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Abstract: Due to the increase in new types of cancer cells and resistance to drugs, conventional
cancer treatments are sometimes insufficient. Therefore, an alternative is to apply nanotechnology to
biomedical areas, minimizing side effects and drug resistance and improving treatment efficacy. This
work aims to find a promising cancer treatment in the human colorectal adenocarcinoma cell line
(HT-29) to minimize the viability of cells (IC5() by using carbon nanotubes (CNTs) combined with
different drugs (5-fluorouracil (5-FU) and two repurposing drugs—tacrine (TAC) and ethionamide
(ETA). Several CNT samples with different functional groups (-O, -N, -S) and textural properties
were prepared and characterized by elemental and thermogravimetry analysis, size distribution, and
textural and temperature programmed desorption. The samples that interacted most with the drugs
and contributed to improving HT-29 cell treatment were samples doped with nitrogen and sulfur
groups (CNT-BM-N and CNT-H,5S04-BM) with IC5p 1.98 and 2.50 pmol-dm 3 from 5-FU and 15.32
and 15.81 umol-dm"’ from TAC. On the other hand, ETA had no activity, even combined with the
CNTs. These results allow us to conclude that the activity was improved for both 5-FU and TAC
when combined with CNTs.

Keywords: carbon nanotubes; tacrine; ethionamide; 5-fluorouracil; HT-29; drug repurposing; colon cancer

1. Introduction

Opver the years, there has been an increase in the number of patients with new types of
cell cancer [1]. In 2020, almost 10 million people died worldwide, including 1.80 million
deaths from lung cancer and 916 thousand deaths from colorectal cancer. In addition,
new cancer cases appeared, with breast cancer in first place, lung cancer in second, and
colorectal cancer in third, with 1.93 million [2].

During growth, humans develop certain “normal” cells that undergo structural, mor-
phological, and functional modifications, which can induce the proliferation of malignant
cells with cell cycles. This cellular modification is called extracellular modification transition
(EMT), i.e., it describes a cellular transition of the epithelial tissue—one of the four types
of human tissues—at which point the cells gradually lose their epithelial characteristics,
leading to the onset of cancer. These cellular changes may be related to the environment,
such as the pollution associated with pathogenic infections and exposure to ultraviolet
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(UV) radiation, as well as unhealthy habits, such as smoking, food deficit, daily stress, and
lack of physical activity [1,3-7].

With technological advances, treatments to combat tumor cells were discovered,
highlighting chemotherapy, radiotherapy, surgery, targeted therapy, and immunotherapy.
However, these therapies have some limitations, such as high cytotoxicity for “normal” cells,
low specificity, possible drug resistance, short half-life, low solubility, and potential drug
resistance [8-10]. Despite these limitations, it has been possible to study other alternative
methods, such as combination treatments and conjugation with nanomedicine, which
are based on the use of nanomaterials (with a size between 1 and 1000 nm) applied in
health care, in different functions such as molecular imaging, biomarker mapping, direction
and diagnosis, drug delivery, target therapy, and gene delivery [4,6,8,10-13], whereas
some of the most used nanomaterials are polymeric nanoparticles, liposomes, solid lipid
nanoparticles (SLN), metallic nanoparticles, magnetic nanoparticles, and carbon nanotubes
(CNTs) [4,8,10,12,13].

CNT can result in two different structures depending on their growth conditions
during the synthesizing process, such as single (SWNT) or multiwalled (MWNT) graphene,
and can be distinguished by their high specific surface area; greater mechanical strength,
highlighting SWNTs, which provide higher thermal conductivity; and chemical stabil-
ity compared to other nanoparticles usually used as nanocarriers [8,9,12-14]. However,
their use brings some challenges, such as low solubility, the release of possible toxic ions
during synthesis [15], the strong hydrophobicity of CNTs that leads to aggregation and
precipitation in aqueous solutions, and increased viscosity. Two possible strategies to
surpass challenges are using pure CNTs, which avoids the release of toxic metals in a
biological environment, and functionalizing the CNTs, which improves their solubility
and stability [8,10,12-15]. A study by Sayes et al. [16] revealed that chemically functional-
ized CNTs were less cytotoxic than non-functionalized ones. Therefore, functionalization
and textural modification of CNTs favor their dispersion, can decrease their size, and, by
modifying their surfaces, can induce biocompatible groups, reducing their toxicity [13-15].
In contrast, very small sizes can also lead to toxicity due to their high surface area, i.e.,
although the contact area with cell membranes is high, the probability of adsorbing toxins
also increases [8,10,14,17]. When the drugs are adsorbed onto CNTs and administered into
the system, they must have high cell specificity, good biocompatibility, and adequate size
so that they can overcome biological and physiological (cell membranes), or mechanical
and physicochemical (enzymes) barriers [6]. CNTs generally enter cells via an endocytosis
mechanism (pinocytosis or phagocytosis) or by passive diffusion, as with functionalized
CNTs [18,19]. The selection of the mechanism of cellular action is affected by several factors
depending on the physicochemical properties of CNTs (size and shape; surface charge; and
hydrophobicity) and cell type, highlighting the surface of nanoparticles, which must be
hydrophobic to increase the affinity and favor their adsorption in cells [18,19]. According
to an article by Elidamar Lima et al. [19], the biocompatibility of CNTs can be improved
when functionalized with acids.

Drug repurposing is a recent strategy increasingly used in cancer therapy research [20]
involving drugs that the Food and Drug Administration (FDA) has already approved, i.e.,
disused drugs or new ones that may have better activity when combined with nanomate-
rials. Since these drugs were already approved, the process is faster and less costly than
when using new drugs, making it more advantageous [5,21,22].

In this study, CNTs with different modifications, chemical and textural, were com-
bined with individual drugs, 5-fluorouracil (5-FU), a reference drug already used in the
treatment of HT-29 cells, Figure 1A, and two repurposed drugs (tacrine (TAC) used to
treat Alzheimer’s disease, Figure 1B, and ethionamide (ETA) used in the treatment of
tuberculosis, Figure 1C) and applied to the human colorectal adenocarcinoma cell line
(HT-29). This combination consisted of a dispersant solution of CNTs, to which the drug
was added at a 1:1 ratio for 48 h via the adsorption mechanism. These nanomaterials have
been overtaken by others due to the above-mentioned characteristics, and many researchers
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have worked on metallic and organic nanoparticles, with these materials being the most
used in the treatment of tumor cells, setting aside CNTs. Despite this, the general idea is
to improve their specificity and encapsulation of drugs by functionalizing them, focusing
on the innovative part of the work, which is the repurposing of drugs in the treatment of
HT-29 cells.
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Figure 1. Molecular structures of drugs: (A) 5-Fluorouracil. (B) Tacrine. (C) Ethionamide [23].

To date, studies in which drugs are combined with CNTs for treating HT-29 cells are
scarce. Some studies have reported graphene oxide (GO) combined with 5-FU for cancer
treatments. In a study by Zhang et al. [24], 5-FU was encapsulated in GO functionalized
with sodium alginate and tested in HT-29 cells. The results were satisfactory, with loading
capacity and efficiency of 24.40% and 32.53%, respectively, and the activity was identical in
both situations; however, 5-FU/GO was able to inhibit metastasis effectively and signifi-
cantly suppress tumor growth. The repurposing drugs have not yet been connected to CNTs
and tested in HT-29 colon cells; however, both were associated with other nanoparticles.
For example, TAC is commonly used to treat brain disease, and it was tested with CNTs,
lipid-based nanoparticles, etc. [25-28], and ETA is related to the treatment of lung disease,
and it was tested with polymeric nanoparticles, lipid-based nanoparticles, etc. [29-31]. Due
to the lack of results involving CN'Ts connected to these drugs in treating HI-29 cancer cells,
research in this direction can be a great innovation and make a difference in the future.

