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A B S T R A C T   

Carbon nanotubes are promising materials for biomedical applications like delivery systems and tissue scaffolds. 
In this paper, magnetic carbon nanotubes (M-CNTs) covered with bovine serum albumin (M-CNTs-BSA) or 
functionalized with hydrophilic monomers (M-CNTs-HL) were synthesized, characterized, and evaluated con
cerning their interaction with Caco-2 cells. There is no comparison between these two types of functionalization, 
and this study aimed to verify their influence on the material’s interaction with the cells. Different concentrations 
of the nanotubes were applied to investigate cytotoxicity, cell metabolism, oxidative stress, apoptosis, and 
capability to cross biomimetic barriers. The materials showed cytocompatibility up to 100 μg mL− 1 and a he
molysis rate below 2 %. Nanotubes’ suspensions were allowed to permeate Caco-2 monolayers for up to 8 h 
under the effect of the magnetic field. Magnetic nanoparticles associated with the nanotubes allowed estimation 
of permeation through the monolayers, with values ranging from 0.50 to 7.19 and 0.27 to 9.30 × 10− 3 μg 
(equivalent to 0.43 to 6.22 and 0.23 to 9.54 × 10− 2 % of the initially estimated mass of magnetic nanoparticles) 
for cells exposed and non-exposed to the magnets, respectively. Together, these results support that the devel
oped materials are promising for applications in biomedical and biotechnological fields.   

1. Introduction 

Due to their unique combination of chemical, physical, optical, and 
mechanical properties, carbon nanotubes (CNTs) are promising mate
rials for a wide range of applications [1,2]. CNTs present a high surface 
area, the possibility to be functionalized, and the capacity to bind to 
organic molecules [1,2]. The use of CNTs in the biomedical and 
biotechnological fields involves tissue and cell imaging, tissue 

engineering, the development of biosensors, and applications in delivery 
systems (drugs, vaccines, genes, etc.) [3–9]. Concerns about nano
toxicity have increased in the last few years, and the use of nano
materials in biomedical procedures is conditioned by their 
biocompatibility [9]. Therefore, during the development of a new ma
terial, in vitro assays are the first tests performed to ensure the continuity 
of the studies [8,9]. Tests that evaluate cytotoxicity, cell metabolism, 
oxidative stress, and morphological structures can be performed to infer 
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the material’s cytocompatibility [10]. 
Modifications in CNTs provide a variety of functional groups for 

specific and selective conjugation. The functionalization might improve 
the dispersibility, cytocompatibility, and biodistribution of the mate
rials, confer magnetics properties, and enhance the site-specific target
ing [9]. Some authors reported that the functionalization or pre- 
incubation with proteins reduced the material cytotoxicity [11,12]. 
Long et al. (2018) concluded that pre-incubation with BSA increased the 
internalization of multi-walled CNTs in human umbilical vein endo
thelial cells (HUVECs). The better internalization reduced the cytotox
icity and the oxidative stress but enhanced the inflammatory response 
[11]. Lu et al. (2018) investigated the binding of human plasma proteins 
with carboxylate single-walled CNTs. The authors observed that adsor
bed proteins influenced the cytotoxicity and neutrophil response caused 
by the nanomaterials [12]. Ding et al. (2017) demonstrated that single- 
walled CNTs covered with BSA had a higher degradation degree when 
compared to pristine CNTs in zymosan-stimulated macrophages. Addi
tionally, the degradation of CNTs covered with BSA induced less cyto
toxicity [13]. The literature reported that functionalization with other 
chemical groups also brings benefits to CNTs. For example, Zhou et al. 
(2017) demonstrated that CNTs functionalized with -OH and -COOH 
groups induced less cell death but led to more genotoxic effects 
compared to pristine CNTs [14]. Additionally, some authors demon
strated the advantages of using magnetic materials. Kaboudin et al. 
(2018) modified multi-walled CNTs with pyridine and magnetic nano
particles. The material was used to transport nucleic acids through cell 
membranes, and an external magnetic field was applied to remove the 
nanocarriers from the cells [15]. Xu et al. (2018) used CNTs with 
paramagnetic cationic surfactants to obtain an endocytosis transfection 
platform, allowing the delivery of DNA and proteins [16]. As another 
example, Hu et al. (2019) developed a strategy to provide natural cell 
membranes-camouflaged magnetic CNTs using ephrinb2/HEK293 cells. 
The material was employed to screen drug leads targeting membrane 
receptors from traditional Chinese medicine, and presented suitable 
stability, binding capacity and selectivity [17]. 

The functionalization of the materials’ surfaces might interfere with 
the capacity of CNTs to cross biological membranes. Gonzalez-Carter 
et al. (2019) observed that CNTs functionalized with polymers (M4VP, 
PGMA, or SPMAK) could penetrate cells by endocytosis mechanisms, 
and the permeation rates were dependent on the surface charge. Anionic 
CNTs were less toxic but had a lower permeation when compared to non- 
ionic and cationic ones [7]. However, the findings of Kostarelos et al. 
(2007) did not corroborate the previous work. The authors concluded 
that the uptake of CNT was independent of the functional group and cell 
type [18]. 

Human colorectal adenocarcinoma cells, namely Caco-2, are 
commonly used to cultivate biomimetic intestinal barriers due to their 
ability to differentiate and form a monolayer with characteristics like 
the enterocytes [19,20]. Thus, the absorption of nanomaterials after oral 
administration can be evaluated by permeation assays [21], bringing 
valuable data for developing delivery devices. Some papers evaluated 
the oral administration of carbon nanotubes. Kolosnjaj-Tabi et al. (2010) 
did not observe death or trouble in the growth or behavior of Swiss mice 
after oral administration of large doses of ultrashort and full-length 
single-walled carbon nanotubes [22]. Prajapati et al. (2012) demon
strated a linear relationship between the percentage of inhibition of 
Leishman and an oral dose of amino-functionalized CNTs containing 
amphotericin B. An oral administration of a 5-day course at 15 mg kg− 1 

body weight in the hamster model resulted in 99 % inhibition of parasite 
growth [23]. Chen et al. (2018) showed that low doses of CNTs did not 
lead to pathological damage in the duodenum or colon after oral 
administration. However, large concentrations could lead to injuries and 
changes in gut microbiota. The authors also observed that multi-walled 
CNTs caused a less severe impact on the intestinal tract than single- 
walled carbon nanotubes [24]. Finally, Espíndola et al. (2022) 
observed that CNTs were non-toxic for normal cell lines within a wide 

concentration range and that single-walled carbon nanotubes could be 
applied as nanocarriers for oral administration of 7-Hydroxyflavon [25]. 

