physicochemical properties (different tubular
structure, length, drug carrying capacity, etc.), the unexplored medical aspects of TNTSs is
endless.

Regarding the pharmaceutical goals, the most essential and informative research topics
over the safety questions are the capacity of TNTs to carry nano-sized active
pharmaceutical ingredients (APIs), including the capability of TNTs to be loaded with
active substances and the association methods stabilizing the API-TNT composites, as

well as the processability and manufacturing of API-TNT composites.

2. AIMS

The purpose of the present research is to define the potential pharma-industrial benefits of
the utilization of hydrothermally synthesized TNT carriers in the manufacturing and
stabilization of nano-sized active substances. Within the confines of this purpose, the
present study aims to thoroughly investigate and determine the physicochemical
properties of API-TNT composites as well as to reveal the utility of composite formation
in tabletting with direct compression method.

The main endpoints of my research work are the followings:

- to determine the suitability of the API-TNT composite formation method

- to reveal the type(s) and strength of interactions inside the API-TNT composites



- to define the influence of composite formation on the physicochemical properties and
behaviour of the API

- to estimate the effect of the composite formation on the formulation of tablets with
direct compression and on the tablet properties

- to propose potential industrial utilization of TNTs

3. LITERATURE BACKGROUND

3.1. Synthesis methods of titanate nanotubes

The synthesis methods of titanate nanotubes may be classified into two big groups, the
synthesis of surface attached and free TNTs. The synthesis of surface attached TNTSs is
commonly based on anodization method [7-9] and plays a key role in implantology,
while the synthesis of free TNTs is mainly achieved by hydrothermal treatment of TiO,
[10-14]. As the present research work is focusing on the utilization of free TNTSs, the
hydrothermal synthesis method will be presented in details.

Titanate nanotubes are synthesized of titania, a versatile material used for diverse
applications such as medicine, cosmetics, paints, photocatalysis, etc. The first TNTs were
synthesised by Hoyer in 1996 but the method which came into general use was
documented by Kasuga et al. in 1998 and is known as alkali hydrothermal treatment [15,
16]. This method is widely used since it is easy, cheap and suitable for industrial-scale
production [17]. Furthermore, the alkali hydrothermal treatment is tuneable for the
structural parameters of the produced TNTSs like the length or width which is also a huge
advantage [18, 19]. Finally, this method is considered as eco-friendly due to its low
energy need, the aqueous solution media and the closed system reaction way [20]. The
considerable drawback of the method is its sensitivity to the synthesis conditions as pH,
temperature and duration of treatment [21].

The flowchart of the alkali hydrothermal synthesis is displayed in Fig. 1. The synthesis
process consists of two phases. In the first phase concentrated NaOH is added to the TiO;
powder and this suspension is mixed for a certain time applying high temperature. As a
result, some of the Ti-O-Ti bonds break up and Na™ ions take place of Ti* ions creating
Ti-O-Na and Ti-OH bonds in the system. Due to the electrostatic repulsion indicated by
the charge of the Na* compound, TiO, nanosheets evolve [22]. The second phase is the
acidic washing treatment with HCI. The acidic H* ions of HCI eliminate the Na* ions
from the bonds forming Ti-OH and, due to the dehydration of the Ti-OH structures, Ti-O-
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-H-O-Ti bonds are forming. As a result, the electrostatic repulsion disappear, and the
superficial Ti-Ti bond length decreases facilitating the roll up of the nanosheets. As a last
step, the charged components are eliminated from the system by a washing process with
deionised water [23].

Dehydration
process

Ti " ™~ Na.OH
O/ \0
TiO:2 nanotubes

Alkali
treatment n

Ti
0/ / Nanosheets
O folding
G . , Decrease in
Washing process bond distance

=" TiOH "> Ti.-OH (nanosheet) or Ii-O-H-O-Ti
hydrogen bonds

Ti
0/ l\\/\n Cl
Na

+
H-OH

Figure 1. Formation mechanism of TNTs by alkali hydrothermal treatment [24]

The source material of the TNTs may be the different initial forms of TiO, powder the
choice of which may influence the structural properties of the TNTs [20]. The synthesis
setups also strongly affect the product quality which on one hand provides large liberty in
product optimization while for the same reason demands careful and precise designing
and implementation of the procedure [25, 26]. The most important statements to be
considered are the followings: The optimal synthesis temperature is in the range of 100-
180 °C since below 100 °C no nanotube formation can be expected while above 180 °C
the nanotube formation slows down and nanorods appear instead [27, 28]. As for the
optimal duration of the synthesis it has been revealed that on 150 °C the increase of
stirring time from 2 hours to 72 hours increased the nanotube production from 0 % to 80
%. Accordingly the synthesis is normally accomplished in an autoclave under controlled
temperature and/or pressure. The temperature is maintained above the boiling point of
water to generate saturated vapour pressure. The pressure is modulated by the
temperature and the aqueous solutions [20, 22].

It is notable that the mechanism of the tubular structure formation is still contested; a
group of researchers believe that the nanotube formation is related to the hydrothermal
phase while others find that the washing step is the precursor of the rolling-up of the

nanosheets [22, 29]. Nevertheless, it is generally agreed that in alkaline conditions TiO;



powders first transform into nanosheets and these intermediate nanosheets then roll up

and form nanotubes [30].

3.2. Structural properties of free titanate nanotubes
As described in Section 3.1., hydrothermally synthesized TNTSs are results of the scrolling

of nanosheets and therefore have a special spiral cross-sectioned tubular structure (Fig. 2).

Figure 2. Schematic structure and TEM images of hydrothermally synthesized TNTs [31]

According to the formation mechanism, TNTs are asymmetric and open-ended on both
sides. The geometry (length and diameter) of the TNTs can vary in large scale based on
the synthesis parameters. As for the number of walls, the statistics show that TNTs
generally possess five walls but TNTs with three or six walls could also be observed.
Beside the structural parameters, it is important to highlight that TNTs show tendency to
aggregate which is a common phenomenon of nanomaterials [32].

Due to the tubular structure, TNTs are suitable to be filled with or to carry nanosized
drugs with therapeutic goals. The rolled-up structure allows the TNTSs to expand in case
of drug incorporation resulting in great drug carrier capacity [32]. Moreover, TNTs can
also be functionalized with diverse agents which opens new directions in targeted drug
delivery [33-38].

3.3. Cytotoxicity of titanate nanotubes

The non-toxicity of TNTs is an essential criterion of medical application. In case of
nanomaterials the safety parameters are especially in the spotlight due to the limited
knowledge of nanosized materials and the hardly measurable long-term effects. Based on
the results documented so far TNTs show to be safe for human use [39-41]. However, it



is notable that, as the below examples also indicate, most of the cytotoxicity tests have
been performed in vitro and in vivo studies are still underrepresented in the topic.

In a research of Fenyvesi et al. the toxic effect of TiO, and TNTs was tested on Caco-2
cells [42]. The cells were treated with different concentrations of TiO, and TNTs for 120
minutes. A 2% solution of Triton X-100 was used as a positive control in the study. The
cell viability was measured with MTT tests. In contrast with the Triton X-100 solution
with resulted total cell destruction, the solutions of TiO, and TNTs did not show any
change in cell viability up to 5 mg/ml concentration after 120 minutes. Another important
examination was performed by Papa et al. who investigated not only the cytotoxicity but
also the internalization pathways of TNTs on contractile cardiomyocyte monolayer [43].
Cytotoxicity was tested for pure and PEI-functionalized TNTs as well and no cytotoxic
effect was recorded for either forms. As for the internalization of TNTSs, the
measurements revealed that TNTs pass through the cell membrane by diffusion and

endocytosis which is in accordance with the results of other researchers.

3.4. Medical application of titanate nanotubes
The medical utility of TNTs has been widely investigated in the recent years. The main

fields of the experiments were biosensors, implants and target therapies.

3.4.1. Biosensors

TNTSs are good conductors, semi-conductors and show great catalytic and photoelectric
properties. Accordingly, they can be used perfectly as electrochemical biosensors [44—
47]. With the aim to diagnose Parkinson disease and to monitor neurotransmission
procedures, an electrochemical biosensor has been developed by Liu et al. to measure the
dopamine level in the extracellular fluid [48]. A stable TNT film has been created on a
GC (glassy carbon) electrode. Since dopamine is positively charged in pH=7.4 buffer, it
electrostatically approaches to the surface of TNTs covered by OH™ groups. The -NH, and
OH" functional groups of dopamine form hydrogen bonds with the OH™ groups of the
TNT film. The dopamine molecules accumulate on the surface of the TNTs and some
molecules may also get into the nanotubes. It can be stated, that the TNTs can
preconcentrate the cationic dopamine in physiological conditions (pH=7.4) and therefore
the dopamine shows a quasi-reversible redox peak on the surface of the TNT/GC

electrode. The important advantage of this method compared to the already available ones



is that it is capable to detect dopamine selectively in the tissues beside the hardly

separable ascorbic acid and uric acid which also give voltammetric signal.

3.4.2. Orthopaedic and dental implants

Nanomedical research shows huge interest in the application of TNTs in orthopaedic and
dental implant therapies [49-71]. By the anodization technique TNTs with controlled
parameters can be fabricated on pure titanium and titanium alloy surfaces (Fig. 3). The
superficial TNT layer closely mimics the nanoscale architecture of the human bone which
may provide ideal conditions for bone regeneration. Based on results of many researchers,
titanium implants covered by TNTs accelerate the differentiation of mesenchymal stem
cells into osteocytes resulting in fast bone regeneration and osteointegration. Besides,
these implants can stimulate the osteoblasts and therefore enhance the osteogenesis and

mineralization.

Figure 3. SEM images of TNTSs fabricated by anodization of Ti in NH4F/ethyleneglycol
electrolyte: cross-sectional image (a), top surface (b, ¢) and bottom part (d) of the TNT
layer. TNT layer was removed from the underlying Ti for imaging purposes [72].

