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Abstract: Nanotechnology is playing a significant role in modern life with tremendous potential
and promising results in almost every domain, especially the pharmaceutical one. The impressive
performance of nanomaterials is shaping the future of science and revolutionizing the traditional
concepts of industry and research. Titanate nanotubes (TNTs) are one of these novel entities that
became an appropriate choice to apply in several platforms due to their remarkable properties such
as preparation simplicity, high stability, good biocompatibility, affordability and low toxicity. Surface
modification of these nanotubes is also promoting their superior characters and contributing more to
the enhancement of their performance. In this research work, an attempt was made to functionalize
the surface of titanate nanotubes with carboxylic groups to increase their surface reactivity and widen
the possibility of bonding different molecules that could not be bonded directly. Three carboxylic acids
were investigated (trichloroacetic acid, citric acid and acrylic acid), and the prepared composites were
examined using FT-IR and Raman spectroscopy, scanning electron microscopy (SEM), transmission
electron microscopy (TEM) and dynamic light scattering (DLS). The toxicity of these functionalized
TNTs was also investigated using adherent cancer cell lines and fibroblasts to determine their safety
profile and to draw the basic lines for their intended future application. Based on the experimental
results, acrylic acid could be the suitable choice for permanent surface modification with multiple
carboxylic groups due to its possibility to be polymerized, thus presenting the opportunity to link
additional molecules of interest such as polyethylene glycol (PEG) and/or other molecules at the
same time.

Keywords: titanate nanotubes; carboxylic acid; polyethylene glycol; functionalization; linkers

1. Introduction

Nowadays, an accelerated transformation procedure from the use of traditional bulk
materials into applying smart, predesigned nano ones is taking place in all aspects of
modern life. All scientific disciplines should be keeping up with this tremendous evolution,
and every single domain should explore the potential of investing in others’ invented tools
for its own benefit.

Titanate nanotubes (TNTs) are one of these newly invented materials that were in-
troduced as efficient tools to serve in various fields aiming to achieve different purposes.
Several research works demonstrated the effectiveness of TNTs in medical, industrial and
chemical disciplines such as in dental implants and orthopedics [1,2], chemical catalysis,
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biofuel synthesis, solar cells and water purification [3-6]. This outstanding performance in
these multiple fields brings out an insistent question about the potential role they could
play in the pharmaceutical domain.

For this reason, TNTs are attracting more and more attention in the pharmaceutical
community as they could offer a novel platform and an appealing candidate for pharma-
ceutical uses, especially in the field of drug delivery. Their attractiveness arises from the
preferable properties they could offer such as advantageous tubular geometry, large specific
surface area compared to their spherical counterparts, hydrophilic nature, nano-size unde-
tectable for the reticuloendothelial system, good biocompatibility and mechanical strength.
This unique package of properties is of fundamental importance and is considered a key
feature for their prospective use as drug carriers [1,7,8].

Unfortunately, only a few attempts have been made to bring these nanomaterials into
therapeutic practice. For instance, promising results were successfully obtained in the
field of oncology after using TNTs as antitumor carriers for doxorubicin and docetaxel to
pancreatic and prostate tumors [9,10]. In fact, just depending on their photocatalytic activity,
TNTs could induce the death of malignant cells upon UV irradiation [11]. This ability holds
the potential of introducing a synergetic effect if combined with the loading of active
pharmaceutical ingredients (APIs). In this context, TNTs were investigated as possible
nanocarriers for various APIs such as ibuprofen, dexamethasone, curcumin, methotrexate
and silibinin [12-15]. The use of TNTs as drug carriers would not just contribute to the
effective therapeutic outcomes after the drug has been delivered to the site of action, but
it would also have advantages on the technological and industrial levels. According to
Sipos et al., the incorporation of APIs into TNTs could present superior processability in
comparison to APIs alone, and this would shorten the time needed for preformulation
studies, especially regarding the tableting process [16-18].

Although, the mentioned properties of TNTs are considered as advantages for several
applications including medical and pharmaceutical ones. Nevertheless, surface modifica-
tion could be an unavoidable step for further improvement of the existing properties, for
adjustment of the unfavorable ones or even for providing them with new characteristics.
The surface modification is considered as a recommended solution to overcome TNTs prob-
lems and upgrade their use to new scopes; for example, applying a hydrophobic cap for
preventing the leaching of hydrophilic drugs to the surrounding environment and achiev-
ing a controllable release profile [19] or for enhancing the permeability of these hydrophilic
nanotubes and facilitating their absorption/biological membrane bypassing [20]. Surface
modification of TNTs was also conducted successfully as an approach to enhance the APIs
loading, sustain/control the release rate and reduce toxicity using different molecules such
as polyamidoamine dendrimers, P25 nanoparticles and chitosan [14,15,21,22].

However, it is worth mentioning that while there is a considerable number of scientific
papers discussing surface functionalization of different nanomaterials, just a few of them
focused on this type of modification with TNTs. This lack of research in this fundamental
angle opens the door for further investigation in this unexplored subject.

This study aims to contribute to TNTs surface functionalization by creating an ex-
tended and flexible arm on their surface using carboxylic acids. This proposed approach
could be an appropriate way to create functional nanomaterials, facilitating further function-
alization with additional molecules, and would result in tailoring TNTs surface chemistry
to enhance their characters or adapt them to fit well with the pharmaceutical requirements.
Polyethylene glycol (PEG) was selected as the functionalizing agent that will be bonded to
the carboxylic arm due to its well-known biological benefits such as resisting non-specific
protein adsorption and thus the formation of protein corona [23-25], prolonging circulation
time [26] and reducing cytotoxicity [27].

Creating a functional arm on the surface of TNTs for special purposes has been carried
out before by Marques et al. to enhance TNTs adsorption capacity towards anionic materials
in aqueous solutions. This purification technique could be achieved by linking amine
groups to the originally negative-charged TNTs surface. These amine groups could turn
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TNTs

into positively charged groups after protonation in acidic media, leading to electrostatic
interactions with negatively charged materials. Furthermore, the unfunctionalized sites of
TNTs surface could continue to interact with cationic materials as these sites preserve their
original negative charge. According to this strategy, TNTs could act as a bi-charged surface
and interact with molecules that could not interact with TNTs in their original form [28].

A similar approach was suggested in this research article (Figure 1) which involves
enriching TNTs surface with reactive carboxylic groups that could facilitate subsequent
grafting of numerous molecules intended for shaping the surface properties or, furthermore,
attaching biologically active substances that could not be directly linked to the original
surface of TNTs. This proposed idea to create a functional carboxylic arm on the surface of
TNTs is easily applicable with the organic counterpart through oxidation [29], which will
provide carbon nanotubes (CNTs) with carboxylic groups, giving them the opportunity
to be covalently functionalized [30]. However, with inorganic nanomaterials, this task is
more challenging and more difficult to achieve. This study will also thoroughly discuss the
type of the created interactions, as the desired one would differ according to the intended
future implementation. To the best of our knowledge, this is the first paper to discuss the
importance of tailoring the surface chemistry of nanotubes and create a connecting bridge
with carboxylic groups that could serve as future linkers for additional molecules (APlIs,
markers, etc.) and then to investigate the toxicity of these modified samples in order to
upgrade their use for safe therapeutic implementation.

Carboxylic acids

Acrylic acid

== PEG

@

Citric acid

O—H

Carboxylic arm Main sites for further functionalisation

with possible agents

Figure 1. The suggested strategy for TNTs surface modification.

2. Materials and Methods
2.1. Materials

Three types of carboxylic acids, trichloroacetic acid (TCA), citric acid (CA) mono-
hydrate (both from Molar, Chemicals Ltd., Budapest, Hungary) and acrylic acid (AA)
(Sigma-Aldrich Ltd., Budapest, Hungary), in addition to two types of polyethylene glycol
(PEG 600 and PEG 6000) (Fluka AG, Buchs, Switzerland), were used to functionalize the sur-
face of TNTs. Sodium persulfate, sodium sulfite and sodium hypophosphite monohydrate
reagents were also purchased from Sigma-Aldrich Ltd. (Budapest, Hungary).
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2.2. Methods
2.2.1. Preparation of TNTs

TNTs were prepared at the Department of Applied and Environmental Chemistry,
University of Szeged, according to Sipos et al. [18], using the hydrothermal treatment
method. Briefly, 120 g of NaOH was added to 300 mL of distilled water during continuous
mixing, then 75 g of TiO, was added and mixed for 15 min. This mixture was put in an
autoclave at 185 °C for 24 h then cooled at room temperature for 2 h, followed by cooling
with cold water. The TNTs were finally washed with distilled water under vacuum using
filter No:4.

2.2.2. Preparation of Carboxylic Acid Functionalized TNTs

TCA functionalization of TNTs was performed by adding 3 g of TNTs to 90 mL of
water in an ultrasonic bath for 1 h until a homogenous suspension was obtained. This
suspension was heated at 80 °C in a condenser connected to nitrogen gas for 30 min, then
TCA was added to the previous system and mixed for one day.

CA functionalized TNTs (CA-TNTs) were prepared by adding 0.5 g of TNTs to 15 mL
of water containing citric acid on a magnetic stirrer. This mixture was stirred for 30 min to
obtain a homogenous suspension then heated at 50 °C with continuous stirring for 24 h.

AA functionalized TNTs (AA-TNTs) were prepared by mixing 1 g of TNTs with 28.8 g
of acrylic acid, 32 g of hexane and 8 g of water then placed for sonication in an ultrasonic
bath for 20 min at room temperature. This mixture was stirred at room temperature in
a magnetic stirrer for 2 days then separated by centrifugation at 12,000 rpm for 60 min
at8 °C.

2.2.3. Functionalization with PEG

CA-TNTs were further functionalized with PEG 600 by mixing CA-TNTs and PEG 600
at 130 °C in a silicon oil bath for 24 h in an inert atmosphere condition by bubbling nitrogen
gas, then the mixture was cooled to room temperature and filtered.

AA/PEG 6000 functionalized TNTs were prepared by applying a two-step method,
where first an AA-PEG copolymer was prepared according to Abo-shosha et al. [31] and
Ibrahim et al. [32], followed by bonding the copolymer with TNTs. Briefly, the AA-PEG
6000 copolymer was prepared by a polymerization reaction in a thermostatic water bath
at 40 °C under atmospheric oxygen. The polymerization medium of polyacrylic acid
(PAA)/PEG was prepared by neutralizing 20% of AA (115.5 g) with the equivalent amount
of an aqueous solution of 500 g/L of NaOH followed by dissolving 40 g of PEG 6000. After
that, 3.3 mL of 40 g/L sodium sulfite (NaySO3) solution and 12.2 mL of 330 g/L sodium
persulfate (NayS,0Og) solution were added with stirring. An exothermic polymerization
reaction commenced after an induction period with the evolution of water vapor, followed
by solidification of the polymerization medium. The latter was then cooled, disintegrated,
oven dried at 105 °C for 2 h, cooled and kept over silica gel for at least 40 h before analysis.
In the second step, this copolymer (50 g/L) was bonded with TNTs (5 g/L) after adding
Na-hypophosphite (15 g/L) as a catalyst in this reaction.

All the prepared composites were subjected to a washing step to remove any residues
adsorbed on the surface of TNTs and finally were dried in a drying oven (Memmert,
Biichenbach, Germany).

2.2.4. Structural Investigations

The determination of the success of functionalization procedure and the nature of
TNT-carboxylic acid interactions were evaluated using an Avatar 330 FI-IR spectrometer
(Thermo Fisher Scientific Ltd., Waltham, MA, USA). FT-IR measurements were conducted
with a transmission E.S.P. accessory by using 128 scans at a resolution of 4 cm~! and
applying HyO and CO, corrections. Spectragryph 1.2.16.1 software (Friedrich Menges,
Obersdorf, Germany) was used to evaluate the results.
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A DXR Dispersive Raman spectrometer (Thermo Fisher Scientific Inc., Waltham, MA,
USA) equipped with a CCD camera and a diode laser operating at a wavelength of 780 nm
was applied to perform Raman measurements, which were carried out with a laser power
of 12 and 24 mW at 25 pm slit aperture size. The data were collected in the spectral range
of 200-3300 cm ™! using photobleaching to compensate fluorescence of titanate. OMNIC
8 software was used for data collection, averaging the total of 20 scans and making the
spectral corrections. For the removal of cosmic rays, a convolution filter was applied on the
original spectrum using Gaussian kernel.

2.2.5. Morphology

The morphology and size of bare and functionalized TNTs were investigated by
scanning electron microscope (SEM) (Apreo C, Thermo Fisher Scientific Ltd., Waltham, MA,
USA) and transmission electron microscope (TEM) (FEI Tecnai G2 20 X-TWIN, Hillsboro,
OR, USA). SEM was instrumented with a cold field emission (CFE) cathode. The system
was used under 1077 Pa ultra-high vacuum, and the samples were maintained at room
temperature and under 10~* Pa vacuum during the characterization in the sample chamber.
TEM images were taken at 200 kV of electron energy.

The hydrodynamic diameter and zeta potential measurements were taken using dy-
namic light scattering with a Nano ZS zetasizer system (Malvern Panalytical Ltd., Malvern,
Worcestershire, UK), equipped with a 633 nm wavelength laser. The bare and functionalized
TNT samples were prepared by dispersing them in different media (water, phosphate-
buffered saline (PBS) and a PBS-based cell culture medium) with 30 min of ultrasonication,
and then 1 mL of each dispersion was placed in folded capillary zeta cells.

2.2.6. Cell Viability Studies

The direct toxicity of the newly prepared TNTs was determined on two intact and three
cancerous cell lines by standard MTT (3-(4,5-dimethylthiazol-2-yl1)-2,5-diphenyltetrazolium
bromide) method [33]. The TNTs were tested against non-cancerous human embryo
fibroblast (MRC5) and mouse embryonic fibroblast cell lines (NIH/3T3), as well as on
malignant human ovarian carcinoma (A2780) and two types of oropharyngeal squamous
carcinoma cell lines (UPCI-SCC-131 and UPCI-SCC-154). The MRC5, NIH/3T3 and A
2780 cell lines were purchased from the European Collection of Cell Cultures (ECACC,
Salisbury, UK), while the two oropharyngeal cell lines from the German Collection of
Microorganisms and Cell Cultures GmbH (Braunschweig, Germany). Each cell line was
maintained at 37 °C in a humidified atmosphere (containing 5% CO,) in Eagle’s Minimum
Essential Medium (EMEM) supplemented with the appropriate amount of heat-inactivated
fetal calf serum (FCS), non-essential amino acids and 1% antibiotic—antimycotic mixture
(penicillin—streptomycin), according to the manufacturer’s recommendations. All media
and supplements were obtained from Lonza Group Ltd. (Basel, Switzerland).

For testing the action on cell growth, cells were seeded into 96-well plates at the
density of 5000 cells/well, and after overnight standing, cells were treated with increasing
concentrations of TNTs (1, 3, 10 and 30 pg/mL). After incubation for 72 h, 5 mg/mL MTT
solution was added for another 4 h. The precipitated formazan crystals were solubilized in
dimethyl sulfoxide, and the absorbance was measured at 545 nm using a microplate reader
(SPECTROstarNano, BMG Labtech GmbH, Offenburg, Germany). Wells with untreated
cells were utilized as control. The in vitro experiments were carried out twice with five
parallels. TNTs were suspended in dimethylsulfoxide (DMSO), and the highest DMSO
content of the medium (0.6%) did not substantially affect cell proliferation. Data were
evaluated with GraphPad Prism version 10 for Windows software (GraphPad Software,
San Diego, CA, USA), while statistical evaluation was performed with TIBCO Statistica
v14.0.1.25 software (TIBCO Software Inc., Palo Alto, CA, USA).
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3. Results and Discussion

Previous attempts to directly link PEG to TNTs were not successful. Although PEG
was successfully linked to TNTs via H-bonds, the strength was not sufficient to hold the
complex together after dispersion in aqueous medium, so the PEG was rapidly detached
from the TNTs. Therefore, the main idea of creating a carboxylic arm on the surface of
TNTs is to serve as a functional bridge and enable strong, covalent connecting of various
molecules that could not be directly connected to TNTs hydroxylated surface.

In the first attempt, the same method which was previously used for functionalization
of TNTs with trichloro-octyl-silane [20] was adopted to TCA. Nevertheless, the trial was not
successful, as shown in Figure 2, as the characteristic peaks of TCA, mainly the C=O, C-O
and C-Cl stretching vibration at 1751, 1262 and 679 cm ™!, respectively, are clearly absent in
the spectrum of the corresponding composite, which suggests that it was removed during
the washing procedure. This unsuccessful attempt could be attributed to the fact that TCA
has only one carboxyl group, which was apparently not sufficient for creating a durable
association with the surface of TNTs.

— Trichloroacetic acid (TCA)
— INTs-TCA
— HINT

S P S v B s = =

16224
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumbers [1/cm]

Figure 2. FT-IR spectra of TCA (blue), TNT (cyan) and the TCA-TNTs (red).

In contrast to the previous results, the functionalization experiments with citric acid
appeared to be successful, and this was evidenced by the existence of its characteristic
peaks (C=O stretching at 1728 cm ! and C-O stretching with two peaks at 1233 cm~! and
1213 cm ™!, belonging to CHOH and CH, attached carboxyl groups, respectively) in the
spectra of CA-TNTs (Figure 3). However, the slight shift of the C=0 stretching to 1717 cm ™!
and the CH-C-O to 1200 cm ! indicates a change in association due to the establishing
of hydrogen bonds between the two entities, while the peak at 1233 cm ™! remained in an
unchanged position. This suggests that the two primary COOH are attached to the surface
of TNTs, while the third one is facing outwards in an unchanged form.

This would enable further functionalization trials with additional molecules intended
to be connected to the free carboxylic arm. An esterification attempt between the car-
boxylated surface of CA-TNTs with PEG was made depending on the theory that titanate
could serve as a heterogenous catalyst for such chemical esterification reactions [34,35].
For this reason, TNTs were used as a part of the reaction in addition to using them as a
potential catalyst.

Unfortunately, in this study this theory did not work, and the planned esterification re-
action failed, as was confirmed by the results of FI-IR examinations (Figure 4). The reaction
outcome was purified with filtration. The spectrum of the filtered precipitate contained
only the signals of the CA-TNTs. In addition, the unique peaks that are attributed to PEG
structure, especially the C-H stretching vibration at 2868 cm ! and the C-O stretching
vibration at 1102 cm !, are absent, while the dried filtrate provided an identical spectrum
of PEG. It could be concluded from the previous observations that PEG was not bonded
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Figure 3. FT-IR spectra of citric acid (blue), TNTs (red) and CA-TNTs (yellow).

— CA-INT-PEG filtrate
CA-TNT-PEG precipitate

— PEG 600
— Citric adid
——

wM

4000 3800 3600

3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumbers [1/cm]
Figure 4. The spectra of PEG 600, esterification result and esterification filtrate.

According to these results, the choosing of multifunctional group carboxylic acid as
citric acid is more favorable in terms of using one group to interact with TNTs surface and
leaving the other one or two for further interactions with additional molecules. Never-
theless, it also could be concluded that creating a weak interaction/association between
the surface of TNTs and the carboxylic acids is not sufficient to step further for additional
functionalization, as the subsequent treatment could easily break this fragile association
and result in bare TNTs after carboxylic acid is detached off the surface. This type of
weak interaction, such as electrostatic attractions and hydrogen bonds, could be more
favorable regarding TNTs loading with drugs so these drugs can be liberated later from
this association and released to the biological medium. It is worth mentioning that these
interactions could slow the release rate of the drug or change its kinetic if they were suf-
ficiently intense [18,36]. On the other hand, stronger bonds are more favorable during
functionalization/surface modification, so this surface adjustment could be permanent to
provide the TNTs with special specifications intended for special purposes.

As the attempt for TNTs PEGylation via CA linker has failed, a third attempt using
AA was applied where the hypothesis was to bond AA to TNTs by n-bonding via breaking
up of its C=C bond. Although a weak interaction with the surface of TNTs was achieved
similarly as the case with CA, the attempt was considered a failed experiment. Since the
characteristic peaks of AA (C=0 stretching vibration at 1722 cm~!, the OH bending at
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1410 cm ™!, and the C-O stretching at 1299 cm~!) exhibited significant shifting (1630, 1440
and 1277 cm™!, respectively) in the spectrum of the reaction result, the C=C stretching
vibration at 1636 cm ™! was covered while =C-H bending vibration at 986 cm ™! remained in
an unchanged position (Figure 5). These observations indicate that instead of the -bonding
with the C=C bond, the carboxylic group formed an H-bond with the TNTs. In this case, the
carboxyl group of acrylic acid would be occupied and thus would not be available to act as
an extended arm for further functionalization. Moreover, as it was previously mentioned,
such a weak interaction as H-bonds with acrylic acid is not enough to step further and use
this acid as a linker for additional molecules.

0261 — AA-INT
Acrylic add
= EFINT
g T g &7 ' y i
4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 400

Wavenumbers [1/cm]

Figure 5. FT-IR spectra of acrylic acid (yellow), TNTs (red) and AA-TNTs (blue).

Based on the previous discussion, it is necessary to build a durable connection between
the surface of TNTs and the carboxylic acid so it could tolerate the subsequent treatment for
using it as a bridge connecting additional substances. For this reason, a reverse approach
was conducted starting from bonding the acrylic acid with the molecule of interest (PEG)
as the initial step depending on the carbon double bond as the main site of interaction.
Then, this synthesized adduct could be linked to the hydroxylated surface of TNTs. Acrylic
acid-PEG connection was carried out using free radical polymerization reaction, which
will present a new copolymer (PAA-PEG) with multiple carboxylic groups. These groups
could be utilized later to connect more molecules with the carboxylic arm of the pegylated
TNTs such as drugs, markers or biological molecules.

