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Abstract
Dual or multi-targeted delivery systems are a crucial aspect of optimal cancer treatment. These
systems minimize side effects while maximizing therapeutic efficiency. With this motivation, in
this study, we developed a dual-targeted nanocarrier system by modifying bovine serum
albumin-coated magnetic carbon nanotubes (mCNT-BSA) with folic acid (FA) to enhance both
magnetic and receptor-mediated targeting. The novel carrier was characterized using Fourier
transform infrared spectroscopy, scanning electron microscopy-energy dispersive x-ray
spectroscopy, x-ray photoelectron spectroscopy, vibrating sample magnetometer, and
thermogravimetric analysis. Results confirmed successful FA conjugation and sufficient
magnetic properties (14.7 emu g−1) for external guidance. The system demonstrated a high
mitoxantrone (MTO) loading capacity (120 µg mg−1) and pH-sensitive release behavior,
supporting drug release in acidic tumor microenvironments. In vitro cytotoxicity assays showed
reduced toxicity of mCNT-BSA-FA/MTO on the MDA-MB-231 cancer cell line to free MTO.
These findings suggest that mCNT-BSA-FA is a promising nanocarrier system for dual-targeted
and controlled MTO delivery.

Keywords: folic acid, magnetic nanocarrier, mitoxantrone, single-walled carbon nanotubes,
targeted drug delivery
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1. Introduction

In recent years, an increasing number of people, younger or
older, have been diagnosed with cancer. Despite significant
advancements in conventional cancer treatments, managing
the severe side effects remains a major challenge [1, 2].
Nanocarrier systems have been developed, which offer prom-
ising solutions to overcome these obstacles [3, 4].

Carbon nanotubes (CNTs) can be functionalized and dec-
orated with a broad range of biological and chemical materials
due to their remarkably active surface. Because of their needle-
like structure and high tensile strength, CNTs have an obvious
advantage over magnetic nanoparticles (mNPs) in that they
can more readily pass through cell membranes and enter the
bloodstream [5, 6]. Magnetic carbon nanotubes (mCNTs) are
commonly sythesized by loading mNPs into the central cavity
of CNTs or attaching mNPs to their surface. Due to their abil-
ity to enhance efficacy while reducing drug dosage and side
effects, CNTs and mNPs can be combined to create highly
functional hybrid magnetic systems. These systems hold great
potential for the treatment of various diseases, including can-
cer or neurological disorders [7].

Mitoxantrone (MTO), a synthetic anthracenedione deriv-
ative anticancer agent, is commonly used in the treatment of
breast, prostate, and leukemia [8, 9]. Unfortunately, MTO is
nonspecific and has many side effects on healthy cells and
tissues [10, 11]. Lately, targeted drug delivery nanosystems
have emerged as a crucial approach for the treatment and dia-
gnosis of cancers, aiming to reduce the toxicity of MTO [12,
13]. To achieve this, the surface of nanocarriers can be func-
tionalized with various ligands that have the inherent abil-
ity to target tumor cells with overexpressed specific receptors
[14, 15].

Many active targeting ligands have been conjugated to
nanocarriers to enhance the selectivity of anticancer drugs for
cancer cells. Among these ligands, folic acid (FA) is the most
widely used targeting molecule because of its low cost, non-
toxicity, and high stability [16]. Moreover, FA has a high bind-
ing affinity for the folate receptor (FR), which is overexpressed
in many different types of cancer cells [17–19]. In numer-
ous studies, an active targeting agent has been attached to
the nanocarrier in addition to its magnetic feature to provide
dual targeting properties [20–22]. These studies suggest that
FA-conjugated magnetic nanocarrier systems have significant
potential as anticancer agents.

Gholibegloo et al [21] prepared an FA-decorated mag-
netic cyclodextrin nanosponge for curcumin delivery. The
in-vitro release studies and cytotoxicity assays exhibited a
controlled drug release profile and selective cytotoxicity of
the nanocarriers. Chen et al [23] developed FA-coated mag-
netic ordered mesoporous carbon nanospheres for the con-
trolled release of doxorubicin (DOX). The drug carrier exhib-
ited significant pH-sensitive release performance, with a DOX
release rate of 22.5% at pH 5.6 and 5% at 7.4 over 30 h.
The cytotoxicity of the FA-coated magnetic nanocarrier was
both time-dependent and dose-dependent. In another study by

Angelopoulou et al [24], FA-functionalized pegylated con-
densed mNPs were synthesized for DOX delivery. The nano-
carrier exhibited enhanced uptake and cytotoxicity towards the
MDA-MB-231 cells under a static magnetic field. In a study
conducted by Rosa et al [25], magnetic multiwalled CNTs
were functionalized with two different structures (a protein
and a hydrophilic monomer), and the authors investigated the
influence of an external magnetic field on the material’s per-
meation in Caco-2 cells. In repeated tests under a magnetic
field, exposing the material to magnets did not improve per-
meation. This highlights the importance of incorporating an
active targeting agent, such as FA, alongside magnetic target-
ing to enhance the properties of the nanocarrier. To the best
of our knowledge, there have been no study investigating the
delivery of MTO utilizing a magnetic single-walled carbon
nanotube (SWNT) nanocarrier coated with BSA and function-
alized with FA.