2. Materials and Methods
2.1. Sample Preparation

Commercial CNTs (MWCNTs, Nanocyl—NC3000) with a purity of 95% (CNT sample)
was used as a starting material. According to the supplier, these nanotubes have an average
diameter of 9.5 nm and an average length of 1.5 um. A sample with different textural
properties was prepared using a ball milling approach by milling the CNT sample for 4 h
at 15 s~! (CNT-BM sample) [32].

A N-doped sample was prepared by mixing a mass of commercial CNTs ~ 0.6 g with
~0.39 g of C3HgNg (ALDRICH Chemistry, 99%, St. Louis, MO, United States), which
functions as a nitrogen precursor, in a ball mill (Retsch MM 200) for 4 h at 15 s~!'. Next,
the sample was subjected to heat treatment in an oven at 600 °C for 1 h with a ramp of
10 °C-min~! and a N, flow rate of 100 cm3-min~! (CNT-BM-N sample) [32].

O or S-containing samples were obtained by oxidation in the liquid phase of the
commercial CNTs with a 7 mol-dm~2 solution of HNO3 (Supelco, 65%) with a volume
of 300 cm 3 or with H,SO, solution (VWR BDH CHEMICALS, 95%, Radnor, PA, USA)
with a volume of 150 cm 3. The solution with HNOj; was boiled at reflux, heated on a
heating mantle for 3 h, and then cooled to room temperature, whereas the solution with
H,SO4 was subjected to reflux, heated at a temperature of 50 °C for 4 h, and subsequently
cooled to room temperature. Both were then washed with distilled water until reaching a
neutral pH and finally dried in an oven at 100 °C for at least 24 h (CNT-HNOj; and CNT-
H,SO4 samples). The sample with HNO3; was subjected to heat treatment to remove some
functional O-containing groups in an oven at 600 °C for 1 h with a ramp of 10 °C-min~!
and a N flow rate of 100 cm?®-min~—! (CNT-HNOj3-600 sample) [32].

All samples were mechanically treated and milled for 4 h at 15 s~ (CNT-HNO;-600-
BM, CNT-HNO3-BM, and CNT-H,504-BM samples) [32].
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2.2. CNT Characterization Techniques

The material’s size was characterized using laser scanning confocal microscopy (LSCM)
on a Coulter L5230 (Beckman Coulter, Inc., Brea, CA, USA). LSCM consists of a beam of
light passing through the pinhole, where there is an adjustment in the wavelength to excite
the electrons/molecules in the sample. Then, the visualization is captured by the scanner,
and the length of the nanoparticles is determined.

The textural characterization was based on N; adsorption isotherms at —196 °C
performed on a Quantachrome NOVA 4200e (Boynton Beach, FL, USA). The samples were
degassed at 120 °C for 3 h. In this way, it was possible to determine parameters such as
the specific surface area (Sper) and the total pore volume (V). The distribution of pore
size was calculated using non-local density functional theory (NLDFT) [32]. For each of
the parameters, different models were applied. In the determination of Sgrr, the Brunauer,
Emmett, and Teller (BET) model was used, which describes the physical adsorption in type
Il isotherms at relative pressures between 0.05 and 0.3. The V), was determined through
the adsorption of N at P/P0 = 0.95 [32].

Thermogravimetric analysis (TGA) is a qualitative analysis that evaluates the thermal
stability of the sample passing through three phases: dehydration, burning of Volatile
compounds (VCs), and burning of fixed carbon. It was performed by heating the samples
from 50 to 900 °C, with a heating ramp of 10 °C-min~!; passing, at the final temperature, a
nitrogen current for 7 min; and then an air current for 13 min, using STA 409 PC/4/H Luxx
NETZCH equipment (Selb, Germany) [32].

Elemental analysis (EA) was carried out to quantify carbon, hydrogen, nitrogen, and
sulfur by combustion of the materials at 1050 °C, using Elemental GmbH MICRO equip-
ment in CHNS mode, whereas oxygen analysis was determined by pyrolysis of the materi-
als at 1450 °C utilizing OXY equipment from Elemental GmbH (Kalkar, Germany) [32].

The oxygen-containing groups were characterized by temperature programmed des-
orption (TPD) with AMI 300 characterization apparatus (Altamira Instruments, Pittsburgh,
PA, USA) connected to a Dymaxion Dycor mass spectrophotometer (Ametek, Pittsburgh,
PA, USA). The samples, weighing 0.1 g, were placed in a U-shaped quartz tube located
inside an electric furnace and heated to 1100 °C at 5 °C-min~! with a constant helium flow
rate of 25 cm®-min~!. The amounts of CO and CO, released during thermal analysis were
monitored, and these gases were calibrated at the end of each analysis [32].

2.3. Drugs

The drugs studied were 5-FU, TAC, and ETA. 5-FU (C4H3FN,O,, Sigma-Aldrich,
>99%, St. Louis, MO, USA), with a molecular weight of 130.08 g~m01_1, is soluble in
methanol and water and insoluble in benzene and chloroform, is a stable compound, and
has a pKa of 8.02 [33]. TAC (C13H14N»-HCl-xH,O, Sigma-Aldrich, >99%), with a molar
mass of 234.72 g-mol’l, is soluble in methanol and has a pKa of 9.8 [34]. ETA (CgH;9N,S,
Sigma Aldrich) is a thioamide-derived antibacterial with a molecular molar weight of
166.24 g-mol~!; is soluble in methanol, ethanol, and propylene glycol; and has a pKa of
4.49 [35].

2.4. Study of the Adsorption of Drugs in CNT

To better understand the adsorption of each drug in the different samples, a kinetic
assay was performed for 48 h. The methodology consisted of weighing 2.0 &= 0.1 g of each
CNT sample, in Eppendorf tubes and putting them in contact with a solution of each drug,
individually, at 250 mg-drrf3 with methanol (CH3;oH, VWR CHEMICALS, >99.9%) for
[0:00; 0:15; 0:30; 1:00; 2:00; 4:00; 18:00; 24:00; 47:00] h. The Eppendorf tubes were put on a P
SELECTA ROTABIT shaker at 130 rpm. Each Eppendorf tube was removed and placed in a
VWR MicroStar12 centrifuge at 30 rpm for 15 min. Finally, ~0.8 cm 2 of the supernatant
was removed and placed in vials, which were then read using an analytical method, high-
performance liquid chromatography (HPLC). HPLC methods were optimized for each
drug based on the literature [36-38] and performed in equipment (Hitachi Elite LaChrom
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HPLC, Tokyo, Japan) equipped with a UV detector and a C;g column (YMC Hydrosphere,
250 mm x 4.6 mm). Thus, the method selected involved a ratio of 20% sodium phosphate
buffer solution monobasic monohydrate at 0.05 M (H,NaO,4P-H,O, SIGMA-ALDRICH,
>98%) and 80% acetonitrile (CH3CN, VWR CHEMICALS, >99.95%); an injection volume
of 10 uL in TAC and 20 uL in ETA and 5-FU; at 1 mL-min~!; and wavelengths for TAC,
ETA, and 5-FU of 243, 254, and 266 nm, respectively.

2.5. Cell Lines and Cultures

The HT-29 cells (ATCC HTB-38, American Type Culture Collection, Manassas, VA,
USA) were grown in McCoy’s 5A Modified Medium with 10% fetal bovine serum (FBS)
at 37 °C in a humidified atmosphere with 95% air and 5% CO, [39]. Cell growth took
place in 25 cm? t-flasks with adherent polymer together with the respective medium. The
cells were maintained every 3 days, and trypsinization was performed after reaching cell
concentrations between 70% and 80% [5]. Initially, the medium was removed, and 4 mL of
phosphate-buffered saline (PBS) was used to remove the remaining medium. Next, 500 pL
of 0.25% trypsin-EDTA was added and left in the oven at 37 °C for 5-8 min to disaggregate
the cells from the polymer. After disconnecting from the polymer, 3 mL of the respective
medium was added to inactivate the trypsin enzyme. In a new t-flask, 5 mL of the new
medium was placed, and 100 puL cells were added [5].