Our research group recently proposed successful modifications of 
magnetic CNTs with BSA chemically crosslinked (M-CNTs-BSA) and 
CNTs with hydrophilic monomers (CNTs-HL) for sample preparation of 
biological matrices [25,26]. This study aims to evaluate whether these 
modified CNTs are also promising for biomedical applications. As 
mentioned above, there is no comparison between these two types of 
functionalization (protein and hydrophilic monomers) in literature, and 
this study can provide useful data for understanding the role of the 
surface in the interaction of material with cells. Therefore, the main 
aims of this work were deeply investigating the cytocompatibility of M- 
CNTs, M-CNTs-BSA, and M-CNTs-HL through different assays, 
comparing the strengths and weaknesses of each functionalization, and 
exploring the influence of an external magnetic field on the material’s 
permeation in Caco-2 cells. These studies are important since CNTs have 
favorable characteristics for biomedical applications, but the biocom
patibility of the pristine CNTs is still a limiting factor. In addition, a 
positive influence of the magnetic field on the material’s permeation can 
be useful in further research and applications. Generally, the effects of 
CNTs in a cell’s monolayers were only accessed by the measurement of 
the integrity of the barrier. However, our study allowed us to estimate 
the quantity of permeate materials due to the presence of magnetic 
nanoparticles. The application and comparison of these materials in the 
proposed paper are novel approaches that contribute to understanding 
the interactions of magnetic CNTs and their surface groups with bio
logical systems. 

2. Methods 

2.1. Reagents and solution 

Multi-walled CNTs (95.0 % purity, external wall diameters from 6 to 
9 nm and lengths of 5 mm), BSA (96.0 % purity), sodium borohydride, 
iron (III) chloride hexahydrate, iron (II) sulfate heptahydrate, tetraethyl 
orthosilicate, 3-methacryloxypropyltrimethoxysilane, glycerol- 
dimethacrylate, 2-hydroxyethyl acrylate, methanol (HPLC grade), 
Triton X-100, trypan blue dye, and 2′,7′-dichlorofluorescein diacetate 
(DCFH-DA) were purchased from Sigma-Aldrich® (St. Missouri, USA). 
Ammonium hydroxide, ethanol, and isopropyl alcohol were supplied by 
Exodus Scientifica® (São Paulo, Brazil). Glutaraldehyde (50 % solution 
in water) and sodium borohydride were supplied by Dinâmica® (São 
Paulo, Brazil). A lactate dehydrogenase (LDH) detection kit and an 
Annexin V with the 7-aminoactinomicyn staining kit were obtained from 
Takara Bio Inc.®. (Shiga, Japan) and from Molecular Probes® (Eugene, 
USA), respectively. Hanks’ Balanced Salt Solution [− ] CaCl2, [− ] MgCl2 
(HBSS), Dulbecco’s modified Eagle medium (DMEM), trypsin-EDTA, 
phosphate-buffered saline (PBS), resazurin, formalin, propidium io
dide, penicillin-streptomycin, and fetal bovine serum were acquired 
from Gibco by Life Technologies® (Paisley, UK). Invitrogen™ Cell 
Mask™ and Hoechst 33342® dyes were purchased from ThermoFisher® 
(Agawam, USA). H2O2 30 % was obtained from Acros Organics® (Geel, 
Belgium). The ultra-high purity water (18.2 MΩ cm) had been previ
ously purified in a Milli-Q® system (Millipore, Bedford, EUA). The Caco- 
2 cell line was acquired from the American Type Culture Collection 
(ATCC, Wesel, Germany), and the L929 cell line was purchased from Cell 
Lines Service (CLS, Eppelheim, Germany). 

2.2. Syntheses 

2.2.1. Magnetic carbon nanotubes 
The magnetic materials were synthesized by modifications of pre

viously described methods [26,27]. The synthesis occurred under an N2 
atmosphere and vigorous stirring. First, iron (III) chloride hexahydrate 
(428 mg) and iron (II) sulfate heptahydrate (627 mg) were dissolved in 
ultrapure water (50 mL) in a three-neck bottle flask. Subsequently, 250 
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mg of commercial CNTs (for M-CNTs as final material and M-CNTs-BSA) 
or previously oxidized CNTs (for M-CNTs-HL) were dispersed in the 
solution and stirred for 10 min. Finally, ammonium hydroxide (2.5 mL) 
was added dropwise to the synthesis medium, and the reaction occurred 
for 30 min. The obtained materials were washed with ultrapure water 
until the pH was neutral and then dried at 60 ◦C for 24 h. Fig. 1 sche
matizes the synthesis process for obtaining magnetic carbon nanotubes, 
as well as the procedures for functionalizing their surfaces. 

2.2.2. Magnetic carbon nanotubes covered with albumin 
The M-CNTs were encapsulated with BSA to obtain the M-CNTs-BSA, 

according to the procedure adapted from Mendes et al. (2020) [28]. A 
BSA solution (1 % v/v, prepared in a 50 mmol L− 1, pH 6.0 phosphate 
buffer) (20.0 mL) was added to a 50 mL glass flask containing M-CNTs 
(500 mg). The mixture was sonicated for 10 min and maintained on 
standby for another 10 min. Then, the material was separated using a 
magnet, and the supernatant was discarded. A 25 % (m/v) glutaralde
hyde aqueous solution (5.0 mL) was added to the M-CNTs, and the flask 
was gently stirred for 5 h. After, the supernatant was discarded, and the 
material was dispersed in an aqueous borohydride solution (1 % m/v) 
(10.0 mL) under agitation for 15 min. The M-CNTs-BSA were separated, 
washed with ultrapure water (until no foam, typical of proteins, was 
observed in the supernatant), and dried (60 ◦C for 24 h). 

2.2.3. Magnetic carbon nanotubes functionalized with hydrophilic 
monomers 

The synthesis of M-CNTs-HL was performed similar to the method 
developed by De Faria et al. (2022) [29]. First, commercial CNTs (500 
mg) were oxidized by 65 % (m/m) nitric acid (60.0 mL) under reflux at 
120 ◦C for 90 min. After this step, the resulting material was cooled to 
room temperature, thoroughly washed with ultrapure water until 
reaching a neutral pH (using a vacuum filtration system), and then dried 
at 60 ◦C for 24 h. The oxidized CNTs were magnetized according to the 
method described above (2.2.1). Then, the oxidized M-CNTs (300 mg) 
were dispersed in isopropyl alcohol:water (5:1, v:v) (30.0 mL). Ammo
nium hydroxide 28 % (m/m) (10.0 mL) and tetraethyl orthosilicate 
(TEOS) (4.0 mL) were added to the mixture, which remained in constant 
stirring for 12 h at room temperature. The obtained M-CNTs-TEOS were 
washed with ultrapure water until the white supernatant from the first 
washes (TEOS remnants) was replaced by a clear supernatant and dried 

as previously described. In the next step, 3-methacryloxypropyltrime
thoxysilane (MPS) (4.5 mL) was added dropwise (under an ultrasonic 
bath) into a glass flask containing the intermediate material (300 mg) 
and methanol (50.0 mL). The synthesis occurred under stirring for 48 h 
at room temperature. The obtained material (M-CNT-TEOS-MPS) was 
rinsed with methanol to remove the excess reagents and dried. Next, 
glycerol dimethacrylate, GDMA, (0.225 mL) and 2-hydroxyethyl acry
late, HEA, (2.1 mL) were added to a suspension comprising the MPS- 
functionalized material (200 mg) in methanol (30.0 mL). The reaction 
was maintained at room temperature with stirring for 24 h. Finally, the 
M-CNTs-HL were washed with methanol and dried at 60 ◦C for 24 h. 