Significant differences may be observed between the spectrum of the prepared copoly-
mer and its precursors (PEG and AA) spectra (Figure 6). The disappearance of the peak
assigned to the vibration of H in C=C-H at 986 cm ™! is clear evidence of the polymerization
reaction. Furthermore, the absorption peak of C-H stretching of methylene groups is also
visible at 2928 cm~! in the spectrum of the prepared copolymer, and it also could be a
sign for the saturation of C=C bond in acrylic acid during the polymerization process.
Regarding the C=0 stretching range between 1600 and 1750 cm ™!, there were two peaks
visible in the spectrum of acrylic acid assigned to C=C and C=0 vibrations which are at
1636 and 1727 cm ™!, respectively. In the newly synthesized material, the peak at 1727 cm ™!
is separated to 1715 and 1737 cm ™!, indicating the presence of terminal and mid-chain
carboxyl groups. The new peaks at 1558 and 1538 cm ™! may indicate that the carboxyl
groups are presented in the form of carboxylate anions. The slight decrement of the O-H
bending vibration of PEG at 1349 cm ™! and the increasement of C-O stretching at 1245 cm ™!
in the copolymer indicate that PEG is attached to the end of the PAA chain through its
terminal OH.
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Figure 6. FT-IR spectra of acrylic acid (blue), PEG 6000 (yellow), AA/PEG copolymer (red), TNT
(dark blue) and the AA/PEG functionalized TNT (light blue).

Regarding the spectrum of AA /PEG functionalized TNTs, the further shift of C=O
stretching to 1706 cm ™!, and the multiple shifts of the peaks in the C-O stretching region at
1171, 1131 and 1038 cm !, indicate that the copolymer is strongly attached to the surface of
TNTs. A similar slight but considerable shift may be observed in the carboxylate stretching
to 1560 and 1540 cm 1. According to Pouran et al. [37] and Liew et al. [38], this shift
indicates a strong ionic bond between the carboxylate anion and Ti ions which might
be irreversible.

The results were cross-confirmed by Raman spectroscopic investigations. It is well
visible on Figure 7 that the intensive C=C stretching signal of AA at 1638 cm ! has com-
pletely disappeared from the AA /PEG copolymer spectrum, confirming the successful free
radical polymerization reaction. The other characteristic peaks at 1452 cm !, 1726 cm™!
and 2931 cm~! may be attributed to the stretching of carboxylate anion, carbonyl groups
and CH, groups, respectively. The peak at 2931 cm~! may be clearly identified in the
spectrum of AA/PEG functionalized TNTs in an unchanged position, but the other signals
cannot be identified clearly due to the fluorescence of TNTs. However, a new peak with
small intensity has appeared in the spectrum at 1970 cm ™!, which may also indicate the
presence of intermolecular interactions that may be due to the conjugated Ti-O-C vibrations.
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Figure 7. Raman spectra of acrylic acid (red), PEG 6000 (light blue), AA/PEG copolymer (yellow),
TNT (dark blue) and the AA/PEG functionalized TNT (blue).
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Morphological investigations have also been conducted on the bare and functional-
ized samples, with both scanning and transmission electron microscopy (Figure 8). No
considerable difference was observed between the bare and functionalized TNTs except
for some fragmentation, which may be due to the ultrasonication which was to aid the
dispersion of TNTs before the functionalization reaction. The diameter was found to be
9.56 £ 1.56 nm vs. 10.42 £ 2.03 nm, while the length was found to be 128.27 £ 61.22 nm vs.
92.54 £ 20.97 nm for bare vs. functionalized TNTs, respectively, according to TEM pictures.

o
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Figure 8. TEM picture of bare (a) and AA/PEG functionalized (b) TNTs, SEM pictures of bare (c) and
AA/PEG functionalized (d) TNTs.

Nevertheless, these results show no correlation with those obtained with DLS mea-
surements, where the hydrodynamic diameter in water was found to be 212.7 £ 0.2 nm vs.
417.2 £ 10.1 nm for bare and functionalized TNTs, respectively. The larger average particle
size in water in comparison with that in the dried state can be attributed to the existence
of a hydration layer that surrounds the hydrophilic nanotubes due to their hydroxylated
surface, while the increased size of functionalized TNTs may be further proof of the suc-
cessful functionalization, as the presence of AA/PEG copolymer on the surface of TNTs
may lead to greater size and increased interaction with water molecules, probably due to
their entrapment between its chains.

The hydroxylated surface of TNTs provides a stable negative zeta potential (—36.47 +
0.35 mV), which corresponds well with the results of Bavykin et al. (—42.7 mV) [39] and
of Papa et al., who reported a strongly negative zeta potential above the isoelectric point
(pH 3.6) of TNTs [40], and indicated that although these nanotubes would be negatively
charged at the physiological pH (—34.5 & 4.3 mV), they can still interact well with the
negatively charged cell surface, achieving good internalization supported by their tubular
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morphology [41]. The functionalized TNTs exhibited the same stable negative zeta potential
in purified water (—36.86 & 0.41 mV).

However, there was a considerable difference in the behavior of bare and functional-
ized TNTs in PBS buffer where, despite the unchanged zeta potential (—33.96 £ 2.27 mV
and —35.9 & 2.01, respectively), the bare TNTs exhibited visible precipitation, which was
in accordance with the size measurements that showed a size of 11,037 + 7399 nm. Ac-
cording to our hypothesis, the PBS buffer induced a partial ion exchange on the surface
of TNTs, which decreased the repulsion forces and induced the aggregation of nanotubes.
In contrast, no similar effect was observed in the case of the functionalized TNTs, where
only a slight increment was observed in the hydrodynamic diameter (570.43 £ 26.53 nm),
so functionalization here has a positive impact by reducing agglomeration and enhancing
dispersibility and stability of TNTs in this medium.

Similar observations were detected in the PBS-based cell culture medium, where
11,283 + 6480 nm and 837.83 =+ 18.48 nm size was detected for bare and functionalized
TNTs, respectively. The increased size in the cell culture medium can be due to the de-
creased zeta potential (—3.14 + 1.79 mV and —23.2 & 0.95, for bare and functionalized
TNTs, respectively) indicating strong TNT—cell interactions. However, another possible
explanation is that the presence of cells probably interferes with the measurement and
might influence the results. Nevertheless, the smaller change in zeta potential of the func-
tionalized samples in cell culture medium compared to that of the bare TNTs also supports
the stabilizing effect of functionalization, probably by sterically hindering the hydrophobic
and electrostatic interactions with the cells, reducing their adsorption on the surface, and
probably simulating what could happen with the plasma components [42]. However,
decreasing the negative zeta potential would result in reducing the repulsion with cell
membrane, thus leading to the enhancement of cell permeation, higher penetration but
also higher potential of toxic effects [43].

The preliminary toxicity of the prepared TNTs has been investigated by a widely used
viability assay against human adherent cancer cell lines and two different fibroblasts. The
substances were applied in 1-30 ug/mL concentration range for 72 h. None of them exerted
considerable cell growth inhibition as the growth inhibition values did not exceed 30% in
any cases, so the investigated samples can be considered as safe (Figure 9). The statistical
analysis revealed no significant (p > 0.05) difference between the tested samples. Regarding
the sensitivity of various cell lines, the statistical evaluation confirmed that UPCI-SCC-154
oral squamous carcinoma cell line is the most sensitive cell line but in a non-concentration-
dependent manner. Typical concentration-dependent effects were observed only against
UPCI-SCC-131 cells where the 30 pg/mL concentration exhibited a significant increase in
the growth inhibition in comparison with the 1 and 3 pug/mL concentrations (p = 0.012
and p = 0.011, respectively), but the inhibition did not exceed the 30% level even in this
case. The proliferation of ovarian cancer cell line A2780 and fibroblasts were practically
not influenced by the treatment with TNTs. There were no significant (p > 0.05) differences
between human and murine fibroblasts (MRC5 and NIH/3T3, respectively) concerning
the sensitivity toward the nanotubes. Though the presented cell-based viability results
cannot substitute an appropriate toxicological study, they indicate that the tested substances
have no relevant action on the cell growth, and, therefore, no outstanding toxicity can be
expected from later in vivo experiments.

These results agreed with the findings of Papa et al., who reported no cytotoxicity of
TNTs on Chinese hamster ovary cell lines (CHO) after 24 h of exposure in a concentration up
to 10 pg/mL [40]. They were also in agreement with the findings of Fenyvesi et al. [44] and
Wadha et al. [45], who demonstrated no cytotoxic effect of TNTs against Caco-2 cell lines in
a concentration up to 5 mg/mL after short treatment (120 min) and against A549 epithelial
cell lines in a concentration up to 1.1 mg/mL after long exposure (7 days), respectively. It is
worth mentioning that these safety results were not limited to the bare TNTs, but the safety
was also evidenced with different types of functionalization and with different chemical
structures. For example, Ranjous et al. have reported the safety of silan-functionalized
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TNTs up to 1 mg/mL and stearate-functionalized TNTs up to 2 mg/mL on Caco-2 cell lines
using MTT assay for a short exposure (120 min) [20]. Papa et al. have also modified the
surface of TNTs with polyethyleneimine (PEI) and then examined the toxicity with MTT
assay on cardiomyocytes for 24 and 96 h. No significant toxicity was observed neither
with TNTs nor with their functionalized samples in a concentration up to 10 ug/mL [41].
These studies, in addition to our research work, presented promising results to promote
the future use of TNTs as safe nanocarriers and a novel platform for drug delivery.
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Figure 9. Effects of the prepared nanotubes on the growth of the utilized fibroblasts (MRC5, NIH/3T3)
and cancer cells. Numbers on horizontal axes indicate final concentrations in ug/mL; red, blue and
green columns mean TNT, AA/PEG copolymer and AA /PEG functionalized TNTs, respectively.
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4. Conclusions

TNTs have been widely used in different disciplines since they first appeared in 1996 as
a superior replacement for the organic carbon counterparts. They hold huge potential that
could bring advantages to multiple platforms, including the pharmaceutical one. However,
some of their characteristics which act as an obstacle hindering their successful use in health
domains could be overcome by functionalizing their surface to shape their properties for
suiting the pharmaceutical requirements.

Determining the type and the strength of the created interaction/association between
TNTs and the functionalizing agent in the prepared composites is of crucial importance
as it would highly affect the subsequent application of these synthesized composites. For
instance, weak associations such as hydrogen bonds are not sufficient as the used agent
would easily detach off the surface; thus, stronger interactions such as covalent or ionic
bonds are more favorable as they are more stable and long-lasting ones.

The synthesized AA/PEG copolymer was successfully utilized for the durable func-
tionalization of TNTs, and it has considerably increased the stability in aqueous environ-
ment. Furthermore, based on the results of the preliminary cell viability studies using mul-
tiple cell lines, TNTs could be a safe and promising candidate for drug delivery purposes.
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Abstract: Recently, titanate nanotubes (TNTs) have been receiving more attention and becoming
an attractive candidate for use in several disciplines. With their promising results and outstanding
performance, they bring added value to any field using them, such as green chemistry, engineering,
and medicine. Their good biocompatibility, high resistance, and special physicochemical properties
also provide a wide spectrum of advantages that could be of crucial importance for investment in
different platforms, especially medical and pharmaceutical ones. Hydrothermal treatment is one of the
most popular methods for TNT preparation because it is a simple, cost-effective, and environmentally
friendly water-based procedure. It is also considered as a strong candidate for large-scale production
intended for biomedical application because of its high yield and the special properties of the resulting
nanotubes, especially their small diameters, which are more appropriate for drug delivery and long
circulation. TNTs” properties highly differ according to the preparation conditions, which would later
affect their subsequent application field. The aim of this review is to discuss the factors that could
possibly affect their synthesis and determine the transformations that could happen according to the
variation of factors. To fulfil this aim, relevant scientific databases (Web of Science, Scopus, PubMed,
etc.) were searched using the keywords titanate nanotubes, hydrothermal treatment, synthesis,
temperature, time, alkaline medium, post treatment, acid washing, calcination, pharmaceutical
applications, drug delivery, etc. The articles discussing TNTs preparation by hydrothermal synthesis
were selected, and papers discussing other preparation methods were excluded; then, the results were
evaluated based on a careful reading of the selected articles. This investigation and comprehensive
review of different parameters could be the answer to several problems concerning establishing a
producible method of TNTs production, and it might also help to optimize their characteristics and
then extend their application limits to further domains that are not yet totally revealed, especially the
pharmaceutical industry and drug delivery.

Keywords: TNTs; hydrothermal treatment; temperature; alkaline medium; post treatment;
pharmaceutical applications

1. Introduction

Nowadays, nanoparticles have attracted huge attention in different domains of sci-
ence and human life such as chemistry, energy, and medicine due to their special design
and small size. Titanate nanotubes (TNTs) are one type of these novel materials, which
was first prepared in 1996 by Hoyer [1] after organic carbon nanotubes were presented
in 1991 with promising results in different areas. TNTs are described as a spiral-shaped
type of inorganic nanoparticles which are originally derived from titanium dioxide (TiO,)
as a raw material [2]. Their diameter typically ranges between 10 and 100 nm according
to the applied preparation method, but it might reach even 400 nm in some cases [2,3].
This nano-size combined with tubular structure are unique properties which differentiate
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them from other types of nanoparticles (NPs), giving them higher surface area and cellular
uptake [3,4]. Moreover, TNTs offer a distinguished profile of specifications that could
be interesting in numerous fields, such as their hydrophilic nature, good wettability and
biocompatibility [2,3,5], chemical stability [5], photocatalytic activity [5], excellent mechani-
cal properties, and corrosion resistance [5,6], in addition to low toxicity [7-10]. Due to these
remarkable specifications, TNTs have been successfully utilized in numerous fields with
great outcomes and impressive performance (Figure 1) making them attractive candidates
for investigation of their potentials in further disciplines [5,11-13]. Although some attempts
have been made to investigate the possible application of these newly synthesized materials
in biomedical research, few of them have focused on their application in the pharmaceutical
field as drug carriers [5,14-17].
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Figure 1. The applications of TNTs in different platforms.

Since their first appearance, many methods have been proposed for the proper prepa-
ration of TNTs, such as sol gel template, template-assisted synthesis, electrochemical
treatment, and hydrothermal treatment [2,5]. Based on the literature data, it was clearly
concluded that the final properties of the manufactured materials, especially their morphol-
ogy, diameter, and crystal structure, are highly dependent on the method of preparation,
which will subsequently affect their application field. For example, the diameter of nan-
otubes differs according to their preparation method, as electrochemical treatment would
result in self-organized but large nanotubes (the typical diameter is >25 nm, often ~100 nm).
This large diameter is not convenient for biomedical uses because nanoparticles with this
size will be easily cleared from the circulation by the reticuloendothelial system (RES).
On the other hand, the use of the templating method is also limited in obtaining small-
size nanotubes, due to the limitation of the pore size of the mold [3,5]. In contrast, hy-
drothermal treatment would result in a smaller diameter (10 nm) along with possibly
hundreds of nanometers in length, making them possible candidates for medical and
pharmaceutical use [2].

The small diameter and long circulation half-life of hydrothermally synthesized TNTs
are not the only advantages that this method could offer, so it is becoming one of the most
popular methods for the preparation of TNTs. It is a simple process that involves the
crystallization of a starting material from a highly concentrated alkaline solution under a
specific set of parameters (temperature, time, pressure). Moreover, as water is used as a
reaction medium and no organic solvents are involved in any step of the process, it can
be considered as an environmentally friendly and safe procedure to apply in laboratories
and in larger scale production. Hydrothermal synthesis also provides high yields and mass
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efficiency, which make it an attractive candidate for scaling up to industrial level [5,11,18].
However, although it is one of the most commonly used and discussed methods in the
literature, it still generates controversies in the scientific community, as the published
results are not totally in agreement. The differences in applied conditions/parameters
during preparation makes the comparison of the results difficult, which could lead to
conflicting results. Many theories have been proposed to explain TNTs formation. The
most accepted one among authors using this method for the production of nanotubes
involves several steps (Figure 2): breaking of Ti-O-Ti bonds after the dissolution of TiO,
precursor in a strong alkaline medium, formation of Ti-O-Na bonds resulting in lamellar
sheets, and rolling of the lamellar sheets into nanotubes [19]. According to Tsai et al., the
starting TiO, precursor is converted into sheets through alkali treatment. These sheets
mainly exist as an anatase phase that is more suitable for rolling to form nanotubes [20].
However, there is still a debate whether the formation of nanotubes occurs during the
dynamic hydrothermal process [21-23] or only after exchanging sodium ions through acid
treatment, which would lead to the scrolling of the precursor sheets [24-27]. The answer
could highly depend on the reaction itself, as its conditions would significantly affect
the resulting material, especially the properties/ratios of the starting precursors, sodium
hydroxide (NaOH) concentration, reaction temperature, reaction time, mixing, and post
treatment. Variations of these factors could affect the properties of the resulting nanotubes
or even favor the formation of nanotubes with other nanomaterials such as nanosheets or
nanoribbons. This could explain why it is always expected to have nanosheets that are not
completely rolled up as byproducts of this preparation method [2,3].
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Figure 2. Schematic illustration of the mechanism of nanotubes formation during hydrothermal
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treatment method.

Based on the previous discussion, the specifications of the prepared nanotubes are
closely related to the preparation method and strongly sensitive to the variation of its pa-
rameters. Hence, there is an urgent need to determine the appropriate range of preparation
conditions under which nanotubes are produced in addition to precisely understand-
ing the changes that could occur outside these ranges, such as changing morphology or
crystal structure.

Therefore, this review highlights the importance of conducting an extensive screening
and precise analysis of the different parameters involved in hydrothermal synthesis and
their impact on the produced material, which could be the key to justifying the conflicted
observations reported in the literature and to gaining a better understanding as to how to
optimize this procedure to obtain the targeted nanotubes.

This investigation is of crucial importance in establishing a reproducible, robust, and
scalable method for producing TNTs with controlled features as an initial step to later
upgrading their use to the pharmaceutical domain.

The main parameters discussed in this review can be classified as thermal (reaction
temperature, post-treatment calcination), chemical (concentrated alkaline medium, acid
washing), or even mechanical (stirring, agitation). The variation of these parameters
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could result in significant transformations, and controlling them will open the door for
optimizing the production process and extending the applications of TNTs to new and
innovative platforms.

This review also discusses the most important attempts that have been made in the last
two decades regarding the utilization of TNTs for therapeutic purposes as drug carriers.

2. Hydrothermal Synthesis Conditions
2.1. Reaction Temperature

According to the literature, the temperature involved in the different stages of TNTs’
preparation and post-preparation treatment highly affect their properties such as mor-
phology, specific surface area (5.5.A.), and crystal structure, which would therefore affect
their behavior and subsequent application, especially those related to their photocatalytic
activity [28].

The utilization of a sufficient temperature (<130 °C) would lead to the formation of
Ti-O-Na and Ti-OH bonds after breaking Ti-O-Ti bonds in the starting nanoparticles. This
would subsequently lead to the formation of lamellar TiO, sheets because of the electrostatic
repulsion of the charge on sodium. These lamellar sheets are considered an intermediate
stage as they can scroll up to form the tubular structure. Treatment at higher temperatures
results in granular particles rather than lamellar sheets. On the other hand, treatment at
lower temperatures (<110 °C) results in thick plates which are not able to scroll and form
nanotubes; thus, the extent of precursor conversion, the yield of the produced nanotubes,
and the overall success of the procedure is determined by the treatment temperature [20].

Vu et al. suggested the same mechanism, as, at lower temperatures, the sphere-like
particles and sheet-like structures will be dominant, but increasing the temperature would
provide sufficient thermal energy to curl up nanosheets into tubular structures. This was
first generated above 120 °C with the existence of some nanosheets that had completely
transformed into tubes beyond 130 °C [21]. This was in agreement with the study of
Sreekantan et al., who reported that temperature affects the morphology of the treated
sample, as, at lower points (90 °C), the conversion of spherical particles to nanosheets
will start, but the whole transformation would happen at higher temperatures (>110 °C)
because, at this point, the additional thermal energy will lead to a sufficiently high surface
energy to curl up the sheets [29]. In the same context, Ribbens et al. also reported that a
low temperature (<110 °C) is not capable of forming nanotubes [30]. In addition, Viet et al.
also demonstrated that a temperature lower than 115 °C is not enough for the formation of
nanotubes. According to the study, the optimal range for successful preparation is between
115 and 180 °C, as a higher temperature could destroy the lamellar structure of TiO,;
therefore, nanotubes will not appear [27]. Yuan et al. also reported that the optimal range
of hydrothermal temperature is 100-150 °C [31]. According to their findings and others,
increasing the temperature within this range would increase the yield of nanotubes [31,32],
their crystallinity, and outer diameter [32].

Increasing the reaction temperature would also increase the S.S.A. up to 150 °C, but,
interestingly, a higher temperature would lead to opposite results (decreased S.S.A.) [33].
Lee et al. agreed, indicating that at a temperature greater than 160 °C, enormous decrease
in surface area and pore volume will happen as a result of the formation of thick titanate
nanorods [34]. Similar to the previous results, high temperature treatment led to the forma-
tion of different structures other than nanotubes in several studies, such as nanoribbons
(>160 °C) [31,35], nanofibers or nanobelts (>170 °C) [36], and nanorods (180 °C) [32].

Bavykin et al. also studied the effect of temperature on diameter/morphology, con-
cluding that increasing it in the range of 120-150 °C could increase the average diameter of
the prepared nanotubes, but a subsequent increase could lead to morphological change
presented as non-hollow nanofibers [37]. Although increasing temperature would gen-
erally increase the number and length of the formed nanotubes, it would also result in a
decreased internal diameter. It is well known that S.5.A. normally increases with increased
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temperature, but it is also in proportion to the internal diameter; therefore, the decreasing
of internal diameter induces a decrease in the surface area of the produced nanotube [38].