In our previous study, we described BSA-coated mCNTs
(mCNTs-BSA) using both covalent and noncovalent function-
alization for MTO delivery [26]. Analyses demonstrated suc-
cessful covalent modification of mCNT with BSA. Vibrating
sample magnetometer (VSM) analysis proved that the mag-
netization value of mCNT-BSA was 15.6 emu g−1, suggest-
ing it can be magnetically guided to targeted sites. Further,
mCNT-BSA had superparamagnetic properties, indicating its
potential for targeted drug delivery. The results indicated that
the BSA-coated nanocarrier is suitable for active targeting and
has considerable potential for cancer treatment.

This study aims to develop anMTO-loaded nanocarrier sys-
tem for more selective and efficient cancer treatment strategies
by developing a dual-targeted drug delivery system that com-
bines magnetic guidance with FR-mediated targeting. We
hypothesize that the integration of mCNTs with BSA and
FA will enable precise drug delivery to tumor sites, improv-
ing therapeutic outcomes while reducing systemic toxicity.
By enhancing drug localization and pH-responsive release in
acidic tumor environments, the nanocarrier has the potential to
overcome the limitations of conventional chemotherapy. The
proposed system could be further developed for personalized
medicine applications and targeted delivery of various antic-
ancer agents.

2. Materials and methods

2.1. Materials

Iron(III) chloride (FeCl3), iron(II) sulfate heptahydrate
(FeSO4.7H2O), ammonium hydroxide (NH4OH), protocat-
echuic acid (PCA), bovine serum albumin (BSA), 1-
ethyl-3-(3-(dimethylamino)propyl) carbodiimide (EDC), N-
hydroxysuccinimide (NHS), folic acid (FA), tetrahydrofuran
(THF; anhydrous, ⩾99.9%), nitric acid (HNO3; 65%), mitox-
antrone dihydrochloride, and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) were purchased from
Sigma-Aldrich.
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Figure 1. Schematic of the preparation of FA-conjugated mCNT-BSA.

2.2. Synthesis and stabilization of iron oxide nanoparticles
(IONPs)

Synthesis of IONPs was carried out similarly to our previ-
ously reported study [26]. Briefly, 7.5 mmol of FeCl3 and
7.5 mmol of FeSO4.7H2O were dissolved in deionized water.
6.7 M ammonium hydroxide solution was added to the mix-
ture to ensure a basic environment. The solution was stirred
to precipitate the IONPs. IONPs were separated using a mag-
net and washed repeatedly with deionized water until the pH
reached a neutral level. Finally, IONPs were dried in a vacuum
oven at 65 ◦C.

PCA was used to coat the IONPs, providing them with col-
loidal stability in organic solvents. IONPs were added to an
ammonium hydroxide solution adjusted to pH 12. After mix-
ing with the mechanical stirrer, PCA was added to the solu-
tion. Stirring was continued at 1000 rpm for 15 min to allow
for effective coating. The coated mNPs were separated using a
magnet, washed with deionized water, and dried in a lyophil-
izer at −55 ◦C.

2.3. Synthesis and modification of single walled carbon
nanotubes with IONPs

SWNTs were synthesized following the protocol described
in our previous work and purified using 6 M HNO3 solution
[26]. The ligand exchange method was used to obtain mCNTs
[27]. 1 g of SWNTs was dispersed in 20 ml of THF using
an ultrasonic homogenizer for 30 min. Separately, 0.5 g of
PCA-coated IONPs were dispersed in 15 ml of THF to form
a second mixture, which was then added to the CNT disper-
sion. The mixture was stirred at 700 rpm for 6 h. Afterward,
the mCNTs were separated using a magnet, washed with
ethanol and deionized water, and dried in a vacuum oven
at 50 ◦C.

2.4. Covalent functionalization of mCNTs with BSA

mCNT-BSA was synthesized according to our previously
reported procedure [26]. Briefly, mCNTs were dispersed in
phosphate buffered saline (PBS) solution using an ultrasonic
bath. Subsequently, 75 mg of NHS and 125 mg of EDC were
added to the mixture and stirred mechanically for 2 h in a dark
room to activate the carboxyl groups. Then, 75mg of BSAwas
added to the suspension. The coated nanocarriers were separ-
ated using a magnet and dried in a vacuum oven at 40 ◦C.