2.6. Cell Treatment

The drugs were dissolved in the solvent dimethyl sulfoxide (DMSO) (Merck, Rahway,
NJ, United States) with concentrations that ranged from 0.1 to 100 mM. The DMSO was
diluted 1000 x in culture medium so that the DMSO was at a concentration of 0.1% in the

cells and was not toxic to them [5]. The maximum drug concentration tested in the cells
was 100 uM.

2.7. CNT Dispersion

The CNT dispersion methodology was applied to the samples alone and in combi-
nations with the drugs. This required the addition of a dispersing agent to ensure the
dispersion of the nanoparticles and prevent their aggregation. Various dispersants can
be used in CNTs, such as Pluronic F-127 [40—44]. F-127 is characterized as a non-ionic
polyether surfactant or copolymer and is widely used to disperse hydrophobic nanopar-
ticles in suspension [45]. A solution of F-127 of 160 pug-cm ™2 was prepared with distilled
water. Individual CNT samples were prepared with F-127 at concentrations of [2.5; 5; 10;
20; 40; 80] ug'cm_3, sonicated for 10 min, and stirred in the solution [45]. After selecting
the best sample concentration, each sample was combined with each drug at different
concentrations of [1; 10; 50; 100] mM, at a 1:1 volume ratio, obtaining final drug concen-
trations of [0.5; 5; 25; 50] mM. Then, the solution was sonicated for 10 min, stirred, and
diluted in 500 culture medium. The dispersion of the individual and combined samples
should be prepared on the day of cell treatment of the MTT (3-4,5-dimethylthiazol-2-yl-2,5-
diphenyltetrazolium bromide) assay because, even with the action of the surfactant and
ultrasound, the CNTs are not dispersed for long periods [42].

2.8. MTT Assay

After maintaining the cells and before placing them in new t-flasks, on day 1 the cells
were plated in 96-well plates. For this, a cell count was carried out in which trypan blue dye
was added to the cells at a 5:1 ratio. The count was performed for x5 and %1000 culture
media. Next, ~10,000 cells per well were plated. Finally, the cells were incubated for 24 h
at 37 °C in a humid atmosphere with 95% air and 5% CO,. On day 2, the medium was
aspirated, and the cells were treated with a solution of drug or drug combined with CNTs
by adding 200 uL in each well. After 48 h, on day 3, the medium in each well was removed,
and 100 pL of MTT was added. The plates were protected from light and placed at 37 °C
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for 3 h. After 3 h, 100 pL of DMSO was added to dissolve the crystals formed, and the
absorbance was then read in a plate reader at 570 nm [5].

2.9. Cell Morphology Visualization

Cells were observed and photographed after each treatment, using Leica DMI6000
B Automated Microscope (Leica, Wetzlar, Germany) and using a Leica LAS X software
(v3.7.4) [5].

2.10. Data Analysis

The results of the textural characterization were analyzed in NovaWin software (ver-
sion 11.02, Quantachrome Corporation, Boynton Beac, FL, USA), and those of the TPD
were analyzed in OriginPro 8.6 32Bit software, in which the determination of the area of
the peaks was used to quantify the amounts of CO and CO;. The experimental cell data
were analyzed in GraphPad Prism 8 software (GraphPad Inc. software, San Diego, CA,
USA) with one-way analysis of variance (ANOVA). To analyze the evolution of cell viability
along the concentrations, a method was developed where the intervals of the mean had
95% confidence intervals, and the differences were considered significant at p < 0.05. After
this, the viabilities of treated cells were normalized with the viability of control cells, and
afterwards cell viability fractions were plotted as a function of drug concentration on a
logarithmic scale, where least-squares regression was applied to determine ICsy.

3. Results and Discussion
3.1. Characterization Technigues

The textural properties of each sample were analyzed by determination of particle
size (d) and nitrogen adsorption-desorption isotherms at —196 °C to determine parameters
such as the specific surface area (Sper) and the total pore volume (V1) in Table 1 and pore
size distribution as presented in Figure 2.

Table 1. Textural properties of the prepared samples.

Sample d (um) Sger (m?-g~1) VT, ppo=0.95 (cm>-g~1)
CNT 262.8 188 1.49
CNT-HNO3 239.1 193 1.68
CNT-HNO3-600 261.1 192 1.49
CNT-H,SOy4 261.8 173 1.65
CNT-BM 98.9 275 0.81
CNT-BM-N 123.7 186 0.93
CNT-HNO;3-BM 50.4 267 0.77
CNT-HNO3-600-BM 36.1 281 0.73
CNT-H,SO4-BM 57.3 246 0.82

Concerning the sample size, d (um), it is important to emphasize that these values
correspond not to the dimensions of individual CNTs but to the agglomerates. Thus,
comparing the CNT and unmilled samples (CNT-HNO3; CNT-HNO3-600; CNT-H;SOy4)
with the milled samples (CNT-HNO3-BM; CNT-HNO3-600-BM; CNT-H,SO4-BM) exhibits
a decrease in size to half and quarter, due to the milling process to which they were
subjected, leading to higher Sprr and a smaller pore volume. In the case of the oxygenated
samples (CNT-HNO;; CNT-HNO3-600), in the first sample, a reduction in size and an
increase in surface area characteristic of purification of the nanotubes occurs, while in the
second sample, as functional groups were removed due to the heat treatment, compared to
CNT-HNOg, there was an increase in their size and consequently a decrease in area since
the surface functional groups could promote some agglomeration of the tubes and block
the access of nitrogen to inner cavities. Finally, in the CNT-BM-N sample, the addition
of nitrogen groups caused a decrease in its area and thus could block nitrogen access
to the pores [32,46]. As expected, the micropore volume was 0 cm?-g~! in all samples,
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since CNTs are classified as mesoporous materials with pore size < 50 nm and >2 nm and
characteristically exhibit type II isotherms [47]. Finally, Figure 2 shows a higher intensity of
pore size below 10 nm in milled samples (CNT-BM; CNT-HNO3-BM; CNT-HNO3-600-BM;
CNT-H,SO4-BM) and a higher intensity of pore size near 10 nm in unmilled samples (CNT-
HNO3; CNT-HNO3-600; CNT-H,SO4), which is in line with abovementioned findings,
highlighting the reduction in size after milling [48]. Moreover, the reduction in their size
was revealed to be an important parameter in the delivery and treatment of tumor cells [32].

0.20 - —CNT
——CNT-BM
0.18 4 —— CNT-BM-N
—— CNT-HNO3
0.16 + —— CNT-HNO3-600
CNT-H2504
0.14 - — CNT-HNO3-BM
< CNT-HNO3-600-BM
o CNT-H2504-BM
: 0.12 S
E
o 0.10 1
5
— 0.08
S 0064
©
0.04 1
|
0.02 1 |
[
0.00 4— . |
0 20

Pore size distribution / nm

Figure 2. Pore size distribution obtained by NLDFT of the CNT samples.

EA, TGA, and TPD characterization techniques were used to analyze the chemically
functionalized samples. The only difference between milled samples (CNT-HNO3-BM,;
CNT-HNO3-600-BM; CNT-H,SO4-BM) and unmilled (CNT-HNO3; CNT-HNO3-600; CNT-
H)504) samples is the mechanical treatment that they underwent, so this aspect was not
analyzed. To quantify the chemical elements nitrogen (N), sulfur (S), and oxygen (O) in
each sample, EA was used. According to Table 2, the CNT-BM-N sample showed the
highest value of N at 4.3%. A study by Soares et al. [49] determined the amounts of each
element and obtained 3.5% N, like this work. The CNT-H,SO, sample contains 0.2% S and
1.4% O, corresponding to sulfonic groups. As for the oxygenated samples, CNT-HNO3
and CNT-HNO3-600, they contained 1.2 and 0.5% O. The TGA evaluates the thermal
stability of the samples. In Table 2, the CNT-BM-N sample presents the highest value
of volatile compounds (VCs) due to the introduction of N-groups. Samples CNT-HNO3,
CNT-HNO3-600, and CNT-H,SOy) also present a high quantity of volatile compounds due
to the presence of oxygenated groups in these samples. TPD analysis allows the amounts of
CO and CO; released from the samples to be quantified, which is related to the oxygenated
groups each sample may contain, according to the temperature at which these groups are
released. In Table 2, the values of the amounts of CO and CO; in the CNT sample were
334 and 176 umol-g~!, while in the CNT-HNO; and CNT-HNO;-600 samples they were
1002 and 440 umol-g~! and 900 and 360 pmol-g~!, respectively, revealing the presence of
oxygenated groups in the different samples such as carboxyl, lactone, phenol, carbonyl,
anhydride, ether, quinone, and pyrone [50]. Because of the heat treatment at 600 °C, on the
sample CNT-HNO3-600, some of the groups were eliminated, such as carboxyl, lactone,
anhydride, and some of the phenol group, which caused a lower number of oxygenated
groups compared to the CNT-HNO3 sample. Hence, the amounts of CO and CO; in the
CNT-HNO3-600 sample were lower than in the CNT-HNO3 sample [50].
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Table 2. Chemical properties determined by EA, TPD, and TGA.

