DE GRUYTER

Nanotechnology Reviews 2023; 12: 20230126

Research Article

Jolanta Pulit-Prociak*, Olga Dtugosz, Anita Staron, Piotr Radomski, Dominik Domagata, and

Marcin Banach

In vitro studies of titanium dioxide nanoparticles
modified with glutathione as a potential drug

delivery system

https://doi.org/10.1515/ntrev-2023-0126
received April 18, 2023; accepted September 7, 2023

Abstract: This article addresses issues related to the use of
nanoparticles as drug delivery carriers, with a particular
focus on titanium dioxide (TiO,) nanoparticles. The aim of
this study was to obtain TiO, nanoparticles modified with
glutathione in order to inhibit the release of titanium ions
and reduce the toxic effects of TiO, when used as a drug
carrier. XRD analysis showed that some of the prepared
samples had a crystalline structure, while others were
amorphous. The size of crystallites was between 4.1 and
6.2 nm. The presence of glutathione in the structure of TiO,
particles was confirmed through attenuated total reflec-
tance-Fourier transform infrared analysis (1,385 and
1,516 cm™ for Sy_g and ve—o stretching bands in NHj3*
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and carboxylic groups). The size and stability of the nano-
particles assessed using the DLS technique revealed that
the particles had a size range of 20-50 nm, and the electro-
kinetic potential of their suspensions was between -40.7
and -50.8 mV. The specific surface area, pore volume, and
size were determined using nitrogen sorption. The mea-
sured specific surface area was equal to 230-390 m%g.
The amount of titanium ions released from the modified
carriers was determined. It was lower by even over 70%
compared to the not-modified sample. Also, the study
involved the synthesis and characterisation of modified
TiO, nanoparticles loaded with tadalafil. It was found
that the release of an active substance from the modified
material was less, even 82% compared to the not-modified
nanoparticles. Cytotoxic and mutagenic properties in rela-
tion to Chinese hamster ovary (CHO) cells were investigated.
Titanium oxide nanoparticles modified with glutathione-
enhanced CHO cell proliferation at over 60% compared to
the reference material. Also, they had a less cytotoxic
effect of over 37% compared to the reference material.
The obtained materials show satisfactory purity and sur-
face morphology, allowing the formation of carrier—-drug
interfaces. The results of in vitro studies let us claim that
the prepared modified TiO, nanoparticles have a great
potential for being applied as a drug carrier.

Keywords: titanium dioxide, nanocarrier, glutathione, tada-
lafil, drug delivery system
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1 Introduction

Non-specific distribution and uncontrolled release of active
substances in conventional drug delivery systems have led
to the development of nanocarrier-based drug delivery sys-
tems. They can deliver the drug to the target sites with a
lower dosing frequency and in a spatially controlled manner
[1]. It has been confirmed that nanoparticles can enhance
the effectiveness of different drug delivery routes, such as
topical administration [2] and others. Delivery of more
drugs to the target site by nanoparticles should reduce the
required doses of medicinal substances, which in turn will
result in a reduction of toxic side effects [3]. There are sev-
eral elements that need to be considered to ensure clinical
potential for newly designed nanoparticle-based carriers.
On the one hand, the design of such nanomaterials should
take into account the following key issues such as sufficient
biocompatibility and biodegradability, good stability under
physiological conditions, and high loading capacity and low
toxicity. On the other hand, in addition to the primary
requirement of safety and therapeutic efficacy, industrial
scale-up is also a prerequisite for this type of nanomaterial
in clinical applications [4].

Titanium dioxide (TiO,) nanoparticles have been con-
firmed as environmentally friendly antibacterial agents
attributed to their potent oxidative capacity. The versatility
of TiO, nanoparticles extends to a wide array of infectious
microorganisms, encompassing various bacterial strains,
endospores, fungi, algae, protozoa, viruses, microbial toxins,
and prions [5]. The synthesis of TiO, nanoparticles through
biological means has also been explored for their antibac-
terial applications [6]. The mechanism behind the effective-
ness of TiO, nanoparticles involves the generation of reactive
oxygen species (ROS) upon interaction with microbial
cells [7]. This ROS production disrupts the integrity of
the microbes’ cell walls, particularly through the oxida-
tion of phospholipids. Consequently, adhesion is compro-
mised, and there is a shift in ionic balance. Upon entry
into the cytosol, the nanoparticles hinder respiratory cyto-
solic enzymes and induce alterations in macromolecular
structures, leading to a significant impact on cellular integ-
rity and gene expression. Furthermore, these nanoparticles
inhibit phosphate uptake and intercellular communication
[8]. A visual representation of the impact of TiO, nanopar-
ticles on bacterial cells is shown in Figure 1.

TiO, found an application also as a photocatalyst. The
anatase phase demonstrates superior efficiency as a photo-
catalyst compared to the other phases of TiO,. Singh and
Soni employed the hydrothermal method to synthesise
mixed-phase TiO, nanoflowers, utilising them as photocata-
lysts for water remediation applications. Their findings
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Figure 1: Antibacterial activity of titanium oxide nanoparticles, reprinted
with permission from the study of Sagadevan et al. [9].

indicate that mixed-phase TiO, nanoflowers exhibit remark-
able photocatalytic activity due to the formation of hetero-
junction interfaces between the rutile and anatase phases of
TiO, [10].

In contrast to their bulk counterparts, nanostructured
TiO, exhibits significantly enhanced photocatalytic effi-
ciency owing to its effective active sites and high surface-to-
volume ratio. This characteristic promotes robust molecular
interactions. TiO,, possessing a wide band gap of 3.2eV,
readily absorbs ultraviolet light. Following this absorption,
charge separation occurs, leading to the generation of photo-
induced electrons in the conduction band and corresponding
holes in the valence band. However, the transient nature of
these photo-generated carriers often results in rapid recom-
bination, leading to a decrease in overall photocatalytic effi-
ciency. To tackle these challenges, diverse research groups
have explored various approaches. These include methods
like metal doping [11], non-metal incorporation [12], and,
more recently, surface modification through the integration
of noble metal nanoparticles [13]. Metal nanoparticles intro-
duced to TiO, serve as electron sinks, capturing electrons
from TiO,. Moreover, they contribute to generating addition-
ally charged carriers through their localised electric fields or
surface plasmon resonance [14,15].

Titanium(v) oxide nanoparticles, being chemically stable,
environmentally friendly, and non-cytotoxic, are considered
intelligent drug delivery systems to pathogenic sites. Their
small nanometric size makes them suitable for targeted
therapy, e.g. cancer. In such systems, active substances depos-
ited on carriers based on nanomaterials reach sick cells,
bypassing healthy cells and tissues. This solution increases
the effectiveness of therapy and reduces the possibility of
negative side effects. The analysis of TiO, nanoparticles for
use in drug delivery systems is based on observing the
loading efficiency or the effect of pH on the release of the
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active substance from the carrier surface. Additionally,
uptake by neoplastic cells and cytotoxicity in target cells
are assessed [16]. The titanium(v) oxide nanoparticles can
deliver anti-cancer drugs such as paclitaxel, doxorubicin
(DOX), or temozolomide on their surface. Moreover, the
carrier itself, thanks to its properties, increases its anti-
cancer effect [4].

