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Evaluation of the permeability and in vitro cytotoxicity of functionalized
titanate nanotubes on Caco-2 cell line
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Titanate nanotubes (TNTs) are promising vectors for drug delivery due to their unique physicochemical properties such as biocom-
patibility, mechanical strength, and chemical resistivity. However, considering their strong hydrophilicity, pristine TNTs exert very
limited permeability through the intestinal cell layer. The aim of this study was to turn the surface characteristics and thus enhance
the permeability of TNTs by functionalization. TNTs were functionalized with trichloro(octyl)silane (TCOS) and magnesium stearate
(MgSt). Carbon content and surface free energy of the functionalized TNTs were detected to evaluate the effectiveness of functionaliza-
tion, by using CHNS analytical and optical contact angle (OCA) measurements, respectively. Caco-2 cell line was applied to test the
permeability and the cytotoxicity of the samples. Cytotoxicity was evaluated by using MTT assay. The results revealed that the surface
characteristics of TNTs may be adjusted in a wider range with TCOS-TNT than with St, but the samples show higher toxicity. Silane
functionalized TNTs may be safe up to 1 mg/ml, while St functionalized TNTs up to 2 mg/ml concentration. The preparation method
of MgSt-TNT was also superior from the aspect of environmental safety. The permeability was suitable for samples with moderate

hydrophobicity (aqueous contact angle 60-90°).
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Introduction

Titanium dioxide nanoparticles (TiO, NPs) are one
of the most commonly applied nanoparticles in
various fields, such as building engineering, agri-
culture, food and cosmetic industry, environmen-
tal protection or medicine (1). TiO, NPs exist in
three different structures: as anatase, rutile, and
brookite (2) (Figure 1.), which differ in their crystal
structure where the Ti-O bond length ranges are
1.931- 2.004 A for rutile, 1.914- 2.005 A for anatase
and 1.850- 2.099 A for brookite (3).

Despite that anatase is the most toxic form com-
paring to rutile and brookite (4), it has more in-
dustrial applications due to its photocatalytic ac-
tivity (2). Moreover, the global market presented
117 various products in food and beverage field
based on nanotechnology (5). It is allowed in USA
to use TiO, NPs in foodstuff when its percentage
does not exceed 1% of the total product weight (6).
However, Europe is following the “quantum sa-
tis” concept (7). Furthermore, a child can take 2-4
times more TiO, NPs/ 1 kg of body weight (bw)
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per a day in comparison to an adult person, which
was determined in Great Britain as 2-3 mg TiO,/kg
bw/day for children less than 10 years old, where-
as adults can take about 1 mg TiO,/kg bw/day(4).
Nevertheless, the vast TiO, NPs applications in
food industry resulted in diverse debates on their
safety, regarding to toxicity considerations. TiO,
NPs pigment is categorized as a prospective carci-
nogenic factor from group 2B by the International
Agency for Research on Cancer (IARC)(8). In con-
trast, there is no matter of concern on the safety of
E171 (titanium dioxide) in 2016 according to the
European Food Safety Authority (EFSA)(7). Never-
theless, there are no adequate research data on the
acceptable daily intake of TiO, NPs and the safety
margin was determined as 2.25 mg TiO, NPs/kg
bw/day built on tests involving animals (7).

TiO, NPs toxicity on human body has been con-
nected mostly to apoptosis (9) and some studies
displayed that TiO, NPs may cause DNA damage
(10) and disturb glucose and lipid homeostasis in
mice and rats. In addition, TiO, NPs may accumu-
late in the lungs, alimentary tract, liver, kidneys,
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spleen, heart, and cardiac muscle after inhalation
or oral exposure (11). Interestingly, the nanoparti-
cle size influences their toxicity and accumulation
in different organs in which the larger particles
with 80 nm size are largely assembled in the liver
whereas the smaller particles with 25 nm diameter
can accumulate in the spleen and slightly in the
lungs and kidneys after a one-time oral adminis-
tration to mice (12).

TiO, NPs modification with polyethylene glycol
(PEG) decreases the cytotoxicity and the induction
of stress-related genes (13). Furthermore, the pres-
ence of PEG combining catalytic chain transfer
and thiolene polymer layers around TiO, NPs
leads to not only the reduction of protein adsorp-
tion onto their surface, but also the reduction of
the size of aggregated particles and the alteration
of particle surface chemistry that results in an in-
creased cellular uptake and diminishment of cyto-
toxicity for both human lung epithelial cell lines
A549 and NCI-H1299 (14).