S EA (wt.%) TPD (umol-g—1) TGA (wt.%)
ample
N (0] coO CO, VCs Ash
CNT 0 0 0.2 334 176 41 10
CNT-HNO;3 0 0 1.2 1002 440 9.2 3.0
CNT-HNO3-600 0 0 0.5 900 360 49 35
CNT-H,S0, 0 0.2 14 n.d. n.d. 7.9 0.9
CNT-BM-N 4.3 0 1.2 n.d. n.d. 12.9 1.9

n.d.—not determined.

3.2. Assay for Drug Adsorption on CNTs

The aim of the adsorption assay was to study the adsorption kinetics of each drug in
the different samples over 48 h. This study was qualitative and was intended to evaluate
the behavior of each sample with each drug before starting the biological tests.

The functionalized samples can be connected to drugs by chemical interaction. 5-FU is
an aromatic compound containing C=0, N-H, and C-H bonds that bind to -COOH and -OH
groups of the functionalized CNTs (CNT-HNO3; CNT-HNO3-600; CNT-HSO;), forming
hydrogen bonds with stronger interactions than hydrophobic ones [51]. The same occurs
with samples containing N-groups (CNT-BM-N), whose interactions lead to the formation
of -CN groups. According to a study by Kamble et al. [52], the encapsulation efficiency of
5-FU in CNTs with functional groups is higher than with CNTs without functionalization.
TAC consists of three hexagonal cycles with an amine (NH;) and many C=C bonds, so
there is a more significant interaction with CNTs via hydrophobic bonds [25]. While 5-FU
can connect mostly by hydrogen bonds, hydrophobic bonds are weaker. As a result, TAC
had more difficulty connecting to the samples than 5-FU. ETA has an amine group and
sulfur, such that it behaves identically to TAC. However, since TAC has three aromatic
rings and ETA only one, the former can interact more than the latter.

The milled samples without functionalization had more contact with the drugs in the
ball mill because of mechanical treatments, where the nanotubes are broken at their ends,
managing to adsorb the drugs onto the graphene sheet layers due to their hydrophobic
interactions [52-54].

Since, in the second situation, the milled samples adsorbed the drugs better, it was
decided to mill functionalized samples to favor their interaction (CNT-HNO3-BM, CNT-
HNO3-600-BM, and CNT-H,SO4-BM). These samples were then tested in the cells. Another
advantage of using milled samples in biological assays is that they are smaller in size,
facilitating their penetration into the cells [8,18,19,55,56].

3.3. Cell Assays

At first, the activity of the different free drugs in HT-29 cells was evaluated, as detailed
in Section 3.3.1. Then, the toxicity of the samples was studied, as outlined in Section 3.3.2,
and finally, each sample was combined for a given concentration, with each drug at different
concentrations, as shown in Section 3.3.3.

3.3.1. Cell Treatment of Free Drugs

Each drug was studied at different concentrations over 48 h to determine the ICsy.

It is expected that 5-FU has cellular activity since it is widely used to treat HT-29 cells,
as demonstrated in Figures 3 and 4. The same happened to TAC; although it had better
activity only for higher concentrations—50 and 100 pM—it did not show a decrease in cell
viability in the remaining concentrations, unlike the first drug. Finally, ETA showed the
opposite behavior; besides not having any cellular effect, it possibly favored growth in
tumor cells.
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Figure 3. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with drugs.
(A) Incubation with 5-fluorouracil. (B) Incubation with tacrine. (C) Incubation with ethionamide at
different concentrations of [0.1-100] uM.

Tacrine
=% 5-Fluorouracil
= Ethionamide

10

Concentration / uM

Figure 4. The effects of drugs on HT-29 cells. Cells were cultured in the presence of increasing
concentrations of each drug, and after 48 h, the MTT assay was performed to measure the cellular
viability. Values are expressed in percentage of control and represent means = SEM. Each experiment
was conducted three times independently (n = 3); ** statistically significant vs. control at p < 0.01.
*** statistically significant vs. control at p < 0.001. **** statistically significant vs. control at p < 0.0001.

In Table 3, even though TAC also had activity, only 5-FU obtained a value of ICsj of
6.10 uM. Duarte et al. [57] studied the activity of 5-FU in the same HT-29 cells and obtained
an ICsg of 3.79 uM, close to that obtained in this work.

Table 3. Cytotoxicity of 5-FU, TAC, and ETA in HT-29 colon cancer cells, in which DMSO was used
as a solvent. ICs( values are given as the mean.

Sample 5-FU (uM) TAC (uM) ETA (uM)
No sample 6.10 >100 >100

3.3.2. Toxicity Study of CNTs

Before combining the drugs with the samples, it is important to ensure that CNTs are
not toxic, so as not to influence future results and to ensure safe conditions for normal cells.
As with other nanomaterials, the CNTs can be toxic depending on the synthesis/textural
modification, shape, size, and cell type [10,58-61], so it is necessary to evaluate them
individually in the cells under study. Initially, an intermediate study was performed on
a few samples with different concentrations, from 2.5 to 80 ug-cm‘3, to select the best

concentration, which was 40 pg-cm™3.
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The dispersing agent is not cytotoxic, according to Figure 5. However, it can cause
some coloration, without a specific reason, influencing the absorbance values. Therefore,
care was taken to present results under the same conditions. Figure 5 compares all the
samples with the dispersing agent control, and there is no significant difference between
them, which means that no sample is cytotoxic. The increased effect on cell viability might
be due to the effect of the dispersing agent, as explained above.

200-
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Figure 5. The effects of different samples of CNTs on HT-29 cell viability. Cells were cultured in the
presence of increasing concentrations of each drug, and after 48 h, the MTT assay was performed to
measure the cellular viability. Values are expressed in percentage of control and represent means +
SEM. Each experiment was conducted three times independently (1 = 3).

3.3.3. Cell Treatment of Drug/Sample Combinations

First, it was decided to combine the drugs with each sample at a 1:1 ratio, with different
drug concentrations, to determine the ICsy and compare their activity individually.

CNTs without any functionalization were subjected to mechanical treatments (CNT-
BM) in the ball mill. The nanotubes were broken at their ends and could adsorb the drugs
onto the graphene sheet layers due to their hydrophobic interactions, while functionalized
CNTs contain functional groups on the surfaces that interact with the drugs.