The use of nanometric TiO, in biosystems may have
several difficulties due to their poor dispersibility and sta-
bility in water and biological fluids. In order to improve
their colloidal properties, it is necessary to study their sur-
face properties and stability. Coating nanoparticles of tita-
nium(v) oxide with polymeric materials to eliminate aggregation
and sedimentation is becoming popular. This treatment also
reduces toxicity and increases biocompatibility. Polyethylene
glycol (PEG) is successfully used as a modifier. It has a hydro-
philic character. This enables the modification of the nano-
particle surface in order to eliminate the aforementioned
agglomeration and make the carrier resistant to protein
adsorption [16]. PEG forms a specific, polymeric, thin layer
on the nanoparticle's surface. The in vivo studies so far show
that the TiO,-PEG nanoparticle conglomerate can be success-
fully used as one of the cancer treatment tools. The next step
to confirm its effectiveness is the analysis of the effects of
nanoparticle therapy as drug carriers along with other treat-
ment methods, such as photodynamic therapy. One of the
ways to increase the selectivity of TiO, nanoparticles is to
combine them with folic acid, which allows high selectivity for
certain types of cancer. Like antibodies, folic acid increases the
affinity of molecules to pathological tissues, increasing their
accumulation at the target site [17].

The toxic effects associated with titanium(v) oxide nano-
particles in humans are mainly long-term effects resulting
from chronic exposure via various routes (respiratory, diges-
tive, and dermal). Human exposure to TiO, via various con-
sumer products in Western countries has been estimated to
be 2.8-21.4mg per person per day [18]. These values may
increase by about 10-100 times for some risk groups who
are exposed to inhalation of large amounts of these particles
in the workplace (bleaching of paper, production of paints,
etc.), or who consume large amounts of products coated with
these particles. After penetration into tissues, TiO, nanopar-
ticles are not eliminated and accumulate over time, which
can lead to very high doses after decades of exposure. It is
very difficult to reproduce such chronic exposures, e.g., in
rodent models with a short lifetime of no more than 2 years.
Therefore, most animal toxicity studies of these nanoparticles
use different doses administered at once or for a relatively
limited time [19]. Studies have been carried out in which mice
are administered titanium(v) oxide nanoparticles intragastri-
cally for 90 days. As a result, macrophage infiltration was
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carried out, resulting in spleen apoptosis. In addition, the
entire genome was analysed. Exposure in the form of nano-
particles caused significant changes in the expression of over
1,000 genes involved in immune responses, oxidative stress,
metabolic processes, ion transport, and others [20]. The tita-
nium(v) oxide polymorph influences the toxicity of the pre-
paration in which it was applied. Anatase with a particle size
below 100 nm is more toxic than rutile due to its catalytic
properties and high reactivity. Therefore, the use of this
ingredient, e.g. in preparations, is more and more cautious
for sun protection [21]. As a result of chronic inhalation expo-
sure to titanium(v) oxide nanoparticles, inflammation may
occur, which causes fibrotic and proliferative changes [22].
Drug carriers based on titanium(wv) oxide nanoparticles intro-
duced into the patient’s body and, therefore, in contact with
body fluids, decompose. During this process, titanium ions
are released. They can react with the molecules of the living
tissues of the body. If a patient is treated with a titanium
implant, its degradation and the release of titanium ions
can directly lead to the diagnosis of metallosis. It is a side
effect of the implant insertion and the local effects of decay
products on the body’s tissues. Clinical studies have shown
that TiO, nanoparticles together with the released ions from
the implants accumulate in the peri-implant tissues [23].
Long-term exposure to titanium ions is one of the causes
of the allergic response. Allergic reactions and cytotoxic
effects of titanium ions released from TiO, nanoparticles
are directly correlated with their size. The mentioned effects
may become visible even after 12 months from the adminis-
tration of the preparation containing titanium and generate
inflammatory reactions. Titanium ions most often accumu-
late in the liver, lungs, and spleen. Increased amounts of
titanium have also been observed in the brain of patients
who have been exposed to titanium. Studies were carried
out on pregnant mice administered titanium(v) oxide nano-
particles. Titanium compounds have been detected in the
placenta, liver, and foetal brain. Moreover, mice administered
with the nanoparticles had a smaller uterus and smaller foe-
tuses than rodents in the control group. When released into
the body, titanium may exist as free ions or, due to its
unstable nature, will be bound with proteins [24]. The specific
properties of titanium(v) oxide nanoparticles, their use in
pharmacy and medicine, and their sensitivity to environ-
mental factors cause their degradation and decomposition
with the release of titanium ions. This makes it necessary to
control this phenomenon already at the stage of obtaining
and producing the desired material.

Esmaeili et al. conducted similar studies. The authors
took curcumin, a polyphenolic compound that may be found
in the Curcuma longa plant, as it has various pharmaco-
logical benefits. The study focused on using nanosilver
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particles modified with glutathione as drug delivery systems
for transporting curcumin. The silver nanoparticles were
obtained using Eucalyptus globulus leaf extract, and then
they were modified with glutathione to improve their adsorp-
tion capacity and biocompatibility. Nano-Ag particles exhib-
ited spherical shapes with sizes ranging from 5 to 50 nm. The
obtained results showed that the nonlinear Langmuir iso-
therm and pseudo-second-order kinetic models were suitable
for describing the adsorption of curcumin on Ag nanoparti-
cles modified with glutathione. The in vitro studies indicated
that approximately 74% of curcumin was released under
simulated intestinal conditions after 20 h [25].

Also, very interesting studies were performed by Hooshyar
et al. The authors used siliceous magnetised Fe;0, nanoparticles
as a carrier for letrozole, a selective nonsteroidal aromatase
inhibitor. The nanoparticles were coated with high-branched
dendrimers containing N-vinyl caprolactam. The process for
obtaining the whole construct resulted in the formation of a
carrier with an average size of approximately 80 nm. The
release of active substances from the carrier was studied in
simulated fluid with a pH equal to 7.4. It was found that 95%
of letrozole was released in a period of 25h [26]. Heidari-
nasab et al proposed another method for improving the
delivery of sorafenib, an inhibitor of numerous kinases.
The authors obtained allyl glycidyl ether/N-isopropylacryla-
mide-grafted magnetic nanoparticles by performing radical
copolymerisation of allyl glycidyl ether and N-isopropylacry-
lamide on silica-coated magnetic nanoparticles. Later, chit-
osan was coupled with the prepared nanoparticles by
opening the epoxy ring of allyl glycidyl ether. The drug
release profile demonstrated that 88% of the adsorbed
active substance was released within 35h at 45°C, and
the drug release followed a Fickian diffusion-controlled
mechanism. The study results confirmed that the obtained
construct exhibited a high adsorption capacity at low tem-
peratures and achieved controlled release at a slow rate
under high temperatures. Thus, the material is a promising
drug carrier for delivery applications [27].