2.2. Reaction Medium

As previously mentioned, the hydrothermal treatment method uses an alkaline
medium which is mostly an aqueous solution of NaOH, and the concentration of this
solution would affect the properties of the produced nanotubes, especially their morphol-
ogy and surface area [39]. The full growth of nanotubes requires a highly concentrated
solution of 10 M, as, below this limit, a large number of aggregates of unreacted powder,
particles, and sheets will be observed. S.S.A. would also be affected and increases with
increasing alkali concentration [21]. Too low (<5 mol/L) or too high (>15 mol/L) a con-
centration of NaOH will result limited formation of nanotubes. The optimal range for a
high yield was found to be between 10 and 15 mol/L [31]. It was also found that NaOH
concentration is the most important factor affecting morphology, and its effect is even
stronger than that of temperature and reaction time. However, optimization of these three
factors could be an effective tool to control/adjust the final shape [39]. In contrast, another
study reported that, if a lower concentration of NaOH is utilized, a higher temperature
could be used to fill this gap and obtain the desired tubular structure, suggesting that
temperature could be the most critical factor affecting nanotubes formation [35].

In the same context, Guo et al. reported that NaOH concentration affects the scrolling
of multi-layered nanosheets to form nanotubes, as low concentrations result in a weak
driving force for scrolling, but extremely concentrated NaOH will interrupt the scrolling
process [40].

Although NaOH is considered to be the most often used alkaline medium in hydrother-
mal treatment, other types of alkaline medium, such as potassium hydroxide, could also be
applied. However, it was reported that using NaOH was more effective than potassium
hydroxide in the enhancement of nanotube formation [41].

2.3. Reaction Time

The treatment time is a very important factor that gives the required time for nanoma-
terials to turn from a spherical shape into an intermediate phase (nanosheets) and finally
into nanotubes. The complete transformation would require approx. 15 h [29]. It also highly
affects the length of the resulting nanotubes, as a longer time would result in increased
length [21]. Ma et al. reported that the optimal time period is about 24-72 h to obtain a high
yield of TNTs, as a shorter duration would increase the ratio of unreacted TiO, particles [36],
while Elsanousi et al. suggested a different opinion. Their results were in agreement with
the study of Sreekantan et al. [29] that a short treatment (5-15 h) is enough to form pure
nanotubes, as a longer duration would result in nanoribbon formation beside nanotubes,
while pure nanoribbons are observed after very long treatments (48 and 72 h). However,
the different applied temperature could be a reason for these conflicting results, as it is
also deeply involved in this transformation. It is worth mentioning that nanotubes did not
transform into nanoribbons at a low temperature, even if the duration of treatment was
long, indicating that this transformation depends on several critical conditions in addition
to the duration of the reaction, such as temperature and even pressure [42].

Guo et al. indicated that the thickness, width, and length of TNTs increase with the
prolongation of process time [40]. Increasing the treatment duration leads to a growing
amount of intermediate phase (nanosheets) through a dissolution—reprecipitation process
and an increased tendency of curling and forming nanotubes. However, no further increase
in their length was observed after 24 h of treatment [43]. In the same context, Ranjitha
et al. indicated that the formation of lamellar fragments (the intermediate phase in TNTs
preparation) would be the result of a short reaction time, and, as the reaction continues,
the tubular structure will be obtained. They also highlighted the effect of reaction time on
TNTs crystallinity and reported that the amount of rutile phase would increase with the
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increasing reaction time [44]. Elsanousi et al. also indicated that the crystallinity of the final
product might be improved by increasing the duration of the treatment [42].

According to the previously mentioned results, it is widely accepted that increasing
the duration of heat treatment would improve crystallization, but at the same time it
would negatively affect the surface area and therefore highly influence the related surface
applications such as photocatalytic activity. From this point of view, if photocatalytic
activity is the main target of the TNTs production, a compromise between surface area and
crystallinity should be obtained to achieve their desired synergistic effect [45].

The optical properties would also be influenced by the duration of treatment. It
was reported that the absorption edge of TNTs has a red shift (to a higher wavelength)
with longer reaction time due to the modification of the TiO, band gap, concluding that
increasing hydrothermal reaction time will decrease the band gap energy and increase the
wavelength of the absorbed light [44].

2.4. Reaction Pressure

The effect of pressure on the formation of nanotubes was not intensively investigated.
It was reported that the pressure in addition to the volume of solution inside the used
autoclave will affect the crystallinity of the resulting nanotubes. This pressure is highly
related to the filling fraction and to the thermal expansion of different volumes of the
liquid. It was also reported that more pressure is needed in the case of nano powder to
form crystalline nanotubes in comparison to micro powder [46]. Tsai et al. indicated that
the pressure of saturated NaOH solution in the sealed autoclave would only impact the
formation of TNTs at temperatures higher than 150 °C, as the differences between pressure
values at temperatures lower than 150 °C would be minor [47]. Morgan et al. studied
the effect of pressure on nanotube formation at a higher temperature range (up to 220 °C)
and concluded that high pressure (accompanied with lower NaOH concentration) was
not promoting nanotube formation as expected, so they excluded the pressure effect as an
influencing factor [35].

2.5. Stirring, Agitation and Sonication

Mechanical forces should also be considered while listing the factors affecting the
preparation of TNTs. For example, a stirring process could shorten the time needed for
the transformation of TiO, into nanotubes as it would increase the contact between the
precursor and NaOH, while, in a static condition without stirring, only a small amount
of TiO, nanotubes would form. Thus, stirring clearly affects the production yield [21].
Agitation could also affect the morphology/surface area of the prepared TNTs, as it could
accelerate the dissolution process of the precursor during preparation, thus affecting the
subsequent nucleation after supersaturation [48].

Ma et al. indicated that the process of sonication and its power affect the morphology
of nanomaterials during hydrothermal treatment. Sonication with enough power promotes
the breaking of Ti-O-Ti bonds and sodium ions intercalating into the titania lattice; therefore,
increasing the sonication time will result the transformation of the spherical particles into a
rod configuration. These nanorods will continue to grow during hydrothermal treatment,
extend their length, then form the tubular structure after washing with acid [49].

2.6. Starting Materials

It was previously reported that impurities and different sources/types of starting
materials have no effect on nanotube formation [21]. Any type of TiO, could be used as a
precursor for the preparation of TNTs. However, the properties of the used precursor would
have a high impact on the resulting materials. For example, the particle size of the TiO,
starting material could affect the morphology /surface area of the produced nanomaterials,
as smaller TiO, starting particles will have a higher solubility in the preparation solution
and this will result in a higher concentration of Ti ions, leading to a homogenous nucleation
after the supersaturation is achieved. If a lower concentration of Ti ions is present due to
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the larger particle size of the starting material, heterogenous nucleation is dominant [48].
Yuan et al. concluded that surface area would be influenced by the particle size of the raw
materials, as finer particles will lead to a higher surface area, while yield is not significantly
affected [31].

The smaller particle size of the starting material could also result in a faster formation
of TNTs [41]. Ma et al. also reported the importance of the precursor’s particle size, as
smaller ones could effectively form TNTs during a combined sonication-hydrothermal
process. However, precursors with larger particles would form sheets with rolled edges
which cannot turn into the tubular shape, probably due to the steric hindrance of the larger
particles [49].

In addition, the differences in TiO, precursor structure will also affect the formation of
TNTs and their resulting properties. The type of the starting material would not highly affect
the diameter and the thickness of the walls, but thermal stability would differ according to
it. The anatase precursor presents TNTs with the highest thermal stability and preserves
their tubular structure up to 400 °C, while an amorphous precursor presents TNTs with less
thermal stability. This could be attributed to the defective sheets/foils formed from these
precursors. Crystalline precursors originate fewer defective sheets compared to the ones
originated from amorphous precursors. These defects make the occurrence of the rolling
up process difficult, so more nanosheets were detected compared to the case of crystalline
precursors [50]. Surprisingly, Yuan et al. reported that amorphous TiO, as a precursor did
not lead to TNTs formation [31].

The crystalline phase of the used precursor will also affect the speed of TNTs formation,
as anatase (a less stable phase with higher energy) reacts with NaOH faster than rutile
during preparation [49]. Seo et al. also found that the anatase phase has a greater tendency
for continuous elongation in a specific direction during preparation, which makes it more
effective in TNTs formation than the rutile phase [38]. Moreover, the concentration of
the starting material (TiO, precursor) is also a crucial factor to take into consideration, as
increasing it apparently increases the length of the prepared nanotubes while the diameter
is still the same. This systematic change in the aspect ratio reflects the increased density of
the initial nucleation sites [51].

It could be concluded from the above-mentioned results that the morphology, sur-
face area, phase transformation, thermal stability, and yield of TNTs highly differ ac-
cording to the properties of starting materials, in addition to other parameters such as
reaction time/temperature [41]. It should also be mentioned that titanium metal could
also be used as a precursor for the preparation of TNTs in addition to crystalline and
amorphous TiO, [40].

2.7. Molar Ratio

The molar ratio of starting materials (TiO, and alkali) will also affect the diameter and
surface area of the resulting nanotubes. Increasing the TiO,:NaOH molar ratio leads to a
decrease in surface area and an increase in the average diameter of the nanotubes. A slow
convection in the autoclave during preparation could be responsible for these differences in
morphology [37]. The molar ratio will also play a significant role in gaining the desired mor-
phology, as a higher NaOH:TiO; molar ratio means the existence of excess sodium ions that
provide high surface energy, leading to the scrolling-up of the structure into nanotubes and
a smaller outer diameter, while a lower molar ratio leads to the deposition of nanoparticles
on the wall of the rods rather than the development into a tubular structure [29].

According to the literature, the chemical properties of prepared nanotubes would
also be affected by the amount of NaOH and the Ti/Na ratio. Studies have shown that
increasing the amount of NaOH will lead to a decreased number of Lewis acid sites on the
surface. Furthermore, surface acidity of TNTs (Bronsted acid sites) also depends on the
Ti/Na ratio, since increasing NaOH concentration to a sufficient quantity will enable the
formation of Ti-O-Na, which transforms into Ti-O-H after washing with water. Basically,
the surface of both anatase and rutile TiO, has only Lewis acid sites, but increasing the
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Ti/Na ratio in addition to scrolling will generate more Bronsted acid sites due to exfoliation
of the Ti-O planes. This surface acidity is nowadays a critical factor in several applications
such as heterogeneous catalysis. To preserve this acidity in TiO, nanostructures, the best
Ti/Na ratio is 7 [52]. The Ti/Na ratio also affects morphology, as different structures could
be obtained by modifying it, such as nanofibers, nanotubes, and nanowires [52].

3. Post Treatment
3.1. Acid Treatment

As was previously mentioned, the various results have suggested that formation of
TNTs and obtaining the tubular structure do not only depend on the alkaline synthesis but
could be highly dependent on the washing step after it. Some reported results indicated
that hydrothermal treatment is not enough to form the tubular structure, but an additional
washing step with acid should be involved in the preparation procedure to transform
the disordered intermediate phase into the desired geometry, due to a gradual Na*/H*
substitution [47]. This critical point of disagreement was further discussed by Nguyen
et al., who concluded that hydrothermal treatment may not be sufficient alone to form
the tubular structure for two reasons: first, the existence of a high sodium content if the
washing process with water was not completed; second, washing with acid could serve
as an assisted condition if the reaction condition was not sufficient for the formation of
nanotubes [53].

In addition to the proposed theory that acid washing is necessary to obtain the desired
tubular morphology, pH variation of the applied washing solution may cause crystal-
structure transformation through simple rearrangement and could also lead to surface
area variations. Nevertheless, it could also negatively affect morphology, as increasing the
acidity of the washing solution would result in defective nanotubes caused by formation
of anatase TiO, phase on some spots of the tubes. Also, extreme pH values could lead to
coagulated particles or plates [47].

The previous results were in agreement with the study of Nguyen et al. who reported
that the pH value of the washing solution will affect the morphology and thus the surface
area of the produced TNTs. Decreasing pH from 9 to 2 resulted in more successful tube
formation and, subsequently, a higher area, but when pH further decreased from 2 to
1 a decreased surface area could be noticed because of the low yield of nanotubes and
appearance of nanosheets under this highly acidic condition. It is also worth mentioning
that TNTs washed at pH = 0.5 were completely dissolved in the washing solution without
any residual amount to be examined. In conclusion, TNTs washed at pH 1.6—4 showed the
best appearance of tubes and the highest amount of tubular structures, while TNTs washed
at pH = 2 showed the highest surface area, pore volume, and pore size [53].

According to other studies, acid treatment could also affect the size and crystallinity
of the resulting nanotubes and result in a smaller average size and the appearance of
crystalline rutile peaks. The untreated samples were only amorphous by examination [27].

It is of crucial importance to mention that the washing step mainly affects the sodium
content of TNTs; therefore, increasing the number of washings could eliminate the sodium
ions from the surface, although their presence is very important to preserve the regular
structure. This could explain why washing with a high excess of liquid produces nan-
otubes with irregular shapes and thinner walls [24]. It also should be mentioned that the
applied concentration of acid should be carefully determined in the post treatment, as some
researchers have pointed out that highly concentrated acid (>0.01 M) could destroy the
tubular structure, as it could break the Ti-O-Na bonds and lead to surface irregularity, con-
firming the previous result that the existence of sodium ions on the surface has a significant
role in preserving the tubular structure of TNTs [54]. Nada et al. reported the same results,
which confirm that only low-acid concentrations should be used during the washing step,
otherwise a damaged structure could result [25].

However, Poudel et al. used a wider range of concentrations, suggesting that the
optimal concentration of washing acid is between 0.5 and 1.5 M to obtain pure nanotubes
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with a high yield. According to the study, concentrations below 0.5 M were not capable of
removing sodium impurities, while concentrations above 2 M could damage nanotubular
structure, leading to formation of clumps. The type of the applied acid was not significant,
as treatment with nitric acid gave similar results [46]. This agreed with the findings of Turki
et al., who also indicated that the use of a highly concentrated acid (above 2 M) would result
in formation of clumps of irregular particles and damaged morphology. The complete
removal of sodium ions by acid treatment did not significantly modify the morphology.
However, some modifications can be noticed, such as fewer crystalline walls, a rough
surface, larger pores, and a higher surface area [19].

Porosity also appeared to be affected by the concentration of acid. It would dramati-
cally increase with higher concentrations up to 0.2 M. However, decreased porosity was
detected with further increases, as fast elimination of electrostatic charges above 0.2 M
would lead to sheets folding and transforming into granules. A decreased size of nan-
otubes could also be noticed. In conclusion, the products from a concentrated-HCl washing
solution consist of granules rather than tubes [20].

Reducing the sodium content of TNTs by acid washing would also lead to a different
response to temperature (different phase evolution), as TNTs with a lower Na content (the
most effectively washed TNTs) would turn into the crystalline phase at a lower temperature.
Furthermore, they would also lose their tubular structure due to sintering earlier compared
to TNTs with high sodium content, confirming the theory that high sodium content provides
higher thermal stability [23,55]. These findings are well correlated with those reported in
the literature that the thermal stability of TN'Ts improves when washed under less acidic
conditions [53]. Ribbens et al. reported that Na-TNTs exhibit higher thermal stability
due to the stabilization effect of intercalated sodium ions, so no phase transformation can
occur as a response to the extreme temperatures involved in many procedures such as
calcination [30]. For example, Na-TNTs were found to preserve their tubular structure
after calcination at 400 °C, but a higher temperature will lead to a partial or complete loss
of structure (500 and 600 °C, respectively). In contrast to Na-TNT, H-TNTs completely
lose their tubular structure at a calcination temperature starting from 500 °C. This result
confirms the previous ones suggesting that better stability of nanotubes’ morphology could
be obtained with the presence of sodium ions, and this is only true at low temperatures;
whereas, at higher temperatures, this effect was not detected [19].

There are also other differences reported in the surface properties of Na-TNTs and
H-TNTs, as this is smooth in the case of Na-TNTs but obviously not in case of H-TNTs.
The ion exchange during acidic post treatment leads to a smaller inter-layer distance as
a result of replacing large sodium ions with small protons. It also leads to differences in
the dimensions of nanotubes and the surface area [30]. Low sodium content was found to
present a higher S.5.A. [23]. In the same context, Nakahira et al. reported that increasing
the concentration of washing acid will increase the S.S5.A. of the washed nanotubes [55];
thus, a higher specific area of the H-nanotubes means more active sites to react/bind, thus
making it a more effective use in several applications [30].

It was also reported that sodium content also affects many functions of TNTs, as
untreated samples (washed with water instead of acid) showed higher photocatalytic
activity [41].

3.2. Thermal Treatment (Calcination)

According to the information reported in the literature, the temperature range (200-600 °C)
is the range where the most important structural transformations probably happen. Annealing
at high temperature (300 °C) is important to improve the crystallinity of TNTs and, thus, their
performance in future applications such as photocatalysis. However, preserving the tubular
structure during this treatment is highly important, as an extreme annealing temperature could
lead to sintering (at 500 °C) or complete collapse of nanotubes and nanoparticles formation
(at 600 °C) due to dehydration of inter-layered OH groups and reduction of the number of
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hydrogen bonds. It could also cause an irregular shape (>600 °C) and a change of the anatase
phase to rutile [29,56].

Similar findings were reported by Kiatkittipong et al. that calcination at moderate
temperature (200 °C) is of crucial importance as it will lead to the appearance of an
anatase phase and elimination of moisture that existed between titanate layers, but a high
calcination temperature (500 °C) would lead to complete collapse of TNTs with elongated
and irregular particles, which is confirmed by the decrease in S.S.A. and loss of pore
volume [57]. This was in agreement with the study of Lee et al., who confirmed that an
extremely high temperature used in calcination would negatively affect surface area and
pore volume [34], and with the study of Yuan et al., who reported that nanotubes will be
stable only at a calcination temperature lower than 400 °C, while they would be sintered
and turned into nanorods after calcination at 540 °C [31]. Ma et al. also indicated that the
tubular structure can remain intact at a calcination temperature below 450 °C, as a higher
temperature would completely destroy the tubular structure [49].

Besides morphology /surface area changes, calcination would also affect the crystalline
phase. It was reported that at a calcination temperature range of 200-800 °C the structure was
primarily anatase, while rutile started to appear at 900 °C [58]. Another study suggested a
similar discussion but at a relatively different temperature. Nanotubes mainly existed as an
anatase phase below 650 °C, preserving their morphology. However, a rutile phase began
to appear at a lower temperature (550 °C) compared to the previous study (900 °C). Further
thermal treatment from 650 °C to 800 °C will accelerate the transformation to the rutile phase,
and, therefore, the product mainly showed a rutile phase over 800 °C. However, at this high
temperature, the tubes were destroyed and aggregated together to form rod-like particles [26].
In contrast, another study suggested that a temperature above 800 °C would turn nanotubes
into aggregated nanoparticles but the anatase phase would be dominant [43].

In conclusion, this extreme thermal treatment would modify the characteristics of
nanotubes such as morphology, surface area, and crystallinity and, consequently, the
related application possibilities [29]. For this reason, the targeted application should be
decided earlier to the production process so that the synthesis conditions can be adjusted to
obtain the appropriate/balanced specifications for the requested application. For example,
although S.S.A. is of crucial importance for photocatalytic activity, as discussed earlier,
this still depends on the crystallinity of the prepared nanotubes [58]. An improvement
in photocatalytic activity was observed after increasing the calcination temperature up to
400 °C, despite an approximately 30% decrease in surface area, which could be explained by
the increase in the percentage amount of anatase. However, an extremely high temperature
(above 500 °C) would lead to the loss of tubular structure and to a decrease in photoactivity
irrespective of the improved crystallinity [57]. The factors influencing the properties of the
nanotubes are summarized in Figure 3.

= Reaction conditions
é (temperature, time, medium)

Mechanical conditions

(stirring, agitation...)

Factors affecting TNTs
hydrothermal synthesis

@ Starting materials

8 O ’
|

il Post treatment

g&& (acid washing, calcination)

Figure 3. Factors affecting TNTs synthesis by hydrothermal treatment.
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4. Stability of the Prepared Nanotubes

As TNTs have promising potential to be used in multiple applications, their fragile
structure should be taken into consideration, as it could undergo numerous changes during
handling/processing. For example, TNTs could be easily broken up due to mechanical
forces such as stirring or ultrasonication, resulting in shorter nanotubes [10,37]. Also,
extremely high-temperature treatments used in many procedures could result in changing
the surface chemistry and reducing the number of OH groups on it. Later, this could
negatively affect their reactivity [59], photocatalytic activity, and other possible surface
modifications, as a result of decreased Bronsted /Lewis acid sites and diminished surface
OH-groups, which are the main sites of reaction [30,52]. In addition to that, pH could affect
the stability of TNTs as they are not stable under acidic conditions. It was reported that
treatment with 0.1 mol/L H,SO4 for 5 days at room temperature led to a deformation of
TNTs, evidenced by thinner walls and corroded surfaces. Two months later, the tubular
structure had completely disappeared, while, in pure water and basic solution, minimal
morphological changes were observed, indicating the stability of TNTs in these media.
This was explained by favoring the layered sodium titanate phase with high pH and high
sodium ion levels, which stabilize the multi-layered wall TNTs [59]. On the other hand,
the explanation of TNTs transformation in acidic media includes partial dissolution of
nanotubes, releasing Ti, which is then crystallized to nanoparticles. This procedure depends
on the acid type and decreases in the order HySO4 > HNO3; ~ HCl, as a higher release of Ti
during dissolution resulted in faster transformation [59].

5. Applications in the Pharmaceutical Field

As previously mentioned, TNTs present a wide range of specifications that could
have great importance on their usefulness in different applications. For example, their
hydrophilic properties and good wettability, due to their partially hydroxylated surface,
make them suitable candidates to use in the biomedical field, such as in dental implants,
orthopedics, and cardiovascular stents [14-17]. However, agglomeration could appear as a
result of the presence of hydroxyl groups on their surface [2], and this should be taken into
consideration during the preparation process.

TNTs also have a higher S.S.A. compared to the traditional type of TiO; [52]. This vast
surface created by the hydrothermal alkali treatment provides higher activity compared
to precursor nanoparticles and could be an advantage for various uses such as catalysis
in chemical reactions [20]. It is also an available option to tailor the surface chemistry by
functionalizing it with different molecules or replacing Na*/H* ions on it with other ions
such as Cu?*/Ni?* and Mg?*. This would help to control/adjust TNTs properties and
provide them with secondary characteristics and new behaviors other than the original ones,
which could be the key to overcome some of their problems and extend their application to
further disciplines [60-63].