2.3. Characterization 

Surface area and porosity analyses were performed using a Gemini 
VII 3.03 (Micromeritics Instrument Corporation, Norcross, USA), oper
ating with an equilibrium time of 5 s, and using nitrogen as sorbent gas. 
BET (Brunauer-Emmett-Teller) method was used to calculate the surface 
area, while the BJH (Barrett-Joyner-Halenda) method was used to 
obtain the pore volume. 

A Zeiss Supra 35VP field effect electron gun (FEG-SEM) microscope, 
operating at 10 keV and spot 3 was employed to verify the size and 
morphology of the samples. To prepare the samples, small fragments of 
materials were placed on a silicon substrate secured with carbon tape. 
Finally, the samples were oven-dried at 40 ◦C for 12 h. Analysis using a 
2D energy dispersive X-ray detector (EDS) was performed with 2D 
mapping at 25 keV and spot 4. The 2D EDS images were generated based 
on the energy released from the emission of C Kα, O Kα, and Fe Lα1. 

Fourier transform infrared spectroscopy (FTIR) analyses were con
ducted with an Affinity-1 (Shimadzu®, Japan) spectrophotometer and 
potassium bromide pastilles. The spectra were recorded in transmittance 
mode (4000–400 cm− 1) at room temperature, using 34 scans per anal
ysis at a resolution of 4.0 cm− 1. A blank potassium bromide pastille was 
used to correct the background. Additionally, the obtained spectra were 
treated with OriginLab® software. 

Laser doppler velocimetry (Zetasizer ZS Nano, Malvern Penalytical®, 
Malvern, UK), with a detection angle of 173◦ and operating at 25 ◦C, was 
used to evaluate the zeta potential. Nine suspensions (150 μg mL− 1) of 
the synthesized materials were prepared in ultrapure water with pH 
adjusted from 2.0 to 10.0. The suspensions were left on standby for 3 h 

Fig. 1. Synthesis scheme for obtaining M-CNT, M-CNT-BSA, and M-CNT-HL. Note: TEOS: tetraethyl orthosilicate, MPS: 3-methacryloxypropyltrimethoxysilane, HEA: 
2-hydroxyethyl acrylate, GDMA: glycerol dimethacrylate. 

M.A. Rosa et al.                                                                                                                                                                                                                                 



International Journal of Biological Macromolecules 269 (2024) 131962

4

before the measurements (n = 3). 
An SDT Q600 (TA Instruments®, New Castle, EUA) was used to 

perform the thermogravimetric (TGA) analyses. The atmosphere was 
composed of nitrogen (100 L min− 1) and the temperature ranged from 
30 to 900 ◦C (heating rate of 20 ◦C min− 1). 

For the X-ray analyses, a Rigaku (Ultima IV, Tokyo, Japan®) 
diffractometer with CuKα, α = 1.54051 Å, was employed. The 2θ scan 
interval was from 10 to 80◦, with an angular step of 4◦ min− 1; the cur
rent was set to 30 mA, and the voltage was 40 kV. 

The magnetic properties of M-CNT, M-CNT-BSA, and M-CNT-HL 
were measured using a SQUID-VSM (Quantum Design MPMS®3, San 
Diego, USA) at 300 K and under magnetic fields up to 2000 Oe. 

Raman measurements were carried out at room temperature using a 
modular spectrometer setup comprising an Olympus B-X41 microscope 
and a Horiba iHR550 monochromator in backscattered photon detection 
geometry. The excitation source was a BWTek solid-state laser at 532 
nm. 

2.4. Albumin exclusion 

Initially, a 50 mg L− 1 BSA solution was prepared in phosphate buffer 
(10 mmol L− 1, pH 7.2). Next, a BSA solution (0.2 mL) was placed in test 
tubes with Bradford reagent (2.8 mL). After 10 min, the absorbance 
obtained was considered 100 % BSA. In the next step, 1 mL of the same 
BSA solution was added to test tubes containing 5 mg of each material 
(M-CNT, M-CNT-BSA, M-CNT-HL, n = 3). The tubes were shaken for 10 
min. Afterward, the material was separated using a neodymium magnet, 
and an aliquot of the supernatant (0.2 mL) was treated with Bradford 
reagent as described above. The absorbance of the extracted BSA solu
tion divided by the absorbance of the non-extracted BSA solution cor
responded to the percent of protein excluded by the materials. The 
measurements were made in a KASUAKI (Model IL-593-BI) spectro
photometer operating at 595 nm. 

2.5. Hemolysis assay 

The hemoglobin release assay was performed according to Granja 
et al. (2021) [30]. Human blood samples were donated by Serviço de 
Hematologia from Centro Hospitalar Universitario do Porto - Hospital de 
Santo Antonio and collected from healthy donors in EDTA-coated tubes. 
First, the samples were centrifuged for 5 min (955 g, 4 ◦C). Then, the red 
blood cells (RBCs) were washed 3 times and diluted to a 4 % (v/v) so
lution with saline solution (0.85 %). The materials were suspended in 
saline solutions at concentrations of 500, 400, 250, 100, 50, and 25 μg 
mL− 1 for M-CNTs and M-CNTs-HL and 100, 50, and 25 μg mL− 1 for M- 
CNTs-BSA. Triton X-100 (1 % v/v) and saline solution were used as 
hemoglobin release positive and negative controls, respectively. Finally, 
100 μL of RBCs were incubated (37 ◦C) with the materials suspension 
(100 μL) in a 96-well plate. After 1 h, the supernatant was removed, the 
absorbance of hemoglobin was measured at 415 nm using a microplate 
reader (Synergy™ HT Multi-mode, BioTek Instruments Inc.®, Winooski, 
VT, USA), and the percentage of hemolysis was calculated. 

2.6. Cytocompatibility assays 

Caco-2 and L929 cells lines were cultured in 75 cm2 flasks with 10 
mL of DMEM medium supplemented with 10 % (v/v) fetal bovine serum 
and 1 % (v/v) penicillin-streptomycin (37 ◦C, 5 % CO2 atmosphere). 
Cells were supplied with fresh medium every 2–3 days and subcultured 
by chemical detachment with trypsin- EDTA when they reached 80–90 
% confluency. Cell counting was performed in a Neubauer chamber after 
the addition of 25 % (v/v) trypan blue solution (0.4 %, w/v). 

For resazurin and LDH assays, Caco-2 and L929 cells were seeded at a 
density of 5 × 104 cells per well in 96-well plates (100 μL per well) and 
cultured as described above. After 24 h, the culture medium was 
removed and replaced by different concentrations of each material 

suspension (100 μL): 500, 400, 250, 100, 50, and 25 μg mL− 1 for M-CNT 
and M-CNT-HL, and 100, 50, and 25 μg mL− 1 for M-CNT-BSA, prepared 
in supplemented DMEM medium. One mg mL− 1 M-CNT, M-CNT-HL, and 
M-CNT-BSA suspensions, prepared in supplemented DMEM, were used 
for the dilutions after being sonicated for 3 min (using an ultrasonic 
bath). All samples were vortexed before their use. 