2.5. FA-conjugated mCNT-BSA

25 mg of FA was dissolved in 10 ml of PBS (pH 7.4), fol-
lowed by continuous magnetic stirring for 2 h. After that, NHS
(30 mg) and EDC (50 mg) were added to the solution in a
1:1 M ratio, and stirring was continued for an additional 2 h
at room temperature. Separately, mCNT-BSA was added to
60 ml of PBS solution and dispersed using a mechanical stir-
rer for 2 h. The prepared FA solution was then added to the
nanotube suspension, and the mixture was stirred in the dark
for 24 h. FA-conjugated mCNT-BSA was separated using an
external magnet, washed with distilled water, and dried in a
vacuum oven at 40 ◦C. The conjugation of folic acid to the
structure is illustrated in figure 1.

2.6. Characterization

Fourier transform infrared (FT-IR) spectroscopy was
obtained using a PerkinElmer-Spectrum Two FT-IR/ATR
instrument in the wavenumber range of 800–4000 cm−1.
Thermogravimetric analysis (TGA) was carried out using
a thermogravimetric analyzer (Q600 SDT, TA Instruments)
in a nitrogen atmosphere at a heating rate of 10 ◦C min−1.
VSM (Lake Shore 7407) was used to measure the mag-
netic properties of the nanocarriers at room temperature. The
chemical composition of the samples was analyzed by x-ray
photoelectron spectroscopy (XPS, Specs-Flex). The morpho-
logy of the samples was analyzed using a scanning electron
microscope (SEM, JEOL-JSM7001F) equipped with an EDS.
Transmission electron microscopy (TEM) images of samples
were taken on a JEOL/JEM ARM 200 with an acceleration
voltage of 200 kV. The sample was dispersed in ethanol for
30 min using an ultrasonic probe. It was then dripped onto the
copper grid and dried overnight. The dispersions in water of
mCNTs were also investigated. Nanocarriers with a concen-
tration of 0.1 mg ml−1 were dispersed in distilled water and
sonicated in an ultrasonic bath for 30min. Then, the dispersion
images were taken at 0, 1, 3, 24, 48 h, and 1 week.

2.7. MTO loading and release

For MTO loading studies, drug solutions containing 3 mg of
mCNTs were prepared with a concentration of 0.1 mg ml−1,
in PBS adjusted to pH 9. The mixture was stirred in an orbital
shaker at 25 ◦C for 48 h in the dark. To quantify the amount
of unloaded MTO, the nanocarriers were washed twice with
buffer solutions to eliminate any residual MTO. After mCNTs
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were separated using amagnet, measurements were conducted
at 611 nmwith a UV–Vis spectrophotometer (Cary 60, Agilent
Technologies). Concentration values were determined using
the calibration curve established at pH 9. Drug loading effi-
ciency and loading content were calculated using equations (1)
and (2), respectively,

Drug loading efficiency(%)

=
mass of loaded MTO (mg)

total MTO (mg)
×100 (1)

Drug loading content=
mass of loaded MTO (µg)
mass of nanocarrier (mg)

(2)

MTO release studies were performed in PBS at pH 5.5
and 7.4. For this purpose, 3 mg of MTO-loaded mCNTs was
dispersed in 10 ml of PBS at 37 ◦C. At predetermined time
intervals, samples were separated from the solution, and the
MTO content was quantified using a UV–Vis spectrophoto-
meter at 611 nm. Absorbance readings were converted into
concentration values using calibration curves at pH 5.5 and
7.4. The cumulative drug release percentage was determined
using equation (3),

Cumulative release of MTO (%)

=
mass of released MTO (mg)

mass of MTO in nanocarrier (mg)
× 100 (3)

2.8. Cell viability studies

The cytotoxic effects of FA-conjugated nanocarriers were
evaluated on both normal and cancerous cell lines utilizing
the MTT assay. Human embryonic kidney (HEK293T) and
human breast cancer (MDA-MB-231) cell lines were selec-
ted for this study. For the MTT test, cells were seeded into 96-
well plates at a density of 2500 cells per well. Then, cells were
exposed to different concentrations of nanocarriers for 48 h.
Following the incubation period, 5 mg ml−1 MTT reagent was
added to each well. After a 4 h incubation, absorbance val-
ues were measured spectrophotometrically (BioTek 800 TS)
at 570 nm. Untreated cells and culture medium were also
tested as controls. Cell viability (%) was calculated relative to
the control group. Additionally, cell studies involving MTO-
loaded mCNT-BSA-FA onMDA-MB-231 cells were repeated
with a magnet placed at the bottom of 96-well plates. To assess
the targeting capability of the nanocarriers, MDA-MB-231
cells were pretreated with a 0.1 mg ml−1 free FA solution for
1 h prior to the addition of mCNT-BSA-FA/MTO. All experi-
ments were conducted in triplicate. Absorbance data were ana-
lyzed using GraphPad Prism 7.0, and the results were com-
pared with those of control cells. Cell images were captured
using a Nikon Eclipse TS100 inverted microscope after 48 h
of incubation.