5-FU was the only free drug that had an ICs( of 6.10 uM. This drug has one aromatic
ring with ketones (C=0) and amine groups (N-H), so it is expected to have a more significant
interaction (especially involving hydrogen points with the functionalized samples with
-COOH, -OH groups, and nitrogen groups) and, consequently, an improvement in the ICsy.
According to Figure 6A, a gradual reduction in cell viability can be seen in all samples with
identical behavior as before. In Table 4, the samples with the best activity were CNT-BM-N,
CNT-H,SO4-BM, and CNT-BM, with better IC5p values. Contrary to expectations, the
oxygenated samples did not significantly interact with 5-FU. Compared these IC5 values
to free 5-FU—6.10 uM, almost all samples improved their activity, except CNT-HNO3-BM,
which again denotes an advantage in using nanomaterials. A study by Sharma et al. [62]
evaluated the activity of 5-FU encapsulated in polymeric nanoparticles in HT-29 cells
and obtained an ICsg of 3.7 uM. Another study by Udofot et al. [63] combined 5-FU with
different ratios of liposomes, obtaining ICsg of 0.41, 6.26, and 8.15 uM. According to these
studies, there is an advantage in combining 5-FU with CNTs, which shows a lower ICsy, as
in CNT-BM-N, CNT-HNO3-600-BM, CNT-H,SO4-BM, and CNT-BM samples.
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Figure 6. (A) The effects of 5-FU on cell viability. (B) The effects of TAC on cell viability. (C) The
effects of ETA on HT-29 cell viability. Cells were cultured in the presence of increasing concentrations
of each drug, and after 48 h, the MTT assay was performed to measure the cellular viability. Values
are expressed in percentage of control and represent means + SEM. Each experiment was conducted
three times independently (1 = 3); * statistically significant vs. control at p < 0.05. ** statistically
significant vs. control at p < 0.01. *** statistically significant vs. control at p < 0.001. **** statistically
significant vs. control at p < 0.0001.

Although 5-FU did not bind strongly with the oxygenated samples, an improvement
is denoted when combined with CNTs, as shown in Figure 7. These results and the fact that
they are better than some other studies make these combinations an alternative application
for future work due to the use of low amounts of the drug. Even so, some ways to improve
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these results are to optimize the drug/sample ratio, which favors its activity, minimizes the
ICs¢, and adds other oxygenated groups, providing better binding with 5-FU.

Table 4. Cytotoxicity of combining each sample with each drug (5-FU, TAC, and ETA) in HT-29 colon
cancer cells. ICs( values are given as the mean.

Sample 5-FU (uM) TAC (uM) ETA (uM)
CNT-BM 2.87 19.73 >100
CNT-BM-N 1.98 15.32 >100
CNT-HNO;3-BM 6.74 23.31 >100
CNT-HNO3-600-BM 3.13 25.72 >100
CNT-H,SO4-BM 2.50 15.81 >100

Figure 7. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with a combination
of 5-FU at different concentrations of [1-100] uM and the different samples. (A) Control. (B) CNT-BM.
(C) CNT-BM-N. (D) CNT-HNO;3-BM. (E) CNT-HNO3-600-BM. (F) CNT-H,SO4-BM.
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The combination between samples and TAC improved activity in all samples, as
shown in Figures 6B and 8, where the concentrations of 50 and 100 pumol-dm 3 reached
very significant values in all samples. However, the CNT-BM-N, CNT-H,S0O4-BM, and
CNT-BM samples stand out from the lowest concentrations, which, compared with Table 4,
denotes much lower ICs values for these samples. This is to be expected since the TAC
contains in its molecular form two aromatic rings, one benzene and one amine group, and
several C=C bonds, where there is greater interaction with the CNTs via hydrophobic bonds,
especially van der Waals forces, that can interact with the different samples. Compared
to the activity of TAC alone, this combination indicates a great improvement in general,
since it was possible to determine the ICsg in this assay. The combinations showed a
reduction in cell viability for lower concentrations (1 and 10 uM), unlike previously; even
at concentrations of 50 uM, the activity improved in all samples. Since there are no studies
combining TAC with other nanomaterials, it is impossible to compare the ICsy values,
making this work interesting and promising. Still, two possibilities to improve their
activity and, consequently, reduce the ICsy values to those of 5-FU, are to optimize the
drug/sample ratio, which may provide a better binding between both, and try another
method of functionalization into CNTs.

Figure 8. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with a combination
of TAC at different concentrations of [1-100] uM and the different samples. (A) Control. (B) CNT-BM.
(C) CNT-BM-N. (D) CNT-HNO;3-BM. (E) CNT-HNOs3-600-BM. (F) CNT-H;SO4-BM.
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In Figure 6C, some instability in the percentage of cell viability can be seen. The ETA
previously showed a gradual increase rather than a decrease in the number of tumor cells.
However, in this case, the combination improved its activity; as did the CNT-H,50,;-BM
sample, which stood out the most in these results, as shown in Figure 9. However, this
improvement was not enough to determine ICsy values. Since ETA is a 1-benzene molecule
with one amine group and a few C=C bonds, little interaction with the samples is expected
compared to the other drugs. When comparing ETA with TAC, the former has lower
hydrophobic forces, which results in less adsorption in the samples. This is in contrast
to 5-FU, which despite having lower forces than TAC, can still form stronger forces than
hydrophobic forces. Since the combination caused a slight improvement in activity, a
possible solution is to optimize the ratio of drug to sample. However, the low activity
might be related to the potential weak interaction with the samples, so to better understand
its behavior, another solution would be to combine it with other functionalized samples.
As mentioned for TAC, no studies have combined other nanomaterials treated in HT-29
cells for this repurposing drug, so comparing the IC5y with other studies is impossible.

Figure 9. Microscopic cellular visualization of HT-29 cells after 48 h of incubation with a combination
of ETA at different concentrations of [1-100] uM and the different samples. (A) Control. (B) CNT-BM.
(C) CNT-BM-N. (D) CNT-HNOj3-BM. (E) CNT-HNO3-600-BM. (F) CNT-H,SO4-BM.
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4. Conclusions

The aim of this work was to combine functionalized CNTs with different drugs for
application in HT-29 cells. The functionalization procedures with HySO, (CNT-H,SO4)
and melamine (CNT-BM-N) were successful, presenting values of 0.2% S and 4.3% N-
groups, respectively. Regarding the amounts of CO and CO,, in the CNT sample, 334
and 176 umol-g~! were obtained; in the CNT-HNOj; sample, 1002 and 440 pmol-g~! were
obtained; and in the CNT-HNOj3-600 sample, 900 and 360 pmol- g’1 were obtained, confirm-
ing the introduction of oxygenated groups on the surface of CNTs. When combined with the
CNTs, the reference drug—5-FU—improved its activity, with the samples CNT-BM-N, CNT-
H,S04-BM, and CNT-BM presenting an ICsg of 1.98, 2.50, and 2.87 puM, respectively. TAC,
being a repurposing drug, greatly enhanced cell activity in which the samples CNT-BM-N,
CNT-H,SO4-BM, and CNT-BM, obtaining values of ICsq of 15.32, 15.81, and 19.73 uM,
respectively. On the other hand, ETA had no activity, even combined with the CNTs. The
samples that interacted most with the drugs and contributed to improving cell treatment
were CNT-BM-N and CNT-H,50,4-BM. Our work demonstrated that some CNTs combined
with 5-FU improved their activity, even compared to other studies in treating HT-29 cells,
which indicates the potential for future development of this work. In the repurposing drugs,
compared to their activity in free form, only TAC improved its activity when combined
with CNTs, which shows how beneficial it is to work with repurposing drugs.

Author Contributions: Conceptualization, O.S.G.P.S. and N.V.; methodology S.A.,N.V.and O.S.G.PS.;
formal analysis, S.A., N.V. and O.S5.G.P.S,; investigation, S.A., N.V. and O.S.G.P.S.; writing—original
draft preparation, S.A.; writing—review and editing, S.A., N.V. and O.S.G.P.S.; supervision, N.V. and
O.S.G.PS,; project administration, N.V. and O.S.G.P.S.; funding acquisition, N.V. and O.S.G.P.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was financially supported by LA /P/0045/2020 (ALiCE), UIDB/50020/2020,
and UIDP/50020/2020 (LSRE—LCM), funded by national funds through FCT/MCTES (PIDDAC).
This work was financed by Fundo Europeu de Desenvolvimento Regional (FEDER) through COM-
PETE 2020, Operational Programme for Competitiveness and Internationalization (POCI), Portugal
2020. It was also funded by Portuguese funds through Fundagao para a Ciéncia e a Tecnologia
(FCT) within a framework for projects at the R&D Unit, CINTESIS (reference UIDB/4255/2020),
and within the scope of the project “RISE—LA /P/0053/2020”. N.V. received support from the FCT
and FEDER (European Union), award number IF/00092/2014/CP1255/CT0004 and to the Chair of
Onco-Innovation at FMUP. O.S.G.P.S. acknowledges FCT funding under the Scientific Employment
Stimulus—Institutional Call CEECINST /00049 /2018.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: N.V. acknowledges the support from FCT and FEDER (European Union), award
number IF/00092 /2014 /CP1255/CT0004, and CHAIR in Onco-Innovation at FMUP.