The extent of TiO, NPs absorption from the gas-
tro-intestinal tract (GIT) into systemic circulation
depends on many factors such as species, type of
nanoparticles, size, dispersability or particle
charging (15). Recent studies indicated that TiO,
NPs were barely transferred from the GIT into the
blood circulation in humans and rats. Further-
more, there was no impact of the particle size on
their absorption when administrating a single
dose of TiO, NPs (5 mg/kg bw/day) with different
particle sizes (15 nm/ 100 nm/ <5000 nm), which
may related to their hydrophilicity (16).

TiO, nanostructures have been reported to
cause neurological risk after passing the blood-

brain barrier (17, 18). Another studies reported the
accumulation of TiO, nanostructures without me-
tabolism in some organs such as the liver and
spleen, and with a less degree in the brain, kid-
neys, lungs, GIT and heart (19, 20). Many factors
play a role in the tissue distribution of TiO, nano-
structures such as their morphology (21), size and
surface charge (22, 23).

Different tissue distribution and toxicity pro-
files were demonstrated after a single and succes-
sive intravenous administration of TiO, nano-
tubes, rods, and ribbons in rats, in which nano-
tubes displayed the most toxic effect and the larg-
est accumulation, following that nanorods and
ribbons (21).

Ren et al, investigated the toxicity, uptake path-
ways and excretion of TNTs in three strains of
free-living ciliates of the genus Tetrahymena
which are a wild type strain (5B210) and two mu-
tant strains (5B255, NP1) (24). The results revealed
that TNTs caused cytotoxicity in high concentra-
tions. Using 10 mg/l of TNTs for 120 min resulted
in their accumulation in NP1 and SB255 in a high-
er or comparable percentage comparing to SB210,
whereas using 10 mg/l of TNTs for 24 h caused a
larger decline in cell density of NP1 (38.2 %) and
SB255 (36.8 %) in comparison to SB210 (26.5 %)
(24).

TNTs are of emerging interest amongst the TiO,
derived nanomaterials since their nanotubular
structure bears special advantages in various ap-
plication fields (25). Therefore, they became prom-
ising alternatives of carbon-based nanotubes, es-
pecially since they showed no cytotoxicity in a 7
days incubation study on A549 lung epithelial cell
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Figure 1 The primitive unit cell of (a) rutile, (b) anatase and (c) brookite TiO,.

lines, in contrast with single-walled- and multi-
walled carbon nanotubes (26). Similarly, no cyto-
toxicity was observed on Caco-2 cells up to 5 mg/
ml concentration, so hydrothermally synthetized
TNTs are promising vectors also for intestinal
drug delivery, since they do not cause cytotoxicity
in short-term treatment and no notable number of
TNTs was identified. However, non-tubular high-
density granules were detected on the surface of
the endoplasmic reticulum in the treated cells and
these granules were identified as TiO, NPs that
passed into the Caco-2 monolayer (27). Neverthe-
less, it is notable that the surface charge and char-
acteristics seems to play a key role in titanate cyto-
toxicity. Sodium titanate NaxTiOy+z exhibit low
risk (26-28) from toxicological aspect, hydrogen ti-
tanate HxTiOy+z bears considerable risk of cyto-
toxic effects investigated on H596 human lung tu-
mor cell line (28, 29) and on HEp-2 cells (30). Simi-
lar signs were observed in some mammalian cell
lines investigating manganese or potassium titan-
ate nanotubes and nanofibers possibly by the pro-
moting of reactive oxygen species (31, 32).

The functionalization of nanomaterials is im-
portant to improve their surface characteristics
and achieve the targeted drug delivery. TNTs have
negative charge at physiological pH due to their
partially hydroxylated surface, thus they can inter-
act with different molecules (33). TNTs functional-
ization enhances their stability and increase their

capacity as drug carriers (34). A variety of mole-
cules have been used in TNTs functionalization
such as using dopamine; tris buffer; bone morpho-
genetic protein 2 (BMP2) to improve the bone os-
seointegration, allyltriethoxysilane; propyltrieth-
oxysilane to achieve stable suspensions in tetrahy-
drofuran (THF), and chitosan to control the drug
release; PEG or polyethylene imine (PEI) to im-
prove the dispersion and reactivity of TNTs in wa-
ter, antimicrobial peptides (HHC-36) to stop the
biofilms formation, and 3-aminopropyltriethoxysi-
lane or RGD peptide to enhance the human mes-
enchymal stem cells (hMSCs) attachment and pro-
liferation (25). The aim of present study was to de-
velop functionalized TNTs with tailored surface
characteristics for drug delivery applications and
investigate how the functionalization of the highly
hydrophilic TNTs will increase their hydrophobic-
ity and may influence their toxicity profile and
their absorption from the gastro-intestinal tract.