2.9. Statistical analysis

Statistical analysis was performed using one-way analysis of
variance (ANOVA) with Tukey’s post-hoc test and Student’s

t-test. Differences were considered significant at p⩽ 0.05. All
results are expressed as the mean ± standard deviation.

3. Results

Since we focused on the conjugation of FA with mCNT-BSA
in this study, the synthesis and characterization data of mCNT
and mCNT-BSA, which were our main aim in our previous
study [26], are briefly discussed below. This section mainly
addresses the conjugation and characterization of folic acid,
as well as studies on drug loading and release.

3.1. Synthesis of mCNT and mCNT-BSA

In our previous study, we characterized mCNT and mCNT-
BSA using Raman spectroscopy, FT-IR, TGA, scanning elec-
tron microscopy-energy dispersive x-ray spectroscopy (SEM-
EDS), XPS, and VSM analyses [26]. In addition to these char-
acterization methods, TEM images of mCNTs and mCNT-
BSA are presented in figure 2. As shown in figures 2(a) and (b),
the CNTs and magnetite exhibit tubular and spherical shapes,
respectively. It is noted that CNTs have diameters ranging
between 10 and 20 nm. In figures 2(c) and (d), bright and dark
regions indicate the presence of BSA and stacks of Fe3O4 nan-
oparticles attached to the CNTs.

3.2. Characterization of mCNT-BSA-FA

The surface morphology and successful conjugation of folic
acid onto mCNT-BSAwere analyzed using FT-IR, TGA, XPS,
and SEM-EDS.

FT-IR spectroscopy was employed to identify functional
groups in the mCNTs. The FT-IR spectra of mCNT-BSA-
FA and FA are shown in figure 3(a) [28]. The specific peaks
that belong to the functional groups are given in table 1. The
peaks of mCNT-BSA at 1643 cm−1 (amide I), 1533 cm−1

(amide II), 1394 cm−1 (amide III), and 1100 cm−1 (±10) (C–
O) were shifted to 1645 cm−1, 1530 cm−1, 1388 cm−1, and
1084 cm−1 (±10) positions, respectively, in the mCNT-BSA-
FA spectra [19, 26, 29, 30]. New peaks observed at 1449 and
1157 cm−1 (±10) in the mCNT-BSA-FA spectrum are asso-
ciated with the phenyl and nitrogenous heterocyclic rings of
folic acid, respectively [23, 31]. Slight shifts in the peaks are
in close agreement with the previous studies and confirm the
FA-conjugation [29, 30].

TGA was used to determine the weight losses of nanocar-
riers in a nitrogen atmosphere. As depicted in figure 3(b), the
thermal degradation of folic acid occurs in four stages. In the
first stage (100 ◦C–150 ◦C), adsorbed water is removed, while
in the second stage (200 ◦C–350 ◦C), glutamic acid is elim-
inated. The third stage (380 ◦C–450 ◦C) shows weight loss
associated with the degradation of functional groups in folic
acid, such as pterin and p-aminobenzoic acid. The fourth stage
(650 ◦C–750 ◦C) corresponds to the formation of pyrolysis
products [32]. The total weight loss of mCNT-BSA-FA upon
heating to 900 ◦C is 25.0 ± 0.1%. In this temperature range,
BSA and FA are removed from the structure [33, 34].
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Figure 2. TEM images of synthesized (a), (b) mCNT, and (c), (d) mCNT-BSA.

Figure 3. (a) FT-IR spectra, and (b) TGA curves of mCNT and mCNT-BSA-FA.

The morphological structure of mCNT-BSA-FA was
investigated by SEM analysis (figure 4(a)), and the atomic per-
centages of the elements in the nanocarrier were determined
using EDS (figure 4(b)). The results show that the percentages
of C, O, Fe, and S for mCNT-BSA and mCNT-BSA-FA are

76.08%, 14.48%, 8.23%, 0.95%; and 78.17%, 14.12%, 6.80%,
0.52%, respectively. The percentages of Fe and S decreased
after the nanocarrier was functionalized with folic acid, com-
pared to the EDS result of mCNT-BSA [35, 36]. Nevertheless,
nitrogen was not detected, likely due to its low content in the

5



Nanotechnology 36 (2025) 305701 B Aydın et al

Table 1. FT-IR analysis of mCNT-BSA-FA and FA.

Sample IR band (cm−1) Functional group

mCNT-BSA-FA 1645 (±10) C=O (amide I)
1530 (±10) C–N, N–H (amide II)
1449 (±10) Phenyl ring
1388 (±10) C–N (amide III)
1157 (±10) Nitrogenous heterocyclic ring
1084 (±10) C–O
1004 (±10) O–H, C–O

Folic Acid 3100 (±10) O–H
1691 (±10) C=O (–COOH)
1637 (±10) C=O, C–N (–CONH2)
1604 (±10) C=C, N–H
1483 (±10) C=C, phenyl ring
1160 (±10) Nitrogenous heterocyclic ring

nanocarrier. TheN content in the sample was determined using
XPS analysis.