Due to their tubular structure, the TNT coating can act as a drug delivery platform. By
loading the TNTs with osteoinductive growth factors, anti-bacterial or anti-inflammatory
drugs, increased osteointegration and prevention of peri-implant infections becomes
available [73-82]. Moreover, if the loaded TNTs are covered with a biocompatible
polymer film, controllable local drug release can be achieved as well [83-87]. A good
example to all these functions was reported by Gulati et al. who synthesized a TNT layer
on a titanium surface by anodization method and loaded the nanotubes with indomethacin
[72]. To achieve a controlled drug release from the TNT layer, the surface of the implant
was coated with biodegradable chitosan and PLGA (poli(lactic-co-glycolic acid)) by
simple dip-coating method. According to the results, the polymer coat resulted in reduced
burst release and extended the overall release. Dependent on the polymer thickness, the

duration of drug release extended from 4 days to more than 30 days.



3.4.3. Drug delivery systems

Due to the flexible tubular structure and the favourable surface properties, TNTs can act
as drug carriers either by drug incorporation and surface substitution therefore providing a
large spectrum of drug delivery approaches. Based on their special properties, TNTs may
efficiently be used in targeted therapies as well where the active substance is required to
be directly delivered to the targeted cells [88, 89].

The focus of the examination of TNTs as drug delivery systems is cancer therapy [90—
92]. It is known that the vascular structure of cancer cells is of high permeability with
poor lymphatic system and therefore nanocarriers can easily get into the cells and release
the API locally. For more effective and selective response, nanocarriers can also be
functionalized with antibodies. Among others, Baati et al. reported about the promising
targeted drug delivery activity of TNTs [93]. They investigated the safety of TNTs and
cellular effect of genistein loaded TNTs on U87-MG cancer cell line. The measurements
revealed the non-toxicity of the empty TNTs on the cells up to 100 ug/ml concentration.
As regards the genistein loaded TNTs, the successful cellular uptake resulted in
cytotoxicity and significant anti-migratory effect on the U87-MG human glioblastoma
astrocytoma. Another interesting research work has been published by Loiseau et al. who
investigated the antitumor activity of docetaxel-functionalized TNTs in vivo prostate
tumour, in mice [94]. The intratumoral injection showed that more than 70% of TNTs
were retained in the tumour for at least 7 days and that the tumour growth in mice
receiving docetaxel in composite form with TNTs was significantly slower than in mice
treated with pure docetaxel. These outstanding results may open new directions in cancer
therapy in the future.

3.4.4. Formulation challenges of titanate nanotubes

The formulation of drug loaded and/or functionalized free TNTSs is a completely new field
in nanomedicine. As a result, in research works TNTs are commonly dispersed in certain
liquids and are used as a simple solution. However, TNTs have the appearance of a
powder which indicates that they could be formulated into many kinds of dosage forms
depending on the therapeutic purpose. In practical terms, tablet formulation is certainly
the most beneficial choice since tablet is still the most popular dosage form from patient
compliance and pharma-industry aspects as well. In case of successful tabletting, TNTs

may provide an alternative to many other nanocarriers like liposomes, micelles,



dendrimers, etc., whose large-scale manufacturing and stabilization meet many
difficulties [95].

4. MATERIALS AND METHODS

4.1. Materials

4.1.1. Active pharmaceutical ingredients

A representative API of each Biopharmaceutical Classification System (BCS) classes was
chosen for examination. Diltiazem hydrochloride (DiltHCI), diclofenac sodium (DicNa),
atenolol (ATN) and hydrochlorothiazide (HCT) were supported by Sanofi-Aventis PLC,
Hungary, Egis Pharmaceuticals PLC, Hungary, TEVA Pharmaceuticals PLC, Hungary
and Gedeon Richter PLC, Hungary, respectively (Table 1).

Table 1. Materials applied for experimental work [96]

Name of APl | Chemical structure Scanning Electron Micrograph BCS classification
Dilthiazem Class I.
hydrochloride good solubility, good
(DiltHCI) permeability
Diclofenac Class II.
sodium poor solubility, good
(DicNa) permeability
Athenolol Class_ I.I .
good solubility, poor
(ATN) it
permeability
Hydro- Class IV.
chloro- oor solubility, poor
thiazide P v, p
(HCT) permeability




Due to the character of the experimental work APIs were used in their regular crystalline
form (Table 1) and in form of composites with titanate nanotubes (Fig. 4). 1:1 ratio of
diltiazem hydrochloride-TNT (DiltTi), diclofenac sodium-TNT (DicTi), atenolol-TNT
(ATNTIi) and hydrochlorothiazide-TNT (HCTTi) composites were provided by the
University of Szeged, Department of Applied and Environmental Chemistry. The
formulation of the API-TNT composites was proceeded as follows. 1:1 ratio of API: 70%
alcohol dissolution and the same 1:1 ratio of TNT:70% alcohol dispersion were prepared.
After reaching a smooth dispersion of TNTs by 30 minutes of magnetic stirring, the two
compositions were mixed and subjected to an hour-long ultrasonic treatment. Finally, the
solvent was eliminated from the system in a vacuum dryer. The powder retained in this

way contained the wanted API-TNT composites (Fig. 4) [96].

E(V)

Figure 4. SEM images of the DiltTi (a), DicTi (b), ATNTi (c) and HCTTi (d)[96]

4.1.2. Excipients
Hydrothermally synthetized titanate nanotubes were produced by the University of
Szeged, Department of Applied and Environmental Chemistry and were used for

comparison and reference material in course of the experimental work. (Fig. 5)

Tableting was carried out with the use of the following excipients:
- Avicel PH 112 (FMC Biopolymer Inc., USA) is a microcrystalline cellulose
product and is widely used as a binder for direct compression. Avicel PH 112 was
expected to facilitate the compressibility of the raw materials and to provide

appropriate tablet strength.
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Figure 5. TEM micrograph (a) and SEM micrograph (b) of titanate naotubes [96]

- Tablettose 70 (Meggle Pharma GmbH, Germany) is a product of agglomerated a—
lactose monohydrate which has been developed especially for direct compression.
Tablettose 70 was selected as a filler material due to its good flow properties and
compressibility.

- Talc (Ph.Eur., Molar Chemicals Ltd., Hungary) is hydrated magnesium silicate
and is a high functionality excipient in pharmaceutical formulations. In the present
work talc was principally used for its glidant property.

- Magnesium stearate (Ph.Eur., Molar Chemicals Ltd., Hungary) is a powder with
low surface free energy and is the most commonly used lubricant and antiadhesive
excipient in solid dosage forms.

4.2. Methods

4.2.1. Pre-formulation measurements
APIs, TNTs and API-TNT composites were investigated in detail prior to formulation to

reveal how composite formation affects the characteristics of the incorporated APIs.

4.2.1.1. Morphological characterisation

The morphology of the APIs, TNTs and API-TNT composites was investigated with a
HITACHI S-4700 (Hitachi, Tokyo, Japan) scanning electron microscope. The samples
were stuck to a carbon adhesive tape and were coated with a thin conductive golden layer
by a Polaron E5100 (Polaron Ltd., VG Microtech, UK) sputter coating apparatus. The
scanning electron microscopy (SEM) images were taken at a magnification of 2.0-25 k,
using 25.0 kV of accelerating voltage for the TNTs and 10.0 kV for the APIs and the
API-TNT composites. The air pressure was set to 1.3-13 MPa in all cases.
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Besides the SEM imaging, TNTs were analysed with a FEI Tecnai G2 20 X-TWIN (FEl,
Hillsboro, OR, USA) transmission electron microscope at 100 kV of accelerating voltage.
The transmission electron microscopy (TEM) images did not only serve for texture
analysis but also allowed to estimate the particle size of the TNTs by using Image J 1.47t
(National Institute of Health, Bethesda, MD, USA) software.

4.2.1.2. Structure analysis
Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC) tests of
APIs, TNTs and API-TNT composites were performed with a Mettler Toledo TGA/DSC1
simultaneous analyser (Mettler-Toledo GmbH, Switzerland). To clarify the effect and
advantages of composite formation, 1:1 ratio physical mixtures of TNTs and APIs
(DiltHCI+TNT, DicNa+TNT, ATN+TNT, HCT+TNT) were also measured. Samples of
10 £ 1 mg weight were put and closed into a 100-ul-volume aluminium pan. Samples
were tested under rising temperature between 25 and 500 °C. Measurements were
completed with a 10 K/min heating rate, using nitrogen as purge gas. The results were
evaluated with STARe Thermal Analysis Software. Results were normalized to sample

weight.

The DSC/TG analysis was complemented with mass spectroscopy (MS) measurements by
using a ThermostarTM GSD 320 (Pfeiffer Vacuum GmbH, Asslar, Germany) quadrupole
MS connected to the Mettler Toledo TGA/DSC1 simultaneous analyser (Mettler-Toledo
GmbH, Switzerland). The connection was assured by a silica capillary device, maintained
at the heat of 120°C. Measurements were performed under N, atmosphere (purity: 99.999
%, flow rate: 70 mL-min™"). As a first step, the characteristic peaks of the tested materials
were screened from the evolved gases scanned in the range of 1-300 m/z. In this way, it
was sufficient to take the subsequent measurements only on the selected m/z masses.

Results were evaluated with Quadera and Star® software.

A Thermo Nicolet Avatar 330 (Thermo Fisher Scientific Ltd., Waltham, MA, USA)
Fourier transform infrared (FT-IR) spectrometer with_a Transmission E. S. P. accessory
was used to record FT-IR spectra of the APIs, TNTs and API-TNT composites. The
spectrometer performed 256 scans at a resolution of 4 nm with H,O and CO, corrections.
Results were evaluated with EZ OMNIC software. For the easier understanding of the
results, the signals of TNTs were subtracted from the spectrum of the API-TNT

composite. Therefore, the spectra of native and incorporated API could be plotted
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together and compared. The spectra for comparison were normalized to the highest peak,

usually belonging to C=0 stretching.

4.2.1.3. Physical properties
The surface free energy of the APIs, TNTs and API-TNT composites was studied with a
DataPhysics OCA 20 (DataPhysics Instruments GmbH, Filderstadt, Germany) optical
contact angle tester. 13-mm-diameter tablets were prepared from the tested materials with
a Specac hydraulic press (Specac Ltd., Orpington, UK) at a pressure of 4 tons. According
to the sessile drop method, a polar (water) and an apolar (dilodomethane) test liquid were
dropped onto the surface of the samples. The known surface tensions of the test liquids
allowed to calculate the disperse and polar components of the samples by applying the

Wu equation (Eq. 1):

Disp_ Disp Pol, Pol

L s 4v1 " Vs
1+cos 0)y, == — + 1
( )y VflSp+ V?mp yLPol+ )/501 ( )

where @ is the contact angle between the test liquid and the solid phase, y. and ys are the
surface tensions of the liquid and the solid phase in mJ/m?, and Disp and Pol refer to the
disperse and the polar components of the surface tension.