Materials and Methods:

The pristine sodium trititanate (Na,Ti,0,) nano-
tubes (Na-TNTs) were prepared at the following
the general method described by Sipos et al. (35),
by dissolving 120 g of sodium hydroxide (NaOH)
in 300 mL of distilled water on a magnetic stirrer
and then adding 75 g of TiO, (anatase) for 15 min.
Following that, the mixture was moved to the au-
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toclave that was put inside an oven at 185°C for 24
h, then cooled at room temperature for 2 h, fol-
lowed by cooling with cold water. Then, TNTs
were washed with distilled water using filter No:4
and under vacuum (35).

Trichloro octyl silane (TCOS) (Sigma-Aldrich,
St. Louis, Missouri, United States) were attached
to hydrogen trititanate (H,Ti,O,) nanotubes (H-
TNTs). H-TNTs were prepared by adding 50 g of
the pristine Na-TNTs in 300 mL of HCl 0.01 M in
an ultrasonic bath until a homogenous suspension
was obtained. Following that, 200 mL of HCl 0.01
M was added to the previous suspension on a
magnetic stirrer and the mixture was dried in a
dry oven for 24 h to remove the solvent.

TOCS-TNTs were prepared by adding 0.5 g of
H-TNTs to 15 mL of toluene in ultrasonic bath for
1 h until a homogenous suspension was obtained.
After that, the suspension was heated at 80 °C in a
condenser which was connected to nitrogen gas
for 30 min. Then, TCOS was added to the previous
system in different volumes, e.g. 1- 2- 10- 50- 100-
500- 1000 pL, covering the 0.001:1 - 2:1 molar ra-
tios, respectively and mixed for one day. Finally,
the functionalized TNTs were washed by hexane 8
times and dried in a drying oven at 80 °C (Sanyo
Electric Co., Ltd, Osaka, Japan).

Mg-stearate (MgSt) functionalized TNTs were
prepared in two step process. In the first step sodi-
um ions of Na-TNTs were replaced with Mg by
adding 100 g of Na-TNTs to 1L of 0.1M MgCl, solu-
tion on magnetic stirrer for 1 day. Then, the mix-
ture was filtered by using glass filter No#4 under
vacuum to obtain magnesium trititanate (MgTi,0O,)
nanotubes (Mg-TNTs). This procedure was repeat-
ed three times to make sure that no Na-TNTs are
existing anymore. Then, Mg-TNTs were washed
with distilled water 8 times under vacuum and by
using glass filter No#4. After that, 10 g of Mg-TNTs
were added to 200 ml of distilled water in ultra-
sonic bath for 30 min. Following that, the mixture
was heated to 80 °C in a magnetic stirrer (Thermo
Fisher Scientific, Waltham, MA, USA) and Na stea-
rate (VWR International, Radnor, Pennsylvania,
United States) was added in different (e.g. 0.001:1-
0.1:1) molar ratios to this system for 1 night. Final-
ly, St-TNTs were filtered by using filter No#4 un-
der vacuum and dried in a drying oven.

The morphology of the different preparation of
TNTs was investigated by scanning electron mi-
croscope (SEM) (Hitachi 4700, Hitachi Ltd., Tokyo,
Japan) in which samples were coated with a thin
conductive gold layer by a sputter coating unit

(Polaron E5100, VG Microtech, London, UK). The
images were taken at an accelerating voltage of
10.0 kV, and the used air pressure was 1.3-13 mPa
during the analyses. The size of the nanotubes de-
termined using Image]J 1.51. (National Institute of
Health, MD, USA).