Zifar et al, in their paper, presented very interesting
studies. The authors synthesised and performed polymer-
ising of allyl alcohol, N-vinylcaprolactam, and sodium algi-
nate on the surface of tungsten disulfide nanoparticles.
Later, they conducted drug delivery experiments using flu-
tamide as a model anti-cancer drug. The efficiency of the
obtained nanocarrier for controlled release of flutamide
was evaluated through in vitro drug delivery experiments
under simulated human conditions (pH = 7.4) and cancer
conditions (pH = 5.6) at different temperatures. During the
in vitro flutamide delivery investigation, it was found that
the drug was released at pH 5.6 and 45°C with a release
percentage of 99.54%, while at the same pH but at a lower
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temperature (37°C), the release percentage was equal to
83.37%. In cytotoxicity tests against PC-3 prostate cancer
and HPrEC prostate normal cells, the authors demonstrated
that the whole construct kills cancer cells effectively [28].

In their work, Soltani et al presented the study's
results, which aimed to create a drug delivery system that
could effectively encapsulate and release DOX. To achieve
this, the authors used exfoliated molybdenum disulfide
nanosheets modified with N-isopropyl acrylamide/methyl
methacrylate. Additionally, the surface of the carrier was
conjugated with glutamine. It was found that maximum
DOX adsorption efficiency of 95% could be achieved at pH
8, a contact time of 15min, and a temperature of 30°C [29].

TiO, nanoparticles also show other interesting proper-
ties that make it possible to use them in other fields of
engineering. For example, Hu et al. demonstrated a method
for increasing the capabilities of photoelectrochemical cells
by using TiO, nanowires. Coating a 2-5nm carbon layer
with TiO,, it was possible to increase the supercapacitance
by about 150 times [30]. The assumptions of the study cor-
respond primarily to the criterion of product innovation;
however, process innovation can also be seen in it. To the
best of our knowledge, despite the numerous range of
products based on nanostructured materials used in the
pharmaceutical chemistry industry as carriers of medicinal
substances, there are no nanocarriers on the market whose
properties would not threaten the living organisms that
receive them. Based on the literature data, it can be con-
cluded that the market of carriers used in the pharmaceu-
tical chemistry industry is sufficiently saturated with them.
Among them, mainly materials based on synthetic and
natural polymers prevail [31-35].

The literature review also indicates the wide use of
metallic or oxide nanoparticles that effectively act as car-
riers of medicinal substances. Comparing these two groups
of drug carriers, it should be noted that despite the greater
biocompatibility of polymeric materials, they are charac-
terised by lower stability in conditions of changing pH,
changing concentration of ions present in the environment
of their use, worse mechanical strength, and lower resis-
tance to temperature changes [36].

Undoubtedly, one of the biggest drawbacks associated
with the use of this type of material is their cytotoxic,
genotoxic, and mutagenic activity. The mechanism of the
toxic properties of nanoparticles introduced into living
organisms is discussed in the Project Description. Taking
into account the conclusions of the literature review,
which indicate the negative impact of nanoparticles on
the work of individual organs, an idea arised to develop
innovative nanometric materials, the properties of which
would eliminate or reduce their toxic activity.
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Thanks to the modification of TiO, nanoparticles by
introducing organic substances into their structure, it will
be possible to reduce or eliminate their toxic properties
(cytotoxic, genotoxic, and mutagenic). This will be tanta-
mount to inhibiting the dissolution of nanomaterials, which
is evidenced by the release of metals from them in the ionic
form. This mechanism is one of the main direct causes of the
toxic effects of nanoparticles on living organisms. Nevertheless,
it was expected that the addition of substances preventing the
release of toxic metal ions would not change the physicochem-
ical properties of the nanocarriers responsible for the success
of the targeted therapy. An important feature in this case is the
average size of nanoparticles, which should be in the range of
50-800 nm. Then, the nanocarrier has a chance to effectively
reach the cancerous tissue, avoiding healthy tissues. In addi-
tion, it was expected that the presence of organic substances
would not deteriorate the surface properties of the carriers.

Thus, this study aimed to obtain TiO, nanoparticles
modified with glutathione, which would inhibit the release
of titanium ions. This approach would reduce the toxic
effect of TiO, applied as a drug carrier.

2 Materials and methods

2.1 Materials

In the processes of formation of modified TiO, nanoparti-
cles, the following compounds were used: titanium(iv) iso-
propoxide (TIPO) (97.0%), sodium hydroxide (=98%), and
L-glutathione reduced (GSH) (=98.0%). Tadalafil was used as a
Pharmaceutical Secondary Standard. All compounds were
obtained from Sigma Aldrich. All aqueous solutions were
prepared using deionised water (Polwater, 0.18 uS). Culture
media (F-12K Medium), Chinese hamster ovary (CHO) cell line,
and supplements (FBS, antibiotics) were also obtained from
Sigma-Aldrich. 5-Bromo-2-deoxyuridine (BrdU) cell prolifera-
tion kit was obtained from Roche, and the LDH cytotoxicity
assay kit was provided by Thermo Fisher Scientific. Ketamine,
xylazine, buprenorphine, heparin, and saline were obtained
and purchased in Sigma Aldrich.

2.2 Methods
2.2.1 Obtaining modified TiO, loaded with tadalafil
The process of titanium oxide has three stages and involves

basic hydrolysis, polycondensation, and dehydration. In
the first step, hydrolysis of TIOP occurred. In the presence
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of sodium hydroxide, the formation of titanium hydroxide
took place. In the second step, the polycondensation of
titanium hydroxide occurred. It led to the release of water.
The last stage involved the dehydration of condensation
product to titanium(wv) oxide and water. The amounts of
all reagents were calculated that the final mass of TiO, was
equal to 2.6978 g (this mass results from the TIPO volume,
which was taken into the processes [10 mL]). Also, in some
cases, the additional amount of base was used so the fold
of NaOH vs stoichiometric amount required was equal to 1,
2, or 3.