TOT

The surface free energy (y™°" (mJ/m?)) was calculated as the sum of yDis and yPO' (Eq. 2):

yTOT — yDisp + yPoI (2)

The polarity was defined by the following equation (Eq. 3):
Polarity (%) = (100y™),™°" (3)

A software-controlled PTG-1 (PharmaTest Apparatebau AG, Germany) powder
rheological tester was used to investigate the flowing properties of the APIs and API-
TNT composites. A stainless-steel funnel with an opening outlet nozzle of 10 mm in-
diameter was filled with 100 ml of powder. The powder flow through the nozzle was
detected by inbuilt IR sensors. The apparatus provided information about the flow time

and the angle of repose of the powder heap. All samples were measured in triplicate.

Densification of the APIs and the API-TNT composites were tested with a STAV 2003
Stampfvolumeter (Engelsmann AG., Germany). 250 ml of powder was put carefully into
a graduated cylinder avoiding the powder packing. Bulk density was calculated from this
powder volume. The cylinder filled with powder was then mechanically tapped by the

apparatus at a speed of 1/sec until no further decrease in volume could be observed or
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until the 1250 tap number was reached. Tap density was calculated from the stabilised,
densified powder volume. The defined bulk density and tap density values were used to

calculate the Hausner Ratio (Eg. 4) and Compressibility Index (Eqg. 5) of the samples:
Hausner Ratio = pT /pB 4)
Compressibility Index = [(pT — pB)/pT)]* 100(%) (5)

where pT is the tap density and pB is the bulk density of the powder in g/cm®. Results
were evaluated according to the United States Pharmacopeia (USP) scale of flowability
[97, 98].

4.2.2. Formulation and in-die methods

Direct compression of the APIs and API-TNT composites without excipients was
achieved to understand the behaviour of the raw materials during compression and thus to
estimate their suitability for tableting with direct compression, while tableting with
excipients aimed to demonstrate the industrial formulation of the materials and to prove
the eligibility of the resulted API-TNT tablets on the market.

4.2.2.1. Direct compression with excipients
By using the appropriate excipients, formulations (Table 2) of APIs and API-TNT

composites were compressed into tablets with direct compression.

Table 2. Composition of APl and API-TNT tablets [96, 98]

Component API tablets (300 mg) API-TNT tablets (300 mg)
API (DiltHCI/DicNa/ATN/HCT) 16.7 % -
_ A_PI—_TN_T compgsne _ 33.3 %
(DIltTi/DicTi/ATNTI/HCTTi)
Avicel PH 112 50.0 % 39.5%
Tablettose 70 29.3% 23.2%
Talc 3.0% 3.0%
Magnesium-stearate 1.0% 1.0 %

Tablets were prepared with constant tablet weight (300 mg) and quantity of API (50 mg)
in order to be able to compare the APl and API-TNT tablets according to the
pharmaceutical requirements. The powders were mixed with a Turbula mixer (Willy A.
Bachofen Maschienenfabrik, Switzerland) at 50 rpm for 8 minutes without magnesium-
stearate and for 2 minutes more with it. The tablets were compressed with a Korsch EKO

(E. Korsch Maschienenfabrik GmbH, Berlin, Germany) eccentric tablet press,
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instrumented with strain gauges and a displacement transducer. 10 mm-diameter flat
punches were applied with a compression force of 5.0, 7.5, 10.0, 12.5 and 15.0 kN for all
compositions [98]. Batches of at least 50 tablets per composition per compression

pressure were produced.

4.2.2.2. Direct compression without excipients

Tableting of the raw materials (TNTs, APIs and API-TNT composites) without
excipients was achieved with a Lloyd 6000R uniaxial press (Ametek SAS Lloyd Inst,
Elancourt, France), instrumented with a force gauge and a linear variable differential
transformer extensometer. The compacts were prepared in a 1 cm? stainless steel cell
with manual filling, using 50, 100, 150, 200 and 250 MPa pressures for each material.
The weight of the powder was determined using the bulk density of the unpacked
powders. At least 3 tablets per compression pressure were made from each
component, with a tabletting punch speed of 1 mm/sec [99].

Due to the built-in sensors, the Lloyd 6000R uniaxial press (Ametek SAS Lloyd Inst,
Elancourt, France) equipment allowed the thorough investigation of the behaviour of

the raw materials under compression pressure via the in-die analysis of compaction.

Pressure (MPa)

PW

o
NCW
D'Bplam'reniv

A A’ D C
Gmm}

Figure 6. Schema of the compression cycle [99]

Force and displacement data were recorded by a computer (R-Control software,
Version 2.0, Lloys Inst LTD, Fareham, UK) connected to the equipment. The
retrieved data set was evaluated with Origin 7.5 software (OriginLab Corporation,
Northampton, MA, USA) in order to determine the energy utilisation of the raw

materials during the compression cycle (Fig. 6, Table 3). With the aim of estimating

14



linear interrelations between different energies and their changes in the applied

compression pressure range, energies were normalised to compact weight.

Table 3. Energies associated to the compression cycle [99]

Type of energy Area of compression cycle Usage of energy
Packing energy (PW) ABA’ area Initial packaging of the particles
Theoretical energy (ThCW) A’BC area Powder compaction
Net energy (NCW) A’BD curve Plastic deformations
o Particle—particle and particle—die
Friction energy (FCW) A’BA’ curve o ) o
frictions during densification
Elastic energy (EW) DBC curve Elastic deformations

Interrelations

MCW=PW+FCW+NCW+EW,

Mechanical energy (MCW) ABC area
MCV=ThCW+PW

TCW=NCW+EW; TCW=ThCW-

Total energy (TCW) A’BC curve
FCW

The energy analysis was expanded with the determination of R; (Ry, R and R3) values
which serve to describe pressure related transformation of energies: MCW into ThCW
(R1), ThCW into TCW (R;) and TCW into NCW (R3). R; values were calculated as
follows (Equations 6-8):

R, = AThRCW/AMCW (6)
R, = ATCW/AThCW )
R3 = ANCW/ATCW (8)

Each R; yield refers to one of the 3 big phases of the compression cycle. R; shows the
packaging ability of the materials, R, is indicative of the frictions and R3 displays the

plasticity of the materials.
4.2.3. Post-formulation methods

All post-formulation investigations have been carried out to confirm the effects of API-
TNT composites on tablet properties and to approve the results of the compressibility and

compactibility studies.
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4.2.3.1. Out-of-die analysis of compaction
The compaction properties of the powder mixtures (Table 2) were estimated with the
commonly used Kawakita and Walker out-of-the die models.
The Kawakita equation (Eq. 9) was used to study the particle rearrangement of the

powder mixtures during the packaging phase of the compression:
P/C =P/a+1/ab 9)

where P is the applied pressure in MPa, C is the degree of the volume reduction and a and
b are constants. The degree of volume reduction is expressed by Eq. 10:

C = (Vo-V)/Vo (10)

where Vj is the initial volume of the powder bed and V is the volume of the powder bed at
the applied pressure in mm?®. Constant a indicates the initial porosity of the sample. Its
higher value presumes loose packing of the powder in the die before compression.
Constant 1/b describes the pressure that is needed to reduce the powder bed volume by
50%. Higher coefficient 1/b implies higher cohesive energy of interaction, which shows
up as a hindered particle rearrangement.

The behaviour of the powder mixtures in the deformation phase of the compression was
investigated using the Walker (1923) equations (Egs. 11 and 12):

logP = -LV + C; (11)
100V = -W logP + C (12)

where P is the applied pressure in MPa, L is the pressing modulus which reflects the
volume reduction at a given pressure, V is the relative volume, W is the Walker
coefficient which gives information about the volume reduction corresponding to
logarithmic increment in the pressure, and C and C; are constants. The relative volume is

expressed by Eq. 13:
V’IVo (13)

where V' is the volume at the applied pressure and Vy is the initial volume of the powder
bed in mm3[98].
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4.2.3.2. Tablet properties
Geometrical parameters of tablets were measured with different methods in case of tablets

produced with and without excipients for technical reasons (Table 4)

Table 4. Determination methods of geometrical parameters of tablets

Tablets produced with excipients Tablets produced without excipients

Mass (m) tester analytical scale
Height (h) tester Kraemer UTS-50 tablet tester (Charles Calliper
Ischi AG, Switzerland) Lloyd 6000R uniaxial press (Ametek

Diameter (d) tester
SAS Lloyd Inst, Elancourt, France)

Timing of right after production and 1 week after )
) 24 hours after production
measurement production

Number of measured

tablets/composition/ minimum 20 minimum 3

compression force

The compaction ratios (p, %) of the tablets fabricated without any excipients were

determined using the following equation (Eq. 14):

p = (dcompact/Tinitial) X 100 (14)

where dcompact 1S the tablet density after ejection and dinitial IS the initial or bulk powder
density, both in g/cm® The tablet density was calculated from the geometrical
parameters (m/mth(d/2)?), while the bulk density was determined as described in

Section 4.2.1.8.

Similarly to the investigation of geometrical properties, braking force of the tablets

fabricated with and without excipients were studied using different methods (Table 5).

Table 5. Examination methods of breaking forces of tablets

. . Tablets produced without
Tablets produced with excipients o
excipients

Heberlein 2E/205 tablet hardness Lloyd 6000R uniaxial press

Breaking force tester ) )
tester (HeberleinAG, Switzerland) (Ametek SAS Lloyd Inst, France)

Number of tested tablets
/composition/ 10 3

compression force
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From the breaking force and the geometrical properties the tensile strength could be
defined as follows (Eqg. 15):

o=2F/(m+dx*h) (15)

where o is the tensile strength in MPa, F is the breaking force in N, d is the diameter and

h is the height of the tablet in mm.