These impressive characteristics are gradually being used in the biomedical field and
even in the field of animal treatment. The highly specific area of TNTs was considered as an
advantage in preparing drug delivery systems specified for animals for the first time. This
was performed by physical absorption of enrofloxacin hydrochloride, and controlled drug
release was successfully obtained [64]. In addition, Papa et al. reported that the tubular
shape and nano-size of TNTs facilitate their cell uptake and present them as promising
agents for DNA transfections in the cardiovascular field [9]. Table 1 contains more examples
of the possible uses of TNTs in pharmaceutical field.

Table 1. Some of the reported biomedical /pharmaceutical application of TNTs prepared by several
methods other than hydrothermal treatment.

Synthesis Method

Diameters (nm) Loaded Agent Application Ref.

anodization

Bovine serum Controlled drug release in orthopedics and

80 albumin/lysozyme dental implants
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Table 1. Cont.
Synthesis Method  Diameters (nm) Loaded Agent Application Ref.
- Local delivery of antibiotics at the site
o o of implantation
anodization 80 Gentamicin - Minimize initial bacterial adhesion [66]
- Enhance osteoblast differentiation
Penicillin Prolonged drug rel to 3 days (nanotub
anodization 60 Streptomycin olonge ug re-ease up to o days thanotubes [67]
were coated with drugs)
Dexamethasone
L Violet-blue Magnetically guided nanotubes for site-specific
anodization ) fluorescent marker photoinduced drug release [68]
Albumin
anodization 100-300 Sirolimus Small and large molecules for controlled delivery [69]
Paclitaxel
Sol gel/ . . .
o 130 Transcriptional factors ~ Protein delivery [70]
anodization
anodization 110 Coumar1n§ Implantable extended drug delivery for poorly [71]
Indomethacin water-soluble drug
Indomethacin Multi-drug delivery system with immediate,
anodization - Itraconazole delayed and sustained therapeutic action [72]
Gentamicin sulfate possibility in bone implant
anodization 25-100 Silver NPs Anti-bacterial activity against E. coli [73]
anodization 180 Silver NPs Anti-bacterial activity against E. coli and S. aureus [74]
anodization 80 Silver NPs Anti-bacterial activity [75]
anodization 70-90 cefuroxime reservoir on the orthopedic implant for [76]
local delivery
Gentamic.in - Sustained release (3—4 weeks)
anodization . ~ coated with - excellent osteoblastic adhesion [77]
biopolymers (PLGA - effective antibacterial properties
and chitosan)
anodization 70 alendronate tlta.mum—based ! mplant with local [78]
anti-osteoporosis property
Sol-gel 10-38 5-Fluorouracil anticancer sustained drug delivery system [79]

According to the previously mentioned specifications and uses, TNTs have proven to
be an efficient tool in several fields. However, no serious attempts have been made to use
them as novel carriers of therapeutic molecules. Their pharmacokinetics in the human body
have not yet been totally revealed, which could be one of the major reasons for not fully
exploring their potentials in pharmaceutical applications. Furthermore, their safety /toxicity
studies still present conflicting results. Some studies have reported their safe use without
showing any toxic effects [7,10,80]. Others even displayed positive outcomes such as
increased cell viability [8], enhanced proliferation, and bone cell adhesion [81], probably due
to their porous structure allowing the flow of nutrients and blood [82], while other studies
reported their toxic effects and classified them as more toxic than other nanomaterials
such as nanorods, nanoribbons, and nanowires [83,84]. However, the potential utilization
of TNTs in health-related applications is supported by the promising results obtained by
numerous studies which investigated their cytotoxicity using different cell lines (intact and
cancerous) with different concentrations (range from 1 ug/mL to 5 mg/mL) and different
times of exposure (from short treatment of 120 min to long exposure of 7 days) [7,8,10,85].
Even surface-modified TNTs with several molecules (silane, stearate, polyethyleneimine,
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acrylic acid-polyethylene glycol copolymer) have presented similar results which could
promote the shifting of TNTs (bare and surface-modified) to the health domain [9,10,61].

Based on these results, researchers have started to give more attention to TNTs and to
consider them as possible carriers for drugs/biological molecules. For example, Ray et al.
prepared nano-conjugates using HTNTs with cytochrome C. These conjugates displayed
enhanced peroxidase enzymatic activity and could be of great importance for cancer
treatment in the future, as they could work as caspase activators and apoptosis initiators [86].
Moreover, TNTs have proven to be a promising tool to apply in oncology. Hydrothermally
synthesized TNTs have been investigated for their possible use as radiosensitizers in
radiotherapy. They appeared to increase the accumulation of cells at the G2/M checkpoint
and decrease DNA repair efficiency, making cancer cells more sensitive to radiotherapy [87].
Similar findings were reported with TNTs prepared by anodization, as they were able to
reduce the number of vital cancerous cells upon a low dose of UV irradiation [88]. These
results were reported with bare TNTs without being loaded with any therapeutic agents;
therefore, researchers expect to have a stronger effect if the combination with antitumor
drugs is successfully accomplished. In this context, Wang et al. reported the possibility of
using TNTs as an antitumor delivery system for doxorubicin to pancreatic cancer cells. This
was achieved by loading the drug onto the surface of these nanotubes [89]. Furthermore,
TNTs present a versatile method of carrying docetaxel on their surface after grafting, and
they were able to deliver it locally to prostate tumors in addition to enhancing the response
to irradiation by delaying tumor growth [90]. TNTs have also been investigated for their
ability to graft optical imaging probes (OI) for diagnostic purposes and photodynamic
therapy (PDT) [91].

TNTs were also used as carriers for other drugs such as ibuprofen and dexametha-
sone, and it was found that the release rate of these drugs could be regulated through
modifying surface chemistry, with molecules having different properties such as a different
polarity [92,93]. Modifying surface chemistry could also play a significant role improving
drug loading with several drugs (curcumin, methotrexate, silibinin, ibuprofen), decreasing
toxicity and achieving sustained release [94,95].

However, until now, few attempts have been made to incorporate those newly syn-
thesized materials into API-composites and then into final dosage forms. For example,
Sipos et al. investigated the impact of TNTs” incorporation with different drugs, dilti-
azem hydrochloride, diclofenac sodium, atenolol, and hydrochlorothiazide, indicating that
TNTs—drug composites appeared to have superior processability compared to pure active
pharmaceutical ingredients (APIs), such as better flowability, compactibility, compressibil-
ity, and even post-compressional properties of the composite-containing tablets (greater
hardness and tensile strength). In the same context, it is of crucial importance to mention
that these advantages are closely related to the success of the incorporation process and the
type of the created interaction between both entities, which strongly depends on the drug
characteristics [6,96,97]. Accordingly, TNTs could be implemented to modify drug release
from their composites based on the strength of the created drug-TNTs association [97,98].

It is also worth mentioning that successful incorporation could be a useful tool to
shorten preformulation studies regarding the tableting process, as the unique properties of
those novel carriers will be predominant, so the composites will behave similarly regardless
of the used APIs [6].

6. Future Perspectives, Concerns, and Challenges

Hydrothermal synthesis may be the best choice to produce TNTs for pharmaceutical
applications due to its numerous advantages over other techniques, mainly the long
circulation half-life due to their small diameters being undetected by RES [2]. However,
this intended shifting is not an easy mission to accomplish due to several problems TNTs
are facing. For example, their hydrophilic nature is supposed to reduce their accumulation
in tissues, but it is also expected to hinder their absorption through the gastrointestinal tract
(GIT) [61]. Moreover, their tubular morphology is considered as an advantage boosting their
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cell internalization [2], but this could also increase their cytotoxicity [83]. Based on this, their
properties should be carefully balanced to utilize their benefits and avoid their drawbacks.
In this context, functionalization appeared as a golden choice to adapt TNTs characteristics
and shape their features to suit the intended application. Ranjous et al. have modified
the surface of TNTs with hydrophobic moieties (trichloro(octyl) silane and magnesium
stearate) to enhance their GIT absorption after oral administration [61]. Saker et al. have
also highlighted the importance of surface modification by fixing a carboxylic arm on the
surface of TNTs to serve as a connecting bridge for several molecules. This approach could
be useful for optimizing the surface properties to achieve multiple targets, such as reducing
toxicity, enhancing water dispersibility, etc., or for loading therapeutic/diagnostic agents
(APIs, biomarkers, probes) [10]. However, even though several studies have reported
the safety of TNTs and their modified versions [7-10,61,85], a deeper toxicity assessment
should be initiated at diverse levels (cytotoxicity, genotoxicity, carcinogenicity, etc.) to
assure a smooth transformation of titanate nanotubes into therapeutic practice, and to
provide a guarantee for patients/markets that these nanocarriers are as safe as possible.

In a nutshell, we believe that the optimization of hydrothermal synthesis of TNTs
and their surface modification present a wide window for future research to improve their
properties and avoid their obstacles (enhancing pharmacokinetics and assuring safety).
This would promote their pioneering application as a drug carrier and write a new chapter
in the field of nano-based drug delivery systems.

7. Conclusions

TNTs are emerging as an attractive candidate to apply in health-related applications
after proving their impressive performance in numerous disciplines. Therefore, this re-
view attempts to highlight the importance of establishing a reproducible method for the
preparation of TNTs with predesigned specifications that could fit the strict pharmaceutical
requirements. This cannot be achieved without a comprehensive understanding of the
factors affecting their preparation and the impact of its variation on the resulting nanotubes.

During hydrothermal treatment, several factors could be responsible for the final
result. Temperature is one of the most important factors among them, as it is involved in
the preparation and post-preparation treatment to provide sufficient thermal energy for
rolling up and controlling the crystalline structure, respectively. This would not be possible
without the use of a highly concentrated alkaline medium in addition to a sufficient time
for the reaction to be completed. It is also worth mentioning that the properties /quantities
of the starting materials also have a huge impact on the reaction pathway and its final
product. Washing with acid as a post treatment step also has significant importance, but
its role is still generating arguments and is considered as a point of disagreement. Based
on the available data, the determination of the impact of preparation conditions on the
resulting nanotubes is still considered to be challenging. This is crucially important as
these operational conditions closely affect the properties of the produced nanotubes and
therefore their subsequent applications.

Once the exact mechanism of TNTs production and the effect of the preparation
parameters on their formation are clearly understood, a reproducible fabrication procedure
could be generated and scaled up to create controlled features of TNTs that could fit their
intended future implementation in therapeutic systems as drug carriers.
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ARTICLE INFO ABSTRACT

Keywords: Nowadays, inorganic nanoparticles have been widely incorporated into broad disciplines such as medicinal,

Inorganic nanoparticles chemical, and electronical ones. Their special characteristics and distinct design provide tremendous potential to

Pharmacokinetics ) be employed in several applications. This emerging popularity makes these modern nanomaterials extensively

Physicochemical properties - . . . . . . . .

Toxicity existing around us, almost impossible to avoid. A question regarding their safety/toxicity assessment has been
X!

arisen due to their widespread use and increasing exposure. To clarify this uncertainty, this review summarizes
the current knowledge and the recent findings regarding toxicity effects of inorganic nanoparticles that are most
discussed in literature and appeared to be common to all of them, and investigates the important mechanisms
behind their toxicity which are not totally revealed yet. It also highlights the main factors/parameters affecting
toxicity which are strongly based on their physicochemical properties and declares the necessity for unified
methods and further exploration in the future to build safer nano-based drug delivery systems. Additionally, this
review will present an overview of pharmacokinetics of inorganic nanoparticles which have a huge impact on
their toxicity therefore should be investigated in more detail. This investigation will help to provide a
comprehensive profile and will contribute to optimizing NPs design ensuring safety and presenting minimal

toxicity.

1. Introduction

Since the introduction of “nanotechnology” concept for the first time
in 1959 by the American Nobel Prize laureate Richard Feynman, this
field of research has gradually attracted attention of many researchers
from different fields of science, and now it is one of the fastest growing
domain in modern life [1]. Nanomaterials are defined by the European
Union (EU) as “manufactured material containing particles, in an un-
bound state or as an aggregate or as an agglomerate and where, for 50 %
or more of the particles in the number size distribution, one or more
external dimensions in the size range of 1 nm-100 nm” [2]. These
nanoparticles (NPs) could be classified according to several criteria
among them chemical structure is one of the most used one. According
to it, they could be divided into two main categories (Fig. 1): organic NPs
such as liposomes, dendrimers, micelles, polymeric NPs, etc, and inor-
ganic NPs which would be the main focus of this review [3,4]. Inorganic
NPs can be categorized into three main classes: metal-based NPs such as
gold (Auw), silver (Ag), iron (Fe), copper (Cu), zinc (Zn), cadmium (Cd),
etc.,, and metal oxide-based NPs (MONPs) such as iron oxide NPs

* Corresponding author.
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(IONPs), titanium dioxide NPs (TiO, NPs), zinc oxide NPs (ZnO NPs),
silicon dioxide NPs (SiO; NPs), aluminum oxide NPs (Al,O3 NPs),
cerium oxide (CeO, NPs), zirconium dioxide (ZrO5 NPs) etc., which were
developed to enhance the efficacy and reactivity of their metallic
counterparts. The third class is quantum dots (QDs) which would be
further discussed in section 3.3 [5-7].

As the traditional type of dosage forms are not capable of meeting the
requirements of health-care providers and fulfilling the increasing needs
of patients, the investment of nanotechnology and its products in med-
ical and pharmaceutical domain has emerged as a key solution to
overcome the drawbacks of conventional drugs and surpass their limi-
tations. Therefore, recent research has introduced a new generation of
drug-nanocarriers (both organic and inorganic) which could present
several advantages such as improving stability and biocompatibility,
increasing water solubility and bioavailability, crossing biological bar-
riers, achieving targeted delivery, reducing side effects and toxicity.
These advantages in general would lead to the improvement of effec-
tiveness and patient compliance [3,4].

Organic NPs have been extensively used in biomedical applications
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due to their preferred specifications such as good biocompatibility,
biodegradability and low toxicity, for both diagnostic and therapeutic
purposes such as biosensing, bioimaging, targeted drug delivery, fluo-
rescence guided surgery, cosmetics, etc [8-11]. Also, because of their
huge potentials, they are continuously being investigated for novel ap-
plications, for example, the treatment of central nervous system (CNS)
disorders by enhancing brain-targeting through intranasal administra-
tion (nose to brain delivery) overcoming one of the biggest limitations of
conventional methods [12,13]. On the other hand, it is true that inor-
ganic NPs have been basically used for diagnostic and imaging purposes
[4,6]. Nevertheless, their implementation in therapeutic field came into
focus in recent years due to their higher stability and drug loading ca-
pacity in addition to unique physicochemical (optical, thermal, me-
chanical, catalytic and magnetic) properties. This could present an
added value to the treatment when combined with additional thera-
peutic agents [6]. For example, photocatalytic activity and radio sensi-
tizing effect of titanate nanotubes (TNTs) can be combined with the
ability to be loaded with drugs resulted in synergistic effect of great
importance, especially in the field of oncology [4,14-17]. Similarly,
cerium oxide nanoparticles have also shown potential to act as radio-
sensitizers by increasing the production of reactive oxygen species
(ROS) [18] and activation of Jun terminal kinase (JNK) apoptotic
pathway in pancreatic cancer cells in vitro and in vivo [19]. In the same
context, some types of inorganic NPs such as gold nanorods (GNRs) have
been successfully utilized in tumor targeting treatment depending on
photothermal therapy (PTT) [20].

Moreover, certain types of inorganic NPs may themselves act as
therapeutic agents in some inflammatory diseases. For instance, re-
searchers have reported the efficacy of selenium nanoparticles (SeNPs)
in acute rheumatoid arthritis initiated in Wistar albino rats and indi-
cated their ability to increase mRNA expression of catalase (CAT),
glutathione peroxidase (GPx1), and cyclooxygenase (COX-2) levels
depending on their antioxidant property, and confirmed their findings
by histological changes of angle joints in the treated animals [21].

Other beneficial effects could be obtained by specific types of inor-
ganic NPs such as silver nanoparticles (AgNPs) which presented anti-
bacterial, anti-inflammatory and antioxidant activity according to
recent studies [22,23]. These properties are considered as fundamental
advantages allowing the usage of AgNPs in wound healing with
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Fig. 1. Different types of organic and inorganic nanoparticles.
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promising outcomes [24]. ZnO NPs have also shown similar properties
(antibacterial and anti-inflammatory effect) which give them a distinc-
tive role among other NPs regarding preventing infections and
wound-dressing [6].

Researchers have also reported that the use of specific types of NPs
(for example, TNTs) would not only contribute to the therapeutic pro-
cedure by delivering drugs [25] but would also impact the
manufacturing process on technological aspects (hardness, tensile
strength, flowability, compressibility, compactibility) which would
positively affect the scale-up procedure and industrial production
[26-28].

Based on the previous discussion and depending on the fact that
inorganic NPs could exert multiple effects due to their unique compo-
sition, improved performance could be achieved by combining these
NPs with appropriate active pharmaceutical ingredients (APIs) to ach-
ieve specific purposes or treat specific medical conditions. This combi-
nation will have a positive impact on therapeutic outcomes as
nanocomposites may be more potent than the bare NPs or the free drugs
(For example, TNTs with antitumor drugs or AuNPs with antibiotic
drugs) [14,29].

Fig. 2 shows some of the most used applications of inorganic NPs in
biomedical-related fields.

It is also worth to mention that the pharmaceutical use of inorganic
NPs has increasing popularity as they can flexibly integrated as drug
carriers in multiple dosage forms, thus providing multiple options for
manufacturers to incorporate them (tablets, hydrogels, transdermal
films, contact lenses, inhalable dry powder, etc.) for different adminis-
tration routes (oral, dermal, ophthalmic, pulmonary, etc.) and for sys-
temic or local effect [24,30-33]. Hence, they are not limited to
laboratory experiments or for research purposes, but they have suc-
ceeded to reach the global market specifically in oncology and cancer
treatment (chemotherapy, thermal therapy and radiotherapy) in addi-
tion to wound-dressing applications [6,34-37]. Tables 1 and 2 show
examples of inorganic NPs being used as drug carriers and in different
biomedical applications (in their original form or after being
surface-modified or combined with different molecules).

Although the utilization of inorganic NPs in health-related applica-
tions is accelerating in a regular base with impressive outcomes sup-
ported by their outstanding specifications, it is also bringing possible
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This figure represents different types of organic nanoparticles such as liposomes, dendrimers, polymeric NPs, micelles, niosomes and carbon nanotubes, in addition to
the most used types of inorganic nanoparticles in biomedical applications and consumer products such as AuNPs, AgNPs, QDs, TiO; NPs, MSNs and ZnO NPs.
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Fig. 2. Biomedical applications of inorganic nanoparticles.
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This figure represents the most popular uses of inorganic NPs in biomedical applications such as drug carriers in pharmaceutical applications and cosmetics, contrast
agents in magnetic resonance imaging (MRI) and biosensors for diagnostic purposes, anti-bacterial and anti-inflammatory agents in wound dressings, cancer
treatment as radiosensitizers/anti-tumor carriers and photothermal agents in addition to gen transfer and tissue engineering applications.

Table 1

Pharmaceutical application of inorganic nanoparticles as drug carriers.
Type Drug Ref
TNTs ibuprofen, dexamethasone, curcumin, [38-41]

methotrexate, silibinin

AuNPs varlitinib, cisplatin, levofloxacin, [29,42,
cefotaxime, ceftriaxone and ciprofloxacin 43]
CaCO3 NPs doxorubicin [44]
Mesoporous silica doxorubicin [45,46]
nanoparticles (MSNs)
AgNPs donepezil [30]
Table 2

Examples of biomedical applications of different types of inorganic
nanoparticles.

Type application Ref
TNTs radiosensitizer [15]
SeNPs anti-inflammatory agent [21]
GNRs photothermal NPs in PTT [20]
CeO5 NPs radiosensitizer [18,19]
AgNPs anti-bacterial, anti-inflammatory, antioxidant agent [22,23]
IONPs contrast agents in magnetic resonance imaging (MRI) [47]
TiO, NPs UV absorption in sunscreens [48]
ZnO NPs UV absorption in sunscreens [49]

hazards to public health/environment (controversial results on
biocompatibility/biodegradability and hence safety) which should be
closely monitored and controlled [5,6]. This task is challenging due to
the huge diversity of inorganic NPs (in their chemical structure, size,
shape, etc.) as their behavior is significantly varying based on these
diverse properties. For instance, the fact that even a single type of these
NPs could exist in several sizes and shapes (nanotubes, nanorods,
nanowires, nanoribbons, nanobelts, etc.) complicates the prediction of
its behavior as possible drug carrier especially regarding biopharma-
ceutical and toxicological aspects. Therefore, a separate assessment
should be carried out for each type of these NPs, taking into consider-
ation its entire physicochemical properties as they hugely affects its
pharmacokinetics (PK) and safety profile, and the concluded judgement
on this specific type could not be generalized to others.

Therefore, the main aim of this review is to provide a solid back-
ground on the progress made so far in the toxicological assessment of
inorganic NPs most commonly used in biomedical applications and
consumer products in daily life, with particular attention on the impact
of their physicochemical properties, the key players in this critical
assessment. The toxicological assessment and safety profile of inorganic
NPs could not be completed without the accurate evaluation of their
pharmacokinetics: the administration route (dermal, gastrointestinal,
pulmonary, etc.), the absorption mechanism, the migration route from
the initial site of exposure, their accumulation, the metabolization and
excretion routes [5,50]. For this reason, this review would also discuss
the pharmacokinetics of inorganic NPs in living organism as its better
understanding will lead to further improvement in their efficacy and
safety profile.