Figure 2 presents the schematic diagram of the process
for obtaining TiO, modified with glutathione loaded with
tadalafil. A series of nine products were obtained. Briefly,
TIOP was added dropwise into the Teflon vessel in which the
aqueous solution of sodium hydroxide had been introduced
already. The obtained mixture was then homogenised using
an ultrasound homogeniser, Hielscher UP400St, Germany
(40 W). After 2min of homogenisation, an aqueous solution
of glutathione was added dropwise to the mixture, and the
whole was homogenised for a further 2 min. The concentra-
tion of glutathione solution was calculated as the molar ratio
of GSH to TiO, differed, and it was equal to 0.02, 0.11, or 0.20
(provided in Table 1). As a result, suspension 1 was obtained.
In the next step, the active substance was added. For this
purpose, the proper amount of tadalafil in a solid form was
introduced into suspension 1, and the whole was stirred for
5min (C-MAG HS 7, IKA). The mass of tadalafil was calcu-
lated as the mass ratio of tadalafil to the whole TiO,—Tad
complex was equal to 1.0:3.5. Next, the Teflon vessel was
placed in the microwave reactor (Magnum v2, Ertec,
Poland). The process temperature differed, and it was
equal to 120, 150, or 180°C. After reaching the required
temperature, the sample stayed in it for 5 min. The obtained
mixture was filtered (0.45 um). The solid phase was washed
with deionised water, and the liquid phase was discarded.
The solid product was dried in a laboratory drier at 80°C for
24 h. Pure titanium oxide nanoparticles loaded with tadalafil
were the reference material. The specific values of input
parameters are provided in Table 1.

The physicochemical properties of the obtained pro-
ducts have been analysed. XRD technique (X’Pert PW 1,752/
00, Philips) has been used in order to assess the crystal-
lographic structure of prepared TiO, nanoparticles. Based
on the Scherrer equation, the crystalline size was calcu-
lated. In order to confirm the organic matter coating the
surface of TiO, nanoparticles, the attenuated total reflec-
tance-Fourier transform infrared (ATR-FTIR) analysis has
been performed (Nicolet 380 spectrophotometer, Thermo
Fisher). This technique confirmed the presence of glu-
tathione built in the structure of TiO, particles. The
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Figure 2: Schematic diagram of the process for obtaining TiO, modified with glutathione loaded with tadalafil.
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analysis of nanoparticle size was conducted using the DLS
technique (Zetasizer Nano ZS, Malvern Instruments Ltd).
Also, this method assessed the stability of the aqueous sus-
pensions by providing the electrokinetic potential, . The
concentration of the analysed suspension was equal to
10 mg/L. The suspensions were homogenised for 1min
prior to analysis (Hielscher UP400St, Germany, 40 W). The
specific surface area, pore volume, and size were assessed
using the low-temperature nitrogen sorption (ASAP2010
apparatus from Macromeritics, USA). The samples were des-
orbed at 200°C before measurement in helium flow for 6 h
and then under vacuum to a final pressure of 0.001 Torr.
The size and shape of the prepared materials were analysed
based on TEM-EDS microscopy (Tecnai TEM G2 F20X-Twin
200 kV, FEI).

2.2.2 Analysis of titanium elution from the prepared
complexes

The analysis of titanium elution from the prepared sam-
ples was conducted in the aqueous environment. For this
purpose, a specific amount of the tested sample (0.1500 g)
was taken to the glass beaker with analytical accuracy.
Next, a specific amount of deionised water, which played
the role of the leaching agent, was introduced to the
powder. The ratio of substance mass to volume of the
leaching agent ratio was equal to 0.1g:2.0 mL. The pre-
pared suspensions were mixed on a magnetic stirrer
with temperature control. The elution process was led
at 37°C. After the specific time of mixing (0, 1, 3, 5, 10,
20, 40, and 80 min), the suspension was filtered through
the syringe filters (¢ = 0.45 um). The concentration of the
leached titanium was analysed by Atomic Absorption
Spectrometry (Perkin Elmer)

Table 1: Process parameters

In vitro studies of titanium dioxide nanoparticles modified with glutathione

—_— 7

2.2.3 Analysis of active substance elution from the
prepared complexes

The analysis of tadalafil released from the prepared sam-
ples was conducted in the aqueous environment. For this
purpose, a known mass of the tested sample (0.1500 g) was
taken to the glass beaker with analytical accuracy. The
appropriate amount of the leaching agent (Ringer’s fluid
or simultaneous body fluid [SBF]) was later introduced to
this. The purpose of using Ringer’s fluid or SBF was to
simulate the conditions of the biological environment.
The composition of Ringer’s fluid (water solution of chlor-
ides, sodium, potassium, and calcium) makes it neutral for
the human body. The composition of SBF is similar to the
composition of the plasma in the human body. Both fluids
are widely used in biochemical studies to simulate the
application environment [37]. The mass-to-volume of the
leaching agent ratio was equal to 0.1 g: 2.0 mL. The obtained
suspensions were mixed on a magnetic stirrer with tem-
perature control. The elution process was led at 37°C. After
the specific time of mixing (0.5, 1, 3, 5, 10, 20, 30, 40, 50, 60,
120, and 180 min), the suspension was filtered through the
syringe filters (¢ = 0.45 um). The concentration of the eluted
tadalafil in the obtained filtrates was analysed using a spec-
trophotometer (Rayleigh UV-1800) at A,y against the refer-
ence sample (pure Ringer’s fluid or SBF).

2.2.4 In vitro cell viability assay

In this study, the influence of prepared TiO, nanoparticles
(both in basic and in modified form) on cytotoxicity and
proliferation of CHO cells was analysed. In the studies, the
following materials were used: CHO cells (Sigma-Aldrich,
Cat. No. 85051005), grown according to the producer’s

Sample Input parameters
n GSH:n TiO, Fold of NaOH vs stoichiometric amount Process temperature (°C) Process time (min) m TAD (g)

Al 0.02 1 120 5 1.079
A2 0.02 2 180

A3 0.02 3 150

Ad 0.1 1 180

A5 0.1 2 150

A6 0.1 3 120

A7 0.20 1 150

A8 0.20 2 120

A9 0.20 3 180

A/Base 0.00 1 150
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instructions, were used; {-12 K medium (Sigma-Aldrich, Cat.
No. N4888) supplemented with foetal bovine serum (Thermo
Fisher Scientific no. 10270106) and antibiotics (Sigma-Aldrich,
Cat. No. P4333). The investigated cultures were grown at 37°C
and 5% CO,, and cells were passaged when reaching 80%
confluence 2-3 times per week. The lactate dehydrogenase
(LDH) test which is a colorimetric method of analysing the
cytotoxic effect of materials on cells was conducted. This test
made it possible to measure the amount of coloured for-
mazan formed from tertazoline (measurement of absorbance
at 490 nm). This reaction is catalysed by LDH, in the presence
of NAD+. As a result of the disruption of the integrity of the
cell membranes, LDH is released from dead cells into the
culture medium. Analysis of cytotoxicity was performed as
follows. CHO cells were plated in 96-well plates at 9 x 10° cells
per well in 150 uL. of medium. Cultures were stabilised for
24h, and after that time, the medium was replaced with a
fresh one, which contained the tested nanomaterials. The
concentrations of the nanoparticles in the applied suspen-
sions were 30, 50, 70, and 80 yg/mL (the control sample did
not contain any nanoparticles). The cytotoxicity analysis of
the prepared materials was performed using the Pierce LDH
cytotoxicity kit (Thermo Fisher Scientific, Cat. No. 88954),
according to the protocol provided by the manufacturer using
a Multiskan GO microplate reader (Thermo Fisher Scientific)
at two wavelengths —490 nm (formazan absorbance) and
680 nm (background absorbance). In order to calculate the
cytotoxicity, the following equation was used:

%Cytotoxicity
_ Compound - treated LDH activity — Spontaneous LDH activity
Maximum LDH activity — Spontaneous LDH activity

x 100.