The texture of the breaking surface of the tablets compressed with the use of excipients
was investigated with a Hitachi S4700 (Hitachi Ltd., Japan) scanning electron
microscope. Prior to imaging, the samples were stuck to a double sided carbon adhesive
tape and were covered with a thin conductive golden coating layer created by a Polaron
E5100 (Polaron Ltd., VG Microtech, UK) sputter apparatus. Micrographs of the prepared
samples were taken at a magnification of 100-500, using 10.0 kV of electron energy and

1.3-13 MPa of air pressure.

Disintegration was determined for tablets fabricated with excipients (Table 2) at all
applied compression pressure. The disintegration tests were performed in distilled water
according to the criteria of the European Pharmacopoeia [100]. Examination was
accomplished with an Erweka ZT71 (Erweka GmbH, Germany) disintegration tester

apparatus.

Drug dissolution was examined from tablets produced with excipients (Table 2). Tablets
compressed with 5.0, 7.5, 10.0, 12.5 and 15.0 kN compression force were investigated for
all compositions.

The drug release was determined with an Erweka DT700 (Erweka GmbH, Heusenstamm,
Germany) dissolution tester, applying paddle method with a paddle speed of 100 rpm.
The dissolution was tested at 37°C in pH 1.2 enzyme free artificial gastric juice and pH
6.8 phosphate buffer media. Aliquots of 5 mL were taken after 3, 5, 10, 15, 30 and 60
minutes. The released drug concentrations were determined with a ThermoScientific
GENESYS 10S UV-VIS spectrophotometer (Thermo Fisher Scientific Ltd., Waltham,
MA, USA).
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5. RESULTS AND DISCUSSION

5.1. Material properties: APIs, TNTs, API-TNT composites

5.1.1. Morphology

As presented in the Section 2.2.1., the hydrothermally synthesized TNTs have a special
and well definable appearance due to the formation mechanism.

The TEM and SEM images (Fig. 5) confirmed the expected texture of the TNTs although
the method was not suitable to reveal the inside layers of the spiral cross-sectioned
tubular structure. Based on the TEM pictures, the average diameter of the TNTs was
determined to be 7.01 nm (SD +1.08 nm) while the length, which is a matter of the
synthesis parameters, was found to be 164.25 nm (SD + 50.38 nm). The SEM pictures
allowed concluding that TNTs are not present individually but in form of aggregates.
Instead of an arrangement along the length of the nanotubes, the SEM images revealed
disorderly arranged TNTs forming loose aggregates. Aggregation is a well-known
phenomenon for nanomaterials which may affect their application in a positive or a
negative way. On the present work aggregation has a definitely positive influence since it
increases the flowability and in parallel decreases the adhesivity of the TNT powder,
without any negative effect on the behaviour of the incorporated drug. Moreover, the
loose aggregate structure is also advantageous as it provides good processability and
therefore will not limit any formulation procedure. The effect of drug incorporation on the
pure TNTs and the morphological characteristics of the API-TNT composites could be
defined by comparing the SEM images of the APIs (shown in Table 1), TNTs (Fig. 5) and
API-TNT composites (Fig. 4).

As concerns the TNTs, it is remarkable that the nanotubes thickened due to the
incorporation. This proves the rolled-up structure that lends flexibility to the nanotubes
and allows the necessary expansion to enclose drug particles, and refers to the APIs being
located not only in the central channel of the TNTs but between the walls as well.
Nevertheless, SEM pictures revealed that APIs may be found also on the surface of the
TNTs in a certain association with the superficial hydroxyl groups that densely cover the
TNTs (Fig. 7). Furthermore, SEM images of the composites revealed that the efficacy of
drug incorporation was not equal for all 4 APIs. While the composite formation of
DiltHCI and DicNa seemed to be ideal and resulted in homogenous composite products,
that of ATN and HCT was only partially effective and left several individual API crystals
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in the final products, as shown by yellow arrows on Fig. 4. Based on the pictures, the
ATNTI product seems like the physical mixture of the source materials, while in case of
the HCTTi product, a kind of reverse mechanism of the composite formation could be
recognized inducing that approx. 60% of the API crystals are covered with TNTs [96].

OH (.)H OH
-0-Ti-O-__-Ti-O-Ti-

Figure 7. Presumed bonding sites of TNTs

5.1.2. Surface free energy

The surface characteristics of a material play a key role in its reactivity and basically
determine its behaviour in any kind of formulation procedure. The determination of the
surface characteristics of the materials aimed to gain additional information about the
intermolecular interactions between the TNTs and the APIs within the composites [96].
As displayed in Table 6,

Table 6. Surface characteristics of TNTs, APIs and API-TNT composites [98]

Material v SD O sD 7 sp  Polarity

(mJ/m?) (mJ/m?) (mJ/m?) (%)
TNT 80.72 +0.64 4378 +0.54 36.94 +0.35 45.76
DiltHCI 78.60 +0.91 42.27 +0.72 36.33 +0.57 46.22
DiltTi 76.66 +1.56 42.22 +1.08 34.43 +1.12 44.91
DicNa 79.49 +1.00 4258 +0.92 36.91 +0.40 46.43
DicTi 64.99 +1.95 44.02 +0.72 20.08 +1.80 30.89
ATN 59.48 +3.99 36.70 +2.96 2277 +2.68 38.20
ATNTI 60.14 +4.25 40.45 +1.48 19.68 +3.87 32.72
HCT 69.51 +2.71 43.33 +0.79 26.18 +2.59 37.60
HCTTi 78.25 +0.86 44.65 +0.57 33.60 +0.64 42.93

TNTs have high surface free energy confirming their expected hydrophilic nature. This
character of the TNTs is reflected in the y'°" values of the ATNTi and HCTTi composites
which showed increment in this value in comparison with the pure ATN and HCT,
respectively, which is in accordance with the SEM observations, where the individual
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API crystals, partially covered by TNTs were identified, due to incomplete composite

TOT value cannot be considered as substantial for

formation. However, this increment of y
ATNTI, due to the high SD of the results, which strengthens the physical mixture like
behaviour of ATNTi. Overall, the increment in y'°" may be attributable to the surface
coverage of the API crystals with TNTs, and the extent of increment is considered as an
indicative of the ratio of the surface coverage. As regards the DiltTi and DicTi
composites, a decrease of y'°"

both the TNTs and the pure APIs (DiltHCI and DicNa, respectively) as shown in Table 6.

value and polarity could be noticed in comparison with

This finding confirms the successful incorporation of DiltHCI and DicNa and that the
APIs are not only located in the internal part of the nanotubes but are also bonded to the

surface. The decrease of y'°"

and polarity indicates hydrophilic intermolecular
interactions on the surface of the TNTs inducing the enrichment of the hydrophobic
molecular parts on the particle surface. The higher decrease in surface free energy

suggests a greater bonding ratio on the surface of the TNTs [96].

5.1.3. Thermal properties

The main focus of the further examinations was to reveal the interactions inside the
composites in order to better understand their behaviour in formulation and post-
formulation processes.

As a first step, thermal properties of pure TNTs were studied as common and basic
component of all composites. TNTs showed to be thermostable in the measured range
(Fig. 8). However, a moderate 11.66 % of weight reduction was detected between 30 °C
and 340 °C. This was identified by MS as simple loss of water which partially may be the
leftover of the washing step of synthesis process, or absorbed water vapour. Considering
the big temperature range of water loss it can be established that water is not only
adsorbed on the surface but is also located in the interior of the TNTs. The surface-
adsorbed water evaporates in the range of 60-100 °C, while water loss in higher
temperatures is attributable to the elimination of water from the internal parts of TNTSs. It
must be noted that no similar signals were detected in any of the composites which
suggests that in the competition for the binding sites of nanotubes APIs take the place of

the water molecules and create some kind of interaction with the TNTs [96].
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Figure 8. DSC, TG and MS curves of TNT [96]
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To understand the interactions inside the composites, the thermal properties of the APIs
were assessed together with the related API+TNT physical mixtures and API-TNT

composites.

Table 7. Thermal parameters of APIs, API-TNT composites and API+TNT mixtures [96]

Sample name Melting range Melting point Enthalpy of fusion ~ Weight loss
0) 0) () (%)
DiltHCI 217.1-227.2 223.0 -118.45 83.34
DiltTi 187.3-208.7 201.0 -25.14 43.85
DiltHCI+TNT 192.7-212.1 204.3 -18.71 42.62
DicNa 290.3-297.8 295.2 -95.86 40.03
DicTi 258.8-271.5 264.5 -59.18 32.98
DicNa+TNT 289.5-297.6 292.5 -61.37 31.43
ATN 157.5-166.7 162.7 -148.75 78.25
ATNTI 155.9-166.5 161.0 -50.71 39.53
ATN+TNT 153.9-167.5 161.2 -55.30 39.15
HCT 269.6-281.7 274.8 -130.25 59.23
HCTTi 242.5-264.1 257.2 -46.66 34.27
HCT+TNT 266.3-277.1 272.5 -43.45 37.85

DiltHCI+TNT and DiltTi exhibited melting points at lower temperatures with broadened
melting ranges and smaller relative fusion enthalpies in comparison with DiltHCI (Fig. 9,
Table 7). Another difference is that the decomposition related peaks of DiltTi and
DiltHCI+TNT do not appear clearly on the DSC curves, which is probably due to the
approach of the endothermic and exothermic events resulting in the extinction of the
opposite peaks (Fig. 9). This theory was confirmed by the TG-MS measurements where

mass loss and peaks in ion current curves could be detected in the range of 220-420 °C.