After 24 h of incubation the plates were centrifuged (250 g, 10 min), 
and the supernatants were transferred to another 96-well plate to 
perform the LDH assay, according to the manufactures’ manual (Takara 
Bio Inc.®, Shiga, Japan). Absorbances were then measured at 490 and 
690 nm. Cytotoxicity was expressed as a percentage compared to the 
maximum cytotoxicity of Triton X-100 (1 % v/v). In turn, the attached 
cells were incubated with fresh culture medium containing resazurin 
(10 μg mL− 1 for Caco-2 and 5 μg mL− 1 for L929) for 4 h, and the fluo
rescence of resorufin (λex = 560 nm; λem = 590 nm) was measured 
using a microplate reader. DMEM and Triton-X 100 solution (1 % v/v) 
were used as controls for both assays. 

The oxidative stress was evaluated by measuring the presence of 
intracellular reactive oxygen species, ROS, (mainly OH●) in Caco-2 cells 
after their exposure to the M-CNTs, M-CNTs-BSA, or M-CNTs-HL. Laser 
confocal microscopy and flow cytometry were employed to verify and 
quantify the presence of ROS in the cells. Supplemented DMEM medium 
and H2O2 solution (1 mmol L− 1, prepared in phosphate buffer saline - 
PBS) were used as negative and positive controls, respectively. 

For the confocal microscopy analysis, Caco-2 cells (1 × 105 cells per 
well) were seeded on an 8-well μ-slide (Ibidi GmgH, Munich, Germany). 
After 24 h of incubation, the medium was replaced with 200 μL of M- 
CNTs, M-CNTs-BSA, or M-CNTs-HL suspensions (50 μg mL− 1). After 24 
h, the supernatant of the positive control was removed, and H2O2 (1 
mmol L− 1) was added and incubated for 1 h at room temperature. In the 
next steps, the media and materials’ suspensions were removed, and 
cells were washed with PBS, followed by the addition of DCFH-DA (10 
μmol L− 1, stock solution prepared in dimethyl sulfoxide and working 
concentration diluted in PBS) and incubation for 30 min. Finally, the 
cells were washed with PBS and stained with Invitrogen™ Cell Mask™ 
0.1 % (incubated for 10 min in the dark), formalin solution (incubated 
for 30 min), and Hoechst 33342® (incubated for 10 min in the dark). 
The cells were washed with PBS after each step. A Leica Stellaris 8 (Leica 
Microsystems®, Wetzlar, Germany) laser confocal microscope was used 
for visualization using a λex/λem of 405/420–480 nm (Hoechst 33342®), 
506/570–600 (DCFH-DA), and 649/690–750 nm (Cellmask™ Deep 
red). The data were acquired using the Leica Application Suite X pack
age – LAS X software. 

For the flow cytometry studies, Caco-2 cells were seeded in a 24-well 
plate (2 × 105 cells per well) and grown for 24 h. After this period, the 
cells were treated with 300 μL of materials suspensions (50 and 100 μg 
mL− 1) or H2O2 (1 mmol L− 1), as described previously. Afterward, the 
cells were detached with 0.5 % trypsin-EDTA, centrifuged (300 g, 5 
min), resuspended in PBS, and stained with trypan blue (0.004 %) and 
propidium iodide dye (0.01 mg mL− 1). Finally, the cells were gently 
homogenized before analysis on a BD Accuri C6 (BD Biosciences®, 
Erembodegem, Belgium). For each sample, a minimum of 10,000 events 
were recorded. 

The apoptosis assays were also performed using flow cytometry. 
Therefore, the Caco-2 cell seeding, exposure to the materials, and 
trypsinization occurred as described above. After the centrifugation, the 
cells were washed with cold PBS and centrifuged (300 g, 5 min). Next, 
the pellet was resuspended in cold PBS, the samples were treated with 
FITC Annexin V and 7-Amino-Actinomycin-D (7-AAD) staining kit 
(Biolegend®, California, USA), according to the manufacturer’s manual, 
and analyzed using the BD Accuri C6 flow cytometer with a minimum of 
10,000 events collected for each sample. 

2.7. Caco-2 cells permeability assay 

The permeability assay was performed similar to the method of 
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Granja et al. (2019) [20]. Caco-2 cells were seeded on a 12-well trans
well device (polycarbonate membrane with pore diameter of 0.4 μm, 
Corning Incorporated, Corning, NY, USA) at a density of 1.12 × 105 cells 
per insert. Every 3–4 days, the cells received a fresh medium, and the 
integrity of the monolayer was monitored by measuring the trans- 
epithelial electrical resistance (TEER) with an epithelial voltohmmeter 
(EVOM) from World Precision Instruments (Sarasota, FL, USA). 

After 21 days, the medium of Caco-2 monolayers was removed, and 
the cells were washed twice with HBBS buffer. M-CNTs, M-CNTs-BSA, 
and M-CNTs-HL suspensions (50 μg mL− 1, prepared in HBBS) were 
sonicated for 3 min (using an ultrasound bath) and vortexed before use. 
The experiments were conducted with transwell devices exposed and 
non-exposed to an external magnetic field (using neodymium magnets 
N52, 40 × 20 × 10 mm, 3700 G). Aliquots (0.3 mL) were taken from the 
basolateral side of the devices after 1, 4, 6, and 8 h. The samples were 
stored (− 20 ◦C) for further analysis. Aliquots were also taken after 24 h 
of assay from the transwell device that was not exposed to the magnets. 
TEERs were measured at every aliquot withdrawal. 

At the end of the permeation assays, the transwells were washed 
three times with PBS, and the monolayers were fixed and dyed, as 
described in Section 2.6. The membranes were removed from the inserts 
and placed in a glass slip (using Vectashield®) with a coverslip. The 
monolayers were then analyzed using confocal laser microscopy, using a 
λex/λem of 405/420–480 nm (Hoechst 33342®) and 649/690–750 nm 
(Cellmask™ Deep red) to stain cell nuclei and membranes, respectively. 

The 57Fe ions (from the magnetic nanoparticles) were used to esti
mate the concentrations of the nanotubes that permeated the Caco-2 
barrier. First, the aliquots from the basolateral chamber were treated 
with nitric acid (0.1 mL). Samples were decomposed using an ultrasonic 
sonicator device with a cup-horn-shaped sonotrode (Qsonica®, New
town, USA) at room temperature for 8 min (amplitude, 75 %; power, 
210 W; energy, 4.087 J; pulse-on and pulse-off time, 1 min) [31]. Then, 
the extracted samples were diluted with ultrapure water to a final vol
ume of 5.0 mL. The samples were analyzed by inductively coupled 
plasma mass spectrometry (ICP-MS, iCAP TQ, Thermo Scientific, Bre
men, Germany). 57Fe ions were quantified from a calibration curve 
(0.1–10 μg L− 1). 

2.8. Statistical analysis 

Statistical analyses were performed using R® software 4.2.1 (R Core 
Team, 2022). The difference among three or more groups was analyzed 
through ANOVA and Scott-Knott tests (for parametric statistics) or 
Kruskal-Wallis and Dunn (for non-parametric statistics). The tests were 
performed using a 0.05 significance level. 