Conflicts of Interest: The authors declare no conflict of interest.

1. Rai, A.; Noor, S.; Ahmad, S.I.; Alajmi, M.E,; Hussain, A.; Abbas, H.; Hasan, G.M. Recent Advances and Implication of Bioengi-
neered Nanomaterials in Cancer Theranostics. Medicina 2021, 57, 91. [CrossRef]

2. Cancer. Available online: https://www.who.int/news-room/fact-sheets/detail /cancer (accessed on 9 October 2022).

3. Liu, Y; Bhattarai, P; Dai, Z.; Chen, X. Photothermal Therapy and Photoacoustic Imaging: Via Nanotheranostics in Fighting
Cancer. Chem. Soc. Rev. 2019, 48, 2053-2108. [CrossRef]

4. Cheng, Z.; Li, M;; Dey, R.; Chen, Y. Nanomaterials for Cancer Therapy: Current Progress and Perspectives. J. Hematol. Oncol.

2021, 14, 85. [PubMed]

5. Duarte, D.; Réma, A.; Amorim, I.; Vale, N. Drug Combinations: A New Strategy to Extend Drug Repurposing and Epithelial-
Mesenchymal Transition in Breast and Colon Cancer Cells. Biomolecules 2022, 12, 190. [CrossRef] [PubMed]

6. Gavas, S.; Quazi, S.; Karpiniski, T.M. Nanoparticles for Cancer Therapy: Current Progress and Challenges. Nanoscale Res. Lett.
2021, 16, 173. [CrossRef] [PubMed]


https://doi.org/10.3390/medicina57020091
https://www.who.int/news-room/fact-sheets/detail/cancer
https://doi.org/10.1039/C8CS00618K
https://www.ncbi.nlm.nih.gov/pubmed/34059100
https://doi.org/10.3390/biom12020190
https://www.ncbi.nlm.nih.gov/pubmed/35204691
https://doi.org/10.1186/s11671-021-03628-6
https://www.ncbi.nlm.nih.gov/pubmed/34866166

Nanomaterials 2023, 13, 1933 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ministério da Sadade Instituto Nacional de Cancer. ABC Do Cancer: Abordagens Bdsicas Para o Controlo Do Cincer; 22.; INCA: Rio de
Janeiro, R], Brazil, 2012; ISBN 9788573182361.

Rastogi, V.; Yadav, P.; Bhattacharya, S.S.; Mishra, A.K.; Verma, N.; Verma, A.; Pandit, ] K. Carbon Nanotubes: An Emerging Drug
Carrier for Targeting Cancer Cells. J. Drug Deliv. 2014, 2014, 124-146.

Amaral, S.I.; Costa-Almeida, R.; Gongalves, 1.C.; Magalhaes, ED.; Pinto, A.M. Carbon Nanomaterials for Phototherapy of Cancer
and Microbial Infections. Carbon 2022, 190, 194-244. [CrossRef]

Yan, H.; Xue, Z.; Xie, J.; Dong, Y.; Ma, Z.; Sun, X.; Borga, D.K,; Liu, Z.; Li, J. Toxicity of Carbon Nanotubes as Anti-Tumor Drug
Carriers. Int. J. Nanomed. 2019, 14, 10179-10194. [CrossRef]

Yu, Z.; Gao, L.; Chen, K.; Zhang, W.; Zhang, Q.; Li, Q.; Hu, K. Nanoparticles: A New Approach to Upgrade Cancer Diagnosis and
Treatment. Nanoscale Res. Lett. 2021, 16, 88. [CrossRef] [PubMed]

Chouaib, R.; Rana Sarieddine, R.; Hala Gali-Muhtasib, H. Nanoparticles as Drug Delivery Systems for Cancer Treatment:
Applications in Targeted Therapy and Personalized Medicine. In Nanoparticle Drug Delivery Systems for Cancer Treatment; Jenny
Stanford Publishing: New York, NY, USA, 2020.

Grazd, V.; Moros, M.; Sanchez-Espinel, C. Nanocarriers as Nanomedicines: Design Concepts and Recent Advances; de la Fuente, ].M.,
Grazu, V., Eds.; Elsevier: Amsterdam, The Netherlands, 2012; Volume 4, ISBN 9780124157699.

Raphey, V.R.; Henna, TK.; Nivitha, K.P.; Mufeedha, P.; Sabu, C.; Pramod, K. Advanced Biomedical Applications of Carbon
Nanotube. Mater. Sci. Eng. C 2019, 100, 616-630. [CrossRef]

Simon, J.; Flahaut, E.; Golzio, M. Overview of Carbon Nanotubes for Biomedical Applications. Materials 2019, 12, 624. [CrossRef]
[PubMed]

Sayes, C.M.; Liang, F.; Hudson, J.L.; Mendez, J.; Guo, W.; Beach, ].M.; Moore, V.C.; Doyle, C.D.; West, J.L.; Billups, W.E.; et al.
Functionalization Density Dependence of Single-Walled Carbon Nanotubes Cytotoxicity in Vitro. Toxicol. Lett. 2006, 161, 135-142.
[CrossRef] [PubMed]

Xue, Y. Carbon Nanotubes for Biomedical Applications. In Industrial Applications of Carbon Nanotubes; Peng, H., Li, Q., Chen, T,,
Eds.; William Andrew: Norwich, NY, USA, 2017; pp. 323-346. ISBN 9780323415316.

Kou, L.; Sun, J.; Zhai, Y.; He, Z. The Endocytosis and Intracellular Fate of Nanomedicines: Implication for Rational Design. Asian
J. Pharm. Sci. 2013, 8, 1-10. [CrossRef]

Lima, ENN.d.C,; Diaz, R.S;; Justo, ].E; Piqueira, ].R.C. Advances and Perspectives in the Use of Carbon Nanotubes in Vaccine
Development. Int. J. Nanomed. 2021, 16, 5411-5435. [CrossRef]

World Cancer Research Fund International Worldwide Cancer Data. Available online: https:/ /www.wcrf.org/cancer-trends/
worldwide-cancer-data/ (accessed on 30 May 2022).

World Health Organization. Repurposing of Medicines in Oncology-the Underrated Champion of Sustainable Innovation; WHO Regional
Office for Europe: Copenhagen, Denmark, 2021.

Hernandez, ].J.; Pryszlak, M.; Smith, L.; Yanchus, C.; Kurji, N.; Shahani, V.M.; Molinski, S.V. Giving Drugs a Second Chance:
Overcoming Regulatory and Financial Hurdles in Repurposing Approved Drugs as Cancer Therapeutics. Front. Oncol. 2017, 7,
273. [CrossRef]

Emolecules. Available online: https://search.emolecules.com/ (accessed on 3 March 2023).

Zhang, B.; Yan, Y.; Shen, Q.; Ma, D.; Huang, L.; Cai, X,; Tan, S. A Colon Targeted Drug Delivery System Based on Alginate
Modificated Graphene Oxide for Colorectal Liver Metastasis. Mater. Sci. Eng. C 2017, 79, 185-190. [CrossRef]

Mirali, M; Jafariazar, Z.; Mirzaei, M. Loading Tacrine Alzheimer’s Drug at the Carbon Nanotube: DFT Approach. Lab-in-Silico
2021, 2, 3-8.