In addition to the SEM analysis, the surface elemental com-
position of mCNT-BSA-FA was characterized using XPS ana-
lysis (figure 5(a)). FAmainly consists of nitrogen, oxygen, and
carbon. As depicted in figure 5(a), mCNT-BSA-FA contains
carbon, oxygen, nitrogen, sulfur and iron. Sulfur originates
solely fromBSA,while nitrogen is derived from both BSA and
FA [37]. Following FA conjugation to mCNT-BSA, the XPS
spectrum displays peaks for C 1s, O 1s, N 1s, S 1s and Fe 2p at
about 285 eV, 531 eV, 400 eV, 164 eV, and 710 eV, respect-
ively. The atomic percentage of N for mCNT-BSA was found
to be 9.4%, while this value increased to 10.2% for mCNT-
BSA-FA [26]. The sulfur content was determined to be 0.4%,
which is the same as that of the BSA-coated nanocarrier. The
XPS analysis confirmed the successful grafting of FA onto the
surface of mCNT-BSA.

The magnetization curve of mCNT-BSA-FA was shown
from −20 to +20 kOe at room temperature in figure 5(b).
The saturation magnetization (Ms) value of the FA-conjugated
nanocarrier was measured as 14.7 emu g−1. This value is
lower than Ms of mCNT (16.8 emu g−1) and mCNT-BSA
(15.6 emu g−1) due to the existence of nonmagnetic coatings
on the surface of mCNTs [26, 36, 38]. Moreover, the hys-
teresis loop (<20 Oe) was not observed in the magnetization
curve, which exhibited the superparamagnetic property of the
nanocarrier [39, 40].

Due to their morphology and hydrophobic structure, CNTs
tend to cluster and form bundles under the influence of van der
Waals forces. However, the introduction of the –COOH and –
OH groups on the surface of CNTs can increase their solubility
and dispersion [41]. The dispersions of mCNT, mCNT-BSA,
and mCNT-BSA-FA in water were investigated by taking pho-
tographs at 1, 3, 24, 48 h and 1 week and compared to their
initial state (figure 6). At the end of 1 week, it was observed
that the distribution of mCNT was stable due to the presence
of oxygen-containing groups. After the conjugation of Fe3O4

nanoparticles to CNTs, the surface tension and aggregation
of CNTs decrease due to the steric barrier effect of Fe3O4

[42, 43]. Figure 6 illustrates that nanoparticle agglomeration
increased significantly after BSA coating. The stability was
markedly enhanced after mCNT-BSAwas functionalized with
FA. This indicates that BSA alone was not effective in improv-
ing mCNT stability, and gravitational forces are effective in
mCNT-BSA. Notably, FA made a substantial contribution to
enhancing nanocarrier dispersion.

3.3. MTO loading and release

In this study, MTO, a widely used cancer treatment drug,
was chosen as the model drug. The loading of MTO onto
nanocarriers is mainly facilitated by π–π stacking and elec-
trostatic attraction due to its aromatic nature. After 48 h of
loading, the MTO loading efficiency and loading content for
mCNT-BSA-FAwere determined as 35.9% and 120 µg mg−1,
respectively. Functionalizing nanocarriers with organic struc-
tures such as folic acid can reduce the MTO loading capa-
city. MTO loading efficiency and MTO content of mCNT-
BSA were found to be 43.4% and 145 µg mg−1, respectively
[26]. This result is attributed to a decrease in the available
region for π–π interactions between the nanotube and drug
molecules [44].

The MTO release profile depicted in figure 7 suggests a
high initial release within the first 1 h, followed by a sus-
tained release at both different pHs from the nanocarrier. Upon
functionalization of mCNT-BSA with FA, mCNT-BSA-FA
exhibited an distinct pH-sensitive MTO release pattern. MTO
release for pH 5.5 (lysosomal) and 7.4 (physiological) was
found to be 68.6% and 49.9%, respectively. In an acidic envir-
onment, the amine groups of MTO molecules become pro-
tonated, decreasing hydrophobic interactions between MTO
molecules and mCNT, thus accelerating MTO release [13, 45,
46]. Moreover, mCNT-BSA-FA showed a slightly faster MTO
release compared to FA-free nanocarriers due to its improved
dispersibility [26]. In our study, MTO release from the mCNT-
BSA was determined to be 36.8% and 44.1% at pH 5.5 in the
first 1 and 6 h, respectively, while it was 55.3% and 64.3% for
the FA-coated nanocarrier.