The BrdU proliferation analysis assay serves as a col-
orimetric test for measurement of the amount of BrdU
incorporated into DNA. Chemically, BrdU is a synthetic
analogue of thymidine nucleoside incorporated into the
DNA of a dividing cell during the S phase of division. In
order to measure the amount of incorporated BrdU, the
enzymatic reaction of the enzyme conjugated with the
anti-BrdU antibody and the substrate in previously fixed
cells is carried out. A low signal indicates an inhibition of
division, while a high signal indicates a high proliferative
activity of cells.

For proliferation analysis, CHO cells were plated in 96-
well plates at 9 x 10° cells per well in 150 uL of medium.
Cultures were stabilised for 24 h, and after that time, the
medium was replaced with a fresh one that contained the
tested nanomaterials. The control sample did not contain
any nanoparticles. Cells were let to grow for 24, 48, and
72h. Assessment of cell proliferation in the presence of
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nanomaterials was performed using the Cell Proliferation
ELISA kit, BrdU (Roche, Cat. No. 11647229001), according to
the protocol provided by the producer. The readings were
taken at two wavelengths —450 nm (product absorbance)
and 690 nm (background absorbance) (Multiskan GO micro-
plate reader, Thermo Fisher Scientific).

The comet test (CT) enables the detection of DNA
damage at the level of a single cell. The analysed cells are
mounted in agarose on a microscope slide. DNA remains
after the proteins are digested. The slide is electrophoresed
and stained with a fluorescent substance. One obtains an
image in the form of “comets.” The “head” is where the cell
immobilises before lysis, the “tail” is the damaged DNA frag-
ments. The measure of the level of DNA damage is the length
of the tail and the amount of DNA it contains. In the analysis,
CHO was seeded in 12-well plate cells in the amount of
80,000 cells per well and grown in 1 mL of culture medium
for 24 h. Then, the medium was replaced with fresh, con-
taining nanomaterials and cultured for 24 h. After incuba-
tion, cells were harvested and suspended in 1% low melting
point agarose (Eurx, Cat. No. E0303) and poured onto glass
slides pre-coated with 1% agarose (Eurx, Cat. No. E0301).
Slides with cells suspended in congealed agarose were
placed in lysis buffer (pH 10, 25M NaCl, 100 mM EDTA,
10 mM Trizma base, 200 mM NaOH) for 1 h at 4°C. The slides
were then placed in an electrophoresis chamber containing
buffer (pH > 10, 300 mM NaOH, 1mM EDTA). The electro-
phoresis was performed at 18 V (0.5 V/cm) for 1h. After the
separation was completed, the slides were washed with dis-
tilled water and placed in a solution containing SYBR™ Gold
dye (ThermoFisher Scientific cat. No. S11494). Detection was
performed with a ZOE Fluorescent Cell Imager fluorescence
microscope, and genotoxicity assessment was performed
with CometScore 2.0 software.

3 Results

3.1 Modified TiO, loaded with tadalafil

The diffraction angles and their corresponding planes in
the XRD results are presented in Figure 3a. Based on these
results, one may observe that not all prepared products
had a crystalline structure. Samples 2, 3, 4, 5, 9, and base
exhibited strong diffraction peaks at 25.1, 37.4, 47.5, and
54.1° of the 260 angle. The amorphic structure had samples
1, 6, 7, and 8. Samples 1, 6, and 8 were obtained at the
lowest temperature, which suggests that 120°C was not
enough for the crystalline structure of TiO,. In the case
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of sample 7, which was obtained at 150°C one may observe
that a weak diffraction peek around 25° of 20 angle appears.
This suggests that despite the highest glutathione content,
the crystallisation process begins at this temperature. The
size of crystallites has been calculated based on the Scherrer
equation:

dsch = kA/p cos 6,

where ds, is the crystallite size, k constant depends on the
shape of the crystallite size, § is the width at half maximum
peak describing the material, A is the wavelength of CuKa
radiation, and 0 is the Bragg diffraction angle. Figure 3b
presents the results of the analysis. All crystallites are
below 10 nm, which suggests that the specific surface
area is highly expanded. However, one may observe that
the size of crystallites in the basic sample (not modified) is
less than in the rest of the materials. That may indicate that
the modifier molecules may clog the pores and thus make
the surface area not much expanded.

Figure 4 presents the results of ATR-FTIR spectroscopy.
The presence of Ti-0 is confirmed by peaks around 700 cm ™.
This region is characteristic of metal-oxygen bonding. Weak
peaks in the region around 3,300 cm™ may be attributed to
the hydroxyl group of adsorbed water. The presence of glu-
tathione is confirmed by peaks at 1,385 and 1,516 em™, which
correspond to the 8y_y and ve—g stretching bands in NHs"
and carboxylic groups [38].

Results of the size of nanoparticles measurement by
the DLS technique are presented in Figure 5. The size of
nanoparticles in most prepared samples was between 40
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Figure 4: ATR-FTIR spectra of obtained materials.

and 50nm. Only in sample 8, the nanoparticles were
smaller, and their dimension was 20 nm. Also, the electro-
kinetic potential of some of them was measured. It ranged
between -40.7 and -50.8 mV. The absolute values of this
parameter are far higher than 20 mV, which confirms that
the aqueous suspensions of the obtained products are kine-
tically stable.

Figure 6 presents the hysteresis loops along with the
type of pores identified based on the hysteresis loop type.
Based on hysteresis loops, one may assign their types to the
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Figure 3: (a) XRD diffractograms of all prepared products, and (b) crystallite size calculated based on the Scherrer equation.
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shape of pores. The reference sample and A4 material had pores of a nonrigid generation formed by flaky particles,
the same hysteresis loop type, which was H2. A1 material which was confirmed by the H3 hysteresis loop type [39,40].
had an H3 hysteresis loop. That means that reference and Table 2 shows the surface properties by indicating the spe-
A4 materials had neck-like and wide body pores or ink cific surface area, pore volume, and pore size. The results
bottle-like pores. Contrary to that, material Al had groove are in line with above-described observations. Material Al
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Figure 5: Results of DLS analysis presenting size of nanoparticles along with electrokinetic potential: (a) A/Base, (b)-(j) A1-A9.
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was characterised by the most developed specific surface
area. It also had the largest pores volume and the smallest
pores size. The specific surface area in all materials was
above 230 m?/g, which suggests that the obtained products
have a great load capacity.