22



The evaluation of DTG and MS results also revealed that TNTs prolong the
decomposition independently to be in physical mixture or composite form. When
comparing DiltTi and DiltHCI+TNT, the only remarkable difference was noticed between
the DTG curves, where the decomposition peak of DiltTi appears with a time lag
compared to DiltHCI+TNT (Fig. 9), which may indicate that in contrast with
DiltHCI+TNT, the API is mainly found inside the nanotubes in DiltTi [96].
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Figure 9. DSC, TG and DTG curves of DiltHCI, DiltTi, DiltHCI+TNT and TNT [96]

As regards the thermal properties of DicNa, DicNa+TNT and DicTi (Fig. 10), DSC
curves of DicNa and DicNa+TNT were found to be similar in shape, but DicNa+TNT
shows a slight shift of the peaks to lower temperatures indicating simultaneous fusion and
decomposition (Table 7). Besides, the DTG curve of DicNa+TNT displayed mass loss in
only one step, in contrast with the two decomposition steps of DicNa but the MS
measurements confirmed the same evolved ion fragments for both samples. In contrast,
the melting point of the incorporated DicNa strongly shifted to lower temperature and
displayed a broader melting range in the DicTi composite (Table 7). Moreover, the
decomposition of DicTi appeared as a flat and wide exothermic event. This difference
clearly reveals itself on the DTG curves as well: although the thermal decomposition of
DicTi occurred in two steps just like in the case of DicNa, these steps were manifested
with different peak shapes and a shift to smaller temperatures, corresponding to the DSC
curve [96]. While reviewing the evolved ion fragments belonging to the characteristic
peaks (Table 8) it turned out that beside H,O (m/z=18, 17, 20) and CO, (m/z=44, 16, 12,
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45, 22), which were detected for all the samples, an extra gas release could be identified

in the case of DicTi at 69 °C.
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Figure 10. DSC, TG and DTG curves of DicNa, DicTi, DicNa+TNT and TNT [96]

The evolution of m/z=31 ion probably represents the detachment of the acetic acid

functional group of DicNa. Taking into account that m/z=31 ion current was detectable

only for DicTi, considerable interaction is assumable between the acid functional group

of DicNa and the TNTs which shifts the electron structure of the DicNa molecule and

therefore results an easier detachment of the acetic acid group from the molecule [96].

Table 8. Characteristics for the evolution of gases of DicNa, DicTi and DicNa+TNT. T1
is the temperature at the first peak of the gas evolution [96]

Mass (m/z) 12 16 17 18 20 22 31 44 45
_ Evolutionrange (“C) 314-338 280396 284-38 284302 202-368 310-376 209-305 314-385
2 TI(0) 334 335 317 317 316 333 333 337
© ntensityof TL(A)  2.25E-10 169E-09 123E-08 475E-08 1.19E-10 3.08E-11 195E-09 2.49E-11
~ Evolution range (°C) 258-342 38106  287-316 55116
.'g T1 (°C) 267 69 302 62
Intensity of T1 (A) 7.72E-08 1.14E-10 537E-10 2.64E-11
. Evolution range (°C) 305-331 280-354 288-345 201-322 303-323 298-330
%E T1 (°C) 315 300 296 296 313 312
O Intensity of TL (A)  1.19E-10 104E-08 4.04E-08 9.48E-11 1.32E-11 5.16E-10

The comparison of the thermal behaviour of ATN, ATNTi and ATN+TNT samples

displayed almost no differences (Fig. 11, Table 7). Fusion and thermal decomposition of

all compounds occurred in a very similar way and the evolved ion fragments stated
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conformity for all samples as well. The hard recognisability of the decomposition events
of ATNTi and ATN+TNT in the DSC curves are only due to the relatively smaller
quantity of APl in ATNTi and ATN+TNT samples. Although the DTG curves showed
extended decomposition for the nanotube containing samples, it is clear that this
phenomenon is due to the nanotube itself and ATN is not capable of forming important
interactions with TNTs [96].
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Figure 11. DSC, TG and DTG curves of ATN, ATNTi, ATN+TNT and TNT [96]

The evaluation of results of the last group of samples, HCT, HCT+TNT and HCTTi led to
interesting findings. Based on the DSC curves it could be stated that the fusion of HCTTi
and HCT+TNT slightly shifted to lower temperatures and showed decreased relative
fusion enthalpy compared to HCT (Fig. 12, Table 7). While the shift of melting point was
modest for HCT+TNT, it was definitely remarkable in the case of HCTTi with a shift of
approx. 18 °C. As regards the decomposition process displayed in the DSC curves, it can
be established that the characteristic exothermic event belonging to HCT barely appeared
in the case of HCT+TNT and HCTTi. Nevertheless, it is easy to realize that the
decomposition of HCTTi and HCT+TNT starts at higher temperatures as also confirmed
by TG and DTG curves [96].

The evaluation of the evolved gases (Table 9) revealed that there is an ion fragment,
m/z=30 appeared at 265 °C which is detectable only for HCTTi. This ion fragment
probably represents N,O dereived from the sulfonamide group of HCT, indicating that the

amino group plays important role in the composite formation, shifting the electron
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structure of the molecule and therefore resulting in the detachment of the amino group at

lower temperature [96].
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Figure 12. DSC, TG and DTG curves of HCT, HCTTi, HCT+TNT and TNT [96]

Table 9. Characteristics for the evolution of gases of HCT, HCTTi and HCT+TNT. T1,
T2 and T3 are temperatures at the first, second and third peaks of the gas evolution [96]

Mass (m/z) 16 17 18 30 44 48 50 64 66
Evolution range (°C) 330-451 333-455 303->500 295->500 304-401 295->500 304-402
T1 (°C) 367 355 343 316 317 317 317

. Intensity of T1 (A) 1.38E-08 5.17E-08 6.94E-10 2.28E-09 159E-10 3.73E-09 1.72E-10

Q T2(0) 428 324 234 326 326
Intensity of T2 (A) 8.56E-10 2.10E-09 1.37E-10 3.37E-09 1.60E-10
T3 (°C) 333 332 333 332
Intensity of T3 (A) 2.66E-09 1.72E-10 4.26E-09 1.99E-10
Evolution range (°C) 331-405 247-293 | 238->500 257->500 256-475 250->500 256-474

= T1(°C) 356 266 264 369 356 367 365

5 Intensity of TL (A) ~ 2.50E-09 3.48E-09 4.85E-10 4.14E-10 5.79E-11 6.59E-10 3.26E-11

I T2(°C) 433 435 435
Intensity of T2 (A) 1.41E-09 4.06E-10 6.52E-10
Evolution range (°C) 317-396 333->500 276->500 285-476 288->500

g 110 344 428 358 349 363

% Intensity of T1 (A)  3.03E-09 1.54E-09 4.34E-10 6.74E-11 6.80E-10

5 T2¢0 482 431 426

T Intensity of T2 (A) 2.09E-09 5.84E-10 9.02E-10

The resume of the thermoanalytical measurements shows a clear tendency: TNTSs shift the
fusion of an API to lower temperatures, which may be due to the decreased particle size
and/or to the interactions of the APl and TNTs. The decreased relative enthalpy of the
peaks indicates that the composite formation puts the system into an energy minimum.
The long-lasting decomposition is probably due to the TNT-API interactions on the
interfacial surface, which may be observed both for physical mixtures and composites,
but increased rate of extension was noticed in latter case. This may be due to the certainly
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stronger interactions inside the composites, or can be explained by the location which
results immediate decomposition of the surface-attached API, while the drug locked
inside the nanotubes decomposes with a time lag. Overall, it can be established that
DicNa and HCT are perfectly suitable to form stable API-TNT composites, while DiltHCI

and ATN are less capable to form strong interactions with the TNTs [96].

51.4. FT-IR

FT-IR analysis of the materials was also performed to confirm the results and conception
gained from the morphological and thermoanalytical measurements on TNT-API
interactions within composites.

During the overview of the spectra of pure and incorporated APIs in various samples a
common phenomenon was observed: a new intense peak appeared between 460-480 cm™
overlapping with other signals in the 400-600 cm™ region. This peak is assumed to reflect
a general interaction between the electron system of the TNTs and the molecular skeleton
of the APIs. Beside this common characteristic, results pointed out many drug specific

spectral changes assigned to the incorporation. These are discussed below [96].
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Figure 13. FT-IR spectra of pure and incorporated DiltHCI [96]

For better comparability, the spectra of pure and incorporated DiltHCI (Fig. 13) were
normalized for the C=0O stretching peak at 1680 cm™. The comparison of the spectra
indicates that the amino groups of the molecule play the main role in the complexation

process. The relative intensity decrease of the characteristic peaks belonging to N-H
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stretching at 2579, 2509 and 2458 cm™, the relative increase and slight right shift of the
peak from 2365 to 2360 cm™ as well as the right shift of the peaks of C-N stretching at
1218, 1180, 1112 and 1060 cm™ with approx. 5 cm™ prove the main role of the ternary
amino group in the stabilisation of the composite form. Moreover, the peak shifts in the
2800-3000 cm™ region which indicate the torsion of the C-C molecular skeleton are also
attributed to the hydrogen bonding of the nitrogen atoms. The other spectral differences
e.g. the shoulder formation of the peak at 1730 cm™, the relative intensity decrease of
peaks at 1610 and 1583 cm™ (belonging to the =O group in the lactam ring), the shift of
the peak from 1112 to 1085 cm™ (C-S-C stretching) or the intensity increase of peaks at
1255, 1238 and 1220 cm™ (Ar-O-Me vibration) show that beside the amino groups, the
other hydrogen acceptor groups of the molecule also participate in the composite
formation but in a less intensive way [96].

The spectra belonging to the pure and the incorporated DicNa (Fig. 14) were also

normalized for the C=0 stretching peak at 1575 cm™.
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Figure 14. FT-IR spectra of pure and incorporated DicNa [96]

T T T
3600 3200 2800

Based on the strong intensity increase of the O-H stretching peak at 3470 cm™ and the
shift of the C-O stretching peak from 1399 cm™ to 1389 cm™ the carboxyl group is highly
involved in the complex formation as a hydrogen donor. Spectral changes attributed to the
C-N vibrations such as the shift of the peaks from 3587 and 3447 to 3573 and 3433 cm™
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respectively, and the signal widening at 2970 cm™ and peak increments at 2928, 2854,
1300 and 1289 cm™ confirm that the secondary amine group also acts as a hydrogen
donor in the complex formation. Compared to the pure drug, the incorporated DicNa
resulted in the appearance of some new peaks. A new medium intense peak was detected
at 913 cm™ which may indicate that the chloride groups are also involved into the
conjugation as hydrogen acceptors. Furthermore, some weak signals appeared at 1725
and 1695 cm™ suggesting that carbonyl oxygen also plays a minor role in the conjugation
[96].
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Figure 15. FT-IR spectra of pure and incorporated ATN [96]