3.4. MTO release kinetics

Kinetic model equations were applied to assess the release
mechanism of MTO from mCNT-BSA-FA over the first 24 h.
All parameters in these equations, including the coefficient of
determination (R2), empirical parameters, and constants are
summarized in table 2. According to the R2 value, the in vitro
MTO release data best fit the Korsmeyer–Peppas equation at
both acidic and neutral pH. The most critical characteristic of
themodel is its exponential value (n). Based on theKorsmeyer-
Peppas model, the n values for MTO release were found to be
0.0593 and 0.0724 at pH 5.5 and 7.4, respectively. These res-
ults suggested that the MTO release from mCNT-BSA-FA is
controlled by Fickian diffusion (n< 0.45) [19, 41]. Moreover,
the kP value at pH 5.5 is higher than that at 7.4, indicating that
the MTO release rate is greater in an acidic environment [22].
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Figure 4. (a) SEM image of mCNT-BSA-FA, and (b) EDS results of uncoated and coated mCNTs.

Figure 5. (a) XPS spectrum, and (b) magnetization curve of mCNT-BSA-FA. The inset illustrates the behavior of mCNT-BSA-FA
dispersed in water under the influence of a magnetic field.

3.5. In-vitro cytotoxicity studies

The cytotoxicity of FA-functionalized mCNT-BSA was eval-
uated using an MTT assay on HEK293T cell lines. HEK293T
cells were treated with nanocarriers in the concentration range
of 5–50 µg ml−1 (figure 8(a)). A clear decrease in cell viab-
ility (%) was observed as the concentration of nanocarri-
ers increased, likely due to increased aggregation at higher
nanoparticle concentrations. For cytotoxicity tests, the dis-
persibility of nanocarrier systems is a crucial parameter.
Functionalization with FA improved the dispersion of the
nanocarriers. In addition, statistical analysis showed a signi-
ficant difference (p < 0.05) in cell viability between mCNT-
BSA-FAs and the control group.

The cytotoxic effects of MTO-loaded mCNT-BSA-FA at
various concentrations (5, 10, 25, and 50 µgml−1) on the viab-
ility of MDA-MB-231 cells are given in figure 8(b). As expec-
ted, cell viability reduced with increasing nanocarrier concen-
tration due to the higher exposure of cells to MTO.

Figure 9 shows the cell viability of MDA-MB-231 cells
treated with free MTO and both MTO-loaded and unloaded
nanocarriers at concentrations of 5 and 25 µg ml−1. It was
observed that increasing the concentration of mCNT-BSA-FA

from 5 to 25 µg ml−1 resulted in greater cytotoxicity in the
cell line (p < 0.05). Furthermore, when comparing the cell
viability (%) of nanocarriers with and without FA on MDA-
MB-231, cell viability was determined to be 60% and 32%
for mCNT-BSA/MTO and mCNT-BSA-FA/MTO at a con-
centration of 5 µg ml−1, respectively [26]. This result indic-
ates that the strong binding affinity of FA to its receptor
plays a significant role in improving the selectivity of the
carrier system which is attributed to its receptor-mediated
endocytosis [20, 47].

After 48 h of treatment, it was observed that the cell viab-
ility (%) of mCNT-BSA-FA/MTO was slightly higher than
that of free MTO (p < 0.05) at the same MTO concentra-
tion (figure 9). This result may be attributed to the cumulat-
ive release of MTO from mCNT-BSA-FA, which is 68.6% at
pH 5.5 after 48 h (figure 7). On the contrary, the amount of
free MTO is higher than that of MTO released from mCNT-
BSA-FA/MTO. The critical cytotoxicity appears to result from
MTO released from nanocarriers compared to unloaded nano-
carriers. Free MTO rapidly accumulates in the cells through
passive diffusion and can also damage healthy tissues, lim-
iting the clinical applications of the chemotherapeutic agent.
However, cancer agents delivered via nanocarrier systems
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Figure 6. Dispersion of nanocarriers in water.

Figure 7. MTO release profile of mCNT-BSA-FA for pH 5.5 and 7.4 (inset: release within the first 6 h).

exhibit time-dependent release at the target site before inter-
acting with cells. While the free drug exhibits higher cytotox-
icity in the cells at the same concentration, nanocarrier sys-
tems require specific conditions and time to release the drug
[48, 49].

Furthermore, the cytotoxic effects of different concentra-
tions of FA solutions used to block FRs were examined.
When incubated with FA solutions, cell viability decreased
with increasing FA concentration, indicating a dose-dependent

response (figure 10). No significant difference was observed
between the folic acid solution at a 0.1 mg ml−1 concentration
and the control group.

Blocking FRs and repeating the tests in the presence of a
magnet did not result in a significant difference (p > 0.05)
between the groups (figure 9). Shi et al [50] investigated
the cytotoxicity of deoxycholic acid, PEG, and FA-modified
chitosan for doxorubicin delivery on HeLa cells, reporting
a cytotoxicity profile similar to that observed in our present
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Table 2. Kinetic model data for MTO release from mCNT-BSA-FA.