The surface free energy of the functionalized
TNTs was measured with a DataPhysicsOCA20
(DataPhysics Instruments GmbH, Filderstadt,
Germany) optical contact angle tester applying
sessile drop method. Polar and apolar test liquids
(water and diiodomethane, respectively) were
used and dropped onto the surface of 13-mm-di-
ameter additive-free comprimates of the samples,
which were prepared with a Specac hydraulic
press (Specac Ltd., Orpington, UK) at a pressure
of 3 tons. Disperse (y,°) and polar (y?) compo-
nents of the total surface free energy (y,) of the
solid were calculated according to Wu Equations
[17].

CHNS elemental analysis was applied for the
rapid determination of carbon, hydrogen, nitro-
gen, and sulphur in organic materials. Samples
were analyzed to detect the H, C, N, and S con-
tents in a vario EL cube elemental analyzer (Ele-
mentar, Langenselbold, Germany). Sn-foils were
filled with 50 to 100 mg samples (no flux added)
which were ignited in oxygen-He gas atmosphere
furnace at around 1150 °C. N, C, H, and S were
analyzed by releasing the resulted gases in a set of
chromatographic columns and analyzing those
gases with a thermal conductivity detector. The
sample measurement time was 9 mins and was re-
peated 3 times. All values were calibrated against
the reference materials BAM-U110, JP-1, and
CRPG BE-N.

Unfunctionalized nanotubes (Na-, H- and Mg-
TNTs), and samples with the possible highest, and
moderate hidrophobicity were selected form
TCOS- and St-TNT series were selected for toxici-
ty and permeability tests. Permeability and cyto-
toxicity experiments were tested on Caco-2 hu-
man adenocarcinoma cell line. Cells were main-
tained at 37°C in a 5% CO, atmosphere by regular
passage in Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich), supplemented with 2 mM L-glu-
tamine, 100 mg/l gentamycin and 10% heat inacti-
vated foetal bovine serum (Sigma-Aldrich). The
passage number of the cells was between 25 and
42. Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) was used to keep the cells” regular pas-
sage in average of 25 to 42. Both experiments were
performed 7 days after cell passaging when the
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Figure 2 Scanning electron micrographs of Na-TNT (a), H-TNT (b), Mg-TNT (c), TCOS-TNT 10 (d), TCOS-TNT 50 (e),
St-TNT (0,05:1) (f) and St-TNT (0.1:1) (g) samples with 150.000x magnification

Apreo

SR

monolayer was formed. The reagents were pur-
chased from Sigma-Aldrich (Budapest, Hungary)
and Caco-2 cell line was originated from the Euro-
pean Collection of Cell Cultures (UK). The cells
had been monitored before and after the treat-
ment via Olympos CKX41 Inverted Microscope by
eye estimation. The monolayer did not show any
alteration during the procedure.

Cytotoxicity was tested by the 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide
(Sigma catalog no. M2128)(MTT) assay in which
Caco-2 cells were implanted in 96-well plates at a
final density of 104 cells/well (VWR International,
Radnor, Pennsylvania, United States) and exposed
to increased concentrations of TNT in Hank’s bal-
anced salt solution (HBSS) at 37°C for 120 min.

The 5 mg/ml solution of MTT in PBS was fil-
tered to sterilize and remove the remaining insol-
uble residue of MTT. The MTT solution (10 ul/100
ul medium) was added to all wells which were in-
cubated at 37°C for 4 h followed by the addition of
HCl-isopropanol which was mixed rigorously to
dissolve the dark blue crystals. Within one hour,
the plates were read on a Dynatech MR580 Micro-
elisa reader using a test wavelength of 570 nm, a
reference wavelength of 690 nm and a calibration
setting of 1.99 (or 1.00 if the samples were strongly
colored). Extreme high concentrations were ap-
plied to evaluate MTT test sensitivity in these
measurements. To exclude any interferences be-
tween the absorbance of living cells performed
formazan crystals and the test solutions, a phos-
phate buffer (PBS) washing method had been de-
ployed after the TNTs sample incubation. Cell via-

bility was represented as a percentage of the un-
treated control.

To test permeability, Caco-2 cells were seeded
on ThinCert™ (Greiner Bio-One, Hungary) inserts
at a final density of 8x10* cells/insert, and mon-
olayers were incubated apically with 1 mg/ml
TNT for 120 min after removing cell culture medi-
um. The donor and acceptor phases were then
completely removed. The concentration of Ti in
the two phases were measured with an energy
dispersive X-ray fluorescent analyzer (Philips
MiniPal PW 4025, Philips Analytical, the Nether-
lands), using standard sample holder, with a 3.6
um thick polyesterpetp X-ray film. The internal
diameter of the sample holders was narrowed to 8
mm to ensure approx. 1 cm layer thickness, with
500 puL sample volume. 30 s measurement time
was applied with 100 pA current and 8 kV accel-
eration voltage, using Kapton filter. Six parallel
measurements were performed with each sample.