Figure 7 presents the results of the TEM analysis. This
was performed for A/Base (Figure 7a), Al (Figure 7b), and
A4 (Figure 7c) samples. It may be clearly seen that material
Al is characterised by the smallest particles (around 5 nm),
which is in line with the results obtained via surface proper-
ties analysis. Both reference product and A4 material have
TiO, nanoparticles whose size does not exceed 10 nm. Al
material was obtained at the lowest temperature (120°C).
This parameter seems to be essential in the nanoparticle
formation process.

Figure 8 shows the results of TEM-EDS analysis. It has
revealed that pure TiO, nanoparticles, which were not
modified consisted of titanium and oxygen only (Figure
8a). Based on this analysis, one may observe that titanium
oxide, which was modified with glutathione (material A4),
had in its structure titanium, oxygen, and carbon, which
origins from the organic matter (Figure 8b).

In vitro studies of titanium dioxide nanoparticles modified with glutathione
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Table 2: Results of analysis of surface parameters

Material SS (m?/g) V (cm®/g) Size (nm)
A/Base 263.8 0.4409 1.291
A1 383.2 0.6382 1.096
Ad 231.9 0.3129 1.552

3.2 Titanium elution from the prepared
complexes

The results of the analysis of titanium released from the
prepared materials are presented in Figure 9. Reducing the
leaching of titanium was one of the main aims of the stu-
dies. This was due to the fact that reduced titanium (in both
metallic and ionic form) poses a threat to living organisms.
After being incorporated into tissues, they may accumulate
in their structure and induce the formation of tumours.
Thus, the release of metals from the drug carrier systems
should be eliminated. The black curve represents the tita-
nium releasing profile from the reference sample (not
modified). As one may observe, four materials released
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Figure 8: Results of the TEM-EDS analysis: (a) A/Base and (b) A4.

less titanium than the reference sample did (A4, A6, A7,
and A8). Samples 7 and 8 had minimal elution of titanium,
which is the most desired result. These were obtained
when the molar ratio of glutathione to TiO, was the highest
and was equal to 0.2:1.0. The same ratio had sample 9, and
the profile releasing is similar to the reference one. That
means that coating with glutathione inhibits the release of
titanium indeed.

3.3 Tadalafil elution from the prepared
complexes

Figure 10 presents the results of tadalafil elution analysis.
The calibration curves are presented in Figure 10a and b.
Figure 10a shows the curve obtained in Ringer’s fluid and B
— in SBF. The wavelength with peak maximum for tadalafil
is A = 284 nm. In both cases, the determination factors are
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above 0.999, which confirms a good curve fit to empirical
points. The tadalafil solution in Ringer’s and SBF’s fluid
shows linearity in the concentration range from 5 to
60 ug/mL. The linear nature of the tadalafil solutions was
within the 95% confidence interval. The black curve pre-
sents the elution profiles from reference material (not
modified). In both cases, they confirm the strongest elution
of active substance from the carrier. TiO, modified with
glutathione did not release tadalafil as fast as in the case of
reference samples (in both tested environments). In the
case of A4 material which was put into Ringer’s fluid,
one may observe a curve drop after 120 min. This may
result in again adsorption of tadalafil on the surface of
the material. There are many known mechanisms by
which the active substance is released from the transport
system [41]. The behaviour of the released active substance

30
= AB
o Al
25 A A2
v A3
A4
20 A5
= A6
% e A7
15
E * A8
= e A9
10
5
O 1 T T T T T
0 20 40 60 80 100
Time [min]

Figure 9: Profiles of titanium releasing from the prepared materials.
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depends on its stability as well as the physicochemical
properties of the nanocarrier. Components of the release
process are (1) desorption of the surface-bound drug; (2)
diffusion of the drug from the carrier surface; (3) carrier
erosion; and (4) a further combination of erosion and dif-
fusion processes [42]. The release profiles shown in Figure
9c and d follow the typical diffusion profile that is common
for nanoparticle-based drug carriers [43]. The diffusion
mechanism is appropriate for systems in which the diffu-
sion of the drug is faster than the degradation of the car-
rier, which is consistent with the nature of the type of
carrier used in the work (metal oxide). An initial rapid
release, called “bursting release,” and a further “sequen-
tial” release were observed in the studies. This profile is

attributed to complexes in which the drug is adsorbed or
weakly bound to the carrier surface. It should be noted that
when SBF was used as an acceptor medium, the concentra-
tion of eluted tadalafil was higher than when Ringer’s
solution was used. This is in line with the theoretical con-
ditions. The drug release rate may be influenced by ionic
interactions between the carrier and secondary compo-
nents present in the acceptor medium. The composition
of SBF is much more varied than that of Ringer’s. In its
environment, the interaction of the active substance with
the carrier matrix is weakened, as there is a competitive
electrostatic interaction between the carrier and the sur-
rounding ions, which explains the increase in drug release
in this environment.
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3.4 In vitro cell viability assay

The results of in vitro cell viability analysis are presented
in Figure 11. Figure 11a shows the dependence of cytotoxicity
on the concentration of the analysed suspensions. All tested

(@)
600 30
ppm
3 500 - 4315'3 45;3.1
§ 400 -
T 300 -
E’ 200 | 163.8
3 125.5 I
=1
O 1 T T T
A/Base A4 A7 A8
700 70 ppm
3 600 1 4794 4904
& 500 I
%400 | 220.3
“a-_, 300 A ’
5200 1 1206 I
o 100 A
gl | |
A/Base A4 A7 A8
(b)
80
X 30 ppm
. 60
:'? 46.2 462
O
% 40 -
o)
[9
.20 - 17:6 8.5
O
0 i
A/Base A4 A7 A8
100
o 70 ppm 74.0
® 80 -
% 60 - 48.8
R 35.0
.g 40 -
L2 218
>
O 20
0 .
A/Base A4 A7 A8

DE GRUYTER

materials modified with glutathione induced stronger pro-
liferation of CHO cells than in the case of using a reference
sample (not modified, basic TiO,). One may note that TiO,
nanoparticles modified with glutathione even promote the
development of CHO cells. Compared to the reference
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Figure 11: (a) Results of proliferation analysis and (b) results of cytotoxicity analysis.
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material, weaker cytotoxic properties exhibited modified
materials A4 and A7 (Figure 11b). It was achieved thanks
to the presence of on their surface glutathione, which inhib-
ited the release of Ti ions, which would induce ROS forma-
tion and cell apoptosis.