Igartaa, D.E.; Martinez, C.S.; Alonso, S.d.V.; Prieto, M.]. Combined Therapy for Alzheimer’s Disease: Tacrine and PAMAM
Dendrimers Co-Administration Reduces the Side Effects of the Drug without Modifying Its Activity. AAPS PharmSciTech 2020, 21,
110. [CrossRef]

Silva, S.; Marto, J.; Gongalves, L.; Almeida, A.J.; Vale, N. Formulation, Characterization and Evaluation against Sh-Sy5y Cells of
New Tacrine and Tacrine-Map Loaded with Lipid Nanoparticles. Nanomaterials 2020, 10, 2089. [CrossRef]

Wilson, B.; Samanta, M.K,; Santhi, K.; Kumar, K.P.S.; Paramakrishnan, N.; Suresh, B. Targeted Delivery of Tacrine into the Brain
with Polysorbate 80-Coated Poly(n-Butylcyanoacrylate) Nanoparticles. Eur. J. Pharm. Biopharm. 2008, 70, 75-84. [CrossRef]
[PubMed]

Mulik, B.B.; Dhumal, S.T.; Sapner, V.S.; Rehman, N.N.M.A_; Dixit, P.P.; Sathe, B.R. Graphene Oxide-Based Electrochemical
Activation of Ethionamide towards Enhanced Biological Activity. RSC Adv. 2019, 9, 35463-35472. [CrossRef] [PubMed]
Costa-Gouveia, J.; Pancani, E.; Jouny, S.; Machelart, A.; Delorme, V.; Salzano, G.; lantomasi, R.; Piveteau, C.; Queval, C.J.; Song,
O.R; et al. Combination Therapy for Tuberculosis Treatment: Pulmonary Administration of Ethionamide and Booster Co-Loaded
Nanoparticles. Sci. Rep. 2017, 7, 5390. [CrossRef] [PubMed]

Doroudian, M.; O'Neill, A.; Mac Loughlin, R.; Prina-Mello, A.; Volkov, Y.; Donnelly, S.C. Nanotechnology in Pulmonary Medicine.
Curr. Opin. Pharmacol. 2021, 56, 85-92. [CrossRef] [PubMed]

Rocha, R.P; Soares, O.S.G.P; Gongalves, A.G.; Orfao, J.JJ.M.; Pereira, M.ER.; Figueiredo, J.L. Different Methodologies for Synthesis
of Nitrogen Doped Carbon Nanotubes and Their Use in Catalytic Wet Air Oxidation. Appl. Catal. A Gen. 2017, 548, 62-70.
[CrossRef]


https://doi.org/10.1016/j.carbon.2021.12.084
https://doi.org/10.2147/IJN.S220087
https://doi.org/10.1186/s11671-021-03489-z
https://www.ncbi.nlm.nih.gov/pubmed/34014432
https://doi.org/10.1016/j.msec.2019.03.043
https://doi.org/10.3390/ma12040624
https://www.ncbi.nlm.nih.gov/pubmed/30791507
https://doi.org/10.1016/j.toxlet.2005.08.011
https://www.ncbi.nlm.nih.gov/pubmed/16229976
https://doi.org/10.1016/j.ajps.2013.07.001
https://doi.org/10.2147/IJN.S314308
https://www.wcrf.org/cancer-trends/worldwide-cancer-data/
https://www.wcrf.org/cancer-trends/worldwide-cancer-data/
https://doi.org/10.3389/fonc.2017.00273
https://search.emolecules.com/
https://doi.org/10.1016/j.msec.2017.05.054
https://doi.org/10.1208/s12249-020-01652-w
https://doi.org/10.3390/nano10102089
https://doi.org/10.1016/j.ejpb.2008.03.009
https://www.ncbi.nlm.nih.gov/pubmed/18472255
https://doi.org/10.1039/C9RA06681K
https://www.ncbi.nlm.nih.gov/pubmed/35528088
https://doi.org/10.1038/s41598-017-05453-3
https://www.ncbi.nlm.nih.gov/pubmed/28710351
https://doi.org/10.1016/j.coph.2020.11.002
https://www.ncbi.nlm.nih.gov/pubmed/33341460
https://doi.org/10.1016/j.apcata.2017.08.033

Nanomaterials 2023, 13, 1933 17 of 18

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

National Library of Medicine: National Center for Biotechnology Information PubChem-Fluorouracil. Available online: https:
/ /pubchem.ncbinlm.nih.gov/compound /3385 (accessed on 13 March 2022).

National Library of Medicine: National Center for Biotechnology Information PubChem-Tacrine. Available online: https:
/ /pubchem.ncbinlm.nih.gov/compound /1935 (accessed on 13 March 2022).

National Library of Medicine: National Center for Biotechnology Information PubChem-Ethionamide. Available online: https:
/ /pubchem.ncbi.nlm.nih.gov/compound /2761171 (accessed on 13 March 2022).

Xu, Q.A.; Madden, T.L. Analytical Methods for Therapeutic Drug Monitoring and Toxicology; John Wiley & Sons, Inc.: Hoboken, NJ,
USA, 2011; ISBN 9780470455616.

Nassim, M.A; Shirazi, FH.; Cripps, C.M.; Veerasinghan, S.; Molepo, M.].; Obrocea, M.; Redmond, D.; Bates, S.; Fry, D.; Stewart,
D.J.; et al. An HPLC Method for the Measurement of 5-Fluorouracil in Human Plasma with a Low Detection Limit and a High
Extraction Yield. Int. ]. Mol. Med. 2002, 10, 513-516. [CrossRef] [PubMed]

Jiang, Y.; Zhang, Y.; Zhang, Z.R. Simultaneous Determination of N-Butyramide-Tacrine and Tacrine in Mouse Plasma and Brain
Homogenate by High-Performance Liquid Chromatography with a Simple Gradient Solvent System. |. Chromatogr. B Anal.
Technol. Biomed. Life Sci. 2003, 791, 285-290. [CrossRef] [PubMed]

University Boulevard, USA. HT-29 HTB-38 TM. Available online: www.atcc.org (accessed on 22 May 2022).

Wang, R.; Hughes, T.; Beck, S.; Vakil, S.; Li, S.; Pantano, P.; Draper, R K. Generation of Toxic Degradation Products by Sonication
of Pluronic® Dispersants: Implications for Nanotoxicity Testing. Nanotoxicology 2013, 7, 1272-1281. [CrossRef]

Ciofani, G.; Raffa, V.; Pensabene, V.; Menciassi, A.; Dario, P. Dispersion of Multi-Walled Carbon Nanotubes in Aqueous Pluronic
F127 Solutions for Biological Applications. Fuller. Nanotub. Carbon Nanostruct. 2009, 17, 11-25. [CrossRef]

Hirsch, C.; Krug, H. Suspending and Diluting Nanomaterials Carbon Based Nanomaterials; EMPA: Materials Science & Technology:
Diibendorf, Switzerland, 2014; pp. 1-7.

Gonzalez-Legarreta, L.; Renero-Lecuna, C.; Valiente, R.; Fanarraga, M.L. Development of an Accurate Method for Dispersion and
Quantification of Carbon Nanotubes in Biological Media. Anal. Methods 2020, 12, 5642-5647. [CrossRef]

Raval, A,; Pillai, S.A.; Bahadur, A.; Bahadur, P. Systematic Characterization of Pluronic Micelles and Their Application for
Solubilization and in Vitro Release of Some Hydrophobic Anticancer Drugs. J. Mol. Lig. 2017, 230, 473-481. [CrossRef]

Garriga, R.; Herrero-Continente, T.; Palos, M.; Cebolla, V.L.; Osada, J.; Mufioz, E.; Rodriguez-Yoldi, M.]J. Toxicity of Carbon
Nanomaterials and Their Potential Application as Drug Delivery Systems: In Vitro Studies in Caco-2 and Mcf-7 Cell Lines.
Nanomaterials 2020, 10, 1617. [CrossRef] [PubMed]

Soares, O.S.G.P;; Rocha, R.P,; Gongalves, A.G.; Figueiredo, J.L.; Orfao, J.J.M.; Pereira, M.E.R. Easy Method to Prepare N-Doped
Carbon Nanotubes by Ball Milling. Carbon 2015, 91, 114-121. [CrossRef]

Figueiredo, J.; Ribeiro, F. Catdlise Heterogénea; 2%.; Fundagao Calouste Gulbenkian: Lisboa, Portugal, 2007.