3. Results and discussion 

3.1. Synthesis and characterization 

M-CNTs, M-CNTs-BSA, and M-CNTs-HL were successfully synthe
sized. The Fe3O4 nanoparticles were deposited by chemical coprecipi
tation of iron (II) and iron (III) in the presence of pure or oxidized CNTs. 
The protein external layer in the surface of M-CNTs was formed by 
crosslinking the terminal amino groups of BSA molecules, using 
glutaraldehyde as a reagent. This process resulted in voluminous BSA- 
linked molecules bound by imine groups, which were converted to 
amino groups using sodium borohydride as a reducing agent [32–34]. 
The BSA layer was formed like a capsule on the outside of the material 
and did not build any covalent bonds with the nanotubes [34,35]. In its 
turn, the functionalization with the hydrophilic layer was obtained after 
different synthesis steps. Initially, pure CNTs were oxidized to promote a 
better interaction of the nanotubes with the reagents employed in the M- 
CNT-HL syntheses steps [36]. The oxidized CNTs were used to obtain 
magnetic materials, that were covalently functionalized with TEOS, 
MPS, and hydrophilic monomers (GDMA and HEA), promoting an 

external layer rich in -OH groups [29]. 
Commercial CNTs exhibited a BET surface area of 27.5342 m2 g− 1 

and a pore volume of 0.008158 cm3 g− 1. M-CNTs displayed a higher 
surface area of 38.7388 m2 g− 1, probably due to the incorporation of the 
magnetic nanoparticles. Surface-functionalized materials, M-CNTs-BSA 
and M-CNTs-HL, showed lower BET surfaces of 24.0427 and 26.6449 
m2 g− 1, respectively. The reduced surface area of these materials may be 
correlated to the presence of the external layers. Additionally, the slight 
increase in pore volume of M-CNTs-HL (0.018291 cm3 g− 1), compared 
to M-CNTs-BSA (0.011499 cm3 g− 1) and M-CNTs (0.013834 cm3 g− 1) 
could be due to the presence of the TEOS layer [37] . Supporting Table 1 
summarizes these data. 

The final materials, as well as their intermediate steps were char
acterized by different techniques. Morphological and structural aspects 
were evaluated by SEM. The analysis of Fe3O4 nanoparticles (Fig. 2a) 
showed that individual sizes were smaller than 50 nm, but they pre
sented the tendency to form clusters larger than 1 μm. Fig. 2b-d and 
Fig. S1 refers to SEM images of pure CNTs at different magnitudes, 
showing a rough surface. 

The SEM images demonstrated the homogeneous distribution of 
magnetite nanoparticles in carbon nanotubes in the M-CNTs-TEOS, M- 
CNTs-TEOS-MPS, M-CNTs-HL, M-CNTs, and M-CNT-BSA nanomaterials 
(Fig. 2e-i and Figs. S2-S11), suggesting that the particles were properly 
dispersed in the material without excessive concentration in specific 
areas of the nanotubes. Energy dispersive X-ray spectroscopy (EDS) 

Fig. 2. SEM images of the synthesized materials (a) Magnetite nanoparticles 
Fe3O4; (b-d) pure CNTs at different magnitudes, (e) M-CNT-TEOS; (f) M-CNT- 
TEOS- MPS; (g) M-CNT- HL; (h) M-CNT; (i) M-CNT-BSA; (j-m) EDS elemental 
mapping of C Kα and Fe Kα of M-CNT-BSA. (n) EDS spectrum showing the 
presence of Fe, O, and C elements in all magnetic samples; (o) histogram fitted 
with a log-normal distribution of carbon nanotube diameter in the M-CNT- 
BSA sample. 
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could identify the presence of specific chemical elements, such as car
bon, iron, and oxygen, and provided information about their distribu
tion in the material [38]. The EDS analyses (Fig. 2j-m) of the composites 
reveal the presence of iron (Fe) from magnetite nanoparticles (turquoise 
spots) as well as carbon (C) from carbon nanotubes (blue shades). The 
2D images were generated by analyzing the energy released from C Kα 
emissions from carbon nanotubes (Fig. 2l), as well as Fe Kα (Fig. 2m), 
indicating the uniform distribution of these elements in the demarcated 
area in the micrograph. SEM images were unable to distinguish 
magnetite particle sizes due to their proximity, but the EDS spectrum 
analysis made it possible to confirm the presence of iron oxide in the 
magnetic carbon nanotube composites. The EDS spectra of all magnetic 
samples are presented in Fig. 2n. The materials exhibited similar com
positions, with emissions from C, O, and Fe atoms. In the region between 
0.2 and 1.0 KeV, peaks corresponding to C Kα, O Kα, and Fe Lα emissions 
were clearly observed at 0.277, 0.525, and 0.705 keV, respectively. In 
the region between 6.0 and 7.0 keV, a peak at 6.398 keV corresponding 

to Fe Kα emissions was visible. The graph indicated the presence of 
carbon nanotubes and iron oxide nanoparticles and demonstrated the 
occurrence of C, O, and Fe atom in all the magnetic materials. Addi
tionally, the EDS spectrum of the composite reveals the presence of Si 
elements (1.74 keV) originating from the silicon substrate used for 
sample deposition, as well as from the TEOS incorporation in M-CNT- 
TEOS, M-CNT-TEOS- MPS, and M-CNT- HL. Finally, the histogram of the 
SEM image indicated a carbon nanotube diameter of 101.8 nm (Fig. 2o). 

Fig. 3a shows the FTIR spectra of M-CNT, M-CNT-BSA, M-CNT-HL, 
and their intermediated steps. The high absorption radiation by the 
black CNTs and their high symmetry resulted in spectra with low in
tensity. Bands around 2900 cm− 1 could be related to stretching vibration 
C–H bounds of the pure and modified CNTs. The band at 580 cm− 1, 
presented in all the magnetic materials, could be referred to the iron of 
the Fe3O4 nanoparticles. Subtle bands at 1200 cm− 1 and 1550 cm− 1 

might be related to the amine groups in the BSA layer presented in the 
M-CNT-BSA. Materials with TEOS showed bands that could be due to the 

Fig. 3. Characterization of the synthesized materials. (a) Infrared spectroscopy. (b) Zeta potential analyses. (c) Thermogravimetric analyses. (d) X-ray patterns. (e) 
Magnetic hysteresis loop recorded at 300 K and photographs of M-CNT, M-CNT-BSA, and M-CNT-HL in the presence of a magnet. (f) Raman spectra for CNT, oxidized 
CNT, M-CNT, M-CNT-BSA, and M-CNT-HL. Note: When applicable, A: Fe3O4 nanoparticles; B: pure carbon nanotubes (CNT); C: magnetic carbon nanotubes (M-CNT); 
D: magnetic carbon nanotubes covered with bovine serum albumin (M-CNT-BSA); E-H: intermediate steps of M-CNT-HL, oxidized carbon nanotubes (CNToxi), 
magnetic oxidized carbon nanotubes, functionalization with TEOS, and functionalization with MPS; I: magnetic carbon nanotubes functionalized with the hydro
philic layer (M-CNT-HL). 
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interactions of Si-O-Si (1070 cm− 1), Si-O-H (952 cm− 1) and Si–O (815 
and 476 cm− 1). Furthermore, the bands at approximately 3500 cm− 1 

may be due to O–H stretching of water vapor absorbed by the nano
tubes. These bands may also be overlapped on the hydroxyl groups of 
hydrophilic monomers (in the case of M-CNT-HL) or N–H stretching, 
resulting from the functionalization with BSA. 