2. The fate of nanoparticles in living organisms
2.1. Absorption

The exposure to inorganic NPs especially with their widespread use
in numerous products (cosmetics, food products, paints, detergents,
disinfectants, textiles, biosensors, probes, etc.) is not limited to a specific
route as they could access the living organism through several pathways
(ingestion, injection, inhalation, skin penetration, etc.) [5,50]. The
precise investigation of the next step after exposure is crucial as it would
determine whether these NPs would be absorbed to the systemic cir-
culation thus translocated to distal organs, or they would be restricted to
the primary site of exposure. This critical point regarding absorption still
represents a critical issue and considered controversial due to the huge
diversity of the affecting factors which further complicates its study and
related research.

2.1.1. Dermal route

The absorption of NPs through the skin or the stratum corneum (SC)
is one of the most interesting fields to researchers because of the com-
mon use of for example, TiOy NPs or ZnO NPs in some daily products,
such as sunscreens and cosmetics, not just in medical ones. Dermal
penetration has been investigated using different types of NPs such as
TiO5 NPs which were found to be not able to permeate through the intact
skin [48,51], or even the damaged one [52]. However, their penetration
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through the damaged skin still controversial as Vaudagna et al. reported
the existence of small amount of TiOy NPs inside hair follicles as a result
of shaving the particular skin area of the treated animals to prepare it for
the application of the cream, hence they suggested not to use
NPs-containing products on harmed or newly shaved skin to prevent NPs
permeation [48]. Similarly to TiOy NPs, ZnO NPs used as physical
sunscreen were detected only on the surface of the skin (in the upper-
most stratum corneum regions) and no important permeation toward
the underlying keratinocytes was observed [53].

Another study on penetration of SiO2 NPs into the skin showed that
dermal absorption is size-dependent. 42 nm particles were observed to
be associated with epidermal cells while SiO5 NPs of above 75 nm in size
have been blocked even after mild skin barrier disruption [54].

In this context, many attempts have been made to enhance the
dermal absorption of NPs by applying new methods of pharmaceutical
formulation like oily dispersions which provide better penetration than
the aqueous ones, probably via sebum lipids of hair follicles [55]. Sur-
face functionalization could also be used to improve dermal penetration
[54].

2.1.2. Gastrointestinal route

Enormous efforts have been made to investigate NPs absorption
through gastrointestinal tracts (GIT) aiming to create new carriers that
would improve the oral uptake of drugs. Many authors demonstrated the
translocation of TiO NPs to distal organs like liver, spleen, lung, and
peritoneal tissues after oral intake through GIT [56].

This absorption could be governed by numerous factors, for example
Schleh et al. used gold nanoparticles of different sizes (1.4-200 nm) to
study the effect of surface charge/size on absorption after oral admin-
istration. They concluded that the small/negatively charged particles
tend to be absorbed across intestinal barriers more readily than larger/
positively charged ones [57]. Similar to the dermal route, oral absorp-
tion of inorganic NPs could be improved by surface functionalization
with hydrophobic molecules such as trichloro (octyl)silane and mag-
nesium stearate [58].

2.1.3. Respiratory route

Studies related to NPs absorption after inhalation in humans are
scarce. After Lung instillation of near-infrared (NIR) fluorescent nano-
particles, different in their physicochemical properties (size, shape,
surface charge and chemical composition), Choi et al. concluded that
non-cationic NPs (hydrodynamic diameter <34 nm) distributed from
the lung to mediastinal lymph nodes whereas NPs of hydrodynamic
diameter <6 nm translocated rapidly to lymph nodes and the systemic
circulation, then successively excreted through urine [59]. Other results
also suggest that intra-nasally instilled TiO, NPs can directly distribute
to CNS through the olfactory bulb [60] which poses safety concerns
regarding developing neurodegenerative diseases [61], but also could be
used to offer an innovative method to bypass the blood-brain barrier
(BBB) using nano-carriers in direct nose to brain delivery systems [12,
62].

2.2. Interacting with biological fluids and protein corona formation

After absorption of NPs and reaching the systemic circulation, they
can be distributed/accumulated or excreted out of the body. It is worth
to mention that assessing biocompatibility, therapeutic outcome, and
toxicity of inorganic NPs could not be conducted without determining
their biodistribution and excretion profiles. For instance, easy clearance
demonstrates a smaller overall cumulative toxicity.

The interaction between the biological fluid and NPs after reaching
the blood will lead to a so-called protein corona which arises from the
binding of serum proteins on the surface of the NPs [63] and has a
significant impact on the behavior of these nanoparticles in the body
including fostering cellular uptake or increasing toxicity [64].

Regarding this aspect, the amount of adsorbed proteins on the
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surface of Au nanorods was evaluated by Qiu et al. using reducing so-
dium dodecyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE).
They suggested that there is a positive relationship between the cellular
uptake efficiency and the amount of adsorbed proteins. Adsorbed pro-
teins could expose ligands which could be recognized by the membrane
receptors thus facilitating cellular uptake. This theory was confirmed by
noticing that the most favored NPs in cellular uptake are the ones who
adsorbed the greatest amount of proteins [65]. In contrast to these
findings, Lesniak et al. reported greater cell internalization efficiency of
SiO NPs in the absence of serum in comparison to NPs which had a
protein corona on their surface due to the presence of serum [66].
Another study by the same group investigated the influence of protein
corona formation on cellular uptake and declared the effect of serum
heat inactivation on this property. This study supported the previous
findings, and concluded that cellular internalization was found to be
different when nanoparticles were dispersed in a heat-inactivated serum
as medium and lower NPs internalization was observed with a more
protein-rich corona NPs [67]. These discrepancies could be explained by
the differences in the mechanism of cellular uptake whether it is medi-
ated by membrane-receptors or not. Many attempts have been made to
reduce this interaction between NPs and the surrounding biological
environment and hence the formation of protein corona and the sub-
sequent detection by the immune system, and among them surface
functionalization seems to be the most promising.

Several studies investigated the impact of surface functionalization
on protein corona formation and the subsequent cellular uptake. For
example, Cruje et al. evaluated the effect of polyethylene glycol (PEG)
grafting density using gold NPs (50 nm), and concluded that higher
grafting densities minimize protein adsorption and thus NPs uptake by
all tested cell lines while lower grafting densities resulted in greater
nonspecific protein adsorption and higher cellular uptake [68]. Chalot
et al. also reported that the uptake of SiO NPs (50 nm) enhanced in the
absence of PEG as PEGylation decreased the formation of protein corona
[69]. However, the current information regarding the formation of
protein corona and its impact on pharmacokinetics in vivo is still
insufficient. Simberg et al. indicated that the attached proteins will not
affect the clearance of IONPs by spleen and liver macrophages as they
did not mask their entire surface [70]. Another study demonstrated the
importance of PEGylation to extend the blood circulation time of AuNPs
where 10 kDa PEG-AuNPs showed prolonged retention time in systemic
circulation while non-PEGylated and 750 Da PEG-AuNPs distributed
mainly to spleen and liver [71].

2.3. Distribution and accumulation

The distribution, accumulation and excretion routes are summarized
in Fig. 3. The distribution of intravenously injected TiO NPs (<100 nm)
in rats (5 mg/kg) was investigated and found to be in its highest level in
liver, followed by spleen. No detectable levels of TiO5 NPs were found in
blood, lymph nodes or plasma which could be attributed to the fast
clearance of these NPs from blood to other organs mainly liver and
spleen where TiO, NPs have found to be accumulated, but with no signs
of inflammation or organs toxicity [72]. In contrast, another study found
the highest accumulation level of the crystalline TiOz NPs (80-110 nm)
in the spleen, causing serious spleen lesion and additional toxic effects to
other organs (hepatic fibrosis, thrombosis in the pulmonary vascular
system, hepatocellular necrosis and apoptosis) after intraperitoneal in-
jection in mice [73]. The presence of reticuloendothelial system in liver
and spleen is responsible of this high uptake while the low distribution
inside the heart is due to the limited time of the cardiac cycle and the
existence of dense cardiac tissue hindering retention NPs [74].

Biodistribution studies of SiO NPs in nude mice found that 75 % of
their total number were accumulated in liver, spleen, and stomach [75].
Moreover, MSNs and their PEGylated versions translocated in the same
way, mainly to spleen and liver after tail-vein injection in mice [76]. In
case of AgNPs, they showed extensive distribution to several
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Fig. 3. Route of entry of inorganic nanoparticles, the main sites of accumulation and pathways of excretion
This figure represents the major routes of entry for NPs which are oral route by ingestion, nasal route by inhalation and dermal route by skin penetration. It also
shows the primary and secondary sites of accumulation (liver, spleen, brain, lungs, heart, kidneys, testes) in addition to elimination pathway through urine or feces.

destinations in the body, but mainly to spleen followed by liver, lungs,
and kidneys after intravenously injected in mice [77]. Dziendzikowska
et al. indicated that the distribution of AgNPs was size/time-dependent
after intravenously injected to male Wistar rats at a dose of 5 mg/kg
where NPs with smaller size (20 nm) were detected in several tissues
with higher concentration in comparison to the larger ones (200 nm).
The highest translocation was also changing from one organ to another
upon time. For example, the greatest concentration of silver was
detected in the liver after 24 h of exposure and in brain/kidneys after 28
days [78].

20 nm AuNPs accumulated in lungs and brain after IV injection in
mice, whereas their accumulation in other organs such as pancreas,
stomach, and heart was relatively low [79]. According to De Jong et al.
their distribution was also size-dependent (similar to AgNPs) with the
smallest nanoparticles displaying widespread organ translocation in rats
after IV injection [80]. Similar results were obtained by Sonavane et al.
who demonstrated that AuNPs of all sizes were mainly accumulated in
organs like liver, lung, spleen, and kidneys after intravenous injection (1
g/kg) in mice with the smallest size (15 nm) showing the highest amount
of gold in all tissues [81]. This distribution-size relationship was not
limited to AgNPs or AuNPs but was further confirmed with ZnO NPs as
they were absorbed within 30 min after oral administration, then
translocated to liver, spleen, and kidney, exhibiting much higher ab-
sorptivity and biodistribution compared to ZnO microparticles [82]. In
some cases, this size could be influenced by the dose being administered
and this would have reflection on the subsequent uptake and accumu-
lation. De et al. reported higher accumulation of Al;03 NPs at 30 mg/kg
dose than that of the 60 mg/kg dose which was attributed to the
agglomeration occurred at high concentrations which increased the size
of NPs and hindered their uptake [83]. Surprisingly, in contrast to the
previous popular belief, 18-nm AuNPs accumulated in the brain and
heart of mice after oral administration in a higher amount compared to
the smaller 1.4-nm ones without any proposed explanation [57]. Based
on these results, the prediction of NPs biodistribution, accumulation and

toxicity could not be accomplished based on the determination of size
range (or other properties) but comprehensive experiments should be
done to confirm our prediction.

2.4. Excretion

After reaching the bloodstream, inorganic nanoparticles could be
eliminated through two routes: excretion into the urine by renal filtra-
tion, or into the bile/feces by hepatobiliary processing. According to the
International Program on Chemical Safety for TiO9, most of the ingested
TiO, is excreted unabsorbed, probably with urine [84].

The clearance studies of SiOp NPs (20-25 nm) in vivo suggested
hepatobiliary excretion without causing any abnormal effect [75] while
another study has observed that 36 % of the injected SiO NPs (150 nm)
were excreted with urine and the remaining particles were accumulated
in lungs and kidneys [85].

Regarding QDs, Tang et al. indicated that AgSe QDs are transformed
into Ag and Se, which are excreted from the body through feces/urine
without obvious toxic effects although Se appeared to be harder to
eliminate [86]. Moreover, Choi et al. used intravenously injected QDs in
rodents to study the requirements and limits for urinary excretion of
inorganic nanoparticles and concluded that the size of NPs plays a sig-
nificant role in the elimination process with QDs smaller than 5.5 nm
being excreted into urine, and efficiently eliminated from the human
body in contrast to larger ones (>15 nm) [87]. Dziendzikowska et al.
also confirmed that the excretion of AgNPs was size/time-dependent
through kidney/urine or liver/feces [78]. On the other hand, accord-
ing to Lee et al. size was not a determining factor with orally adminis-
tered AgNPs in Sprague-Dawley rats. Ag concentrations gradually
decreased (during the examination period) to control levels in most
tissues except in testes and brain indicating difficult elimination of
AgNPs across some biological barriers such as BBB and blood-testis
barriers [88]. Furthermore, the elimination procedure could be influ-
enced by several properties other than size such as surface charge and
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route of exposure. Regarding these aspects, Wang et al. reported that
gold nanoclusters (Au NCs) with negative charge showed lower excre-
tion and longer retention time in liver and spleen compared to neutral
ones [89] while Li et al. demonstrated faster clearance of orally
administered ZnO NPs in comparison to intraperitoneally injected ones,
resulted in transient histopathological lesions in liver [82].

2.5. Crossing the protective biological borders

Many studies discussed the ability of NPs to bypass the biological
protective barriers such as blood-brain barrier, placenta, and blood-
testis barrier. Regarding this fundamental issue, Li et al. suggested
that TiO2 NPs might induce brain injury when passing through BBB after
intratracheal instillation [90].

In the same context, Au NPs (15 and 50 nm) crossed BBB after
intravenous injection (1 g/kg) in mice [81] and PEGylated SiOy NPs
could also cross BBB in vivo and in vitro using an in vitro BBB model.
This transportation was significantly dependent on size [91].

De et al. also suggested that the exposure to Al,03 NPs (10-55 nm)
might produce increased permeability of BBB in Swiss albino mice after
oral administration thus leading to Al;0O3 NPs accumulation in brain
causing histopathological changes including neurofibrillary tangles
which are commonly associated with neurodegenerative diseases [83].
This result was correlated well with the study of Chen et al. who re-
ported decreased expression of tight junction proteins (occludin and
claudin-5) caused by nano-alumina thus disturbing BBB permeability
[92].

Morishita et al. studied the testicular distribution of SiO5 NPs in mice
after systemic administration and suggested that they can cross the
blood-testis barrier in addition to the nuclear membranes of spermato-
cytes but without causing any testicular injury [93]. De et al. observed
the same ability of Al;03 NPs (10-55 nm) in bypassing the blood-testis
barrier in mice causing abnormalities in sperm head morphology after
oral administration (30 and 60 mg/kg) [83].

In case of AgNPs (14 nm) that were intravenously injected (1 mg/kg)
in male CD1 mice, the results revealed significant changes in the size of
Leydig cells with no important decrease in the weight of testis or the
concentrations and motility of sperms. However, increasement of
testicular and serum testosterone levels were reported [94].

Furthermore, by using the ex vivo human placental perfusion model,
fluorescent polystyrene NPs (up to 240 nm) were capable of penetrating
the placental barrier [95]. This ability might affect the offspring espe-
cially the development of their reproductive and nervous system [96].
The same result was obtained with SiO5 NPs (70 nm) and TiO, NPs (35
nm) which were detected in the placenta, fetal brain and fetal liver after
being injected intravenously into pregnant mice causing pregnancy
complications while larger particles did not [97].

3. Toxicity of inorganic nanoparticles

Many attempts have been made to investigate the possible harmful
effects of inorganic NPs (for example TiO2 NPs) on the environment and
human health indicating no toxic effect, starting from experiments on
some simple living organisms like Ciliated Tetrahymena pyriformis
which reported no in vitro toxicity effect of tested TiO, nanotubes [98].
This was in agreement with the findings of Ammendolia et al. that TiOy
nanoparticles were not cytotoxic to human colorectal adeno carcinoma
HT-29 cell line at all tested concentrations (1.8, 4.5, 9, 36 pg/ml) even
though they were able to penetrate the intestinal cells and cause a
gender-specific effect at male rats after oral administration (increased
length of intestinal villi and increased testosterone serum levels) [99],
and the finding of Fenyvesi et al. who reported that TNTs (length
50-150 nm, diameter 6-10 nm, specific surface area S-S.A 185 mz/g)
were not cytotoxic to Caco-2 cells, and not capable to penetrate the
intestinal cell layers even though they were used in higher concentra-
tions compared to the previous study (up to 5 mg/ml) [100].
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These promising results were also confirmed regarding the crucial
genotoxicological aspect. Brandao et al. reported efficient cellular up-
take of TiOy NPs but without disturbing chromosomal integrity or lead
to any genotoxic effect which was investigated by Micronuclei analysis
using flow cytometry. This was explained by the probable distribution of
TiOy NPs in cytoplasmic compartments rather than nucleus which
minimized their direct interaction with DNA [101]. Another study
attributed this non-genotoxic effect to the activation of DNA repair
pathway which repaired the occurred damage in its early stage [102].

Some studies even displayed positive outcomes of TiO, anatase
nanostructures (30 % nanotubes + 70 % nanorods) with diameter of
8-10 nm and S-S.A of 265 m?/g like increased A549 cell viability
compared to control [103], improved bone cell adhesion and prolifer-
ation without triggering any chronic inflammation or fibrosis in vivo
[104] which could be attributed to their porous channeled structure
permitting continuous flow of blood and nutrients [105].

On the other hand, many studies revealed negative results after using
TiO9 NPs like decreased viability and apoptosis of Microglia N9 cells, the
resident macrophages in CNS, even with low concentrations (16 pg/ml)
[106]. In another study, physiologically relevant doses of TiO NPs (30
nm) decreased the intestinal barrier function and caused an increase in
the production of ROS and proinflammatory signals in addition to a
decrease in zinc, iron, and fatty acid transport. They also altered nutrient
transporter protein gene expression and disturbed cells which work to
regulate the transport mechanisms [107]. Moreover, due to their
worldwide use in sunscreens, the effect of TiOo NPs upon irradiation was
evaluated in vitro (prokaryotic and eukaryotic cells) and in vivo (in
adult male Wistar rats), and significant toxicity was reported evidenced
by the elevation of ROS production leading to macromolecular oxidation
(proteins and cell membrane lipids), in addition to damaged integrity of
SC [48]. These conflicted results impose an urgent need to establish a
new discipline that combines toxicology and nanotechnology, deals with
the interaction of nanoparticles with biological molecules/organisms,
and aims to determine the possible adverse effects of these NPs. This
discipline is called nanotoxicology which evaluates the toxicity of these
novel nanomaterials as it cannot be predicted from the toxicity profile of
the same bulk materials.

Toxicity studies of inorganic nanoparticles revealed a dependence on
their physicochemical properties such as shape, size, surface properties,
crystal structure, chemical composition. Therefore, in this review some
of these most important physicochemical properties will be highlighted.
The discussed properties could differ between different groups of inor-
ganic nanoparticles (metal oxides NPs, metallic NPs and QDs) due to
their unique structures/composition or simply due to the lack of avail-
able research discussing every single factor. It is also worth to mention
that these toxicity studies could be conducted in vivo or in vitro. In vivo
studies depend basically on histopathological examination of sacrificed
animals (rats, mice, etc.) to detect any signs of abnormalities, changes or
dysfunction in addition to the sites of NPs accumulation [74,83] while in
vitro studies are more diverse ranging from simple assays investigating
viability and/or oxidative stress to more complicated ones investigating
genotoxicity as shown in Table 3.

3.1. Metal oxide nanoparticles

3.1.1. Morphology

Using 3 shapes of TiO3 NPs (nanotubes, nanorods and nano ribbons)
to study the impact of morphology on distribution and toxicity in male
albino rats after intravenous tail injection (5 mg/kg), Kamal et al.
indicated the importance of 3 factors related to morphology that affect
cellular uptake which are aspect ratio, surface charge and surface area.
An increase in surface area, decrease in negative zeta potential and
aspect ratio would enhance cell penetration thus TiO5 nanotubes with
their lowest zeta potential and largest surface area achieved the highest
uptake, were the most harmful nanomaterials and caused the strongest
inflammations among the three tested shapes. Pathological findings
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Table 3
Some of the most used methods/assays to investigate the toxicity signs of
inorganic nanoparticles.

Toxicity Indicator Name of the method/assay References
Viability MTT assay [100,103,
108-112]
Lactate dehydrogenase (LDH) assay [69,111,
(cell membrane integrity) 113-115]

Neutral Red (NR) Uptake Assay [116]

Live/dead cell assay [117-119]

Cell Counting Kit-8 (CCK-8) [65,115,120,121]
Annexin V/PI Staining (early marker [120,122]

of cell death)

Propidium iodide (PI) exclusion [120]

Cellular proliferation colorimetric [123]

assay

WST-1 assay [124]

Oxidative stress Intracellular ROS measurement [65,69,111-113,
117,118]
Quantification of Reduced Glutathione [111,113,114]
Mitochondrial potential [65,117,120]
MitoSOX Assay (measurement of [120]
superoxide production)
Measurement of enzymatic
antioxidants activity (CAT- SOD)
Measurement of Membrane lipid [83]

peroxidation (LPO)

[83,113]

Pro-inflammatory Production of TNF-a [69,114]
effect Cytokine quantification [114,124]

Genotoxicity Comet assay [83]

Apoptosis/ Annexin V-FITC Kit [65,112,123]

Necrosis

showed hepatic fibrosis around the central vein, cells with apoptotic
bodies, necrotic cells, cells with condensed nuclear, spleen lesions and
inflammation, thrombosis in the pulmonary vascular system and dila-
tation of the cardiac blood vessels [74]. Another study also reported the
importance of geometry in toxicity assessment confirming the previous
results, with the thinner nanotubes being slightly more toxic than the
corresponding nanowires [125]. In the same context, AloO3 NPs (two
shapes: nanorods and nanoflakes) caused an increase in the concentra-
tions of ROS and inflammatory cytokines in addition to disturbing
several metabolic pathways, such as those related to oxidative stress and
nucleic acids damage and repair. Morphology also has a great impact on
their cytotoxicity with nanorods (width 20-30 nm/length 100-200 nm)
causing greater cytotoxicity (greater ROS generation, apoptosis, and
more affected metabolic pathways) than nanoflakes (width 20-30
nm/length 20-30 nm) when applied with the same concentration [112].