The CT, also known as single-cell gel electrophoresis or
microgel electrophoresis, is used in studies such as genetics,
toxicology, biomonitoring, ecogenotoxicity, molecular epide-
miology, nutrigenomics, DNA repair system studies, assess-
ment of genotoxicity and mutagenicity of nanomaterials,
and integrity assessment DNA in mesenchymal stem cells.
The CT detects breaks in the DNA strands, which are visua-
lised by the increased migration of free DNA segments,
resulting in comet-like images. DNA breaks, both double-
stranded and single-stranded, are associated with chromo-
somal aberrations and genome instability. Genome instability
is directly related to neoplastic processes. The CT allows the
detection of aneugenic and clastogenic substances with high
sensitivity in vivo and in vitro in populations exposed to irri-
tants. Its use allowed for the assessment of genotoxic and
mutagenic properties of the obtained products. The advan-
tage of the CT over the micronucleus test is that the micro-
nucleus test only analyses genetic damage in mitotic cells,
while the CT detects DNA damage in both the interphase
and mitotic cells. Single-cell gel electrophoresis is the
basic method of analysing the degree of DNA fragmenta-
tion as a result of genotoxic and mutagenic factors. This

In vitro studies of titanium dioxide nanoparticles modified with glutathione
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method identifies single-stranded and double-stranded
DNA breaks, and any chemical and enzymatic modifica-
tions that can transform into DNA breaks or chromatids.
It was found that compared to the reference material
(unmodified nanoparticles), the tested products induced
shorter comets corresponding to cells undergoing apoptosis
(Figure 12). This means that the modified TiO, induces DNA
damage to a lesser extent and shows lower genotoxicity and
mutagenicity. Figure 12d-f presents these observations in
numerical terms. For reference material, the values of all
parameters tested (tail length, DNA tail, olive moment) are
higher than the values of the modified TiO,. The expected
result of the research indicates the limitation of genotoxic
and mutagenic properties of the tested materials.

Other authors' investigations also confirm that modi-
fied drug carriers are less toxic to the analysed cell lines.
The effect of drugs encapsulated with a micellar drug car-
rier (curcumin or quercetin) on the viability of CHO-K1 cell
lines was investigated. Dose-dependent cell suppression
was observed. Curcumin inhibited CHO-K1 cell prolifera-
tion more strongly than quercetin. Significant inhibition
appeared at a concentration of 12.5 pg/mL of curcumin
[44]. The modification of PAMAM dendrimer by glycosyla-
tion was checked in terms of its cytotoxic activity. The drug
carrier was loaded with methotrexate. The cell lines (HeLaT
and MDA-MB-231) were subjected to the action of both non-
modified drug carriers loaded with the active substance and
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Figure 12: CT results: (a) positive control, (b) A/Base, (c) A4, (d) tail length, (e) DNA tail, and (f) moment olive.
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drug carriers modified with glucose loaded with the active
substance. The study showed that glucose conjugation led to
a 50% reduction of MDA-MB-231 cells compared to non-mod-
ified material. In the case of HaCaT cells, this reduction was
slightly lower [45].

4 Discussion

Table 3 presents the critical assessment of the developed
method by providing its advantages and disadvantages.
One may note that the presented method has more pros
than cons. The process is carried out in the field of micro-
wave radiation, where its efficacy stands in stark contrast
to the traditional practice of heating reaction mixtures.
Microwave radiation excels at generating thermal energy
more efficiently, offering a marked advantage. In this inno-
vative approach, aqueous solutions of both reactants come
into play. Water, acting as a dipole solvent, emerges as an
ideal medium, swiftly and effectively facilitating the transfer
of thermal energy engendered by the microwave field.
Through the dipole polarisation mechanism, heat diffuses
uniformly across the entire reaction mixture. Notably, the
infusion of microwave energy substantially expedites che-
mical processes, ushering in accelerated reactions. This fact
directly affects the shortening of the time needed for an
effective reaction. Under microwave radiation, the tempera-
tures from the range of 120-180°C are high enough for per-
forming the polycondensation of titanium hydroxide and
dehydration of condensation product to titanium(wv) oxide
and water. The great advantage is that the reagents used
in the process do not pose a threat to the environment.
They are neither irritating nor harmful to living organisms.
This applies mainly to the modifying substance glutathione.
There is no need to manage solid waste as it is not generated

Table 3: Potential advantages and disadvantages of the developed
method

Advantages Disadvantages

Microwave-assisted process
Short time of the process

High cost of the reagents
Need to homogenise the
reaction mixture

Low temperatures of the

microwave process

No need for TiO, curing

No toxic reagents

Safe and environment-friendly

modifying agent

No solid waste
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in the process. On the other hand, the process may seem to
be quite expensive since the unit costs of the used reagents
are relatively high. The step that guarantees the formation
of fine nanoparticles is the homogenisation of the reaction
mixture before the microwave process. This step can be
seen as requiring additional energy input, which is econom-
ically undesirable.

In the works of other scientists, one may find informa-
tion on obtaining less toxic titanium oxide nanoparticles,
which may be used in drug delivery systems. Bhullar et al
obtained stable TiO, nanoparticles by performing the following
steps. A precise quantity of Titanium Tetralsopropoxide was
introduced into 50 mL of ethanol while maintaining contin-
uous stirring. Subsequently, a gradual, dropwise addition of
40 mL of deionised water along with a controlled amount of
HNO; was carried out. The solution was then subjected to a
heat treatment stage at 60°C, upheld for a duration of 3 h. The
ensuing step involved the calcination of the samples. Materials
were calcined at 1,000°C [46]. In the presented method, we
avoid using organic solvents such as ethanol, which from the
ecological point of view is highly recommended. Moreover,
thanks to the performing microwave-assisted processes, we
omit the calcination stage, which consumes a lot of energy.

Silica coating serves as a prevalent chemical technique
for altering the surface properties of TiO, nanoparticles,
offering several advantages, including enduring stability,
biocompatibility, and hydrophilicity. The Stober technique
stands out as the most widely utilised for incorporating
silica onto bare TiO, nanoparticles. In the typical Stober
process, TiO, nanoparticles are uniformly dispersed within
an ethanol solution. Sequentially, tetraethoxysilane (TEOS)
and aqueous ammonia solution are introduced. Ammonia
functions as a basic catalyst, overseeing the hydrolysis of
TEOS and controlling silica thickness to yield particles with
uniform morphology. The hydrolysis reaction involves the
conversion of —Si-OC,Hs; groups from TEOS to silanol
groups (-Si—OH). Subsequently, a condensation reaction
takes place between these —Si-OH groups and the surface
—OH groups of TiO, nanoparticles, resulting in the forma-
tion of chemical Ti-O-Si bonds. This sol-gel process culmi-
nates in establishing a three-dimensional silica network
enveloping the core of TiO, nanoparticles [47].