Results and discussion
Physical properties of the functionalized TNTs

Pristine Na-TNTs (Figure 2a) have considerably
elongated structure with 8-12 nm outer diameter,
and highly variable length (100-1000 nm). H-TNTs
(Figure 2b) exert identical physical dimensions but
have increased aggregation tendency due the de-
creasing electrostatic repulsion resulted by the re-
moval of Na* ions. Mg-TNTs (Figure. 2c) have the
same 8-12 nm outer diameter but the mechanical
agitation during the ion-exchange procedure re-
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Figure 3 The aqueous contact angles (CA) and carbon percentage (C%) of TCOS-TNTs and St-TNTs at different reagent
concentrations (CA of TCOS-TNT (black line); C% of TCOS-TNT (black dashed line), CA of St-TNT (red line), C% of St-

sulted considerable fragmentation, so the length
of the nanotubes varies mostly in the 100-300 nm
range. Similar fragmentation of the longer nano-
tubes was observed in case of the functionalized
samples (Figure. 2d-g) along with a slight incre-
ment of the outer diameter which depends on the
amount and orientation of the functionalizing
agent on the TNTs surface. Nevertheless, all sam-
ples have strongly elongated tubular structure
with an aspect ratio >10.

The OCA measurement showed a gradual in-
crement in the aqueous contact angle with the in-
creasing volume of TCOS up to 100 pL volume.
Those results were supported by the CHNS ele-
mental analysis that displayed a continuous aug-
mentation in carbon percentage with the increas-
ing amount of functionalizing TCOS (Figure.3).

In contrast, the OCA measurement revealed
that low concentrations of St could just slightly in-
crease the aqueous contact angle of the Mg-TNTs,
but after the exceeding of a certain threshold
around 0.035:1 ratio and despite the linear incre-
ment of the carbon content, the surface turned

from hydrophilic to hydrophobic (Figure. 3). A
possible explanation that above this threshold the
St molecules are oriented differently on the sur-
face of TNTs, prohibiting the access of water to the
sample. After that only a slight increment could be
detected until it stabilizes between 80-90°, but it
should be noted, that the maximum aqueous con-
tact angle is considerably smaller as in the case of
TOCS-TNTs.

Toxicity and permeability of the functionalized TNTs

In a previous study no detectable cytotoxicity of
Na-TNTs was observed up to 5 mg/ml concentra-
tion (27), but in the current study a considerable
decrease in cell viability was observed if Mg-TNTs
were applied in this concentration (Figure 4). This
may indicate that the replacement of Na* to Mg*
ions on the surface of TNTs also has negative in-
fluence on the cell interactions but based on the
MTT cytotoxicity test it still be considered as non-
cytotoxic in the 0,01-2 mg/ml concentration range.
In addition, considerable differences were ob-
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Caco2 cell viability (%)

Concentration (mg/ml)

PBS
u Mg-TNT

= St-TNT 47
 St-TNT 94

B TOCS-TNT 10

B TOCS-TNT 50

B TOCS-TNT 100
®TOCS-TNT 500
® TOCS-TNT 1000
= TRITON-X 100

Figure 4 The viability assays of Caco-2 cells after being exposed to functionalized TNTs

served in the toxicity of various functionalized
TNTs especially at higher concentrations. In case
of St functionalized samples, the cell viability de-
crease was only observed at 5 mg/ml, which
showed no difference from the values observed at
Mg-TNTs.