3.1.2. Surface properties (chemistry, coating, charge)

In addition to the previous findings concerning the impact of
morphology, Magrez et al. highlighted the importance of surface prop-
erties of TiOy-based nanofilaments on affecting cell proliferation/ac-
tivity and concluded that nanowires/nanotubes in H form (with protons
on their surface) were more toxic than in Na form as this ion exchange
can cause damage within the structure. These structural damages
increased toxicity because they acted as chemically active sites. The
observed morphological changes in H596 Human Lung tumor cells
included disturbed cell-cell contacts and apoptotic cells in addition to
the presence of apoptotic cells with no signs of NPs accumulation which
is an obvious indicator of indirect toxic effect caused by the released
cytokines from dying cells [125].

In the same context, Ranjous et al. noticed an important decrease in
cell viability after replacing Na * ions with Mg?" ions on the surface of
TNTs which had a negative impact on cell interactions [58] while the
modification of TiOy NPs (25 nm, 80 % anatase+ 20 % rutile) surface
with PEG reduced their toxicity and their induction of stress-related
genes by preventing aggregation [126].

Surface charge is also one of the most important properties that could
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play a significant role determining the toxicity of NPs. Chalot et al. re-
ported that all the examined SiOz NPs caused inflammatory effect and
increased the production of TNF-a but only those with positive charge
caused loss of cell membrane integrity at high doses (300 and 600 pg/
ml) [69].

In case of ZnO NPs, adverse effects could be attributed to mito-
chondria sequestering zinc ions into cells, leading to elevation of zinc-
ion concentration which can activate ROS generation, induce mito-
chondrial dysfunction, and initiate apoptosis in human neuroblastoma
SHSY5Y cell line [121]. For this reason, PEGylation was one of
numerous attempts that have been made to reduce toxicity by modifying
surface properties. This modification presented a lower level of intra-
cellular Zn ions due to minimizing protein corona formation which
might reduce cellular uptake. Interestingly, another type of surface
modification using 3-aminopropyltriethoxysilane (APTES) with more
protein binding ability (due to the positively charged aminated surface)
did not increase cellular uptake in comparison to uncoated NPs and
similar cytotoxicity was observed (oxidative stress and cell death by
apoptosis and necrosis) at all exposure concentrations [127]. Another
study reported that silica coating significantly reduced the cytotoxicity
caused by bare ZnO NPs (which released Zn?* ions in the gastric fluid)
on human colon adenocarcinoma cell line (SW480) and human colo-
rectal adenocarcinoma epithelial cell lines (DLD-1) through prevention
of their dissolution in neutral and acidic conditions. It is worth noticing
that this coating is not totally benign as high concentrations of
silica-coated ZnO NPs caused significant cytotoxicity to colorectal
epithelial cells [122]. However, in contrast to the idea that toxicity of
ZnO NPs may be attributed to their dissolution and ions release, Moos
et al. concluded that ZnO NPs have a low potential for cytotoxicity by
consumption because they are likely to dissolve in the highly acidic
medium of stomach while their cytotoxic effects are produced upon their
direct contact with cells. Their adverse effects could be summarized by
decreased viability, activation of apoptosis pathway, disruption of
mitochondrial function, and increased superoxide production [120].

As previously discussed, manipulating surface properties could be a
proper strategy for producing safer NPs. For example, lipid-coating of
iron oxide NPs (14 nm) presented the highest stability against acidic
conditions that could lead to their degradation resulting in releasing
ferric iron, inducing ROS generation and affecting cell function. On the
other hand, the maximum number of ferric ions was released by citrate-
coated NPs (4 nm), disrupting iron homeostasis and thus inducing the
maximal ROS levels [118]. Vaudagna et al. functionalized the surface of
TiO2 NPs with vitamin B2 which led to significant reduction in the
amount of produced ROS attributed to V-B2 antioxidant property that
appeared to be higher than the oxidation damage induced by the bare
NPs [48].

3.1.3. Size & type of cell lines

The effect of size on toxicity was also widely studied. Size factor is
not only dependent on original particle size but also on agglomeration/
aggregation state which could happen upon interaction with biological
fluid resulting in negative impact on safety profile [6]. Regarding this
aspect, Murugadoss et al. reported that large agglomerates (LA) of TiO,
NPs induced stronger effects than smaller ones (SA) contrary to the
common concept, and this effect was dependent on cell type and primary
particle size. In vivo studies in mice confirmed these in vitro results, and
indicated that large agglomerates (117 nm) caused stronger pulmonary
effects (higher number of lymphocytes and higher retention of Ti). They
also concluded that the effect of TiO, agglomeration state could also
induce systemic responses as it was not limited to the site of particle
deposition evidenced by the observed DNA damage [114]. Interestingly,
the type of used cell line plays a critical role in explaining these results
due to the differences in their sensitivity and uptake ability/mechanism.
For instance, the agglomerates of TiO5 induce response in monocytic
(THP-1) cells but not in human bronchial epithelial (HBE) and colon
epithelial (Caco-2) cell cultures. As THP-1 are phagocytic cells, their
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response was stronger with LA of 17 nm TiO, than with SA because
micron-sized agglomerates are more appropriate for phagocytosis than
nano-sized ones. However, in case of 117 nm TiO», the size of SA and LA
was already appropriate for phagocytosis, so they were equally cell
internalized [114].

The size of agglomerates does not only depend on the primary size of
NPs but could also be affected by the route of exposure. Interestingly,
one study simulated the digestion process to evaluate the toxic effects of
three different TiO, nanomaterials (anatase, rutile and mixture of
anatase/rutile with 22, 28 and 30 nm diameter, respectively) on the cells
of gastrointestinal tract after being modified in the organism and
resulted in neither significant differences between digested/undigested
nanomaterials nor cytotoxic effect to Caco-2 cells at all tested concen-
trations except for NM105 (mix of anatase/rutile, 30 nm, 46.18 mz/g)
where more distinct adverse effect with digested ones was observed on
HT29-MTX-E12 intestinal cells, and this could be explained by the lower
size of its agglomerates upon ingestion which makes them easier to
uptake [108].

Regarding SiO, NPs, Kim et al. observed a greater decrease in cell
viability with larger SiO2 NPs in comparison to smaller ones [111] while
Lojk et al. reported that large size related to intensive aggregation of
SiO2 NPs (1-10 pm) could lead to a lack of significant internalization,
and to their deposition only on cell surface hence no observed effects
will be detected unless the effects are related to the released ions not NPs
themselves as in the case of Ag NPs [117]. The problematic issue
regarding aggregation and its expected in vivo toxicity could be solved
by surface modifications with proper molecules. Saker et al. have
functionalized the surface of TNTs with acrylic acid-PEG copolymer
which prevented their agglomeration and enhanced their stability and
dispersibility in aqueous media in purpose of simulating what would
happen after in vivo application [128].

It is worth to mention that even the mechanisms of toxicity (not just
the effects) could vary between different cell lines. For example, mem-
brane disruption was the main cytotoxicity mechanism of SiO, NPs
(>60 nm) especially in NIH/3T3 cells which were the most sensitive
while HepG2 cells were more resistant and the least sensitive to this
exposure. A549 cells showed the highest ROS generation and the least
LDH leakage demonstrating that in current case the main mechanism of
the toxicity of SiO NPs was mitochondrial-mediated ROS generation
rather than membrane disruption [111].

The cytotoxicity of ZnO NPs was also size-dependent where the
smaller ZnO NPs (18 nm) showed higher ROS generation than bigger
ones (47 nm) suggesting that ROS generation mainly depends on particle
size [121] which is in agreement with the results of Moos et al. who also
reported that nano-sized ZnO was twice as toxic as micro-sized ones
[120], and with the results of Li et al. who demonstrated that NPs pro-
duced more ROS than their bulk materials displaying greater toxic ef-
fects which was explained by their larger surface area which offers
higher number of UV absorption sites [129]. This toxicity of ZnO NPs
upon UV irradiation was further investigated by Chen et al. who
explained it by the ability of ZnO NPs to activate NLRP3 pathway
leading to pyroptosis, a fast type of lytic programmed cell death. This
mechanism underlying toxicity could be explained by multiple effects:
mitochondrial damage, increased ROS production, cellular autophagy
dysfunction and increased release of exosome, which were translated in
the treated mice into thickened and damaged skin with transepidermal
water loss [49]. However, the toxicity of ZnO NPs (50 nm) in vivo was
also reported by other routes such as inhalation, inducing significant
changes in nasal respiratory epithelium (NRE) at Mus musculus such as
vascular congestion, loss of cilia and granulation of mast cells, which
were explained by the induction of acute inflammatory response upon
exposure to the highest dose (40 mg/m3) [130].

3.1.4. Concentration/time of exposure
It should be noticed that the used concentration/time of exposure
would have a huge influence on the results of the toxicity study. For
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example, low reachable concentrations in vivo may cause only minor
effects in vitro. However, continued accumulation in vivo could
adversely influence cells and this was confirmed by the decrease in cell
viability with Food Grade TiO5 NPs, which were only apparent after 72 h
of exposure, underlining the importance of long exposure experiments
[117].

In the same context, toxicity of TiO3 nanotubes was minimal with the
injected dose (5 mg/kg) in male albino rats. However, histopathological
examination of liver revealed that increased concentration would in-
crease the severity of the toxic effects [74]. ZnO NPs also appeared to
induce enormous toxicity in the studied cell lines (human tumoral cell
lines A549, NCI-H460, SK-MES-1 and HeLa) after 24/48 h and appeared
to increase the number of dead cells with increased concentrations/time
of exposure [123]. This result was in agreement with many other studies
like the study of Sahu et al. showing that ZnO NPs (50 nm) significantly
induced ROS formation, decreased intracellular GSH level, induced
apoptosis, and reduced cell viability in a concentration-dependent
manner in human lung epithelial cell lines (L-132), in addition to
almost complete destruction of the exposed cells with shrunken
morphology, fragmented/rougher nuclei, and condensed nuclear ma-
terial [110]. It is also in agreement with the results of Liu et al. who
reported important oxidative stress-related gene changes in a
concentration-dependent manner including a significant decrease in
antioxidant genes expression levels such as SOD2, CAT, and GPX1 and
an elevation in the expression of three apoptosis-related genes (BAX,
BCL2, CYTC) [121].

3.1.5. Crystal structure

Several studies were dedicated to clarifying the influence of crystal
structure on the toxicity of inorganic nanoparticles among them TiO5
NPs attracted the majority of focus. TiOy could exist in three different
crystalline structures: anatase, rutile and brookite which would subse-
quently affect the toxicity of the corresponding NPs. For example, by
comparing their effects, anatase induced dendritic cells (DC) maturation
to a higher extent and led to a higher production of interleukins, tumor
necrosis factor (TNF-a) and IgE/IgG1. On the other hand, rutile induced
neutrophils more strongly while the response of other allergic markers
was similar with both of them [124]. In A549 human lung epithelial
cells, IL-8 production was more induced by anatase NPs which were 100
times more toxic than rutile NPs [131]. Anatase had a higher ability to
generate ROS [132], to induce glutathione depletion and to reduce su-
peroxide dismutase in PC12 neuronal cells [133]. Shimizu et al. also
indicated that maternal exposure of mice to anatase TiO; NPs may alter
the expression of genes associated with apoptosis, brain development,
neurotransmitters, and psychiatric diseases which would affect the
development and function of CNS [134]. In contrast to the previous
studies, rutile NPs induced ROS production more than anatase NPs in
HEL30 keratinocytes and initiated cell death by apoptosis while anatase
NPs induced it by necrosis [135]. Although the studies investigating the
correlation between toxicity and crystal structure are rare, but they are
not limited to TiO NPs. Aluminium oxide could also exist in several
crystalline phases: a, f, v, 8, 1, 6, x and ¥ which are possibly different in
their toxicity profile. Nogueira et al. investigated the impact of two of
them (a and n) on the toxicity toward Daphnia magna (model for eco-
toxicity studies) and concluded that n-Al,O3 NPs appeared to be more
toxic [136]. This toxicity-crystalline phase relationship dependency was
previously reported by the same research group but with human bron-
chial epithelial (BEAS-2B) and mouse neuroblastoma (N2A) cell lines.
According to this study, n-Al,O3 NPs also proved to have the most
harmful effects probably due to their high cellular uptake [137].
Moreover, This dependency was further confirmed with another type of
NPs by Demir et al. who reported gamma-iron oxide (y -FesO3) NPs
being more toxic than alpha-iron oxide (a -FeoO3) NPs using two types of
marine microalgae species [138]. In contrast, Lei et al. demonstrated
opposite opinion and reported higher toxicity of o -FeaO3 NPs, explained
by their stronger ability to produce free radicals and hence to initiate
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more pronounced oxidative stress in comparison to y -Fe;O3 NPs in
green algae [139]. Briefly, establishing a solid and reliable estimation of
toxicological effect based on the crystal structure is still controversial as
multiple parameters should also be considered in this estimation such as
other physicochemical properties of the tested NPs.

3.2. Metallic nanoparticles

3.2.1. Morphology

Opposite to Kamal’s study regarding morphology impact on the
toxicity of TiO2 NPs, morphology did not have the same importance with
Au nanorods where toxicity has shape-independent effect [65]. In
contrast, Steckiewicz et al. argued that cytotoxicity of AuNPs is
shape-dependent as AuNPs stars (~215 nm) were more toxic than
AuNPs rods (=39 nm length, 18 nm width) and AuNPs spheres (6.3
nm) which appeared to be the least toxic ones. In this study, AuNPs
(stars and rods) had the ability to permeate through the cell membrane
causing structural changes and inducing apoptosis by increasing the
expression of proapoptotic protein (Bax) and decreasing the expression
of anti-apoptotic one (Bcl-2) [140]. This suggested apoptotic-initiated
mechanism correlates well with the results of Selim et al. [141] and
Choudhury et al. [142] who reported upregulation and downregulation
of mRNA expression of Bax and Bcl-2, respectively, with the same type of
NPs (AuNPs). It is worth to mention that this effect is not exclusive to
AuNPs but it has been reported recently with other inorganic NPs such as
SeNPs. According to Keshtmand et al. SeNPs could cause toxicity in a
way similar to AuNPs by initiating cell death through disturbing the
normal regulation of gene-expression that is responsible of apoptosis.
For instance, increasing the expression of proapoptotic proteins (cas-
pase- 3, caspase 9, Bax) while decreasing the expression of antiapoptotic
ones (Bcl-2) This effect is of significant importance when applied to
intiate the death of cancerous cells [143].

3.2.2. Surface properties (chemistry, coating, charge)

In some cases, the toxicity of inorganic nanoparticles could be linked
to some impurities or chemicals on their surfaces that remain from the
synthesis procedure [65,144] like cetyltrimethylammonium bromide
(CTAB), a toxic cationic surfactant commonly used in the preparation
process of Au nanorods, showing highly toxic effect with decreased cell
viability, mitochondrial depolarization and swelling, increased ROS
production, and increased apoptosis [65]. In contrast, another study
demonstrated that toxicity is related to Au nanorods themselves (width
25 nm, length 52 nm) in concentrations ranging from 2.5 to 15 pg/ml,
causing dose-dependent toxicity. This toxicity was indicated by
decreased cell viability, induced LDH leakage as a sign of membrane
damage, increased ROS generation in addition to swollen mitochondria
[115].

As the case with PEGylated TiOy NPs, PEG-coated AuNPs showed
negligible cytotoxicity [65] while other study suggested that these
surface-modified NPs are not totally safe as they have long blood cir-
culation time so they are able to accumulate in the spleen and liver for
up to 7 days after injection inducing acute inflammation and apoptosis
[145].

3.2.3. Size

Moderate pulmonary toxicity was induced in rats after 24 h of nose
exposure to AgNPs (15 nm) while no signs of toxicity were observed with
larger size (410 nm). The difference in the internal alveolar dose be-
tween the two sizes in addition to the difference in the release rate of
silver ions could be the reason behind these different outcomes [146].
These results correlate well with the study of Gliga et al. who suggested
size-dependent cytotoxicity of AgNPs as only the 10 nm AgNPs induced
cytotoxicity in Human lung cells (BEAS-2B) while larger particles did
not. According to this study, this effect is not related to differences in
cellular internalization but it is probably associated with the ability of
these NPs to release the highest amount of Ag" ions in what it is called
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“Trojan horse” effect. Interestingly, all the tested sizes (10, 40, 75 nm)
caused DNA damage evidenced by comet assay which suggests that the
mechanisms of AgNPs cytotoxicity and genotoxicity are probably
different [147]. ElYamani et al. agreed with the previous findings and
reported the genotoxicity AgNPs in addition to three metal oxide NPs
(TiO2 NPs, ZnO NPs, CeOy NPs) even with their non-cytotoxic concen-
trations which suggest the independency of these two concepts (geno-
toxicity and cytotoxicity) [148].

Although Liu et al. have agreed with the study of Gliga et al. and
reported size-dependent toxicity of AgNPs in four human cell lines
derived from different organs (A549, SGC-7901, HepG2 and MCF-7)
with the smallest ones (5 nm) causing the highest toxic effects, they
attributed these stronger impact to easier cell penetration of smaller NPs
in comparison to larger ones (20 and 50 nm). Moreover, according to
them, the release of Ag™ ions could be one of the factors involved in
toxicity but not the major one as the released amount was less than 1 %
with all tested samples [149]. Carlson et al. have also reported
size-dependent toxicity of AgNPs (15 nm in comparison to 55 nm) in
alveolar macrophages. According to them, this toxicity is attributed to
the triggered oxidative stress and inflammatory response evidenced by
the increase of ROS levels and the release of inflammatory mediators
such as tumor necrosis factor (TNF-a), macrophage inhibitory protein
(MIP-2), and interleukin-14 (IL-14) [150]. Liu et al. also agreed that the
toxicity of AgNPs was mediated by oxidative stress and by boosting the
production of ROS which resulted in damaged cell membrane, disturbed
cell cycle progression and its arrest at S phase ending with apoptosis
[149] while other studies reported that AgNPs induced cytotoxicity and
DNA damage without any elevation in the production of ROS which
opens the door for further studies to explain their toxicity mechanism
[147].

It is worth to mention that the size-toxicity relationship was not
limited to AgNPs but it was deeply investigated with numerous types of
NPs. For example, Pan et al. have reported that larger AuNPs (15 nm)
were not cytotoxic even when they were used at 60-fold concentration
compared to the smaller NPs (1.4 nm). According to their results, even
the toxicity mechanism could vary depending on the size of the applied
NPs (apoptosis with 1.2 nm and necrosis with 1.4 nm) [151].

3.2.4. Released ions

Till now it is controversial whether the toxicity of some metallic
nanoparticles could be attributed to NPs themselves or the ions releasing
from them. Several kinds of research have been conducted to obtain a
better insight to this unresolved question. One of these studies
concluded that treatment with both forms of silver, nano and ionic,
resulted in decreased viability and malfunction of hepatic cells with
AgNPs displaying the weaker toxic effect. Although surface oxidation of
AgNPs, as a result of contacting with cell culture medium or proteins in
the cytoplasm may occur hence releasing Ag' ions, and increasing
toxicity [113]. Changes in human hepatoma cell morphology like
cellular shrinkage and pseudopodic irregular shape were also reported
in addition to highly damaged chromosomes, induced stress genes
coding metallothionein (MT1H, NT1X, MT2A) and heat shock protein
(HSPA4L and HSPHI1) resulting in reduced cell viability. This study
suggested that both ionic Ag™ and AgNPs (7-10 nm) contribute to these
adverse outcomes [116].

Similar results were indicated by Lojk et al. with AgNPs (10-30 nm)
causing a significant drop in the number of living cells and minor
changes in the cell cycle, but in contrast to Vrcek study, AgNPs were not
internalized into the cells nor deposited on their surfaces due to their
high stability and low sedimentation suggesting that toxicity may be
caused by the release of Ag™ ions [117].

3.3. Quantum dots (QDs)

QDs represent a special type of inorganic NPs thus they require
special attention and precise investigation arising from their diverse
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structures and unique properties. QDs are nano-sized, semiconductor
crystals with excellent optical properties. They could be divided into 12
different types based on their comprised elements and their position in
the periodic table. Basically, they are consisting of heavy metal core
(CdSe, CdS, ZnSe, PbSe, etc.) with surrounding shell (ZnS, SiO,, etc.) in
purpose of decreasing toxicity or enhancing their characteristics [47,
152]. These remarkable features (small size, optical properties, diversity
in chemical structure) introduce them as attractive candidates with
exceptional performance when being employed for biomedical purposes
such as fluorescent probes in bioimaging [153,154], photosensitizers in
photodynamic therapy (PDT) for cancer treatment [154,155], bio-
sensors [154,156,157], targeted therapy and drug delivery [158,159].

3.3.1. Surface properties (chemistry, coating, charge)

Cytotoxicity of inorganic NPs correlates with intracellular levels,
rather than extracellular ones which depend on many factors like surface
coating. Non-PEG-substituted CdSe/CdS QDs showed the strongest toxic
effects while PEGylated QDs led to decreased cellular uptake and thus
decreased cell death. In this case, most studies would have suggested
that the PEGylated QDs were the safest option. However, intracellular-
exposure studies suggested that the bare and the PEGylated QDs are
equal in cytotoxicity when the exposure concentrations led to equivalent
cellular uptake of QDs [119].

Surface coating could affect intracellular levels and control the
release of ions from NPs. On the other hand, it could be affected by the
route of exposure as oral administration will expose NPs to an acidic
environment in stomach. Increased cytotoxicity of CdSe QDs with ZnS
shell and hydrophilic coating after being treated with simulated gastric
fluid (SGF) was observed in a concentration ranging from 0.84 to 4.2
nmol while untreated QDs (0.84-105 nmol) did not cause the same ef-
fect due to the presence of coating which prevents the leakage of toxic
Cd?* ions. These same protective shell/coating could not withstand
gastric fluid leaving the CdSe core exposed, allowing Cd?' ions to be
released and to increase toxicity (The relative viability of Caco-2 cells
decreased from 90 % to 53 % when incubating with QDs which were not
treated and QDs treated with SGF, respectively [109]). Furthermore,
Sukhanova et al. investigated the impact of surface charge on the
toxicity of QDs on WI-38 normal human fibroblasts and SK-BR-3 human
breast cancer cells, after modifying the surface with different ligands
with different charges. Low negatively-charged QDs were the most toxic
among others while the positively-charged ones appeared to be the
safest although they were able to penetrate cells and accumulate inside
[160].