Kinetic models Equation Parameters

mCNT-BSA-FA

pH 5.5 pH 7.4

Zero-order Mt
M∞

= k0 t k0 0.3802 0.3467
R2 0.5335 0.5169

First-order log
(
1− Mt

M∞

)
= k1t

2.303 k1 0.0101 0.0064
R2 0.5608 0.5287

Higuchi Mt
M∞

= kHt0.5 kH 2.6565 2.4482
R2 0.7275 0.7196

Korsmeyer–Peppas log Mt
M∞

= logkP + nlogt kP 56.715 42.141
n 0.0593 0.0724
R2 0.8966 0.8948

Figure 8. Cell viability results for (a) mCNT-BSA-FA on HEK293T and (b) mCNT-BSA-FA/MTO on MDA-MB-231 cells. Data are
represented as the mean ± SD (n = 3). One-way analysis of variance (ANOVA) with Tukey posthoc test; ∗∗∗∗ p < 0.0001 compared with
the control group.

Figure 9. Cell viability results for free MTO, MTO-loaded and unloaded nanocarriers at concentrations of 5 and 25 µg ml−1 on
MDA-MB-231 under different conditions. FR+: folate receptor positive, FR-: folate receptor negative, magnet-: without a magnet, and
magnet+: with a magnet. Data are represented as the mean ± SD (n = 3). One-way analysis of variance (ANOVA) with Tukey posthoc test;
ns indicates not significant and ∗∗∗∗ p < 0.0001 for mCNT-BSA-FA vs control group and mCNT-BSA-FA/MTO vs MTO.

study. At applied nanocarrier concentrations (0.1, 1 and
40 µg ml−1), there was no significant difference in cell viabil-
ity between treatments with and without the free FA solution.

Figure 11 represents inverted microscope images of MDA-
MB-231 cells after treatment with mCNT, mCNT-BSA, and
mCNT-BSA-FA/MTO at a concentration of 5 µg ml−1 for
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Figure 10. Cell viability results of folic acid solutions on MDA-MB-231 cells. Data are represented as the mean ± SD (n = 3). One-way
analysis of variance (ANOVA) with Tukey posthoc test; ns indicates not significant and ∗∗∗∗ p < 0.0001 compared with the control group.

Figure 11. Cell morphology of MDA-MB-231 cells treated with 5 µg ml−1 of nanocarriers: (a) control, (b) mCNT/MTO, (c)
mCNT-BSA/MTO, and (d) mCNT-BSA-FA/MTO.

48 h. As depicted in figure 11(a), MDA–MB–231 cells
exhibit elongated spindle-shaped morphology. The MTO-
loaded mCNTs induced significant morphological changes;
most of the cells underwent shrinkage and loss of their typ-
ical morphology. Treated cells displayed notable morpholo-
gical alterations compared to untreated cells, indicating the

cytotoxic effects of the nanocarriers. Consistent with the MTT
assay results [26], fewer cells were observed after 48 h of
incubation than in the control group. Figures 11(b)–(d) depict
gaps between MDA-MB-231 cells; unlike the control group,
and an apparent reduction in cell volume and shrinkage was
observed.
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Table 3. Comparison of reported carbon-based nanocarriers functionalized with folic acid for targeted treatment.

Nanocarrier Coating Drug
Loading effi-
ciency (%) Inferences References

Graphene quantum
dots

PEG Mitoxantrone 97.5 FA-PEG conjugation reduced
cell viability on HeLa (FR+).

[14]

Graphene oxide BSA Doxorubicin — The FA-conjugated
nanocarrier exhibited
significant inhibition of
MCF7 (FR+) cells.

[29]

Graphene oxide PEG Camptothecin 45 FA-PEG functionalized GO
showed higher cytotoxicity to
MCF7 cells.

[57]

CNT PEG Raloxifene 71 The FA-conjugated
nanocarrier entered MCF7
cells via endocytosis.

[58]

CNT Sodium alginate,
chitosan

Doxorubicin — Folic acid facilitated
receptor-mediated
internalization, and the
nanocarrier had a more
cytotoxic effect compared to
free DOX on HeLa cells.

[59]

mCNT Polyacrylic acid Doxorubicin ∼95 When FR was blocked,
reduced cellular
internalization was observed
in U87 cells.

[60]

mCNT BSA Mitoxantrone 43.4 Cytotoxicity decreased
compared to free MTO. Cell
viability in MDA-MB-231
(FR+) cells was reduced
compared to the FA-free
nanocarrier.

Present study

4. Discussion

Magnetic stimuli systems offer several advantages for tar-
geted drug delivery, including ease of application, poten-
tial for remote control, and hyperthermia effect at the tar-
geted site. These characteristics make magnetic-triggered sys-
tems a promising approach for the development of targeted
drug delivery systems with enhanced therapeutic efficacy and
reduced side effects [51]. Ligand binding or stimulating sys-
tems operate based on different mechanisms and have distinct
characteristics. Attaching a ligand to a nanocarrier is a com-
monly employed strategy to enhance its specificity for target-
ing particular cells or tissues. These ligands exhibit selectiv-
ity for receptors that are overexpressed in tumor region,
enabling the nanocarriers to accumulate specifically in this
region [52–54].