The zeta potential analyses (Fig. 3b) showed that at pH 7.0 (near to 
the physiological pH) pure CNT, M-CNT, M-CNT-BSA, and M-CNT-HL 
have negatively charged surfaces (− 28.33 ± 0.81, − 36.6 ± 1.55, 
− 31.00 ± 0.87, and − 39.00 ± 1.35, respectively). The isoelectric points 
of these materials were estimated at 3.23 (CNT), 3.20 (M-CNT), 3.62 (M- 
CNT-BSA), and 3.28 (M-CNT-HL). Supporting Table 2 summarizes the 
zeta potential and isoelectric point of the final materials as well as their 
intermediate steps. 

Thermal analyses are shown in Fig. 3c. Commercial CNTs exhibited a 
mass loss of approximately 55 % in temperatures above 570 ◦C. In 
contrast, the magnetic materials showed significantly lower mass loss, 
possibly due to the incorporation of the nanoparticles that remained 
stable up to temperatures higher than 900 ◦C. The M-CNTs lost about 5 
% of their initial mass, while the M-CNTs-BSA lost approximately 33 % 
in two different events (the first probably related to BSA denaturation 
and degradation). The M-CNTs-HL lost around 12 % of the initial mass, 
possibly due to the scission of Si–O bonds arising from TEOS (their 
intermediate steps, M-CNTs-TEOS and M-CNTs-TEOS-MPS, exhibited 
similar profiles to M-CNTs-HL). 

The diffractograms of the synthesized materials are shown in Fig. 3d. 
The peak at 26◦ can be correlated with the multi-welled CNT’s diffrac
tion pattern [39], whereas the peaks at 30◦, 35◦, 43◦, 53◦, 57◦, and 62◦

can refer to the single cubic spinel-type crystalline phase of the magnetic 
nanoparticles [40]. The presence of these peaks in the samples is evi
dence of the nanoparticles’ incorporation. Additionally, due to its 
amorphous characteristic, the BSA was not identified in the M-CNT-BSA 
diffractogram. 

The saturation magnetization values for M-CNT, M-CNT-BSA, and M- 
CNT-HL (Fig. 3e) were 109.5, 33.9, and 21.0 emu g− 1, respectively. The 
decrease in these values from functionalized magnetic nanotubes can be 
attributed to the presence of non-magnetic amorphous groups in these 
materials [41,42]. However, despite the lower magnetic susceptibility, 
both M-CNT-BSA and M-CNT-HL demonstrated remarkable magnetic 
properties, enabling their recovery from solutions using a magnet 
(Fig. 3e). Additionally, the small hysteresis loops indicated that all 
analyzed materials exhibited paramagnetic behavior [41]. 

The Raman spectra (Fig. 3f) of all analyzed materials, including pure 
CNTs, oxidized CNTs, M-CNTs, M-CNTs-BSA, and M-CNTs-HL, exhibited 
two characteristic bands of multiwalled carbon nanotubes: the D band at 
1340 cm− 1 and the G band at 1570 cm− 1. The D band can result from sp3 

hybridized carbons or a disordered structure, while the G band stems 
from the splitting of the E2g stretching mode of graphite [43]. The ratio 
of the D band area to the G band area was used to characterize the de
fects introduced during the oxidation of commercial CNTs. The D/G 
values of oxidized CNTs (0.125), which showed a higher D band, were 
higher than the D/G values of pure CNTs (0.114). The D/G value for M- 
CNTs-HL was 0.111, possibly indicating defect suppression by the 
functionalization with nanoparticles and TEOS. M-CNT and M-CNT-BSA 
presented D/G values of 0.100 and 0.101, respectively. Additionally, all 
magnetic materials exhibited a band at around 730 cm− 1, attributed to 
the magnetic nanoparticles [44]. 

3.2. Protein exclusion 

M-CNT was able to exclude 48.72 ± 4.39 % of the protein molecules 
present in the BSA solution. The M-CNT-BSA and M-CNT-HL excluded 
97.45 ± 1.88 and 79.92 ± 1.80 %, respectively (Fig. S12). The func
tionalization with BSA forms a voluminous external layer, hampering 
protein accumulation on the material’s surface. Additionally, at pH 
values different from the isoelectric point of the proteins, electrostatic 

repulsion occurs between the layer of BSA and the BSA presented in the 
solution. The functionalization with GDMA and HEA created a dense 
and hydrophilic external layer, making the adsorption and the accu
mulation of proteins on the material’s surface unfavorable [29,45]. 

When used in biomedical applications, the materials reach the 
bloodstream and interact with different proteins. According to the sur
face of the materials, the proteins can be adsorbed and accumulated, 
forming a protein corona which leads to some limitations. For examples, 
the size of the materials is increased (making them more likely to be 
recognized by the immune system), and the corona can lead to hemo
lysis and endothelial cell injury and cause undesirable internalizations 
[46,47]. Therefore, higher protein exclusion can be beneficial for using 
nanomaterials for biomedical applications. 

3.3. Hemolysis and cytocompatibility assays 

3.3.1. Hemolysis, resazurin, and lactate dehydrogenase release assays 
An ultrasonic bath was used to improve the dispersibility of the 

nanotubes in the saline solution or DMEM. However, sedimentation 
occurred at around 20 min for M-CNT-BSA at concentrations of 500 and 
400 μg mL− 1, probably due to the change in the density of the material 
with the BSA layer. Therefore, the highest concentration studied for this 
material was 100 μg mL− 1. These results agreed with the literature, as 
several studies that evaluated the cytocompatibility of CNTs function
alized with proteins used concentrations below 100 μg mL− 1 [11,12,14]. 
Furthermore, it should be noted that only the final magnetic materials 
(M-CNT, M-CNT-BSA, and M-CNT-HL) were used in the in vitro assays 
once one of the main objectives of this work was to investigate the in
fluence of an external magnetic field on the permeation of magnetic 
nanotubes across the biomimetic barrier. Additionally, previous studies 
observed no cytotoxicity of magnetite nanoparticles in Caco-2 cells at 
concentrations up to 100 μg mL− 1 [48–50]. 

The literature also reports that CNTs can interfere with different 
viability assays. Consequently, more than one test is recommended to 
ensure the reliability of the results [51]. Resazurin and LDH assays were 
chosen because they are considered sensible, simple, and fast [52,53]. In 
addition, their combined results could provide suitable and comple
mentary information regarding cell cytocompatibility and cytotoxicity. 

The hemoglobin release rate of M-CNT, M-CNT-BSA, and M-CNT-HL 
was lower than 1.04 % for all the appraised concentrations (Fig. 4A). 
This value is significantly lower than the standard reference level (5 %). 
This indicates that the developed materials do not cause injuries to the 
RBCs and can be applied via intravenous injection. 