3.3.2. Size

Similar to other types of NPs, size is one of the most significant
factors affecting the toxicity of QDs. In addition to surface charge,
Sukhanova et al. have also investigated the impact of size on the toxicity
of QDs on WI-38 normal human fibroblasts and SK-BR-3 human breast
cancer cells, concluding that the smaller QDs showed higher toxicity for
both cell lines. This was explained by their higher ability to penetrate
cells compared to the larger ones, inducing death by oxidizing the in-
ternal medium components [160]. André et al. also confirmed the
importance of size factor determining toxicity. As NPs usually tend to
aggregate within biological media, they investigated the toxicity of QDs
and their aggregates toward human and trout hepatocytes demon-
strating that QDs were more toxic than their large aggregates which
presented decreased toxicity when their size was increasing [161]. This
size-dependent toxic effect was also reported by Zhang et al. using same
type of QDs and with the same cell lines (HepG2 cell line) [162] and by
Hassan et al. with E. coli suggesting that this toxicity could be invested
in a useful way in the development of antimicrobial agents for several
industries (food, textiles, wound dressings, etc.) [163].
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4. Limitations, concerns and future perspectives

Formulating safe inorganic nanoparticles as a new discipline in drug
delivery systems should consider several aspects of different specialties
including pharmaceutical technology, toxicology and biopharmacy.
Physicochemical properties are among these aspects that should be
considered during formulation due to their direct impact on toxicolog-
ical profile (Fig. 4).

The same properties could display different (positive or negative)
effects on NPs toxicity due to the differences in the applied experimental
condition like:

- The used cell line in vitro which could be totally variant in their
sensitivity/uptake mechanism and this uptake could be affected by
the size of NPs and their agglomerates/aggregates (for example,
large aggregates of TiO2 NPs were more toxic due to their size that
was more appropriate for cell uptake [114] while large aggregates of
SiOy NPs were safer because their size led to a lack of significant
internalization and deposition of them only on the cell surface
[117D.

The used concentrations/time of exposure which differ between
studies and could be the responsible reason of different outcomes (for
example, some NPs could display the toxic effect only after chronic
exposure and/or at high concentrations). This could explain why
acute exposure/low concentrations studies may classified them as
safe [117].

The used route of administration/exposure that could affect toxicity
indirectly in many different ways (for example, by affecting the size
of agglomerates upon ingestion [108] or by disturbing the surface
coating which has a direct impact on cellular uptake, intracellular
levels and ions leakage [109]).

The diversity of used methods/assays which reflect different in-
dicators of toxicity like cell viability, oxidative stress, apoptosis, in-
flammatory effects, genotoxicity, etc. (Table 3)

The difficulty to establish a good and trusted correlation between in
vivo/in vitro study (for example, some in vitro studies confirm
toxicity after using high concentrations that do not reflect what cells
in the living organism could be really exposed to Ref. [69]. On the
other hand, in vitro studies could dismiss toxicological effects of
some NPs that appear only after accumulation in the body [117]).
We should also mention that some inorganic NPs could be considered
as safe in vitro without considering the modifications they could
expose to in vivo (for example, after digestion) that may give them
secondary characteristics different from the original ones turning
them into toxic materials [108,109].

Regarding these conflicting results, it is of crucial importance to
establish a unified procedure to investigate the toxicity of inorganic
nanoparticles. This will make comparison between the toxicity of
different types of NPs (or even same type with different characteristics)
more logical and will enable researchers to build a stronger background
with profound knowledge regarding formulation of inorganic nano-
particles with maximum benefits and minimal toxicity.

Finally, it is worth to highlight a fundamental concern regarding
these nanomaterials which is ecotoxicity. Undoubtedly, the increased
worldwide use of inorganic NPs, and their commercial marketing in
almost every domain are affecting the surrounding environment as they
are affecting the public health. The fact that the current knowledge is
suffering a serious lack of sufficient studies discussing the ecological
impact of these emerging materials are creating a major obstacle to
design safe nanomaterials not just to human but also to the eco-system.
However, several attempts have been made to clear this uncertainty
regarding the environmental effects of these NPs. In this context,
Nogueira et al. reported that Al;O3 NPs could be the suitable and
harmless replacement for several materials (with similar properties) as
these NPs do not pose a serious environmental risk especially toward
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Fig. 4. The most important physicochemical properties and factors affecting toxicity of inorganic nanoparticles.
This figure represents the most significant factors affecting the toxicity of inorganic NPs which are: morphology (shape), surface properties (chemistry, coating,
charge), size, released ions, intracellular level, type of cell line, concentration/time of exposure, route of entry, crystal structure and agglomeration/aggregation state.

aquatic organisms [136]. On the other hand, Demir et al. examined
ecotoxicity of Fe;O3 NPs on two types of marine algae species, and re-
ported their toxic impact evidenced by the occurred growth suppression
even with the lowest applied concentrations. This toxic effect on such
important organisms in the food chain is presenting a serious environ-
mental issue regarding marine media [138]. Lei et al. demonstrated that
this ecotoxicity of iron-based NPs depends on several factors such as
particle size, crystal structure, etc. This toxicity was mainly attributed to
oxidative stress induction and physical NPs-cells interaction while NPs
dissolution had no significant effect. Surprisingly, according to this
study, environmental aging weakened the toxicity effect of these NPs
toward green algae [139]. Furthermore, several studies suggested
environmentally-friendly method to reduce the hazards accompanying
the preparation of inorganic NPs. Velidandi et al. proposed an
eco-friendly method for fabricating of bimetallic NPs (Ag-Cu and
Ag-Zn) and employed Artemia nauplii as animal model for assessing their
toxicological impact. Ag-Zn appeared to be more toxic, causing 100 %
mortality after 36 h of exposure with concentration of 100 pg/ml [164].
These contracted results, once again, confirm the urgent need for
additional investigations to understand the behavior of these NPs to-
ward different environmental aspects in order to produce hazard-free
and eco-friendly materials.

5. Conclusion

The tremendous progress in the field of nanotechnology with the
accelerated spread of investing it in many aspects of human life pose a
significant need to establish a clear guideline regarding safety. Toxicity
of inorganic NPs can be influenced by numerous factors including par-
ticle size, routes of exposure, crystal structure, surface chemistry,
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surface coating, morphology, etc., hence controlling these factors could
offer a perfect approach to design safer nano carriers.

One of the most recommended method to reduce toxicity is manip-
ulating surface properties by controlling the ions type on the surface (for
example, TiO, nanotubes with Na " ions on their surface appeared to be
less toxic than TNTs with H™ or Mg?"). Another possible way is surface
functionalization such as PEGylation which minimizes the formation of
protein corona in purpose of reducing cellular internalization and thus
toxic effects. Surface coating using other materials like lipids could be
also a good choice to reduce the toxicity related to ions releasing from
NPs like Zn?*, Ag*, Fe®* and Cd?* especially if the route of exposure (for
example, digestion) is affecting NPs original characteristics and
increasing their possibility to dissolve, release ions and induce toxicity.

Smaller particles are considered to be more toxic than larger ones
due to their easier uptake unless larger size is more appropriate for cell
internalization (which is strongly associated with the type of targeted
cell lines). Researchers should also give more attention to purification
procedures after manufacturing as toxicity could sometimes be attrib-
uted to synthesis impurities rather than NPs themselves. Moreover, the
determination of different crystalline structures (if existing) to compare
their toxicity (for example anatase TiO2 NPs appeared to be more toxic
than other two crystal structures) seems to be important. Morphology is
also one of the significant factors affecting toxicity (for example, TiOy
nanotubes appeared to be more toxic than other shapes like rods, rib-
bons and wires, AuNPs stars showed higher toxicity than rods and
spheres).

Finally, the desired formulation could not be completed and the
targeted mission could not be achieved without establishing a compre-
hensive understanding of NPs pharmacokinetics as a fundamental step
in their safety/toxicity assessment. This task requires serious
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collaboration between scientists from several academic disciplines,
regulatory bodies and manufacturers to transfer these novel NPs from
laboratories to existing market.
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Abstract: Background: Nanotechnology has been the main area of focus for research
in different disciplines, such as medicine, engineering, and applied sciences. Therefore,
enormous efforts have been made to insert the use of nanoparticles into the daily routines
of different platforms due to their impressive performance and the huge potential they
could offer. Among numerous types of nanomaterials, titanate nanotubes have been widely
recognised as some of the most promising nanocarriers due to their outstanding profile
and brilliant design. Their implementation in pharmaceutical applications is of huge
interest nowadays as it could be of fundamental importance in the development of the
pharmaceutical industry and therapeutic systems. Methods: In the present work, a risk
assessment-based procedure was developed and completed using ANN-based modeling
to enable the design and fabrication of titanate nanotube-based drug delivery systems
with desired properties, based on the critical analysis and evaluation of data collected
from published articles regarding titanate nanotube preparation using the hydrothermal
treatment method. Results: This analysis is presented as an integrated pathway for titanate
nanotube preparation and utilization in a proper way that meets the strict requirements of
pharmaceutical systems (quality, safety, and efficacy). Furthermore, a reasonable estimation
of the factors affecting titanate nanotube preparation and transformation from traditional
uses to novel pharmaceutical ones was established with the aid of a quality by design
approach and risk assessment tools, mainly an Ishikawa diagram, a risk estimation matrix,
and Pareto analysis. Conclusions: To the best of our knowledge, this is the first article using
the QbD approach to suggest a systematic method for the purpose of upgrading TNT use
to the pharmaceutical domain.

Keywords: titanate nanotubes; hydrothermal treatment; quality by design; ANN; risk
assessment; pharmaceutical applications

1. Introduction

Titanate nanotubes (TNTs) have attracted considerable attention during the past three
decades since they were first presented in 1996 [1]. Numerous research works have been
published focusing on the usage of titanium dioxide (TiO,)-derived substances, including
TNTs, in several applications, such as chemical catalysis, water purification, energy saving,
and solar cells, but a very limited number of works have focused on their potential use in
the pharmaceutical field as drug carriers (Figure 1).
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Figure 1. The number of publications regarding TNT usage in different applications (based on the Web
of Science database. Available online: https://www.webofscience.com/wos/woscc/basic-search
(accessed on 27 April 2023).

Their unique tubular morphology and higher surface area compared to their spherical
precursors, in addition to the existence of hydroxyl groups on their vast surface, provide
them with preferred features for medical/pharmaceutical applications. Furthermore, their
surface properties may be tailored by functionalization or by grafting of specific molecules
for diagnostic or therapeutic purposes [2,3]. Their tubular morphology also promotes
cell internalization compared to their spherical counterparts [4]. Furthermore, their safety
profile introduces them as an attractive candidate for drug delivery by loading them with
therapeutic agents inside their tubular cavity or on their surface [5,6]. TNTs also present
good processability in terms of flowability, compactibility, and compressibility, which has
a huge, positive impact regarding manufacturing at the industrial level [7,8]. With these
outstanding features, TNTs could be the key solution to overcoming the fundamental chal-
lenges of nanomedicines faced during pharmaceutical development, such as poor tabletting,
solubility, and bioavailability. Therefore, they deserve more attention and a precise inves-
tigation so they can be introduced into therapeutic practice as efficient tools. However,
this task is becoming more and more challenging due to the tremendous development
happening around us in the modern world, which raises the bar, thus posing an urgent
need to apply the innovative tools discovered recently (statistics software, computational
systems, machine learning (ML), artificial intelligence (Al), etc.) to serve the evolution
of the pharmaceutical domain as traditional ways are no longer sufficient to achieve this
target. These intelligent tools should certainly consider the most important standards in
the pharmaceutical industry: quality, safety, and efficacy.

Continuously, pharmaceutical authorities emphasize building these criteria into prod-
ucts by design rather than just testing them eventually. This concept was the essence of
what is called today the quality by design (QbD) approach, which has been gaining more
and more attention due to its fundamental contribution to pharmaceutical research. QbD
tools revolutionized the formulation field with their potential to draw guidelines to obtain
the requested specifications and design a workspace within which the quality of the final
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product could be guaranteed [9,10]. The application of this novel approach is widespread
and includes different types of drug delivery systems (polymeric microspheres, nanocrys-
tals, pellets, nanostructured lipid carriers [11-14]) and several routes of administration
(oral, dermal, parenteral, intranasal [13-16]).

This accelerated development in pharmaceutical research has not stopped with only
the application of the QbD approach but is also supported by the application of artificial
neural networks (ANNSs), one of the most popular types of ML tools, as they can overcome
the numerous limitations facing conventional methods, in addition to saving time, effort,
and money, still with impressive outcomes. ANNs have been applied successfully in solid
dosage forms for several purposes, such as modeling of tablet coatings [17], prediction of
dissolution profiles and hardness [18], optimization of the spray-drying process [19], mod-
eling of powder flow [20], and optimization of controlled /sustained release tablets [21,22].
Their application has also been extended to the formulation of other dosage forms/ carriers
(liposomes, hydrogels, emulsion, etc.) [23-25] and for multiple delivery routes (oral, trans-
dermal, etc.) [21,22,26]. Based on the above discussion, the combination of the revolutionary
concepts of QbD and Al—such as ANN—could write a new chapter in the development of
pharmaceutical sciences and lead to a new era of research and industry [18,27].

For this reason, the main aim of this research is to propose a systematic procedure
to shift the use of TNTs from their traditional applications to the pharmaceutical field
using the tools of QbD and ANNSs. In this context, this paper will suggest a multi-step
procedure to achieve this goal and discuss in detail the appropriate parameters that could be
implemented /adjusted to suit the special criteria of the therapeutic domain. This suggested
methodology uses risk assessment tools based on the previous experience of the research
group and the available data in the literature. The importance of the research team'’s
previous experience with the evaluated topic should be emphasized as it will have a major
impact on the selections/decisions made and the reliability of the evaluation produced.
On the other hand, critical evaluation of previously reported information is also crucially
important as it will help to build a solid background that enables a precise assessment of the
risks associated with the utilization of TNTs as drug carriers in order to create applicable
guidelines for the development of TNT-based drug delivery systems. It is worth mentioning
that risk assessment is not a static analysis but can be modified and updated regularly
based on upcoming research outcomes and continuously published articles [28-30].

In this paper, the hydrothermal treatment method, a chemical reaction that involves
material crystallization from a highly concentrated alkaline solution at elevated temperature
for a specific duration, was chosen for the preparation of TNTs due to its numerous
advantages over other techniques (sol-gel process, electrochemical anodization, template-
assisted method, vapor-liquid-solid growth) as it is simple, cost effective, environmentally
friendly, scalable, and controllable [31-35]. In addition, the authors have experience with
this method from their previously published research [7,8,36-38].

By using this method, the general characteristics of the obtained TNTs seem to be ideal
for pharmaceutical applications. Furthermore, their characteristics (e.g., diameter, length,
surface area, etc.) can be manipulated by varying the production conditions; thus, with an
optimized process, TNTs may be obtained with specific properties preplanned for targeted
application [32]. Regarding TNTs, their tubular morphology, nano-size, and crystal struc-
ture, in addition to their surface characteristics (area, chemistry, coating) and preparation
yield would highly impact their use as potential drug carriers by affecting the selection of
active pharmaceutical ingredient (API), dosage form, and route of administration, as well
as their stability, safety profile, and drug release pattern.

To the best of our knowledge, no systematic approach was previously proposed to
draw basic lines for the use of TNTs as nanocarriers for therapeutic agents starting from
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the point of hydrothermal preparation and ending with a final dosage form that can be
presented to the market/targeted patients. To achieve this goal, the QbD approach and
risk assessment tools in combination with ANNSs have been adopted for the first time to
push the use of TNTs toward the pharmaceutical field, which is an innovative, under-
explored application.

2. Materials and Methods
2.1. Risk Assessment
2.1.1. Definitions in QbD Methodology

The QbD approach is a multi-step procedure that starts from defining the quality
target product profile (QTPP), which is a general abstraction of indicators of quality, safety,
and efficiency of a product.

In the second step, the general QTPP indicators should be translated to measurable
or calculable physical, chemical, biological, or microbiological parameters, called critical
quality attributes (CQAs). Furthermore, the target values and acceptable tolerance ranges
of CQAs should be determined and considered as the product design space (DS).

The third step is the identification of the material and process-related factors (critical
material attributes (CMAs) and critical process parameters (CPPs), respectively) that may
affect CQAs.

Finally, the interdependence between CPPs, CMAs, and CQAs should be determined,
and the severity, probability, and detectability of the impacts caused by the changes in CPPs
or CMAs should be estimated.

2.1.2. Methods of Literature Survey

CQAs, CMAs, and CPPs were selected using previous experience and literature
data. Relevant scientific databases: Web of Science, Scopus, PubMed, etc., were searched
using the keywords titanate nanotubes, synthesis, hydrothermal treatment, drug delivery,
toxicity, etc. A database including the investigated CMAs, CPPs, and CQAs was created
after critical evaluation of the gathered data, and this database was used for supporting the
risk assessment and served as basis of the ANN modeling.

2.2. Quality Tools

Various quality tools were applied during the risk assessment. An Ishikawa diagram
was used for the identification of CPPs and CMAs, a risk estimation matrix was used
to determine their interdependence, while Pareto analysis was used to quantify the risk
regarding various CQAs.

2.2.1. Ishikawa Diagram

The Ishikawa or fishbone diagram can be used to determine the root causes of a
problem or the factors affecting a specific event. In this research, the factors affecting
different steps and profiles (TNT preparation, API incorporation, functionalization, and
safety profile) were identified. These factors should be seriously taken into consideration
during the development process to achieve the desired results. This cause—effect diagram
is very useful for preplanning the upcoming experimental work and highlighting the most
prominent factors by visualization when a limited amount of quantitative data is available.

2.2.2. Risk Estimation Matrix and Pareto Analysis

The risk estimation matrix represents the correlations between QTPPs and CQAs
or between CPPs/CMAs and CQAs. The interdependence rating, which describes the
relationship between the parameters, was determined using a three-level scale, high (H),
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medium (M), or low (L) dependence, and they appeared in the interdependence tables
using the colors red, yellow, and green, respectively.

LeanQbD software (Version 1.3.6., 2014 QbD Works LLC, Fremont, CA, USA) was
used for the evaluation. In the software, the qualitative three-level scale used for the
estimation is linked to a selectable numeric scale which, at the end of estimation, gives the
severity score of the evaluated risk factors based on mathematical calculations. After the
categorization of the interdependence, the risk occurrence rating of the CPPs was made,
applying the same three-grade scale (H/M/L) for the analysis. As the output of the initial
RA evaluation, Pareto diagrams were generated by the software, presenting the numeric
data and the rankings of CQAs and CPPs/CMAs according to their potential impact on the
aimed final product. Pareto analysis is a statistical tool that enables effective data evaluation
and facilitates a more reliable decision-making process by determining and prioritizing the
factors having the greatest effect on the studied system. This method has crucial importance
in the screening of numerous factors affecting the quality of the final desired product, and
attention should be directed first toward the factors with the highest influence.

2.3. ANN Modeling

ANN modeling was performed using Statistica v.14.0.1.25 (Tibco Software Inc.,
Palo Alto, CA, USA). The full dataset collected from the literature is displayed in Ta-
ble S1. It is easily visible that the range of the discussed data is very versatile among
the various papers. After careful data curation, two outputs were identified in which the
existing data enable suitable modeling. The morphology and the specific surface area of
the obtained products were then handled as two different datasets for classification and
regression-type modeling, and the corresponding datasets are displayed in Tables 52 and
53, respectively. The range of input variables was the same for both models. After setting
the datasets, the minimum and maximum values of each input and the output parameters
were identified manually, and these cases were included into the training subset to avoid
the need for extrapolation during testing or validation of the model. The remaining data
were then randomly distributed into the training, testing, and validation subsets, where
the sizes of the training, testing, and validation subsets were 70%, 15%, and 15% of the full
dataset, respectively.

Feed-forward, back-propagation multilayer perceptron networks were developed in
both cases. The networks were trained with the BFGS algorithm. The possible range of the
number of hidden neurons was set according to the following equation (Equation (1)):

1<n<I+0+1 (1)

where [ is the number of inputs, O is the number of outputs, and # is the number of hidden
neurons; thus, the hidden neuron number varied from 1-20 for the classification and 1-12
for the regression network, respectively.

A multistart method including 10,000 networks was applied using the automated
neural networks module of Statistica, including a training approach to screen the best
performing network with different initialization patterns and activation functions for
hidden and output neurons. The training was stopped when the root mean square error
(RMSE) of the test dataset reached its minimum. The 10 best performing networks from
each multistart run were retained for further analysis.

The prediction performance of the networks was evaluated based on network perfec-
tion, which is the mean R? of the observed vs. predicted data of each output neuron, and
on the RMSE of predictions on the validation subset.
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3. Results and Discussion

According to literature data, hydrothermally synthesized TNTs may be appropriate

candidates for delivering APIs and for providing an efficient tool for use in healthcare

systems thanks to their good biocompatibility and small size, which is hard to detect
by the immune system [39]. However, the identification of QTPPs and related CQAs
(Tables 1 and 2, respectively) is an essential step in the development procedure of a prod-

uct as they are application-related parameters that are always different and unique for

every case.

Table 1. QTPPs of titanate nanotubes prepared by the hydrothermal treatment method and intended

for pharmaceutical applications.

QTPP Details

Comments

Physical attributes The most significant attribute is the

Provides unique characteristics compared to

tubular morphology traditional spherical counterparts

Problems related to some APIs could be solved
Therapeutic effect Based on the used API using TNTs as carriers, like poor tabletting or poor

p wettability, which would positively affect their

therapeutic outcomes
.. Absorption, distribution, metabolism, Could be optimized /enhanced by surface
Pharmacokinetics . e
and excretion modification
Safety profile Accumulation is the highest concern Affected mainly by physmal. attljlbutes
and needs further investigation

TNTs need to be stable and preserve their original

Stability During processing characteristics, especially their unique tubular

structure and surface properties

Depends on requested indication and

Drug release type of surface modification

Immediate or sustained release could be achieved

Table 2. Critical quality attributes (CQAs) of hydrothermally synthesized titanate nanotubes as

possible drug carriers.