As previously, the normalization of the pure and incorporated ATN spectra (Fig. 15) were
done for the peak of the C=0 stretching at 1637 cm™. Based on the relative intensity
decrease of the peak at 3357 cm™ and the appearance of a peak shoulder at 3440 cm™, it
can be established that the amide bond is an important hydrogen donor in the conjugation.
The C=0 part of the amide bond is also involved in the composite formation as a
hydrogen acceptor as indicated by the intensity increase at 1659 cm™ and 1651 cm™.
Besides, strong intensity increases were seen at 1385 cm™ and 886 cm™ which are
assigned to the B-OH vibration of the secondary alcohol and C-O-C stretching of the ether
bond, respectively. The peak shift detected from 1093 to 1112 cm™ belongs to the
secondary amino group while shifts in the 820-670 cm™ region are related to the torsion

of the molecular skeleton due to the conjugation process [96].
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The spectra of pure and incorporated HCT (Fig. 16) were normalized for the S=0O
stretching peak at 1319 cm™. The compared spectra revealed that the NH association of
the sulphonamide group plays a key role in the composite formation as a hydrogen donor.
The direct spectra changes related to the NH part of the sulphonamide group are peak
shifts from 3393 to 3362 cm™ and from 3172 to 3168 cm™, while the indirect ones are
shifts from 1453 to 1428 cm™ and from 1403 to 1383 cm™ belonging to the elongation of
the C-S and S=O stretches (peak shifts at 1166, 1153 and 1151 cm™). Based on the fact
that only slight changes were seen in the 1190-1160 cm™ region, the sulfone group is
considered to take a minor part in the association. The multiple changes identified in the
910-520 cm™ regions are mainly assigned to the modification in C-Cl stretching and the
skeletal vibration of the benzothiazidine ring, and also indicate the slight participation of

the NH groups in the association [96].
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Figure 16. FT-IR spectra of pure and incorporated HCT [96]

The results of the FT-IR examination confirmed the thermoanalytical findings and also
provided new essential information about the structure of the API-TNT composites. The
assessment of the results pointed out that the strength of the association inside the
composites is based on the hydrogen donor strength of the incorporated API. The

hydrogen acceptor groups of the API play only a minor role in the association which can
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be explained by the high quantity of OH groups (having poor hydrogen donating
capacity) on the titanate surface (Fig. 17) [96].

OH OH OH
-0-Ti-0- _-Ti-O-Ti-

API
= Hydrogen bond

Figure 17. Association mechanism of APIs (DiltHCI, DicNa, ATN, HCT) with TNTs [96]

5.1.5. Powder rheology

Beside the knowledge on static properties of materials, information on their dynamic
characteristics is also an essential criterion to provide optimized and robust formulations.
The morphological and structural examinations provided promising results regarding to
the static characteristics of the API-TNT composites, therefore investigation on the
dynamic properties of these materials from the aspect of processability was also
performed. In order to cover the whole tabletting process, flowability, compressibility and

compactibility of the materials were investigated.

Table 10. Powder rheological properties of TNTs, APIs and API-TNT composites [98]

Flow Angle of Bulk Tapped

wisteTel e repose density density Hausner Compressibility Flowability

(sec) ©) (glem™3)  (glem3) Ratio Index (%) (USP scale)

TNT 14,3 25,5 0,65 0,76 1,17 14,47 Good
DiltHCI n.m* - 0,45 0,59 1,31 23,73 Passable
DiltTi 16,5 28,2 0,51 0,64 1,25 20,31 Fair
DicNa n.m. - 0,48 0,73 1,52 34,25 very poor
DicTi 6,3 28,4 0,55 0,68 1,24 19,12 Fair
ATN n.m. - 0,3 0,48 1,6 37,5 Very very poor
ATNTI n.m. - 0,38 0,49 1,29 22,45 Passable
HCT n.m. - 0,46 0,76 1,65 39,47 Very very poor
HCTTi n.m. - 0,61 0,76 1,25 19,74 Fair

*not measurable

Based on the powder rheological properties (Table 10) it can be established that TNTs

have good flowability and this affects the flow properties of the incorporated APIs in a
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positive way; a great improvement of flowability is shown by DiltTi and DicTi compared
to DiltHCI and DicNa, but the flowability improvement of ATNTi and HCTTi was less
defined since these composites contain individual API crystals.. By evaluating the results
as per the USP scale, it is clear that the flowability of the composites varies between those
of the component materials. This can be explained by the fact that the APIs are located
not only in the internal parts of the TNTs but on their surface as well. The rate of

improvement may depend on the ratio of the surface coverage [98].

5.1.6. Compressibility and compactibility

Considering the powder rheological properties and crystal morphology of the APIs, their
direct compression without excipients was an experimental challenge. The tabletting
experiments confirmed better compressibility and compactibility and easier operation
with composites.

5.1.6.1. Energetic analysis

The energetic analysis affirmed the above experience and confirmed the benefit of the use
of TNTs in every step of the tabletting process. The evaluation of the conversion of MCW
into ThCW is displayed in Fig. 18. The higher the slope, the smaller proportion of the
applied MCW is lost on the initial particle rearrangement and converted into ThCW.
According the R; values calculated from the slopes (Table 11), it can be concluded that
pure APIs loose important energy on packaging and rearrangement of the particles due to
their poor flowability and high adhesivity. The small R; values are in accordance with the
powder rheological results (Table 10) and explain the hard accomplishment of the
experiments. In contrast, the Ry value belonging to TNTs indicates good flowability and
favourable particle rearrangement properties. As expected, the composite products
display results in between the TNTs and the pure APIs (Fig. 18). It is well visible that the
composites show higher similarity with TNTs which confirms their relatively good
flowability and packaging ability. Comparing the R; values of the composites, the
following order can be set up: HCTTi < ATNTI < DicTi < DiltTi. This observation
confirms the differences in the efficacy of the incorporation process presented in Section
5.1.1. In the case of DiltTi and DicTi, where the composite formation was ideal, the
properties of TNTs dominate; the difference in their Ry values may reflect to the different
agglomeration mechanisms resulted by the different surface coverage of the TNTs with
the API.
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Figure 18. Evolution of ThCW with MCW of TNTSs, APIs and API-TNT composites at
50, 100, 150, 200 and 250MP compression force [99]

As regards the ATNTi and HCTTi products, Ry values represent the deficient composite
formation; the smaller improvement seen for HCTTi may be related to the increase in
surface free energy and adhesivity of the composite due to the nanotube coverage of the
API [99].

Table 11. Energetic parameters of TNTs, APIs and API-TNT composites [99]

Material R, (%) R, (%) R3 (%)
TNT 88.65 16.32 82.87
DiltHCI 22.44 30.44 76.26
DiltTi 82.26 29.79 88.15
DicNa 25.52 29.52 59.16
DicTi 76.36 31.32 89.38
ATN 26.38 10.18 45.50
ATNTI 74.17 21.46 715
HCT 34.3 32.45 80.49
HCTTi 67.25 28.34 82.31

The TCW vs. ThCW plots (Fig. 19) were evaluated to calculate the energy dissipated
on friction during the direct compression. In general, it could be established that the
rate of friction is highly dependent on the surface free energy of the compressed
material. In accordance with their high surface free energy, the compression of TNTs
resulted in a low R, value (Table 11) indicating a massive energy loss on friction. In
contrast, the lower surface free energy of the pure APIs resulted in modest energy loss

on friction as displayed by the relatively high R, values. As for the composites, the
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slope of curve varied by the surface coverage and consequential surface free energy of
the products. In the case of DiltTi and DicTi where the TNTs are covered with drug
nanocrystals, the characteristics of the incorporated APIs predominated resulting in
parallel slopes of the composites and the pure APIs. In contrast, HCTTi showed
similar friction properties as TNTs due to the nanotube coverage of the HCT crystals.
The R, value of ATNTI was unexpected as it indicates decreased rate of friction
compared to both the pure API and the TNTs, which may be due to weak hydrophilic
interactions between the ATN and the TNTs which lend more hydrophobic

characteristics to the composite [99].
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Figure 19. Evolution of TCW with ThCW of TNTs, APIs and API-TNT composites at 50,
100, 150, 200 and 250MP compression force [99]

The investigation of the conversion of the TCW into NCW (Fig. 20) allowed
calculating the R3 values (Table 11) which are indicatives of the deformation type.
The higher the R3 value, the more plastic is the deformation. When the R3 values of all
samples were compared, it became clear that the composite formation improves the
plastic deformation of APIs over the elastic one. However, this positive effect depends on
the efficacy of the incorporation. Accordingly, the most considerable improvement was
seen in the case of the successfully incorporated DiltHCI and DicNa. The increase of

R3 value of DicNa is especially remarkable since the elastic recovery of the pure API was
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so marked that the lamination of the tablets compressed above 150 MPa was clearly
visible [99].
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Figure 20. Evolution of NCW with TCW of TNTs, APIs and API-TNT composites at 50,
100, 150, 200 and 250MP compression force [99]

5.1.6.2. Post-compressional properties
The determination of the effect of compressibility and compactibility of materials on the
post-compressional tablet properties can be used to estimate the efficacy of the tabletting
process. The post-compressional properties of tablets are summarized in Fig. 21,

providing a complex image of the tablettability of the investigated materials.

Tablets prepared from pure APIs may be characterized by high (approx. 75-90 %)
compaction ratio at low pressure which shows slight increase with the increment of
compression pressure. Despite of the high compressibility, API tablets display very low
tensile strengths indicating their poor compactibility. In contrast, TNTs show poor
(approx. 55 %) compaction ratio at low compression force, but still result in tablets of
high tensile strength in the whole compression force range and can be considered
adequate for tabletting. The results of the composite tablets need to be assessed one by
one due to the unique characteristics. However, a clear tendency of improved
tablettability can be established based on Fig. 21. It can be stated in general, that the
composite tablets have higher tensile strength induced at lower compaction ratios
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compared to the API tablets, which indicates that hard tablets can be produced with

relatively high porosity, providing considerable benefits in drug release.