Permeability results:

During permeability test the highest safe concen-
tration (1 mg/ml) was applied, to enable the
achievement of higher maximum drug-dose dur-
ing further utilization. The transepithelial electri-
cal resistance (TEER) of the cells before TNTs ex-
posure was 602+116 Q/cm?. For Caco-2 cells this
value may vary in a very high range (200-2400 Q/
cm?) (36), the obtained results indicate an intact
cell layer. Nevertheless, a considerable relative de-
crease (22.1+16.7%, 12.4+11.1%, 371+8.4% and
23.6x174% for TCOS-TNT 10, TCOS-TNT 50, St-
TNT (0.05:1), and St-TNT (0.1:1) samples, respec-
tively) of the TEER values was observed after
TNTs exposure, indicating the perturbation of the
integrity of cell-membrane or tightjunctions.
However, microscopic investigation showed no
change in the cell morphology or layer-integrity,
before and after the test, which may indicate a pe-
riodic distortion of the membrane integrity by the

Table 1 Results of the permeability tests

penetrating nanotubes. Nevertheless, the relative
change of various samples showed partial correla-
tion with the results of permeability tests (Table 1),
which revealed that the aqueous contact angle
(CA) values should be between 60-90° to achieve
appropriate absorption, while the cell integrity
was exhibited the smallest distortion for samples
between 80-90°CA. Below 40° the surface is too
hydrophilic to achieve passive transportation
through the cell membrane, while in the 40-60°
range the samples may absorbed considerably
slower as the ones with 60-90° CA, and causes
higher distortions in cell integrity, possibly due to
the higher hydrophilicity.

According to OCA and CHNS measurements
for TCOS-TNTs, it is well visible that the increas-
ing amount of the reagent highly increased the
surface hydrophobicity and complete surface cov-
erage was achieved by the application of 100 pL
reagent volume (e.g. 0.2:1 molar ratio). However,
the results were different in case of MgSt-TNTs
where less St coverage resulted in getting a hydro-
phobic surface that may bear an advantage of
keeping more binding sites for the drugs which
may lead to a higher possible drug load in this
system.

The toxicity results displayed a considerable
decrease in the cell viability in case of TCOS-TNT

Material Apical amount (%) Basal amount (%)
TCOS-TNT 10 40,94+10,49 8,47+0,30
TCOS-TNT 50 27,94+14,83 8,39+0,24
TCOS-TNT 100 n.m n.m

St-TNT 47 26,98+6,66 8,75+0,78

St-TNT 94 27,16+11,13 11,49+0,67

n.m = not measurable
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10- and 50- samples, possibly due the use of H-
TNT as starting material, which would be in ac-
cordance of the previously discussed findings (28,
29). However, no similar effect was shown by the
100- 500- and 1000 pL samples. A possible expla-
nation, that these samples were too hydrophobic
for appropriate dispersion/dissolution in the
aqueous media, and therefore were not taken up
by the cells. On the other hand, the lower toxicity
presented by MgSt-TNTs which was like Mg-
TNTs indicates that the effect may be connected to
the presence of Mg* ions and not to the St mole-
cules.

In this study, the best permeability rate was ob-
served for samples with 90° CA, while in case of
sample TCOS-TNT 100 where the CA was around
140° no detectable amount was measured both in
apical and basal compartment. A possible explana-
tion that due to the inappropriate wetting and dis-
persion, the TNTs were sedimented and adhered
to the cell layer without visible absorption through
the membranes or were completely accumulated
in the cells, which would bear a potential risk of
toxicity. Nevertheless, in both cases the sample is
inappropriate for the planned application.

Conclusions

In the present study, two various approaches of
TNTs functionalization were compared to obtain
increased hydrophobicity and enhance their ab-
sorption from GIT. TCOS, and St were used for
this purpose in different concentrations to opti-
mize the functionalization method and determine
the optimal functionalization percentage.

The results revealed a linear relation between
the surface hydrophobicity and the concentration
of the used TCOS. However, the different molecu-
lar size had no significant effect on the hydropho-
bicity of functionalized TNTs despite the increas-
ing percentage of carbon that was displayed by
CHNS elemental analysis. The maximum hydro-
phobicity was achieved by using 100 uL reagent
which showed 140° aqueous CA.

In contrast, St functionalized TNTs exhibited
90° maximal aqueous CA, which depends nonlin-
early on the carbon content. The change in the sur-
face properties after a certain threshold may indi-
cate the changing orientation of St molecules on
TNTs surface. This result indicates that turning
the surface properties with St is more complicated
and can be done in narrower range, but the opti-
mal surface hydrophobicity could still be

achieved. Furthermore, the fact that Mg-TNTs ex-
hibit lower degree of cytotoxicity as H-TNTs, and
the functionalization is done in aqueous medium
instead of organic solvents supports the superiori-
ty of the St method for the proposed approach
since the preparation was cheaper, faster, easier to
be upscaled and less toxic.
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