In order to improve the biocompatibility and toler-
ances of a specific material and thus increase the effective-
ness of its potential applications, specific structures are
subjected to modification of their surface. This is especially
important in the case of biomedical and pharmaceutical
applications, where materials used, for example, as drug
carriers, must meet several restrictive requirements. Using
additional compounds such as proteins, sugars, or poly-
mers ensures no accumulation or non-toxicity. In addition,
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it is often desirable to have specific functional groups on
the surface that effectively bind the active ingredient to the
carrier and maintain its therapeutic properties. The types
of surface changes that, for example, drug carriers based
on nanoparticles are subjected to can be broadly divided
into physicochemical and biochemical. The former causes
changes in the chemical composition of the surface layer,
while biochemical methods are based on the attachment of
organic compounds to the surface [48].

The properties of the (modified) material obtained
depend primarily on the substrates used. Their degree of
conversion and other process parameters are important.
The modification is most often performed in situ, and
then the modifying substance is added at the synthesis
stage. The modifier can also be added ex situ, i.e. after
the synthesis is finished, when the finished, pure product
is subjected to modification [49]. Among the many pur-
poses of modifying materials for biomedical applications
is to ensure the ability of the material to function properly
in conditions of low pH and body fluids. It is also necessary
to ensure that the recipient’s body is not adversely affected.
The use of modifiers also affects biofunctionality. It con-
sists in fulfilling specific functions in vivo for the assumed
time or resistance to degradation. So far, no suitable bio-
material that would meet all the requirements set for it has
been developed. Disintegration under relatively aggressive
conditions faced by nanoparticle-based carriers is inevi-
table. Another priority in the use of modifiers is counter-
acting destruction in order to prevent negative effects
caused by decay products, such as toxic, carcinogenic,
mutagenic, or inflammatory effects [48]. Covalent carriers
linked to an active substance are called conjugates.
Depending on the conjugated substance, the following
systems are distinguished: carrier—-drug, carrier—pro-
tein, and carrier-DNA. Modifying substances attached
to the carriers can, for example, change their solubility.
Interestingly, they can play the role of the so-called
tropic molecules that are responsible for recognising
target tissues. The first conjugate of this type to enter
the clinical trial phase was the combination of DOX with N-(2-
hydroxypropyl) methacrylamide and galactosamine, which
acted as a tropic molecule [50].

The use of modifications in the case of nanomaterials
is also aimed at reducing agglomeration, controlling hydro-
phobic properties, or facilitating self-organisation. Organic
compounds are most often used for this purpose. Among
them, mention may be made of carboxylic acids, silanes,
thiols, surfactants, and amines. Polymers for unconven-
tional functionalisation (coating the surface of nanoparti-
cles) are also often used, e.g. low-molecular PEG [50].
Galactose can be successfully used as a modifier of drug
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carriers in anti-cancer therapy. Its effectiveness is mainly based
on the fact that carrier molecules loaded with saccharides on
the surface are more readily captured by neoplastic cells.
This is due to the fact that they have a high energy demand,
which ultimately increases the effectiveness of targeted
therapy [1]. Xia et al. [51] used galactose in their research
to modify selenium nanoparticles. The tumour-targeted
“delivery system” created in this way was covered with
an anti-cancer drug. DOX was added to the surface of the
modified nanoparticles to improve its antitumour efficacy
in treating hepatocellular carcinoma (HCC). Further stu-
dies showed that the thus prepared, functionalised drug
delivery system showed effective cellular uptake and pene-
trated them through endocytosis. The selenium-galactose—
DOX nanoparticle system showed significant activity in
inducing apoptosis of HCC cells in vitro [51]. Targeted
drug delivery can be improved by drug loading on nano-
particles to which an appropriate recognition particle can
be added for efficient transport to specific tumour cells.
Galactose is a good example of such a molecule because
it enhances uptake by pathogenic cells, but other recogni-
tion mechanisms such as ligand-receptor or antibody-—
antigen interaction can also be used. Also, in their research,
Cardoso et al designed nanoparticles coupled with galac-
tose. The anti-cancer drug used in this case was also DOX.
Modification with galactose showed a huge improvement in
the therapeutic effectiveness of its action. The synthesised
structures allowed the active base to be trapped in a hydro-
phobic inner core during the nanoparticle formation pro-
cess. As a result, a carrier with a high drug content was
obtained, which effectively recognises neoplastic cells [52].

5 Conclusion

A series of TiO, nanoparticles modified with glutathione
was prepared. Physicochemical properties of the obtained
products were analysed. Also, the analysis of releasing of
both titanium ions and active substance was performed.
The materials were assessed via in vitro studies in which
the cytotoxicity, proliferation, and mutagenicity in relation
to CHO cells were checked. Material A4 was found to meet
all assumed requirements. It was characterised by a crys-
talline structure with crystallite size equal to 5.8 nm. The
specific surface area of A4 material was equal to 231.9 m%/g,
the pore volume was 0.3129 cm®/g, and their average size
was 1.5519 nm. According to DLS analysis, the nanoparti-
cles size was equal to 46 nm, however, based on TEM
microphotographs, it did not exceed 10 nm. One must
take into account that the DLS technique is based on
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Mie’s theory, and according to that, the elongated particles
are equated to a sphere, which may lead to erroneous size
analysis by this technique. Product A4 was obtained when
the molar ratio of glutathione to TiO, was middle (0.11), the
fold of NaOH was used in a stoichiometric amount, the
process temperature was the highest (180°C), and the pro-
cess time was equal to 5 min. Such prepared material has a
great potential to be checked in further studies as a solid
drug carrier.

Further research should focus on examining the safety
of the developed material in the context of clinical trials.
Therefore, after the production of a medicinal product in
the form of an active substance combined with a nanocar-
rier, preclinical, and clinical trials should be carried out,
which will include the following tests:

+ Safety pharmacology
* Pharmacodynamics

+ Toxicokinetics

Acute toxicity

+ Single dose toxicity
Repeated dose toxicity
Reproductive toxicity
Carcinogenicity
Genotoxicity.

The product must be subjected to tests specified in ISO
10993, such as sensitising properties, irritating properties/
intradermal reactivity, acute systemic toxicity (animal
model), and genotoxicity. The next stage necessary to
carry out are in vivo tests and clinical trials that should
be performed for a test series of products. The tests must
be performed by an entity that meets the requirements of
the Notifying Body, e.g. will have implemented the EN ISO
17025 standard. It is necessary to carry out a conformity
assessment and obtain a CE certificate.
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