10 @ TNT

9 ° @ DIItHCI

8 / @ DicNa

. @ATN
E ° ™Y ° o @HCT
s 6 ° ° @ DiltTi
£ 5 L ° ° @ DicTi
5 4 /o/' ° o @ATNTI
2 ,/ ° @ HCTTi
@ 3 L
2 ° ®© 5 00
b2 s o © °

1 °* o 9.@—@?—0

0 ° Q L)

T /r T T 1
50 60 70 80 90 100
Compaction ratio (%)

Figure 21. Evaluation of the tensile strength vs. the compaction ratio of the investigated
materials compressed with 50, 100, 150, 200 and 250 MPa compression pressure [99]

Based on the results, DiltTi and DicTi tablets (where the APIs are well incorporated into
the TNTs) have morefold higher tensile strengths compared to the DiltHCI and DicNa
tablets at same compaction ratios. Furthermore, an immense improvement in tablettability
could be recognized for DicNa/DicTi as the strong lamination of the DicNa tablets
completely disappeared due to the composite formation. In case of the incompletely
incorporated APIs (ATN and HCT), the properties of the composite tablets reflect a
special mixture of the characteristics of the source materials. As regards the ATNTI, this
resulted in relatively bad tablet properties which again prove the physical-mixture-like
character of the ATNTi product. As concerns the HCTTi composite, the deficient
incorporation of HCT induced more beneficial properties to the composite product than
expected. The HCTTi tablets display not only far better tablet properties than all the other
composites, but show even more favourable ones that the pure TNTs. This interesting
phenomenon is probably due to the positive consonance of the reverse interaction
between the HCT and the TNTs, and the good compactibility of both source materials
[99].
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5.2. Powder mixtures: APIs, API-TNT composites with excipients

The thorough investigation of the raw materials including their tablettability (flowing
properties, compressibility, compactibility) already gave an idea about the potential
benefit TNTs can provide as drug carriers in the process of direct compression. Since this
benefit seemed promising in theoretical circumstances, the series of examinations was
continued under realistic conditions. The aim of the tabletting of powder mixtures (APIs,
API-TNT composites with excipients) was to reveal whether the positive effect of TNTs
on tabletting remains notable or disappears by the use of excipients.

5.2.1. Compressibility and compactibility

The compressibility characteristics and the deformation mechanism of the powder
mixtures (Table 2) were determined by applying the Kawakita-Liidde and the Walker
statistical models. These models are popular because they are easy to use and provide
reliable results at once. Also, they are commonly used together as they complement well

one another. The calculated constant values are summarized in Table 12.

Table 12. Parameters calculated from Kawakita and Walker plots [98]

Tablet A 1/b L W

DiltHCI 0.68 8.03 7.9 11.59
DiltTi 0.62 18.63 5.93 16.49
DicNa 0.67 6.38 9.85 8.72
DicTi 0.68 13.53 6.64 14.73
ATN 0.64 5.94 13.56 4.04
ATNTI 0.65 17.61 8.47 9.43
HCT 0.61 14.32 12.89 7.01
HCTTi 0.68 6.04 17.76 2.49

The constant a values (Table 12), which demonstrate the rearrangement of the particles,
are very similar for all the samples. Despite the fact that the results obtained for the raw
materials presumed lower constant a values for the API-TNT tablet compositions, no
considerable differences occurred neither within the API tablet compositions nor between
the API and the related API-TNT tablet compositions. This allows concluding that the
excipients were appropriately selected and could compensate the poor flow properties of
APIs during packaging. However, it is notable that API-TNT powder mixtures contain
proportionally less excipient than those of the APIs which means that TNTs could replace
the function of the excipients [99].

In contrast, the constant 1/b values of the APl and API-TNT tablet compositions (Table

12), which correlate with the cohesiveness, display decided differences. Powders with
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higher 1/b values need more energy investment to reduce the volume of the powder bed
to the half of the original in the rearrangement phase. The high 1/b values of API-TNT
tablet compositions are in accordance with the smaller compaction ratios of the API-TNT
composites (Fig. 21). The low 1/b values of the API tablet compositions is due to the fast
collapse of the powder bed in the die resulting limited compressibility as it was observed
for the pure API powders (Fig. 21). It is clear from the results that the behaviour of the
HCT and HCTTi tablet compositions is exceptional since the HCT tablet composition has
a quite high 1/b value, while the HCTTi tablet composition displays an unexpectedly low
1/b value. This phenomenon is probably due to the inverse composite formation
mechanism which results in higher surface free energy and adhesivity of HCTTi
compared to the pure HCT, which is resulted in decreased compactibility [98].

The values of coefficient L (Table 12) were lower for the API-TNT tablet compositions,
indicating higher volume reduction of the composite containing compositions at a certain
pressure in the deformation phase compared to the API tablet compositions. The opposite
behaviour of the HCT/HCTTi tablet compositions appeared here as well due to the
previously mentioned structural properties of the composite [98].

The coefficient W value correlates with the irreversible compressibility of the powders.
Accordingly, the higher W values of the API-TNT tablet compositions reflect to their
plastic deformation while the lower values displayed by the API tablet compositions refer
to their high elastic recovery resulting in an exceeded densification maximum. These
findings are in accordance with the results obtained for the deformation mechanism of the
raw materials (Fig. 20). Here again, the behaviour of the HCT/HCTTi tablet powder
mixtures occurred to be just the opposite of that of the other API/API-TNT tablet
compositions for the already mentioned reason [98].

In general, it can be concluded that the results of the powder mixtures correlate well with
the observations of the energetic analysis of the raw materials. The only exception is the
case of HCT/HCTTI, where the raw materials indicate the positive effect of the composite
formation, while this effect seems unfavourable in the powder mixtures.

Overall, it can be established that the incorporation of drugs into TNTs has a positive
effect on the tablettability and therefore TNTs can be considered as a multifunctional
excipient in tablet production. However, it is important to note that an unsuccessful
composite formation can even lead to a worse tablettability profile than expected from the
pure API itself [98].
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5.2.2. Tablet properties

The tablet properties provide substantial information about the adequacy of the
formulation procedure as well as about the therapeutic utility of the tablet. In the present
study the tablet examination served to confirm the results of the Kawakita-Liidde and
Walker models and at the same time to give an explanation to the exceptional tabletting
results of the HCTTi tablet powder mixture. In addition, the measurements aimed to get
an overall idea about the effects and potential pharmaceutical benefits of the use of
hydrothermally synthesized TNTs in the manufacturing of tablets with direct

compression.

5.2.2.1. Tablet density
The apparent densities of the tablets, which were calculated from the geometrical
parameters measured right after the compression and one week later, are displayed in
Table 13.

Table 13. Apparent density of the APl and API-TNT tablets determined right after the
preparation and one week later [98]

Pressing Apparent density (g/cm®) £ SD
force(kN) 0 h (left columns); 168 h (right columns)
DiltHCI | DicNa | ATN | HCT
5.0 1.09+0.01 1.06+0.01 1.16=0.01 1.16£0.01 1.11£0.01 1.25=0.01 1.03+0.01 1.28=0.01
7.5 1.18+0.01 1.15+0.01 1.23+£0.02 1.26+0.02 1.04£0.01 1.28+0.01 1.07+0.01 1.33+0.01
10.0 125£0.01 123+0.01 1.27+001 1.32+£0.02 1.01+0.01 1.28+0.01 1.09+0.03 1.39+0.01
12.5 129+0.01 127+0.01 1.30+£0.01 1.35£0.02 0.93+0.00 1.30+£0.01 1.11+0.00 1.40 £ 0.00
15.0 1.30+0.07 1.28+0.08 1.34+0.01 1.40£0.01 0.92+0.01 1.32+£0.01 1.12+0.00 1.41+0.00
DiltTi DicTi | ATNTI | HCTTi
5.0 123+0.01 123+0.00 1.16=0.00 1.16+£0.01 1.15£0.01 1.31=0.01 1.17£0.00 1.39=0.01
7.5 1.30£0.00 1.30+0.00 1.23+£0.01 1.23£0.02 1.20£0.01 1.37+£0.00 1.20+0.01 1.42+0.00
10.0 135+0.02 135+0.01 1.32+£0.00 1.32£0.00 1.23+0.01 1.40+0.01 1.26£0.00 1.48+0.01
12.5 1.40£0.01 139+£0.00 1.36+0.01 1.35+0.02 1.24+0.01 1.42+£0.01 1.31£0.00 1.48=0.01
15.0 1.42+0.00 1.40+0.00 1.42+0.00 1.40+0.04 125+0.02 1.43+£0.01 1.37+0.00 1.52+0.00

As expected, the tablets showed increased density with the increase of the compression
force. The only exception was noticed for the ATN tablets during the 0 h measurements,
where the density decreased with the increase of the compression force. The observed
change in the density indicates the strong elasticity of the ATN resulting in an increasing

elastic recovery with the increasing compression pressure, which corresponds with the
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low coefficient W value of the ATN tablet composition (Table 12). The previously
established positive effect of TNTs on the deformation mechanism is confirmed by the
fact that no such phenomenon was identified for the ATNTI tablets. API-TNT tablets
have higher apparent densities at all investigated compression pressures than the
corresponding API containing tablets indicating that the presence of TNTs generally
increases the apparent density of the produced tablets. However, the rate of this effect
varies with the properties of the incorporated drug; in case of DicNa/DicTi tablets, where
the incorporated APl has good rearrangement and compressibility (Table 12), the
increment in the apparent density appears only at higher compression forces. When
comparing the apparent density changes in time, it turned out that the apparent density of
the DicNa, ATN and HCT tablets increases, while the density of the DiltHCI tablets
decreases during the one-week storage. The increase in density is attributed to the
consolidating bonding forces, while the decrease in density is assigned to the release of
the stored stress by the tablet by increasing its volume. As regards the API-TNT tablets,
no remarkable density changes were detectable for the DiltTi and DicTi tablets at any
compression forces confirming the previously detected plastic deformation of these
powder mixtures. However, the ATNTi and HCTTi tablets showed increased apparent
density after one-week storage at all compression forces. Based on the similar density
changes of ATN and HCT tablets, these results are certainly due to the incomplete

composite formation [98].

5.2.2.2. Breaking force and tensile strength

The breaking force and the tensile strength are important indicators of the tablet quality
and therefore reflect to the suitability of the tablet composition and the formulation
setups.

As displayed in Table 14, the breaking strength increases with the compression pressure
for every tablet compositions, but the increment is greater for the API-TNT tablets than
for the API tablets. Furthermore, the breaking strengths of the API-TNT tablets are much
superior to those of the API tablets at all compression forces. These results are in
agreement with the compaction properties of the powder mixtures (Table 12) and the raw
materials as well (Fig. 21). According to Table 14, the less influence of the composite
formation on the breaking strength was for DicNa and DicTi tablets. This observation is
consonant with the results of the apparent density measurements. The comparison of the
four APIs revealed that HCT (and therefore HCTTi) tablets have the biggest breaking
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strengths at each compression force which correlates with their high apparent density
values (Table 13) as well as with the observations of the post-compressional properties of
the raw materials (Fig. 21) [98].