Soares, O.5.G.P.,; Gongalves, A.G.; Delgado, J.J.; Orfao, J.J.M.; Pereira, M.ER. Modification of Carbon Nanotubes by Ball-Milling to
Be Used as Ozonation Catalysts. Catal. Today 2015, 249, 199-203. [CrossRef]

Soares, O.S.G.P; Rocha, R.P; Orfdo, ].J.M.; Pereira, M.ER.; Figueiredo, J.L. Mechanothermal Approach for N-, S-, P-, and B-Doping
of Carbon Nanotubes: Methodology and Catalytic Performance in Wet Air Oxidation. C 2019, 5, 30. [CrossRef]

Rocha, R.; Soares, O.; Figueiredo, J.; Pereira, M. Tuning CNT Properties for Metal-Free Environmental Catalytic Applications.
Carbon Res. 2016, 2, 17. [CrossRef]

Gonzélez-Lavado, E.; Valdivia, L.; Garcia-Castafio, A.; Gonzélez, F,; Pesquera, C.; Valiente, R.; Fanarraga, M.L. Multi-Walled
Carbon Nanotubes Complement the Anti-Tumoral Effect of 5-Fluorouracil. Oncotarget 2019, 10, 2022-2029. [CrossRef]

Kamble, R.V.; Bhinge, S.D.; Mohite, S.K.; Randive, D.S.; Bhutkar, M. A. In Vitro Targeting and Selective Killing of Mcf-7 and
Colo320dm Cells by 5-Fluorouracil Anchored to Carboxylated SWCNTs and MWCNTs. J. Mater. Sci. Mater. Med. 2021, 32, 71.
[CrossRef] [PubMed]

Ahn, J.H; Shin, H.S.; Kim, Y.J.; Chung, H. Structural Modification of Carbon Nanotubes by Various Ball Milling. J. Alloys Compd.
2007, 434435, 428-432. [CrossRef]

Tucho, W.M.; Mauroy, H.; Walmsley, ].C.; Deledda, S.; Holmestad, R.; Hauback, B.C. The Effects of Ball Milling Intensity on
Morphology of Multiwall Carbon Nanotubes. Scr. Mater. 2010, 63, 637-640. [CrossRef]

Prajapati, S.K.; Malaiya, A.; Kesharwani, P.; Soni, D.; Jain, A. Biomedical Applications and Toxicities of Carbon Nanotubes. Drug
Chem. Toxicol. 2022, 45, 435-450. [CrossRef]

Yaron, PN.; Holt, B.D.; Short, P.A.; Losche, M.; Islam, M.F.; Dahl, K.N. Single Wall Carbon Nanotubes Enter Cells by Endocytosis
and Not Membrane Penetration. J. Nanobiotechnol. 2011, 9, 45. [CrossRef]

Duarte, D.; Cardoso, A.; Vale, N. Synergistic Growth Inhibition of HT-29 Colon and MCF-7 Breast Cancer Cells with Simultaneous
and Sequential Combinations of Antineoplastics and CNS Drugs. Int. J. Mol. Sci. 2021, 22, 7408. [CrossRef] [PubMed]

Liu, Y.; Zhao, Y.; Sun, B.; Chen, C. Understanding the Toxicity of Carbon Nanotubes. Acc. Chem. Res. 2013, 46, 702-713. [CrossRef]
[PubMed]

Francis, A.P; Devasena, T. Toxicity of Carbon Nanotubes: A Review. Toxicol. Ind. Health 2018, 34, 200-210. [CrossRef]
Rodriguez-Yariez, Y.; Mufioz, B.; Albores, A. Mechanisms of Toxicity by Carbon Nanotubes. Toxicol. Mech. Methods 2013, 23,
178-195. [CrossRef]

Zare, H.; Ahmadi, S.; Ghasemi, A.; Ghanbari, M.; Rabiee, N.; Bagherzadeh, M.; Karimi, M.; Webster, T.].; Hamblin, M.R,;
Mostafavi, E. Carbon Nanotubes: Smart Drug/Gene Delivery Carriers. Int. |. Nanomed. 2021, 16, 1681-1706. [CrossRef] [PubMed]


https://pubchem.ncbi.nlm.nih.gov/compound/3385
https://pubchem.ncbi.nlm.nih.gov/compound/3385
https://pubchem.ncbi.nlm.nih.gov/compound/1935
https://pubchem.ncbi.nlm.nih.gov/compound/1935
https://pubchem.ncbi.nlm.nih.gov/compound/2761171
https://pubchem.ncbi.nlm.nih.gov/compound/2761171
https://doi.org/10.3892/ijmm.10.4.513
https://www.ncbi.nlm.nih.gov/pubmed/12239603
https://doi.org/10.1016/S1570-0232(03)00232-0
https://www.ncbi.nlm.nih.gov/pubmed/12798188
www.atcc.org
https://doi.org/10.3109/17435390.2012.736547
https://doi.org/10.1080/15363830802515840
https://doi.org/10.1039/D0AY01357A
https://doi.org/10.1016/j.molliq.2017.01.065
https://doi.org/10.3390/nano10081617
https://www.ncbi.nlm.nih.gov/pubmed/32824730
https://doi.org/10.1016/j.carbon.2015.04.050
https://doi.org/10.1016/j.cattod.2014.11.016
https://doi.org/10.3390/c5020030
https://doi.org/10.3390/c2030017
https://doi.org/10.18632/oncotarget.26770
https://doi.org/10.1007/s10856-021-06540-8
https://www.ncbi.nlm.nih.gov/pubmed/34125294
https://doi.org/10.1016/j.jallcom.2006.08.214
https://doi.org/10.1016/j.scriptamat.2010.05.039
https://doi.org/10.1080/01480545.2019.1709492
https://doi.org/10.1186/1477-3155-9-45
https://doi.org/10.3390/ijms22147408
https://www.ncbi.nlm.nih.gov/pubmed/34299028
https://doi.org/10.1021/ar300028m
https://www.ncbi.nlm.nih.gov/pubmed/22999420
https://doi.org/10.1177/0748233717747472
https://doi.org/10.3109/15376516.2012.754534
https://doi.org/10.2147/IJN.S299448
https://www.ncbi.nlm.nih.gov/pubmed/33688185

Nanomaterials 2023, 13, 1933 18 of 18

62. Sharma, A.; Kaur, A.; Jain, UK.; Chandra, R.; Madan, J. Stealth Recombinant Human Serum Albumin Nanoparticles Conjugating
5-Fluorouracil Augmented Drug Delivery and Cytotoxicity in Human Colon Cancer, HT-29 Cells. Colloids Surf. B Biointerfaces
2017, 155, 200-208. [CrossRef] [PubMed]

63. Udofot, O.; Affram, K ; Israel, B.; Agyare, E. Cytotoxicity of 5-Fluorouracil-Loaded PH-Sensitive Liposomal Nanoparticles in
Colorectal Cancer Cell Lines. Integr. Cancer Sci. Ther. 2015, 2, 245-252. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.colsurfb.2017.04.020
https://www.ncbi.nlm.nih.gov/pubmed/28431329
https://doi.org/10.15761/ICST.1000150

	Introduction 
	Materials and Methods 
	Sample Preparation 
	CNT Characterization Techniques 
	Drugs 
	Study of the Adsorption of Drugs in CNT 
	Cell Lines and Cultures 
	Cell Treatment 
	CNT Dispersion 
	MTT Assay 
	Cell Morphology Visualization 
	Data Analysis 

	Results and Discussion 
	Characterization Techniques 
	Assay for Drug Adsorption on CNTs 
	Cell Assays 
	Cell Treatment of Free Drugs 
	Toxicity Study of CNTs 
	Cell Treatment of Drug/Sample Combinations 


	Conclusions 
	References