M-CNT, M-CNT-HL, and M-CNT-BSA were found to be well tolerated 
by mouse fibroblast cells (L929) (which was selected according to the 
guidelines of ISO 10993-5 for biocompatibility evaluation) and Caco-2 
cells as assessed by the resazurin assay (Fig. 4B and C). The viability 
of L929 cell line was higher than 70 % [51] for all the tested concen
trations. For Caco-2 cells, evidence of a subtle cytotoxic effect was 
observed only at the highest concentration of M-CNT-HL. 

In the LDH assay, the cytotoxic effect was given by the statistical 
difference between the absorbance values of the control of viability 
(DMEM) and absorbance of the samples (Fig. 4D and E). Considering the 
L929 cells, significant differences from the control were observed for 
concentrations higher than 25 μg mL− 1 for M-CNT-BSA and higher than 
100 μg mL− 1 for M-CNT and M-CNT-HL. Nevertheless, LDH release was 
lower than 30 % for concentrations up to 250 μg mL− 1 for M-CNT and M- 
CNT-HL and 100 μg mL− 1 for M-CNT-BSA, demonstrating the limited 
cytotoxicity of the materials. Considering the Caco-2 cells, significant 
differences were only observed at concentrations higher than 250 μg 
mL− 1 for M-CNT and higher than 400 μg mL− 1 for M-CNT-HL. 

In the LDH assay, the higher cytotoxicity may be related to the cell 
membrane damage caused by the CNTs [52]. Therefore, the better 
resistance of Caco-2 cells in the LDH assay may be related to their 
arrangement in monolayers with tight junctions [53]. The CNTs can 
interact with the cells by a nanoneedle mechanism, with possibilities of 
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penetration and/or damage (depending on their size, aggregation state, 
and cell type) [54]. In the performed assays, the nanotubes at the highest 
concentrations appeared to interact with cells, leading to membrane 
damage but not necessarily to cell death. 

3.3.2. Generation of reactive oxygen species 
The DCFH-DA probe is enzymatically hydrolyzed to dichlorodihy

drofluorescein (DCFH) and, posteriorly, reduced to dichlorofluorescein 
(DCF) by H2O2 species [55]. The DCFH also can be reduced in the 
presence of Fe2+, with OH● radicals responsible for this reaction [56]. 
Therefore, DCFH-DA is a good indicator of the generation of intracel
lular ROS. 

Fig. 5 shows the laser-confocal microscopic images of Caco-2 cells 
treated with M-CNT, M-CNT-BSA, M-CTN-HL (50 μg mL− 1), DMEM 
(negative control), or H2O2 solution (positive control). The fluorescence 
intensity of the probe was estimated from the microscopic images (n ≥
8), and the obtained value was divided by the nucleus’s fluorescence 
intensity from the same image. Results of 0.0754, 0.0851, 0.0530, 
0.0534, and 0.1710 were obtained for M-CNT, M-CNT-BSA, M-CTN-HL, 
negative control, and positive control, respectively. These results could 
indicate that the presence of the nanotubes leads to no increase or a 

subtle increase in the production of ROS by the cells. ROS generation 
was also found in the negative control since they are normally produced 
in the cell’s respiratory chain, and cancer cell lines, such as Caco-2, 
exhibit higher metabolic oxidative stress than normal cells [57]. 

Additionally, the brightfield images reveal the presence of nanotube 
aggregates surrounded by cells (Fig. S13). These structures do not 
appear to harm cells but support their growth. The use of CNTs as 
scaffolds for tissue reconstruction has been reported in the literature 
[58,59]. Moreover, it is worth pointing out that the presence of M-CNT- 
HL aggregates was practically negligible. 

The production of ROS determined using the DCFH-DA probe was 
also quantified by flow cytometry. No statistical difference (Scott-Knott 
test, 0.05 significance level) was observed between the negative control 
and the cells treated with M-CNT, M-CNT-BSA, or M-CNT-HL (Fig. 6A). 
These results corroborate those obtained by the confocal microscopy 
images, indicating that concentrations equal to or lower than 50 μg 
mL− 1 do not increase Caco-2 oxidative stress. 

3.3.3. Apoptosis assay 
The percentage of early and late apoptotic, necrotic, and viable cells 

was quantified using Annexin V-FITC with the 7-AAD kit. The kit allows 

Fig. 4. Hemolysis assay (A). Resazurin and LDH release tests for L929 (B and D) and Caco-2 (C and E) cell lines. Note: The values are represented by mean ± standard 
deviation (n > 3). * denotes statically significant differences (p < 0.05) between the concentration and the negative control of each material. 
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Fig. 5. Laser confocal microscopy from stained Caco-2 cells after the treatment with the synthesized materials and controls: (− ) DMEM and (+) H2O2 solution. Red 
channel: Cellmask™ Deep Red. Blue channel: Hoechst 33342®. Green channel: DCFH-DA. Scale: 25 μm. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. (A) Oxidative stress of Caco-2 cells. (+) and (− ) are the controls using H2O2 solution and culture medium, respectively. (B) Percent of viable, apoptotic, and 
necrotic cells after the treatment with the synthesized materials. (− ) control using only culture medium (DMEM). 

M.A. Rosa et al.                                                                                                                                                                                                                                 



International Journal of Biological Macromolecules 269 (2024) 131962

10

a study of the translocation of phosphatidylserine to the outer layer of 
the plasma membrane, which is common in apoptotic stages. On the 
other hand, only destabilized cells in late apoptosis or necrotic stages are 
dyed with 7-AAD. Viable cells are not stained [60]. 

From Fig. 6B, it is possible to see that the percentage of viable cells 
was not statistically changed (p > 0.05) when Caco-2 cells were exposed 
to M-CNT, M-CNT-BSA, M-CNT-HL suspensions (50 and 100 μg mL− 1) or 
DMEM (negative control). However, the number of necrotic cells 
increased, principally for M-CNT. When exposed to nanomaterials (50 
μg mL− 1), necrotic cells increased from 0.1 % (negative control) to 0.8, 
0.9, or 1.9 % for M-CNT-BSA, M-CNT-HL, or M-CNT, respectively. The 
literature corroborates that the chemical surface of nanomaterials plays 
a role in cell death [61]. Furthermore, carbon materials without surface 
modifications are hydrophobic and can disrupt cell membranes through 
hydrophobic interactions, inducing cell apoptosis/necrosis [62] . 

The obtained results also show the cytocompatibility of the synthe
sized materials in concentrations up to 100 μg mL− 1, corroborating the 
previous results of cytotoxicity and production of ROS and suggesting a 
protective effect conferred by the functionalization groups. 

3.4. Caco-2 cells permeability assay 

The previous studies point out that concentrations up to 100 μg mL− 1 

of the modified CNTs were cytocompatible and did not cause enhanced 
oxidative stress in Caco-2 cells. Therefore, 50 μg mL− 1 was selected as 
the concentration to proceed with the intestinal permeability assays 
without compromising the viability of cells and preserving the integrity 
of the monolayers. 