Table 14. Breaking and tensile strength of the APl and API-TNT tablets [98]

fporcheSI(nng) Breaking strength (N) = SD

DiltHCI DicNa ATN HCT
5.0 249+1.1 429+2.64 79.5+£2.90 87.0+4.20
7.5 53.0+3.63 58.1+3.68 82.4+2.08 112.0+3.84
10.0 66.2 £4.47 81.2+4.58 89.6 £ 1.60 149.0 + 4.81
125 104.0 £ 4.53 98.1 £3.91 101.0 +4.27 153.0+3.40
15.0 124.0+3.19 125.0 £3.00 102.0 +£3.08 160.0 = 4.00

DiltTi DicTi ATNTI HCTTi
5.0 69.0+£1.79 46.0+3.04 102.0 +4.56 127.0+£3.16
7.5 96.0 +£2.37 66.0 +£2.80 121.0 +1.97 148.0. + 3.64
10.0 122.0 £ 4.86 99.0£3.63 138.0+2.77 190.0+3.10
125 142.0 £2.66 120.0 £3.30 141.0+£2.19 191.0£3.50
15.0 156.0 £2.86 153.0 £3.05 149.0 £4.34 222.0+2.72
?OrfCSeSI(nng) Tensile strength (N) = SD

DiltHCI DicNa ATN HCT
5.0 0.47 £0.02 0.85+£0.05 1.68 £0.06 1.63 £0.08
7.5 1.09+£0.06 1.21 £0.08 1.75+£0.04 2.18+0.07
10.0 1.60 £+ 3.68 1.74 £ 0.07 1.99 £ 0.04 2.92+0.20
125 2.35+0.08 2.17+0.08 2.02£0.09 3.10£0.06
15.0 2.83+0.10 2.73 £0.07 2.13+£0.08 3.22+0.10

DiltTi DicTi ATNTI HCTTi
5.0 1.42+£0.04 0.93 £0.05 1.99 £0.09 2.65+0.07
7.5 2.08 £0.05 1.44£0.05 2.48 £0.05 3.14+£0.07
10.0 2.83+£0.09 2.27+0.08 2.88 £0.05 4.13+0.07
125 3.37+£0.06 2.83 +£0.07 3.00+£0.05 4.32+0.08
15.0 3.79 £ 0.05 3.80 +0.06 3.24+0.09 5.14+0.06

5.2.2.3. Disintegration and drug dissolution
The disintegration time of a tablet is essential regarding the drug dissolution. For this
reason and in order to define the effect of the composite formation on the disintegration,
the disintegration time of the APl and API-TNT tablets has been determined. The results

are summarized in Table 15.

Supporting the expectations, the disintegration time appeared to be proportional with the
compression pressure in all cases, and the disintegration time of the API-TNT tablets is
longer than that of the corresponding API tablets which correlates with their greater
hardness (Table 14). Nevertheless, despite their high hardness and apparent density, the
HCT and HCTTi tablets disintegrate very quickly and with quite similar disintegration
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times. Furthermore, their disintegration shows less dependence on the compression

pressure when compared to other tablet compositions.

Table 15. Disintegration time of the APl and API-TNT tablets [98]

Pressing Disintegration time (min) + SD
force (kN)
DiltHCI DicNa ATN HCT
5.0 0.16 £0.02 0.20+0.01 1.05+0.09 0.12+0.02
7.5 0.41+0.17 0.41 £0.05 1.56 £ 0.28 0.18+0.03
10.0 8.28 £0.68 1.05+0.13 3.33+0.33 0.23 +£0.06
125 11.07+1.34 1.58+0.19 540+048 0.23 +£0.06
15.0 18.13 £0.52 4.23 £0.05 6.26 +0.18 0.28 £0.03
DiltTi DicTi ATNTI HCTTi

5.0 0.52+0.03 1.34 + 0.09 495+0.35 0.31 +£0.06
7.5 2.44+0.29 2.13+0.05 9.56 £0.17 0.48 £0.16
10.0 9.54 +£0.49 3.21+0.41 13.40 £ 0.37 1.18 £ 0.13
125 15.49 £0.27 4.26 + 0.65 15.30 + 0.46 1.43+£0.07
15.0 18.46 £ 0.52 5.27+0.37 18.62 +0.43 3.19+0.30

The explanation to this phenomenon was found in the SEM pictures of the broken

surfaced tablets (Fig. 22) which pointed out fragmentations of the HCT particles (marked

with yellow arrows). These fragmentations may provoke the before observed irregularly

high densification of both the HCT and HCTTi tablet compositions and are responsible

for the fast disintegration process as well. The microfractures let the water penetrate in

the HCT particles and disrupt them by the fractures. The released energy speeds up the

disintegration process [98].

e e
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Figure 22. SEM images of the breaking surface of HCTTi 5kN (a) and 15kN tablets (b)

[98]

The dissolution tests were performed with two important goals: to reflect to the tablet

properties and to reveal the influences of the composite formation on the solubility and

dissolution profile of the APIs.
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The results of the dissolution tests in pH 6.8 phosphate buffer are displayed in Fig. 23.
Regarding to the expectations no considerable change was observed in the dissolution
profiles of the well soluble DiltHCI/DiltTi or ATN/ATNTI tablets, except of the
decreased dissolution speed with the increasing compression pressure or resulted by the
bigger density of the API-TNT tablets.
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Figure 23. Dissolution study of APl and API-TNT tablets in phosphate buffer [98]
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The dissolution profiles of the HCT/HCTTi tablets were also highly similar, which may
be due to the incomplete incorporation and non-considerable particle size decrease of
HCT. In contrast, considerable changes in drug release profile were noted for the
DicNa/DicTi tablets, due to the strong drug-carrier interactions. The dissolution from
DicNa tablets follows a first order dissolution profile as per Noyes-Whitney equation,
while DicTi tablets shows prolonged drug release Kinetics according to Korsmeyer-
Peppas equation. In this case the TNTSs act as a standalone matrix system, which may be
utilized as modified-release drug delivery system. Furthermore, in contrast with the other
investigated API/API-TNT tablets, an improved dissolution rate was observed from DicTi
tablets compared to DicNa tablets in artificial gastric juice (Fig. 24). Since DicNa is
poorly soluble under gastric conditions, this phenomenon may be due to the particle size
decrease of DicNa which doubled the rate and the amount of the dissolved API. This
observation is essential since it proves the solubility increasing capacity of TNTs [96],
[98].
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Figure 24. Dissolution from DicNa and DicTi 5kN tablets in artificial gastric juice

It can be generally stated that the first phase of dissolution is driven by the disintegration,
while the slower drug dissolution in the further phases is attributed to the interactions
inside the composites which retain the incorporated APIs from the quick release to
different extents [98].

Overall, the dissolution studies allowed concluding that the presence of TNTs increases
the tablet strength and results prolonged drug release without reference to the success of
the composite formation process. However, in case of successful drug incorporation and
adequate strength of interactions inside the composite, TNTs can modify the kinetics of
the drug dissolution., or in the case of an ideal composite formation process, TNTs are
able to improve the solubility of the incorporated drug by decreasing its particle size [96],
[98].
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6. CONCLUSIONS

The main consequences of the research may be summarized as follows.

The measurements revealed that only two (DiltHCI and DicNa) out of the four
investigated APIs were successfully incorporated into the TNTs. It indicates that the
applied composite formation method (Section 4.1.1.) is only conditionally suitable since
its efficacy highly depends on the physicochemical properties of the drug to be

incorporated. Therefore, further optimization of the method may be required before use.

We have determined that API-TNT interactions are principally based on hydrogen bonds
and the strength of the association depends on the hydrogen donor strength of the
incorporated API. The hydrogen acceptor groups of the API play only secondary role in
the association due to the high quantity, but poor hydrogen donating capacity of OH
groups on the surface of titanate nanotubes. Accordingly, the strongest association was

seen for DicTi and HCTTi among the investigated composites.

The API-TNT association and the particle size reduction resulted decreased fusion
temperature and enthalpy, and modified and elongated decomposition of the APIs. The
change in the thermal behaviour was affected by the strength of interactions, therefore the

most important differences were observed for the DicNa/DicTi and HCT/HCTTi samples.

The image analysis and surface energy measurements revealed that the APl may be
located both in the inner parts and on the surface of the TNTs. The resulted decrease of

the surface free energy may lead to improved flow and packaging characteristics.

The good tabletting properties of the TNTs highly improved the tablettability of the
incorporated APIs due to improved flowability, packaging, extended range of
compressibility and better compactibility. However, these effects showed considerable
dependence on the efficacy of the incorporation and therefore the best results were
recorded for DiltHCI and DicNa. As regards the post-compressional tablet properties, the
composite formation extremely improved the tablet strength, increased the density and
therefore slowed down the disintegration and prolongated the drug dissolution. The
positive effect of TNTs on the tablet properties was far less influenced by the success of

the incorporation than observed for other parameters.

45



Nevertheless, API-TNT interactions may affect the drug release from the composite
product by acting as a matrix and retaining the release of the API over certain strength of
interactions, as was observed in the case of DicNa. However, the decreased particle size
may lead to better solubility of poorly soluble drugs, especially if the release is not
disintegration-driven, as was observed in the case of 5kN DicTi tablets in artificial gastric

juice.

Finally, this research proved that drug loaded TNTs can successfully and easily be
formulated into tablets with direct compression method, since they are capable to improve
every step of the tabletting cycle and lead to favourable tablet properties even when used
in small quantity and when compared to other excipients. Accordingly, TNTs have the
potential to replace and over fulfil one or more excipients in a tablet composition and
therefore can improve and simplify the production. Furthermore, if the API is correctly
incorporated in the TNTSs, these carriers can improve the drug solubility which may be
promising for pharma-industry since TNTs can become alternatives of available
nanocarriers with fundamental manufacturing problems such as dendrimers, liposomes,
etc. In addition, by carrying nanosized drugs, TNTs may overcome the autoaggregation

induced formulation difficulties of nanocrystalline APIs.
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