This study aimed to develop a dual-targeted drug delivery
system for cancer treatment by functionalizing mCNT-BSA
with FA through covalent modification. The successful con-
jugation of mCNT-BSA was confirmed using several analysis
techniques, including FT-IR spectroscopy, XPS, TGA, VSM
and SEM-EDS.Moreover, MTO loading/release and cell viab-
ility tests of FA-conjugated nanoparticles were conducted.

In the EDS analysis, after FA conjugation, the percent-
ages of iron and sulfur decreased from 8.23% to 6.80% and
from 0.95% to 0.52%, respectively. Similarly, in the XPS

analysis, an increase in nitrogen content from 9.4% to 10.2%
was observed, confirming the presence of FA. VSM analysis
revealed that the magnetization value of the nanocarrier was
14.7 emu g−1, demonstrating its ability to be magnetically dir-
ected to tumor sites. The loading efficiency and loading con-
tent of MTO of mCNT-BSA-FA were determined to be 35.9%
and 120 µg mg−1, respectively. Additionally, we found that
FA enhanced the stability and pH-sensitive release properties
of the nanocarrier. The pH-sensitive characteristics can facil-
itate the targeted delivery of anticancer drugs by improving
therapeutic efficiency and minimizing side effects, given that
cancer cells typically exhibit a lower pH than healthy cells.

The MTO release studies revealed that drug release signi-
ficantly increased following the functionalization of the nano-
carriers, supported by kinetic model analyses. The results are
consistent with previously published studies. Dinan et al [44]
demonstrated that polyethylene glycol (PEG) and FA-coated
CNTs were effective for doxorubicin delivery. While the drug
release of CNT at pH 5 was 15.26%, it increased to 42.50%
and 54.40%, respectively, after coating with PEG and FA.
Moreover, the positive effects of functionalized nanocarri-
ers on the viability of normal cells are documented in pre-
viously published studies [55, 56]. In a study by Akbar et al
[48], a folic acid and chitosan-coatedmetal organic framework
was designed for 5-fluorouracil delivery. When evaluating the
toxic effects of drug-loaded nanocarriers on the HEK293 cell
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line, it was found that cell viability (%) increased after func-
tionalization with FA and chitosan. Specifically, while the cell
viability of the pristine nanocarriers was approximately 35%
at a concentration of 500 µg ml−1, it increased to approxim-
ately 70% after functionalization.

In table 3, some nanocarriers conjugated with FA for tar-
geted delivery systems are compared with reported carbon-
based carriers, summarizing their drug loading behavior and
cytotoxicity effect on cancerous cell lines. According to
table 3,mCNT-BSA-FAdemonstrates acceptable performance
in enhancing the cytotoxic effect of the nanocarrier on FR+
cells and can be regarded as a significant carrier for targeted
delivery systems.

Experimental results showed that free MTO had a higher
cytotoxic effect than mCNT-BSA-FA/MTO on theMDA-MB-
231 cancer cell line. The nanocarrier system we designed
incorporates not only pH- and magnetically-responsive stim-
uli but also an active targeting ligand. This enables the
drug to be released preferentially in cancerous tissues rather
than in healthy cells, potentially overcoming the limit-
ations of conventional cancer treatments. Therefore, the
nanocarrier system attracts attention as a promising drug
delivery system for enhancing the therapeutic efficacy of
the MTO. However, a major limitation of this study is
the lack of in vivo evaluation of the nanocarrier system.
Future studies should be expanded to include toxicity pro-
files and therapeutic efficacy in vivo. Nevertheless, this
study highlights the potential of dual-targeting techniques
to achieve synergistic enhancements in smart drug delivery
applications.

5. Conclusions

Novel folic acid-conjugated mCNTs were prepared for the
controlled and targeted delivery of MTO. Characterization
results of mCNT-BSA-FA indicated that the nanocarriers
possessed sufficient magnetization for separation and guid-
ance via an external magnet. The superparamagnetic proper-
ties of these nanocarrier systems are important for effective
drug delivery. Comparison of photographs showing disper-
sion in water revealed that mCNT-BSA-FA exhibited superior
stability. mCNT-BSA-FA/MTO demonstrated a drug release
of 49.9% at physiological pH, whereas 68.6% drug release
was observed at acidic pH conditions. Cytotoxicity invest-
igations of FA-conjugated nanotubes were conducted on
HEK293T and MDA-MB-231 cell lines, demonstrating dose-
dependent cytotoxicity. Considering the pH-sensitive release
and excellent dispersion properties of MTO-loaded mCNT-
BSA-FA, it emerges as a promising candidate for drug delivery
applications.
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