CQA Details Comments
Affects several characteristics of TNTs, like
Type of TNT Na-TNTs or H-TNTS morphology, surface area, stability, and safety
Size Could be regulated by varying Not large enough so they can be easily detected by

preparation conditions

the immune system

No modification

Aggregation problem, rapid elimination,
poor pharmacokinetics profile, higher toxicity

Surface characteristics
Functionalized surface

Prolonged circulation, better permeability and PK,
less toxicity, targeting is a possibility

Morphology Tubular

Self-organized or randomly distributed depending
on the preparation method

Specific surface area Affect different applications and

Tubular morphology presents higher surface area

(SSA) surface modification compared to traditional nanoparticles
Crystal structure Affect applications and safety profile -
Yield Affects cost efficiency Critical for scaling up the process
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The properties of manufactured nanotubes are dependent on the properties of the
starting materials and on the operating conditions during the hydrothermal reaction.
Furthermore, they are also dependent on the conducted post-treatment steps.

In the present investigation, QTPPs include appropriate physical properties and
stability; therapeutic effects; and appropriate pharmacokinetics, including absorption
followed by drug release and elimination, ensuring safe use for patients. Accordingly,
morphology, which is unique in the case of nanotubes, size, type, crystal structure, specific
surface area (SSA), surface characteristics, yield of preparation, and drug loading were
chosen as CQAs.

To obtain TNTs with the required properties for a specific application, such as a
pharmaceutical one, the hydrothermal synthesis method should be carefully optimized.
As previously mentioned, in this chemical reaction, the starting precursor is subjected to
high temperature in a concentrated alkaline medium for a specific duration, so the multiple
parameters that are deeply involved in this procedure are highly responsible for the result.

For example, temperature was the most discussed factor affecting the success of the
preparation process as it serves as an energy supply to help the intermediate nanosheets
to curl up and form nanotubes. Therefore, it should be used in the appropriate range,
as too low a temperature would not be enough to transform the starting nanoparti-
cles/intermediate nanosheets to nanotubes. On the other hand, too high a temperature
would also pose a problem, with several morphologies obtained other than the tubular one.
This information could be of great importance if other morphologies are the morphologies
of interest. In this case, the temperature can be raised up to create nanofibers (>150 °C) [40],
nanorods or nanoribbons (>160 °C) [41-43], nanofibers or nanobelts (>170 °C) [44], and
nanorods (>180 °C) [45]. According to the literature, the temperature range between 130 and
150 °C is the most repeated one in several research works, which represents a strong point
of agreement and confirms the formation of complete nanotubes within this range. In
addition, increasing the temperature within this range would increase the diameter, SSA,
production yield, and enhance crystallinity without negatively affecting the requested
tubular structure [40,42,45,46]. Together, these specifications could be an advantage to be
invested for the benefit of drug delivery systems.

Besides high temperature, TNT preparation involves the usage of a highly concen-
trated alkaline medium, which supports the thermal energy to provide the required force
for rolling up the sheet phase into a tubular one. Based on this, the concentration of this
medium should also be within an appropriate range (10-15 M), as too low a concentration
would result in unreacted powder/untransformed sheets, while too high a concentration
would result in low yield [42,47,48]. It is worth mentioning that this treatment should take
sufficient time to give the intermediate phase an opportunity to transform into nanotubes
and then to give the obtained nanotubes enough time to grow and elongate their length.
Fifteen hours is probably the optimal time for the formation of pure nanotubes, with the
possibility of increasing their length by increasing the treatment time to 24 h. However,
caution should be taken as longer duration could lead to the formation of other morpholo-
gies, such as nanoribbons [49,50]. Furthermore, after a specific point, no length increase
occurs, so further treatment will be just a waste of energy, which would subsequently have
a negative impact on the economic cost [51].

The pressure inside the sealed autoclave during the reaction is one of the variable
preparation conditions, but its impact on nanotube formation was not sufficiently dis-
cussed [52,53]. Morgan et al. suggested that the pressure effect could be excluded from the
significant factors affecting the formation of TNTs [43].

After the hydrothermal reaction is finished, the post-treatment processes (acid washing,
calcination) take place and play a major role in preserving the desired morphology and



Pharmaceutics 2025, 17,47

8 of 22

obtaining the targeted characteristics. According to several publications, washing with
acid could affect the size of TNTs and enhance their crystallinity [54]. However, two critical
factors were deeply discussed in literature regarding this process. Firstly, the pH of the
washing solution was suggested to be kept between 2 and 4 to obtain a high yield and
high SSA [55]. The second one is the concentration of the used acid, on which there is
disagreement, as few studies recommended the use of low concentrations because high
ones would destroy the tube-like morphology (>0.01 M) [56] and result in the formation of
granules (>0.2 M) [57] or clumps (>2 M) [52,58], while others disagreed and indicated that
high concentrations (0.5-1 M) were the optimal range to use [52].

Another post-treatment process (calcination) can be used to enhance the crystallinity of
the resulted materials, but caution should be taken not to negatively affect the morphology
and thus the SSA. The safest range to work in is between 200 and 400 °C, as increasing
temperature within this range would enhance crystallinity without negatively affecting the
tubular structure [42,49,59-61]. Higher temperature could lead to destroying the tubular
structure (>450 °C) [61] and complete collapse of the nanotubes into irregular shapes
(>500 °C) [60], nanorods (>540 °C) [42], nanoparticles (>600 °C) [49,59], or aggregates
(>800 °C) [51,62].

It was noticed that the discussed results in the literature were not always comparable
as different operating conditions would lead to different and conflicted results. These
differences make it difficult to establish strict guidelines for TNT preparation with prespec-
ified characteristics. This means that studying the effect of different preparation factors
separately poses a research challenge because they act as a full combination rather than
independent ones. For example, a lower alkaline medium concentration could be compen-
sated by the utilization of higher temperature [43]. In the same context, lower temperature
could be applied as long as prolonged treatment is used [50]. Moreover, numerous factors
during the preparation reaction could shorten the required duration for TNT formation,
such as stirring, smaller particle size of the starting material, or using less stable, higher
energy anatase phase precursors [47,61,63]. For this reason, the required parameters should
be modified together to achieve the appropriate balance. This could be performed accord-
ing to the requested final specifications of the prepared TNTs and according to the available
laboratory instruments/equipment and the ranges within which they can work.

Careful evaluation and curation of the existing data enables us to better understand
and model how to manipulate the operating conditions to achieve a specific purpose
or affect a specific property of the resulting TNTs. For instance, increasing the factors
(temperature, alkaline concentration, acid concentration) within the previously specified
limits and decreasing the particle size of the starting precursor would increase the SSA,
but the opposite would happen by increasing the treatment time [42,46,47,64—66]. This
conclusion is very important because high surface area is one of the most significant
characteristics of TNTs due to its direct impact on their possible functionalization and drug
loading, so it could serve as an advantage for pharmaceutical applications as it successfully
served earlier in energy saving and chemical catalysis.

Starting from a crystalline precursor (anatase) that promotes the thermal stability
of the resulting nanotubes [67], washing them with acid will reduce the sodium content
and resistance to temperature, resulting in H-TNTs that are thermally less stable than
Na-TNTs [55,58,65,66,68].

The concentration of the used precursor also has an impact on the specifications of
TNTs. High concentration increases the length/aspect ratio and diameter of the prepared
TNTs but negatively affects the SSA [40,69]. It could affect morphology; therefore, manipu-
lating the Ti/Na molar ratio is an important step in shaping the structure of the resulting
material into the desired direction (nanotubes, nanowires, nanofibers) [49].
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After titanate nanotubes have been prepared properly according to the planned design
and predetermined specifications, modifying their vast surface is a well-known technique
for giving them secondary characteristics that differ from their original ones. Surface
modification could be the key solution to overcoming several problems facing the upgrad-
ing of TNT use to the pharmaceutical field. For example, surface functionalization using
hydrophobic moieties could be a suitable way for enhancing the poor permeability of
TNTs, which originates from their hydrophilic properties and hydroxylated surface [38].
PEGylation could also present several advantages as it could be an appropriate solution for
the aggregation problem in addition to making them undetectable by the immune system,
prolonging their circulation time as well as reducing their toxicity [2,70,71]. Determining
the purpose of surface functionalization is an unavoidable step, as it would affect the type
of molecule that is going to be fixed on the surface of TNTs and the type of interaction that
will be created. This interaction is highly dependent on the chemical structure of the func-
tionalizing agent and the chemical bond that is going to be created, which is preferred to be
a strong, long-lasting bond like covalent or ionic bonds rather than hydrogen ones [38,72].
Hydrogen bonds could be more favorable in some cases, such as during API incorporation,
as weak interaction between TNTs and APIs would not strongly affect drug release unless
the modification of drug release is the main target of incorporation [36].

Drug incorporation is also considered to be a challenging step during the development
of nanocarrier drug delivery systems as multiple factors could affect the success of this
procedure. Based on the authors’ previous experience, the chemical properties of the
used drug and solvents are essential during TNT-drug composite formation. Solvent
polarity (protic/aprotic nature) and volatility would highly affect the success of composite
formation as they would affect the possibility of drug solubilization, the strength of solvent—
drug interactions, and the ability to remove solvent from the system. In the ideal state, the
requested drug—carrier interaction should be stronger than the one created between the drug
molecules themselves or between the drug and the solvent. However, the strength/type of
TNT-drug interaction should be further investigated as it could be determined according
to the desired release type (immediate or sustained) [36,37].

Finally, presenting titanate nanotubes as possible candidates for drug delivery systems
is strongly dependent on their safety profile, which is still a matter of debate. However,
several points have been thoroughly discussed in the literature and could be considered as
a starting point to build safer nanocarriers for therapeutic use. Morphology is one of these
critical points affecting toxicity. It is true that the high surface area related to the tubular
morphology is considered an advantage, but it also promotes cell penetration and the
subsequent toxic effects [73]. Surface chemistry/coating could also play a significant role in
determining toxicity as changing the existing Na* ions on the surface of TNTs to H* or Mg?*
will increase their toxic effects [38,74], while applying a specific type of hydrophilic coating,
such as PEGylation, could be a proper way to reduce aggregation and toxicity [70,72]. The
applied concentration is also crucial as increasing the used dose of these nanotubes would
increase the impact of their hazard [73]. In addition, the crystal structure could also affect
the safety profile of TNTs as TiO, can exist as three different structures (anatase, rutile, and
brookite), of which anatase appears to exert the highest toxic effects [75-78]. Understanding
these elements and their direct impact on toxicity would help researchers to optimize the
preparation procedure and the subsequent steps to obtain a safer final product.

The CMAs and CPPs identified to affect the development of TNTs as possible drug
carriers for pharmaceutical applications are discussed in Table 2 and an Ishikawa diagram is
proposed (Figure 2) to summarize the necessary materials and processes for the utilization
of TNTs in drug carrier systems starting from the moment of preparation until adjusting
the surface properties by functionalization, loading with therapeutic molecules, and finally
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assessing the safety profile in order to incorporate these synthesized nanomaterials into
final dosage form (oral, dermal, etc.).
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Figure 2. Ishikawa diagram of the factors affecting the procedure of TNT transformation into possible
drug carriers. The arrows are representing the structure of the “Fishbone”.

Most of the selected CQAs are attributed to multiple elements of QTPPs. Therefore, a
risk estimation matrix (REM) was created (Table 3) with the aid of LeanQbD v1.3.6. software
to estimate the interdependence ratings between the collected elements. Furthermore,
Figure 3 visualizes the priority of CQAs of hydrothermally synthesized TNTs as drug
carriers depending on the chosen QTPPs. According to Pareto analysis, the most significant
CQAs were surface characteristics, morphology, SSA, size, type of TNT, crystal structure,
drug loading, and yield.

Table 3. Interdependence between CQAs and QTPPs. (Red (H), Yellow (M) and Green (L) are
associated with high, medium and low risk, respectively).

TPP
Q Drug Release Stability Safety Profile Therapeutic Effect  Pharmacokinetics  Physical Attributes

CQA

Size

Crystal structure

Morphology

Specific surface area
Yield
TNT type

Surface characteristics

Drug loading
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Figure 3. Ranking of CQAs of hydrothermally synthesized TNTs as possible drug carriers.

The results of REM and Pareto analysis correspond well with the available data in
the literature, which repeatedly emphasized the importance of the tubular morphology
and large surface area of TNTs in their possible usage as drug carriers due to the unique
characteristics that come along with these two parameters, such as high cell internalization,
as well as the ability to load APIs inside the tubular cavity or on their vast surface.

However, according to Pareto analysis, the properties of this vast surface, which can
be controlled through modification with a proper molecule, is the most important as it can
determine the success of the whole transformation procedure by its fundamental impact
on the chosen QTPPs. For example, surface modification could be used to control/enhance
the release rate of loaded drugs [79-81] and to enhance the pharmacokinetic properties (for
example, absorption), which would have a huge influence on determining the used dosage
form/route of administration and a high positive impact on the therapeutic effect [38]. It
could also be used to improve the safety profile and decrease toxicity [81].

The same evaluation was performed again by creating a risk estimation matrix
(Table 4), as well as conducting Pareto analysis (Figure 4), to study the importance and
ranking of CPPs and CMAs during the transformation of hydrothermally synthesized
TNTs into possible drug carriers. The most important CPPs were the pH of the wash-
ing solution, reaction temperature, reaction time, calcination temperature, and stirring,
while the important CMAs were precursor concentration, functionalizing agent, alkaline
medium concentration, precursor particle size, precursor crystal structure, drug type, and
used solvent.

The results of this evaluation agreed well with the literature data as most of the per-
formed studies reported that the washing step is an unavoidable phase in the preparation
of TNTs [54,62,82], along with selection of the appropriate set of temperature [40—46],
time [49-51], and precursor concentration [40,49,69].

The pH of the washing solution is a significant factor in the washing process, which
serves as the complementary step to obtain the desired tubular morphology of TNTs if the
reaction conditions are not sufficient to achieve this. It would also have a major impact on
most selected CQAs, such as the size of the resulting nanotubes, their type, SSA, and the
preparation yield. For these reasons, it is justified why the pH of the washing solution is
in the top ranking of CPPs, followed by reaction temperature and time, which also have
a high impact on the majority of CQAs, like morphology, size, SSA, and yield. Moreover,
these previously mentioned CQAs were influenced in the same way by the top-ranked
CMA, which was precursor concentration. Again, these findings correlated well with the
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data presented in the literature, as the resulting top-ranked factors were the most discussed
factors in the literature, which supports their priority classification according to the results
of Pareto analysis.

Table 4. Interdependence between CQAs, CMAs, and CPPs. (Red (H), Yellow (M) and Green (L) are
associated with high, medium and low risk, respectively).
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Figure 4. Ranking of CMAs and CPPs during transformation of hydrothermally synthesized TNTs
into possible drug carriers.
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As discussed above, a dataset (Table S1) was created based on the existing
literature [4,5,41,47,48,50-53,55,57-65,67-69,73,74,79-134] to perform ANN modeling
on possible CQAs. The most discussed CQAs in the literature were the morphology and
SSA of the obtained product, which enabled the gathering of data sufficient to build
an ANN-based model for the prediction of the possible outcome of a synthesis and
post-treatment process. Furthermore, the global sensitivity analysis also enabled us the
check the validity of the results obtained during the risk assessment procedure.

The structure (e.g., the percentages of rutile, anatase, and amorphous phases), surface
area, and particle size of the starting precursor were considered as input CMAs, while the
temperature and NaOH concentration of the reaction medium, the reaction time, the acid
concentration of the washing liquid, and calcination temperature were selected as input
CPPs. Most researchers used HCl in the washing step, but in some cases HNO3; was applied.
This meant a considerable difficulty in that the morphology of the obtained product was
described in the literature with high versatility, which necessitated intensive data curation
regarding this aspect. Besides the nanotubular morphology (1), the terms nanorods (2),
nanofibers (3), and nanowires (4) were given to those products where one direction of
particle growth was featured, such that products with structures with an increasing length
to diameter ratio were named nanorods, nanofibers, and nanowires, respectively. The
classification of those particles where growth was featured in two directions were unified
under the term nanoribbons (5), while spherical products were classified as nanoparticles
(6) or spherical agglomerates (7). Two additional classes were made for those cases where
no conversion (8) of the starting material was observed, or the product obtained was a
mixture (9) of particles with different morphologies.

The best performing network for the classification of morphology had 10 input,
10 hidden, and 9 output neurons, where the activation of the hidden and output neu-
rons were based on identity and softmax functions, respectively. The network structure
(e.g., the weights between various neurons) is displayed in Table S4. The perfection of the
classification for the training, testing, and validation subsets was 85.71%, 61.9%, and 76.19%,
respectively. The results of the classification on the validation dataset are displayed in
Figure 5. Most of the misclassified cases predicted the formation of nanotubes, which may
have been due to over-representation of this class in the training subset, and a considerable
increase in classification accuracy may be expected with a more balanced dataset. The
results of the other retained networks showed high consistency with these results.

The results of the global sensitivity analysis partially supported the results of the risk
assessment, but the highest impact was exhibited by the calcination temperature, which
was followed by particle size and the structure of the precursor material (mostly by the
amorphous content), with approximately equal contributions, while the NaOH content
and the temperature of the reaction medium took third place, again with approximately
equal contributions.

In the case of modeling of SSA, the best performing network had 10 input, 10 hidden,
and 1 output neurons, where the activation of the hidden and output neurons was based on
tanh and logistic functions, respectively. The perfection of the classification for the training,
testing, and validation subsets was 0.8924, 0.7834, and 0.9213, respectively. The network
structure (e.g., the weights between various neurons) is displayed in Table S5. The target
vs. output predictions on the validation subset are displayed in Figure 6.
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The global sensitivity analysis showed a similar picture as in case of the classification

of morphology. The most important factor affecting the SSA was found to be the calcination

temperature, followed by the structure of the precursor materials (where also the amor-

phous content was the most predominant), the reaction temperature, and acid content of
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Comments Details

particle size

the washing liquid, respectively. The SSA of the starting precursor also plays a considerable
role in the SSA of the product but, regarding the size of this effect, the different models
exhibited some inconsistencies, which may be due to that fact that most of the available
papers discussed limited information on the physical properties of the starting materials or
the available data showed high versatility. One of the most used precursors was TiO, P25
(Degussa AG or Evonik AG, Essen, Germany), but its reported properties highly varied
in the literature. The specification datasheet refers to a unique anatase/rutile ratio, which
varied between 80.21 £ 5.59% anatase and 17.40 & 5.39% rutile contents, respectively, while
some publications also reported 4.75 £ 5.72% amorphous content. Similarly, the average
particle size of the anatase and rutile components varied between 10-48 nm and 14.4-51 nm,
respectively. The SSA of the product was found to be 52.9 + 12.08 m?/g [135-137].

According to the discussed findings, a detailed flow chart (Figure 7) is presented as
a systematic pathway for TNT transformation into possible drug carriers, indicating the
CMAs and CPPs that could affect this procedure and its multiple steps according to the
authors’ previous experience and precise screening of the published articles discussing
this topic.

CMAs Procedure steps CPPs Details Comments

<«— reaction temperature

crystal structure

concentration precursor -> - reaction time
molar ratio Ti/Na ol reaction pressure
Step 1
aikaline type TNTs preparation <= stirring

concentration

alkaline medium =
<«— ph of washing solution

concentration washing acid ~ =» <— calcination temperature
Every functionalization
Chemical structure Functionalizing —p. Step 2 step has its own critical
; agent Functionalization parameters depending
polarity .
on the applied method

Chemical structure
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P - polarity
aprotic
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drug type
- Step 3 mixing
API incorporation Solvent removal technique
solvent -
API-loaded
Functionalised TNTs

Figure 7. Critical material attributes and critical process parameters that affect TNT transformation
into possible drug carriers.

4. Conclusions

The hydrothermal treatment method holds huge promise for the future development of
titanate nanotubes with tailored specifications intended for therapeutic purposes. Therefore,
suggesting a systematic approach for transforming hydrothermally synthesized TNTs for
pharmaceutical applications should be adopted. This could be achieved through the
QbD approach and risk assessment tools, which have recently created a new chapter in
the development of the pharmaceutical industry. Moreover, creating clear guidelines for
TNT preparation using the QbD approach could open the door for accelerating the scale-
up process and transferring their manufacture/use to the next level, especially with the
existence of too many factors affecting this complicated procedure. This would have a huge
positive impact on the effort needed, time, and cost.
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In this study, the most important QTPP elements of hydrothermally synthesized TNTs
were identified. Then, the CQAs of nanotubes, CMAs, and CPPs that could have an impact
on hydrothermal treatment during titanate nanotube preparation and subsequent steps for
their functionalization and loading with APIs were also collected and evaluated.

The CQAs, CMAs, and CPPs with the highest influence and most important impact
were identified using Pareto analysis. Surface characteristics, morphology, and SSA were
the most significant CQAs. The pH of the washing solution, reaction temperature, and
reaction time were the most important CPPs, while precursor concentration, function-
alizing agent, and alkaline medium concentration were the highest influencing factors
among CMAs.

One of the main targets of this work was to collect and analyze all of the available
data into a single paper, thus establishing a solid base that could be of great importance
to other researchers as it could be used as a starting point for deeper investigation and
further development, and to establish an ANN-based model for the prediction of the most
important CQAs. In conclusion, the available literature contains numerous inconsistencies,
especially regarding the physical properties of the precursor materials and the parameters
of the washing step, which would enable the building of more robust models for the
prediction of the expected research outcome. Nevertheless, it was possible to build models
for the prediction of product morphology and SSA with acceptable prediction performance.
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