After 21 days of growth, all the seeded Caco-2 monolayers presented 
TEER values higher than 1000 Ω cm2 (Fig. S14), and these results were 
found by others in the literature [63–65]. Considering the transwells 
that were not exposed to a magnetic field, the TEER values were higher 

than 200 Ω cm2 for all the tested samples and time points (1–24 h). This 
result attested to the integrity of the monolayers throughout the assay 
[20]. The transwells exposed to the magnets presented TEER values 
lower than 130 Ω cm2 at the timepoint of 24 h, both for cells treated with 
the suspensions of carbon nanotubes or treated with the permeation 
control (HBSS buffer). After 8 h of exposure, the TEER values were close 
to 200 Ω cm2 for cells exposed to the magnets, and longer exposure times 
would result in damage to the monolayers, impairing the permeation 
assay. Thus, 8 h was established as the maximum period for studies using 
transwell devices exposed to the magnetic field. The external magnetic 
field can increase the concentration and half-life of free radicals by 
influencing the redox actives’ electron pairs [66,67], possibly leading to 
cell death and monolayer destabilization. 

The magnets were placed at the bottom of the transwell plate and 
used to attract the iron nanoparticles. The literature reports the use of 
magnetic fields improved the permeation of magnetic materials in 
models of the blood-brain barrier [68] and epithelial cells [69]. Thus, 
magnets were used to study this effect in Caco-2 cells. After the 
permeation assay, the employed CNTs that stayed on the apical side of 
the non-exposed plates were more easily washed when compared to the 
exposed plates, which were more tightly attached to the monolayer, 
indicating the successful action of the magnets. 

The quantification of the CNTs in cell permeability assays is un
common in the literature, with only information regarding the values of 
TEER being reported [70–73]. In this paper, the iron (presented in the 
magnetic nanoparticles) was quantified by ICP-MS after the chemical 
decomposition of the materials, with an estimation of the results of the 
nanotubes that permeated the Caco-2 monolayers (Fig. 7). From the TGA 
analyses, it was possible to estimate that 46 % of the synthesized ma
terials were composed of iron nanoparticles. Therefore, this value was 
used to calculate the masses of the nanotubes that crossed the Caco-2 
biomimetic barrier. 

Fig. 7. Permeated mass of magnetic carbon nanotubes (M-CNTs), magnetic carbon nanotubes covered with bovine serum albumin (M-CNTs-BSA), and magnetic 
carbon nanotubes functionalized with hydrophilic monomers (M-CNTs-HL) exposed and non-exposed to magnets. Note: The data are presented as the mean ±
standard deviation (n = 3). Equal lowercase or Greek letters indicate equal statistical means for the same treatment. The permeation of samples exposed and not 
exposed to magnets was compared at the 8 h time point, and * denotes a statistically significant difference (p < 0.05). 
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As can be seen in Fig. 7, there was a tendency for permeation increase 
over time. After 8 h of cell exposure to the materials, only the M-CNT-HL 
showed a statistically significant difference in permeation between the 
monolayers exposed and non-exposed to the magnetic field. Due to its 
hydrophilicity, M-CNT-HL may have presented some limitations for 
membrane permeation, which could be overcome by the presence of 
magnets. Additionally, M-CNT-HL showed better dispersibility in the 
culture medium. M-CNT achieved maximum permeation capacity, even 
in the absence of the external magnetic field, probably due to its 
nanoneedle shape and lack of surface functionalization. The literature 
reports that the uptake of albumin by Caco-2 is a receptor-mediated 
process [74,75], which could have contributed to the higher perme
ation of M-CNT-BSA compared to the other materials when the cells 
were not exposed to the external magnetic field. However, due to its 
volume and density, the BSA layer may have hindered the permeation of 
M-CNT-BSA, and this situation was not improved significantly by 
exposure to magnets. It is also reported in the literature that the albumin 
uptake is a saturable process [75]. Finally, even without the statistical 
difference for M-CNT and M-CNT-BSA regarding the presence of the 
magnetic field, it was possible to observe a trend towards greater 
permeation when the monolayers were exposed to the magnets. 

Images of the cell’s monolayers after 8 or 24 h (for cells exposed and 
non-exposed to magnets, respectively) were captured using laser 
confocal microscopy. Fig. 8 represents the 3D images of the biomimetic 
barrier, demonstrating their sustained integrity despite prolonged 
nanotube exposure. Furthermore, using Fiji® software, images with a 
thickness of approximately 30–40 μm were generated, revealing 
embedded nanotubes. Remarkably, these nanotubes did not appear to 
inflict damage upon the cell monolayer. 

4. Conclusions 

All the proposed materials were successfully synthesized, charac
terized, and evaluated using several in vitro assays. The results of cell 
metabolism and cytotoxicity showed that the studied carbon nanotubes 
can cause cell membrane damage but do not necessarily lead to cell 
death. Concentrations up to 100 μg mL− 1 of all the materials were found 

to be cytocompatible with both L929 and Caco-2 cells. Assays of ROS 
and apoptosis induction in Caco-2 cells corroborated these results. 

The M-CNT-BSA presented a higher capability to exclude macro
molecules, which can be advantageous for further in vivo applications; 
presented a lower tendency to generate ROS, when compared to M-CNT- 
HL; and had a higher tendency to permeate across the biomimetic 
membrane, particularly without the use of an external magnetic field. 
On the other hand, M-CNT-BSA, presented lower stability and dis
persibility in the DMEM medium, making impossible the studies of this 
material at higher applied concentrations (500 and 400 μg mL− 1). In 
contrast, M-CNT-HL presented the most suitable dispersibility in DMEM 
medium among all the evaluated materials and was the only one that 
exhibited a statistically significant improvement in the permeation with 
the use of magnets. Both surface-functionalized nanotubes were effec
tive in preventing the induction of the necrotic process in Caco-2 cells 
and were favorable to the permeation across the monolayer barrier. 

Caco-2 monolayers remained structurally suitable when exposed to 
an external magnetic field for up to 8 h, as indicated by the TEER 
measurements. After this period, the magnets caused injuries in the cells, 
even in the control group. At the end of the permeation assays, stained 
monolayers were observed under confocal microscopy, showing no 
significant differences in morphology between the control and the 
applied treatments. It was demonstrated that the presence of magnetic 
nanoparticles in the material enables the estimation of materials 
permeated through the Caco-2 barrier using ICP-MS analysis. 

It is noteworthy that some material aggregates were observed by 
confocal microscopy during different assays; nonetheless, these aggre
gates did not appear to damage Caco-2 cells and instead served as a 
scaffold for cell growth. Overall, the obtained data demonstrated that 
the surface modifications can change the proprieties and the interaction 
of CNTs with the cells, and provide promising and valuable information, 
supporting the use of these carbon nanotubes for biomedical applica
tions. Additional experiments with M-CNT, M-CNT-BSA, and M-CNT-HL 
could be performed to evaluate their suitability for oral drug delivery, 
such as in vivo toxicity, biodistribution, and bioaccumulation studies. 

Fig. 8. Caco-2 monolayers after the permeability assay. Membranes and nuclei are dyed in red and blue, respectively. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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